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Foreword 

Most of the originally planned volunies of the series The Cheriii.srry qf rhe 
Firiicriorinl Gror~ps have appeared already or are in  the press. The first two 
books of the series, Tho Cheriiisrrj: qfAlkerie.7 (1964) and The Cheiiiisrr>J of 
rhe CarboiiTl Group (1966) each had ii second volume published in 1970, 
with chapters not included in the plans of the original volumes and others 
which were planned @ut failed to materialize. 

This book is the first of a set of supplementary volumes which should 
include material 011 more than a single functional group. For these volumes 
a division into five categories is envisaged, and supplementary volumes in 
each of these categories will be published as the need arises. These volumes 
should include ‘missing chapters’ as well as chapters which give a unified 
and comparative treatment of several related functional groups together. 

e 

The planned division is as follows : 

Sirppieiiienr A : The Cheniistry of Double-Bonded Functional Groups 

Szrppleriierit B:  The Chemistry of Acid Derivatives (COOH : COOR ; 

Sirppleiiierir C: The Chemistry of Triple-Bonded Functional Groups 

(C=C: C=O : C=N : N=N etc.). 

CONHz etc.). 

(C-C; C-N; - N r N  etc.). 
Sirppleiiieiii D: The Chemistry of Hal@s and Pseudohalides (-F: -Cl; 

-Br;  - 1 :  -N3: - 0 C N :  -NCO etc.). 
Sirppleiiienr E ;  Will include material on groups which do  not f i t  any of 

E the previous four categories (-NH, -OH:  -SH; 

+ 

-NO2 etc.). 

I n  the present volume, as usual. the authors have been asked to write 
chapters i n  the nature of essay-reviews not necessarily g;ving extensive or  
encyclopaedic coverage of the material. Once more. not all planned 
chapters materialized, but we hope that additional volumes of Supplement 
A will appear. when these gaps can be filled together with coverage of 
new developments in the various fields treated. 

Jerusalem. March 1976 SAUL PATAI 

is 



The @&emistry of Functional &-oups 
Preface to  the series 

The series 'The Chemistry of Functional Groups' is planned to cover in 
each volume all aspects of the chemistry of one of the important functional 
groups in  organic chemistry. The emphasis is laid on the functional group 
treated and on the effects which it  exerts on the chemical and physical 
properties, primarily in the immediate vicinity of the group in question, 
and secondarily on the behaviour of the whole molecule. For instance, the 
volume The Cheniistr)~ of the Ether Lidicige deals with reactions in which 
the C-0-C group is involved, as well as with the effects of the C-0-C 
group on the reactions of alkyl or aryl groups connected to the ether 
oxygen. I t  is the purpose of the volume to give a complete coverage of all 
properties and reactions of ethers in as far as these depend on the presence 
of the ether group but the primary subject matter is not the whole molecule, 
but the C-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 ;is 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 i t  is necessary for the balanced treatment of the 
subject. Therefore each of the authors is asked not to give an encj$opaedic 
coverage of his subject, but to concentrate on the most important recent 
developments and mainly on material that has not been adequately covered 
by reviews or other secondary sources by the time of writing of the chapter, 
and to address himself to a reader who is assumed to be at a fairly advanced 
post-graduate level. 

With these restrictions, it  is realized that no plan can be devised for a 
volume that would give a complere coverage of the subject with 110 overlap 
between chapters, while at the same time preserving the readability of the 
text. The Editor set himself the goal of attaining recisoiirihle coverage 
with rnoriercite overlap. with a minimum of cross-references between the 
chapters of each volume. I n  this manner, sufficient freedom is given to 
each author to produce readable quasi-monographic chapters. 

xi 



xii Preface to the series 

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

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

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

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

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

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

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



... 
Preface to the series X l l l  

The overall plan of the volumes in the series 'The Chemistry of 

The C/ier~ii.strj~ of' Alkeries (publishetl in two voliiiiies) 

The  Chemistry of the Carboriyl Group (pirhli.sherl in two uolirriies) 
T h e  Chervisrry sf the Ether. Lirikage (pirblisherl) 
The  Cheriiistry ol'the Ai~i i io  Groirp (publislietl) 
Tlie Chemistry oftlie Nitro arid rlw Nitroso Group (puhlishetl in two purrs) 
The Chemistry Of CarDosylic Acids arid Esters (pi ihl ished)  
The Clieiiiistrj, of the Carboii-Nitrogeii Double Borid (pirhlishen) 
T h e  Chemistry qf the Cyario Groirp (prrblidied) 
T h e  Clieiiiisrrj) of Aiiiides (pirblished) 
The Cliemistry oj'tlie Hj?rli.osjd GI-oirp (pirhlishetl in two parts) 
T h e  Cher~iistry of the Azido Groirp (pirhli.sher1) 
Tlw Cliei?iistrj* of Aq: l  Halides (puhlishetl) 
The Clieriiistrj~ oJ'tl ie Carboii-Hologeii Bond (pirblislied iii titso parts) 
T h e  Clier~iistr~y of the Qiiirio~ioid Coriipoitiids (pi,hlis/ieti iri two par .~ .~)  
The  CIieniistrI~ of the Tho1 Group (publislierl in two pcirts) 
Tlie Cheriiisrry of' the Ctir~bori-Car*bori Triple Borirl ( in pr.eparatiori) 
The Cli er i i  is try of At  t i  iditi es ~ i i d  / i n  idates @irblishen) 
The Cheniist~y of the Hjdrtrzo, Azo a r i d  Azosjp Groups (pirblisketl) 
The Ckerni,str-.j; o f t l i e  Cyaiiates trritl their Thio-derivatives (it1 ~ W S S )  

Tlie Cheiiiisrrj~ of the Di~i~oriiiirii arid Ditizo Groups ( i n  press) 
The Cheriiistr~l of Citr~iuleries a r i d  Heter~octrriiir1erie.s 
Srrppleiiieiit A : The Clieniisrrj~ of' Doirhlc+ Borirled Firrictioiicil Groir ps 

Sirpplement B : T h e  Clier~iistr~y of' Acid Derivariws ( i r i  pr~par-ciriori) 
Siippleriieiit C : Tlie Cheinistry of' Tsiple-Boiidcd Furic*tioiinla Groups 
S~ippleiiieiit D : The Clieriiisfry of H~1ide.s tirid Pseudo-hcrlides 
Strppleriierit E :  Other Fiiiictioricil Gr*orrps 

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

The publication of this series would nev!? have started, let alone con- 
tinued, 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 invaluakk aid (but unfortunately their code of e t b h  
does not allow me to thank them by name). Many of my friends and 
colleagues i n  Israel and overseas helped me in the solutio5 of various 
major and niinor matters. and my thanks are due to all of them, especially 
to Professor Z .  Rappoport. Carrying out such a long-range project would 

Functional Groups' includes the titles listed below : 

(published iri two prir-ts) 



xiv Preface to the series 

be quite impossible without the non-professional but none the less essential 
participation and partnership of my wife. 
The Hebrew University, SAUL PATAI 
Jerusalem, ISRAEL 
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2 Otto Exner 

1. INTRODUCTION 

In this chapter results of stereochemical studies are reviewed which have 
been obtained essentially by a single approach. namely measurements of 
dipole moments, almost always in solution. This delimitation includes 
the rare studies based on the Kerr constant since determination of this 
constant is always accompanied by a dipole moment measurement whose 
value is necessary for the calculation. Most frequently the Kerr constant 
is used to supplement and/or refine the results from the dipole moment 
approach; information obtained from the two methods is essentially of 
the same kind. On the other hand the results from the n.m.r. spectroscopy 
are different in character and often complementary. This method is being 
used most widely for stereochemical problems ; the various applications 
have been reviewed recently in general’ as well as with particular regard 
to the configuration on C=C and C=N bonds’. These results will be 
referred to only as far as necessary in the context; the same applies to the 
other methods such as X-ray, electron diffraction, ultrasonic relaxation, 
microwave and i.r. spectroscopy etc. 

The stereochemistry of the X=Y bonds has not been reviewed very 
frequently. Apart. from a review on the C=N bond in Czech3. short items 
on the C=C bond4 and C=N bond5 appeared in the previous vduines 
of this Series; the N=N bond is treated more thoroughly‘. Some of the 
material included in this chapter, concerning the stereochemistry of 
partial double bonds, belongs strictly to other volumes of this series, in 
particular into the chemistry of carboxylic acids and esters’. amides* 
and imidatesg. I t  is, however, useful to treat all these compounds in  one 
place in a comparative manner. This is justified since the stereochemical 
aspects were treated in the companion v o l ~ m e s ’ ~ ~  only very briefly if at 
all. Recent reviews on particular clssses of compounds with a partial 
double bond are available. viz. on esters” and amides”. 

II. STEREOCHEMISTRY OF MOLECULES 
CONTAINING X=Y GROUPS 

A. Classical and Partial Double Bonds 

The presence of a double bond generally has profound consequences 
for the stereochemistry ; it gives the molecule more rigidity and restricts 
the number of possible forms. The main feature is the coplanarity of all 
atoms adjacent to a double bond as well as of the double-bonded atoms 
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themselves. In this way E,Z-isomerism appears in the case of molecules 
substituted unsymmetrically o n  each end of the double bond; this pos- 
ibility exists for C=C, C=N and N=N bonds, and exceptionally also 

for the C=S bond. 
In addition the presence of a double bond also affects the rotational 

barriers of the adjacent single bonds and the conformation on them. 
This effect is most pronounced when these formally single bonds are 
directly conjugated and thus acquire a partial double-bond character. 
In this way two possibilities were presented as to the systemization of this 
Chapter. These partial double bonds could either be included into the 
term 'double bond' and treated separately in a particular section. or the 
conformation on such bonds may be considered in the stereochemistry 
of the adjacent classical double bond, e.g. the conformation of enol ethers 

C 
\ 

\ / O  

/c=c\ 
or 

\ /o-c 
/c=c\ 

may be treated either in a special section devoted to the partial double 
bond C-0 or included in a treatment of the C=C double bond under a 
subheading 'conformation on the adjacent bonds'. We have chosen the 
first possibility and will deal with configurations on the double bonds 
C=C, C=N and N=N, then with conformations on partial double 
bonds C-C, C-N, C=-0 etc. The distinction between the two types is 
not quite sharp and the concept of a partial double bond will neither be 
explained in detail nor criticized. In a purely formal manner the simplest 
mesomeric formula without charge separation will be decisive for classi- 
fication purposes, e.g. in amides 

n 

4 
\ 
,N-R 

R-C 

0 -  
/ 

i" 

R '  R '  

the C=O bond is double. while the C-N bond is partially double; 
in imidates the opposite is true. 

0 + - R  
// 
\ 

- R-C 
/ O -  

R-C 

N -  \N / / 
GJB.2 R' R'  

The above classification fits-with few exceptions' '-the statement that 
t h e  double bond gives rise to stable geometrical isomers. isolable under 
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suitable conditions, while the partial double bond is manifested only by 
restricted rotation and more 3 r  less populated conformers. Of course the 
distinction between configuration and conformation is also indistinct. 
In fact a continuous scale of rotational barriers exists, decreasing from 
those typical for the double bonds down to  the values typical for single 
bonds. In this chapter even bonds of a slight double bond character are 
included insofar as these are clearly reflected in the stereochemistry. 

B. Concerning the Concept of  Conformation 

Conformational studies carried out by different experimental approaches 
yield results which differ in character; in addition even the terminology 
differs somewhat in studies with prevailing physicochemical or organic 
orientation. This may cause, and has already caused, some confusion. 

Let us consider the simplest case when the conformation is determined 
by a single dihedral angle T.  A continuous range of rotamers exists, with T 

from 0" to 360", of which all are present in a real sample under specified 
conditions. However, their relative abundance may be very different 
since it is controlled by their free enthalpy AG. The exact physicochemical 
solution of the problem involves determining AG as a function of T, like 
the upper curve in Figure 1. The abmdance of individual forms then 
follows simply from the B o l t q a n n  law and is represented by the lower 
curve in Figure 1. Such a solution has been achieved in some cases and is 
always approximate or even tentative. Mostly. the lower parts of the 
curve and/or the heights of the peaks are determined by experiment. 
I n  calculations AG is often approximated by A 2  or even by the potential 
energy E,. 

In organic chemistry two approximations are commonly used. Firstly, 
the less abundant forms. representing together a sinall percentage of the% 
total, are simply neglected; i.e. the upper part of the curve is cut off (in 
Figure 1 at the value of 2.5 kcal relative to the lowest energy value). 
Secondly, the conformations with similar values of r are counted together 
as a single conformation, e.g. in  Figure I the conformations with T = - 15" 
to 15" are denoted as E, with r = 156" to 194" as 2. Their abundance. s, 
is generally given by the Boltzmann distribution : 

N = Jr:exp(-AG/RT) dr  exp(-AG/RT) d r  

In the case under consideration the E and 2 forms as defined represent 
9 'i: and 89 %, respectively. of the molecules present?. 

i When dealing with partial double bonds. we prefer the symbols E and Z. In another 
system of symbols". sp, ap. sc. ac. the range of possible values of r has been esplicitly defined. 
e.g. synperiplanar (sp) means r = -30" to 30". 
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FIGURE 1. The free energy function and population of rotamers (corresponds 
approximately to a secondary amide). 

The statements that a compound exists 'only' or 'prevailingly' in a 
certain conformation must be understood always in the sense just des- 
cribed, otherwise they would be inacceptable from the physi&chemical 
point of view. Since the dipole moment method is of relatively low ac- 
curacy, it yields only results of this type. However, the approximations 
involved may sometimes become apparent even with inaccurate methods. 
In particular the mean effective value of a physical quantity for a certain 
range of near conformations need not correspond esactly to the value for 
the middle of the interval. I f  a quantity y is additive in charactert and is 

+Additive is e.g. the molar Kerr constant ,K: in the case or dipole moment it is not directly 
p but its square, p'. 
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a function of the dihedral angle T, its effective value 7 in the interval 
between r ,  and x 2  is given by. 

- Jr: y exp (- A G / R  T )  d.r y =  exp ( - A G / R T )  d r  IL? 
and is generally not identical with j: corresponding to the middle of the 
interval(z, + T J ~ .  It is particularly striking when J? is at minimum at 
this point, see e.g. Section V.B. 1. 

In some cases the curve AG = / ’ ( r )  may be very flat, or, alternatively it 
may exhibit several minima of almost the same depth, situated at  regular 
intervals. In such cases it may be of value to calculate the effective quantity 
J I  under the assumption of ‘free rotation’, i.e. independency of AG of r .  
Such a mean value is relatively easily obtained as 

.V = lo2RydT/Zn 

In the case of dipole moment, relatively simple formulae are deduced by 
substituting ci‘ for y, which will not be reproduced here(see Reference 14). 

The values calculated for ‘free rotation’ often agree quite well with 
experiment. To avoid any misunderstanding one must always b o x  in 
mind that ‘free rotation’ actually does not exist; the term denotes the 
kind of calculation rather than any physical reality. Reasonable agreement 
with experimental values may be achieved even with considerable rota- 
tional barriers. The probable interpretation of such cases is that several 
conformations are almost equivalent (e.g., all staggered conformations). 

111. THE DIPOLE MOMENT APPROACH 

A. Some Specific Features of the Method 

The dipole moment of a molecule? (p)  characterizes the gross charge 
separation by a vector, oriented from the centre of gravity of the positive 
charges t o  the centre of gravity of the negative charges. By most experi- 
mental methods, in particular by common solution measurements. only 
the absolute value of the vector is obtained (still commonly expressed in 
the units 1 D = e.s.u.), while its direction remains more or  less 
hypothetical. However, the vector character of this quantity must be 
never forgotten when calculating the total dipole moment from its com- 
ponents. comparing experimental and predicted values, etc. Only when 

t See Refs. 14 and 15 for the theory. experimcntiil technique and application of dipole 
nionients in organic chemistry. 



1.  Dipole moments of molecules containing X=Y groups 7 

determined from the Stark effect in the microwave spectra, is the direction 
of the dipole moment obtained directly. However, these data are of less 
importance for stereochemical problems since microwave spectroscopy 
yields, as a rule, all the necessary information imqediately. 

The structure problems are in principle solved by comparing experi- 
mental dipole moments with those calculated, or qualitatively predicted 
for individual structures. When compared with e.g. spectroscopic methods, 
the amount of information involved in one number is very small. In 
addition, this one experimental value is not very accurate; the inaccuracy 
is due not only to the experimental error but also to the inherent approxi- 
mate character of the t h e ~ r y ' ~ . ' ~ .  Even so. the total combined error is 
usually smaller than the discrep2ncy between calculated and found values, 
and will not be analysed here. Only the unique error distribution is worth 
menr.ming: The smallest values of p are determined with the largest 
&solute error, so that they often cannot be distinguished from zero. In 
practice this unfavourable situation may often be avoided, e.g. the dipole 
moment is enhanced by suitable substitution. 

Summarizing the characteristic features of the dipole moment. we can 
deduce that this quantity is most suitable for merely qualitative problems, 
i.e. decision between two or, say, four possibilities. This is just in the case 
of configurations on the double bond. When the number of forms involved 
increases, or when their abundance is to be determined quantitatively, the 
small amount of information and limited accuracy of the method make 
themselves felt. Complex problems cannot be solved partially o r  stepwise, 
since all the structural features must be determined at once. These in- 
herent restrictions of the method are counterbalanced by several advan- 
tages. First of all it is a simple concept which permits the solving of many 
problems without theoretical considerations and without model com- 

'pounds; only the structural formulae and some universal empirical 
constants are necessary. Another advantage is work in solution in non- 
polar solvents (as compared t o  X-ray and m.w. spectroscopy) and the 
possibility of studying stable and Bnstable forms by the same method. 

B. Application to Stereoc hemical Problems 

The given problem, to  which the dipole moment is applied. may acquire 
various forms according to the stability of isomers. their abundance, the 
possibility of isolation, etc. I n  particular the following tasks may be 
encountered : 

(a) Assignment of configuration to  two stable, isolated isomers. e.g. ' E and Z dichloroethylenes (1) 
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(b) Assignment of configuration to one stable isomer when the isolation 
of the second failed, e.g. 1,2-dinitro-l,2-diphenylethylene (2). 

(c) Estimation of population of two or more isomers in an equilibrium 
solution, e.g. conformations of dimethyl fumarate (12). 

(d) Determination of the prevailiTg conformation with one variable 
angle, e.g. the dihedral angle C-C-C-c in diacetyl (89c). 

( e )  More complex patterns, as two variable angles or configuration 
combined with conformation, e.g. in imidoates (28) configuration on 
C=N and conformation on C-0. 

Although the tasks are successively more difficult. the approach itself 
is not principally different. Calculation of predicted dipole moments and 
comparison with the experimental value may be used in each case. In 
addition, there are simpler procedures, based on symmetry and other 
qualitative considerations, which are applicable only to simpler problems. 
In more complex problems tbese qualitative considerations are applied 
at the start, to obtain approximate solution, eliminate some structures, 
etc. The available methods and their combinations have been discussed 
in some detail 14; summarizing, the following possibilities may be dis- 
tinguished : 

(a) Symmetry considerations. A non-zero dipole moment may occur 
only in symmetry groups, C,. C,, C,, and Cpv, i.e. among symmetry 
elements an inversion centre, or a rotation-reflexion axis, or  more than 
one rotation axis. or. finally, a rotation axis perpendicular to a mirror 
plane all imply zero moment. In particular the presence of an inversion 
centre is frequent and conspicuous and may itself serve to solve many 
problems (e.g., see formulae la. b). 

(b) Qualitative predictions. When two isomers are available, i t  is 
sometimes possible to predict which of them has the larger dipole moment 
without calculating the values. This may happen when strongly polar 
groups with large moments are present ( e g ,  6a, b). 

(c) Model compounds. Compounds with known sterical arrangement, 
which is mostly secured by ring closure, may serve as models of certain 
conformations, e.g. phenanthridine (25) as model of benzalaniline in the 
2-configuration (23b). 

(d) Vector addition of bond moments. The dipole moment for a given 
conformation or configuration is calculated as the vector sum of bond 
moments situated along the individual bonds. These are assumed to be 
roughly constant, or, in a more sophisticated approach, several refinements 
are introduced. In spite of many inherent approximations this approach is 
the most productive one, see e.g. 8a. b. Several tabulations of bond 
moments are avai1able'".l5. 

a 
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(e) Quantum chemical calculations. An accuracy comparable with the 
preceding case may be achieved when calculating the dipole moment by 
the CNDO or INDO methods. These calculations are, however, seldom 
carried out for this purpose only, see e.g. 3-fluoroacetophenone (156). 

( f )  Substitution. The amount of information is significantly enhanced 
when a substituent is introduced into the molecule. 1 t must have a known 
dipole moment and must not introduce any additional possibility of 
rotation. Most popular is the substitution at the pnrci position ofa  benzene 
nucleus, see e.g. (23) and (24). 

(g) Graphical methods. In complex problems the comparison of various 
calculated and experimental values is greatly facilitated by a graphical 
representation ; in particular the reliability of results may be better 
estimated (see Figure 2, p. 24 as an example). 

The reliability in all cases increases with the number of compounds 
investigated and decreases with the number of possible forms. The dipole 
moments yield suitable examples for application of probability calculus 
to  estimate the reliability of results in a quantitative manner. For instance. 
when a configuration has been assigned, one can ask with which proba- 
bility the result is right, or, before the experiment has been carried out, 
one can give the probability that the assignment will succeed. Hitherto, 
the approach was successful insofar as various problem may be quan- 
titatively compared, but the probability can be hardly given an absolute 
value16 (see e.g. Table 14). 

C. Combination with other Physical Methods 

The relatively small amount of information, obtained from the dipole 
moments, may be often enhanced by other physical methods. The second 
method may either yield essentially the same kind of information as the 
dipole moments, or  quite another one, not obtainable by this approach. 

Into the first category belongs particularly the molar Kerr constant?, 
,K, which expresses quantitatively the birefringence caused by an 
electric field and is related to the anisotropic polarizability of the molecule 
similarly as the dipole moment is related to  the asymmetric charge 
distribution. The merit of the Kerr constant over the dipole moment is the 
larger extent of possible values and greater experimental accuracy, e.g. 
many symmetrical molecules with zero dipole moments differ markedly 
in the Kerr constant, the position of alkyl groups is clearly reflected, etc. 
On the other hand, the experimental work and the calculations are much 

t See Refs. 17 and 18 for the theoretical background and application of the Kerr constant 
in organic chemistry. 
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more difficult. In current applications the expected dipole moment ).A 

is computed first for the assumed molecular geometry as outlined in the 
preceding section, then the value of ,K from 11 and from bond polariza- 
bility tensors, which are tabulatedI7. The two quantities, p and ,K, are 
compared with experimental values and reasonable agreement in both 
must be obtained. The comparison may be facilitated by graphical 
represen tation ’. 

Complementary data on the anisotropic polarizability may be obtained 
from light-scattering but this approach is difficult and seldom used in 
organic stereochemistry (see Reference 17). The third possibility is nieasur- 
ing of the Cotton-Mouton effect, i.e. the birefringence raised by the 
magnetic field instead of the electric one. The application to stereochemical 
problems is still a t  the exploratory stage”. 

The inherent weakness of the dipole moment method, as well as of other 
methods just mentioned, is their insufficient accuracy when less abundant 
forms are to  be detected, or when the ratio of two forms is to be determined 
exactly. In such cases n.m.r. spectroscopy is usually the most efficient. 
However, while n.m.r. spectroscopy is able to solve many stereochemical 
problems, it may fail particularly in the case of functional groups not 
containing hydrogen atoms, or it may give only the ratio of forms but not 
the assignment. Also. an assignment based only on chemical shifts may 
need either a direct comparison with model compounds, or many em- 
pirical rules. When n.m.r. spectroscopy and dipole moments are applied 
together, it is logical to determine first the number of forms present and 
their abundance from n.m.r. spectra, then to assign the conformation on 
the bask of dipole moments finally the chemical shifts may be discussed 
in terms of conformation. In this way for example, the configuration of 
nitronic acid esters (59) was solved. 

When the rotamers interconvert rapidly, their mixture may behave 
either as two compounds or as a single compound in the n.1n.r. spectro- 
scopy, depending on the rate of interconversion and on the character- 
istics of spectra and apparatus, including temperature. From this point 
of view, dipole moments are always a ‘slowlmethod; whether the isomers 
interconvert or  not, only the weighted average value is obtained. When 
the conversion is fast, both methods behave in the same manner and the 
n.m.r. spectrum is of no assistance. 

Another available method is i.r. spectroscopy. ,However, neither the 
heights of peaks nor  the integrated intensities allow direct calculation of 
the ratio of the pertinent forms. Sometimes even care must be taken in 
interpreting doubled maxima as due to presence of rotamers, see e.g. the 
problem of chloroformates (99) or urelhanes (103). A n  indisputable 
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advantage of i.r. spectroscopy is that it is always a 'fast' method, i.e. the 
two forms give separate signals, however fast their interconversion may be. 

IV. CONFIGURATION ON THE X-Y BONDS 

A. C=C Bonds 
The configuration on the C=C bond is a classical problem. Although the 

dipole rrroment method was applied at its early stage of development, 
most of the configurations had already been solved at that time from the 
chemical reactivity and the qipole moments confirmed only the con- 
figurations already known. Nevertheless, in the classical examples this 
confirmation is so convincing and so simple that it is of fundamental 
importance. Let us consider one of the first historicay examples2', E- 
and Z-1,2-dichloroethylenes (1). ? 

\ '  /cI 

/c=c\ 

CI 
\ 

ti 

ti H ti 
/c=c\ 

CI 

/lcrp = 1.91 i k x p  = 0 

(1 a) (1 b) 
-i 

No theory, nor any comparison with other molecules is necessary: 
the knowledge of structural formulae is sufficient by itself. The zero 
moment of the E form follows from its CZh symmetry, the calculation of 
the supposed moment of the 2 form is not necessary. These dipole moments 
thus represented an early direct proof of the reality of structural formulae. 

The example of E- and Z-1,2-difluoroethylenes is quite similar, the 
values of p are 0 and 2.42D respectively22. I t  is diaracteristic that again 
in this case the dipole moment was indispensable to determine con- 
figuration. Since it was obtained from microwave spectroscopy, the geo- 
metry of the molecule investigated was determined simultaneously in detail. 

The assignment of copfiguration in the preceding examples was par- 
ticularly easy since one isomer%d an inversion centre and hence a zero 
moment. Only one difficulty may arise, since as mentioned low dipole 
moments are determined with low accuracy and sometimes may become 
indistinguishable from zero. This is, of course, irrelevant when the second 
isomer is available and its moment is relatively high. 

Alternatively&+e problem may be solved by calculating the expected 
dipole moment for the second unknown isomer. Dipole moments of 
1 ,Zdinitro-l,2-diphenylethylene (2) and 1,2-bis-(4-nitrophenyl)-ethylene 
(3) are approximately and the second isoder  was not available in 



12 Otto Exner 

either case. Even so, the assignment of E configuration is quite safe, when 
the supposed dipole moment of the 2 configuration is estimated (c. 7 D 
in both cases). a"" dc=c-H c q .  ,NO, 

\ 

Clcxp = 0 

2 ,c=c 

O2N C 6 H S  b NO2 
P e x p  = 0 

(2) (3) 

The molecule of E-4,P-dinitrostyrene (4a) has no other syqmetry 
element than a mirror plane which does not exclude a dipole moment. 
However, the two nitro groups, which contribute most to the total 
moment, are arranged in practically opposite directions, giving the 
molecule a certain symmetrical character. Hence one may expect a very 
low dipole moment. Comparison of the experimental and calculated 
values allows the configuration to be assignedz4. Note the difference as 
compared with the preceding examples: The zero dipole moments of the 
E forms of (l), (2) and (3) follow strictly from symmetry conditions, the 
approximate zero moment of (4a) is deduced from several approximations 
(the same moment of the two different nitro groups, no induction in the 
benzene nucleus, etc.). 

H H  $r2 0 g o 2  

N O 2  . NO2 
pca,c = 0.50 j tCalc = 7.38 

/Ierp = 1 .oo 
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In I -bromo-2-(4-bromophenyl)-2-plienylethylene (5) the assignment 
of configuration is less certain although both isomers were available. 
O n  the basis of the experimental moments the assignment was made by 
qualitative comparison2’. By simple vector addition of bond moments 
we can calculate 0 and 2-75 D for the E and Z forms, respectively. Hence, 
it is very probable that the former isomer is E, although its dipole moment 
is somewhat high?. 

The molecules of E- and Z-4-bromo-4’-nitrostilbene (6) bear two different 
substituents and none of the isomers possesses a centre of symmetry. 
However, one can safely assume that the partial moments of both sub- 
stituents are oriented equally, with the negative end away from the benzene 
nucleus. Hence $he isomer with the larger dipole momentz6 may be 
assigned the Z configuration. A more sophisticated approach is possible 
either by computing the expected dipole moments with proper allowance 
for the conjugation of both groups, or by simple comparison with the 
dipole moments of parcr and ortho bromonitrobenzenes (7a, b). The dis- 
crepancies may be explained in terms of induction or  mesomerism in the 
prolongated n-bond system, steric hindrance, etc. At any rate the assign- 
ment is safe. 

Br $2 NO, 

The configurations of I -chloro-2-iodoethylenes (8a, b) have an inter- 
esting history. The simple plausible assumption that C-Cl and C-I 

? T h e  enhanced value may be partly due to the old techniqueZS ofextrapolation to infinite 
dilution, compare References 14 and 15. 
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moments have the same direction (actually with the negative end towards 
the halogen) leads to the conclusion that the Z isomer has a higher dipole 
moment. However, the result of the first measurement26a was at variance 
with the configurations determined from reactivities. Some rather forced 
theories were used to explain that the dipole moment of the E isomer 
could be higher and finally the configuration was questioned2’. Since 
the reliability of the result was estimated16 to  the probability of 0.998, it 
was concluded that it can hardly be disproved by arguments based on 
reactivity. The controversy has been recently explained28 by the mistaken 
identity of samples during the first measurement. Hence the true assign- 
ment is as follows : 

Another example when the substituents d o  not differ sharply by their 
polarity is represented by E- and Z-1 -fluoro- 1,2-dibromoethylenes (9). 
The original reasoning2’ was that in (9a) the two C-Br bonds cancel, 
resulting in a dipole moment equal to that of vinyl fluoride (1.5 D); in (9b) 
the C-F bond is slightly more polar than the opposit$ C-Er and the 
resulting dipole moment is slightly lower than that of vinyl bromide 
(1.41 D). The comparison with experimental values is not convincing. 
More straightforward reasoning would be that if the dipole moment of 
vinyl fluoride is higher than of vinyl bromide, then the moment of (9a) is 
higher than of (9b). The reliability of the assignment would depend only 
on the assumption that the difference of experimental values is real. 

In all the preceding examples only substituents were involved the dipole 
moments of which have an unambiguous position in  space, co-linear 
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with their bond to the rest of molecule. They may be either simple linear 
groups (halogens, CN), or  their group moments may coincide with the 
axis of their rotation (NO,, CF,). Sometimes these are denoted as 'regular' 
substituents. When the molecule contains also other ('angular') sub- 
stituents, the problem of determining the configuration is more complex. 
Either the conformations o n  all the possible axes of rotation must be 
known from another source, or they must be included as additional 
unknowns to be determined. The number of possible forms thus increases 
and it is essential for the dipole moment approach that the whole structure 
must be determined at  once. Quite often the assumption of 'free rotation' 
is included in the place of one possible conformation, although this 
concept is only hypothetical (see Section I1.B). The neglecting of vector 
direction and possible conformations of these substituents has been 
criticized ,'. 

' HxcH2Br 
i BrCH, H BrCH, TYHzBr CH, BrcMH CH, CH, 

When dealing with configurations of the E- and Z-1,4-dibromo-2,3- 
dimethyl-2-butenes31 (lo), it would be such an error to estimate the dipole 
moment of the E-isomer (10a) t o  be zero. Actually the molecule may exist 
in various confornhtions the dipole moments of which differ strongly. 
Since the barrier a t  the CSpz -C,,, bonds is as a rule very low, we may try 
to apply the concept of free rotation. The calculated value is distinctly 
higher than the exp&-imental one, showing that the rotation is not entirely 
free and conformers with nearly syn-parallel C-Br bonds are suppressed. 
Steric hindrance by the methyl groups may also play a role. In the original 
literature31 the assignment was based simply on the belief that the Z 
isomer must have a higher dipole moment, however, this is not uncon- 
ditionally true since the rotation could be hindered to a different extent 
in the two isomers. For the only isolated stereoisomer of 13-dibromo- 
2-butene (11) the dipole moment of 1.63 D was found3'. The assignment 
of the E configuration should rely merely on the comparison with (10a) 
than o n  the calculation which would yield a similar discrepancy as above. 
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The example of dimethyl esters of fumaric (12) and maleic (13) acids 
is still more complex since rotation around the C-C as well as C-0 
bonds should be considered a pimi. However, as shown later (Section V.B), 
the conformation of the ester group is remarkably uniform and rigid and 
the group moment has approximately the direction of the C=O bond. 
As t o  the conformation on the C-C bonds, their partial double bond 
character suggests the preference of planar forms. We thus have the 
following conformations of the fumarate: 

OCH 0 
&OCH, 

and of the maleate 

0-0 C H , O G O C H ,  
CH,O OCH, 0 0  

= 0.30 /(talc = 2.84 

CH,O 
0 

pcxlc = 3.03 

I t  lies in the essence of the approach that all the features of the structure 
must be solved simultaneously. The conformation on the partial double 
bonds C-C will be dealt with later (Section V.A), here only the conse- 
quences for determination of configuration are examined. When we 
assume that the three conformations a,&. c are populated in  the statistical 
ratio 1: 1.2, we get the mean values‘jL The experimental values3’ are 
slightly higher but their ratio is reproduced quite exactly. The assuniption 
w.de  is in fact quite reasonable since steric h i n d r a n c w  the three forms 
(13a-c) is nearly equal, while in (12a-c) i t  is absent ; only an electrostatic 
repulsion could destabilize the form 13b. 
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Exactly the same values as above would be calculated with the assump- 
tion of free rotation instead of the statistical population of planar forms. 
This coincidence is general in such simple cases and explains the preference 
for the free rotation hypothesis. Generally, the configurations may be 
assigned in similar symmetrically-substituted molecules as far as the 
assumptions of free rotation or of statistical distribution hold; under 
such conditions the Z isomer has always a higher dipole moment. This 
statement applies even to more complex molecules with several rotational 
axes, although in these the difference between isomers diminishes. In 
E- and Z-Zbutene-l,4-diol(14) there are four axes in the C-C and C-0 
bonds, and the difference is already within the experimental error33. 

a 

m 
HOCH, CH,OH 

pcxp = 2.48 

HOCH, /JCH2OH 

per,, = 2.45 
pcalc = 2.54 pcaIc = 2.62 

(144 (14b) 

4 

UnsymmetricalJy substituted molecules sometimes require a still more 
detailed analysis, when the determination of configuration is possible at 
all. The case of the isomeric u.P-dibromocinnamates (15) is relatively 
advantageous since there is only one angular substituent. 

HHco O 2H 
C,H, Br BrXBr C6H5 COOCH, C 6 H 5  

'#"" O 
I 

pcxp = 1.89 per,, = 2.68 pexp = 1 .84 

pcalc = 1 .80 pE31f = 2.58 

(1 5a) (1 5b) (1 6) 

The original assignmentz3 was based on the simple assumption that 
in the E isomer (15a) the two C-Br moments cancel, the resulting dipole 
moment is essentially equal to that of an alkyl cinnamate (16). The moment 
of the 2 isomer (15b) was assumed to be larger. The latter statement need 
not be (1 prior-i true and depends on the values of partial moments of 
C-Br and COOR. Nevertheless, our calculations agree well with the 
experiment. 
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When both isomers are not available, the problem is more delicate. 
The dipole moment34 of E-bis-dimethylaminoethylene (17a) is under- 
standable since the dimethylamino group is as a rule not planar. However, 
the confirmation of configuration does not seem t o  be possible from this 
one value. Recently, the group moment of 1.58 D at the angle of 34" to 
the C-N bond was attributed to the N(CH,.), group bonded to the 
aromatic nucleus35. With this adopted value, we calculated the dipole 
moments, given at the structures, for which however there exists no 
convincing proof. The second isomer or a model compound would clearly 
be desirable. 

X =  H 

X =  CH, 

According to  the hybridization on N, the geometry of the amino group 
may gradually change and finally become almost planar. In this way an 
angular substituent is turned into a 'regular' one. When computing 
expected dipole moments for the enaminonitriles (18) and (19). the amino 
group was taken as planar with respect to its conjugation with the nitrile 

Remarkably enough, the configuration of the single isolated 
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isomer is not the same in each case but depends on the substitution at a 
remote place. Again, the isolation of the lacking stereoisomers would be 
here of great importance. 

Examples where the configuration could not be established by the 
dipole moment approach include mostly molecules with non-polar 
substituents or with two substituents of comparable polarity. Thus the 
dipole moments of ethyl cinnamate and allocinnamate are practically 
equal”, 1.84 and 1-77 D, respectively. The difference, if real, is due more 
t o  different intensity of conjugation and/or induction, than to different 
polarities of hydrogen and phenyl. Such differences cannot at present be 
accounted for by a theoretical approach. On the other hand, an experi- 
mental approach is often helpful in similar cases, and is achieved by the 
introduction of a substituent. For evident reasons the ‘regular’ substituents 
are preferred, the most convenient site being the porn position of the 
benzene nucleus. The dipole moment of b e n z a l a ~ e t o p h e n o n e ~ ~  (20) does 
not allow the determination of its configuration, which combined with the 
conformation on the C-C bond demands that four planar forms should 
be considered : 

’0 

c 

When the last form is excluded as sterically impossible, decision is possible 
by introducing a 4‘-bromine substituent (21). For the E isomer. either in 
the form (20a) or 720b) one would expect a moderate lowering, and for 
the form (20c) a marked rise of the dipole moment. The assignment is 
further confirmed by the dibromo derivative (22). In the case of form (c3 
the dipole moment of (22c) would be essentially unchanged with respect to 
( ~ O C ) ,  and in the case of form (d) even raised. We may conclude that the E 
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configuration has been proved while the decision between the con- 
.formations (20a) and (20b) is not possible on the basis of dipole moment 
data. No quantitative calcula 'ons have been made; in  the original 
1iteratu1-e~~ the problem is presented in a rather simplified form. Con- 
formation of similar conjugated systems will be dealt with later (Section 

Another class of compounds which brings about difficulties in the 
dipole moment approach are some evidently symmetrical molecules 
whose experimental moment apparently differs from zero". An example 
with the C=C bond is t e t r a ~ y a n o e t h y l e n e ~ ~  with p = 0.82 D in benzene. 
The explanation is not easy and several hypotheses have been advanced, 
each of which may be true in different cases. One possibility is an  excep- 
tionally high atomic p o l a r i ~ a t i o n ~ ~  for which the usual correction used 
in solution measurements is insufficient. This means in fact that the 
molecule is deformed in the electric field, and another explanationjg 
is thus approached that some unsymmetrical conformations are present 
even in the absence of an electric field. Since most of these molecules 
possess several electron-attracting groups and may act as strong acceptors, 
a possibility of charge-transfer complexes with solvent occurs4o when the 
dipole moment would be oriented pGpendicular to the molecular plane, 
from the associated molecule of the solvent. This explanation is probable 
for tetracyanoethylene since the dipole moment is enhan?A iii d i ~ x a n ~ ~  
but in other cases no solvent dependence was observed38. Finally the 
experimental error may contribute appreciably to the dipole moments 
lower than 1 D. I t  can be seen that the problem is rather complex; in 
the case of volatile compounds it will likely be solved by microwave 
spectroscopy. The practical consequence is a certain caution needed 
when dealing with molecules of the acceptor type. 

The foregoing examples revealed that dipole moments have been of 
fundamental importance for simple problems of configuration on the 
C=C bond, whilc they are relatively seldom used in more complex 
cases; most frequehtly they are combined with other methods. Neverthe- 
less, the possibilities are not exhausted, and even some of the older 
problems seem worth a reinvestigation, in particular a more detailed 
calculation of the expected dipole moments. 

a3 

V A J .  

B. C=N Bonds 

In an older review it was suggested4' that configurations on the C=N 
bond are less suitable for the dipole moment approach owing to the 
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intrinsic C=N moment. Nevertheless, this approach has been used lately 
quite often. One  of the reasons may be that the absence of hydrogen 
atoms may make the application of n.m.r. spectroscopy less efficient?. 
In addition the two ‘substituents’ on nitrogen, one of which is usually the 
lone electron pair, differ sufficiently from each other in their dipole 
moments. Of course, the value af the C=N bond moment, which may 
partly account also for the lone pair moment, is of primary importance. 
Studies confined to  this p r ~ b l e r n ~ ~ ~ ~ ~  revealed that the value of 1.8 D 
is reasonably reliable and constant in various molecules. Surprisingly, it is 
not necessary to give any separate moment to the lone electron pair, only 
that part collinear with the C=N bond is implicitly involved in the formal 
bond moment. 

1 .  lmines and imidates 
The configuration of the only known stereoisomer of benzalaniline 

(23) was solved it: a classical manner46, showing nicely the importance of 
proper substitution. The dipole moment of the 4,4‘-dichloro derivative 
(24) is exactly equal to that of the mother substance; this is compatible 
only with the E configuration (23a, 24) having antiperiplanar C-CI 
bonds. This configuration is nowadays well established from X-ray 
data4’. The second stereoisomer Z (23b) has remained unknown; the 
calculation based on bond moments suggests that its dipole mohent 
would not be appreciably different from that of 23a. This is substantiated 
by comparisond8 with phenanthridine (25) which may be considered as a 
rigid model of (23b). 

H 
\ 
C=N 

d 

CI 
/ 

t Quite recently, determination of configurations on C=N were advanced based on 
13C shifts4’ and on  13C-”N coupling 
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More recent dipole moment studies of substituted benzalanilines are 
based on the determined configuration and deal with interaction of 
substituents through the conjugated chain49, or with hydrogen bonds in 
2-hydroxy and 2'-hydroxy derivativessO.s The hydrogen-bondcd deriva- 
tives have also been used to investigate the finer stereochemical details, 
like the position of the aniline ring which is not coplanar with the rest of 
molecule. From the dipole moment of the model compound (26) it was 
inferred" that the distortion is 30-60". 

/ 
CI 

CI 
\ 
C=N 

NO2 

Both stereoisomers, more or less stable, are known in the case of certain 
N-alkylimines, and their equilibrium and interconversion has been 
studied. Recent studies make use mostly of n.m.r. and i.r. spectroscopy 
even for assignment of configuration (e.3. Reference 52) without referring to 
dipole moments. On the other hand, the dipole moments were inter- 
preted in terms of substituent interactions3, the configuration being 
assumed as known. 

The 2-configuration (i.e., aryl or alkyl groups t ram)  of imidoyl chlorides 
was established using the same approach as in the preceding paragraph. 
The dipole moment of 4-nitro-(4'-nitrophenyl)benzimidoyl chloride (27), 
although not determined with a high accuracy, yields convincing proofs4 
since the expected moment for the E configuration would be as high as 6 D. 
Interestingly, nitro substitution is not suitable in the case of benzalaniline 
since its 4,4'-dinitro derivative has as high dipole moments5 as 3.59 D. 
This suggests that a moderate substituent, like halogen, is the best chvice; 
too strong electron-attacking substituents may appreciably shift the 
electron distribution hy the mesomeric mechanism. 

Alternatively the Z configuration of imidoyl chlorides may be deduced 
from dipole moments of several derivatives with a single s i ~ b s t i t u e n t ~ ~ .  
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The pertinent data in Table 1, show the importance of various derivatives 
and also throw light on the problem of choosing the proper substituent. 

TABLE 1. Experimental and calculated dipole moments of imidoyl chlorides 

H C6H 5 1.16 1.19 1.95 0-88 
CI C6H5 0.25 0.41 0.62 0-59 
NO2 C6H 5 3.34 3.3 1 2.68 0.89 
H C4H9 0.54 0.89 2-18 0-9996 
c1 C4H9 0.96 0.70 0-92 0-45 
NO2 C4H9 3.74 3.6 I 2.60 0.986 

Total probability 0.9999998 

Table 1 as a whole reveals immediately that configuration 2 is correct, 
but inspection of individual compounds separately yields much less 
convincing proof. In order to get quantitative insight, the probabilities 
of the Z configuration were calculated16 assuming the normal distribution 
oferror with the standard deviation 0-4 D. ( I t  is the inaccuracy in calculating 
the expected moment which is decisive for this value, not the experimental 
uncertainty.) The probabilities listed in the last column of Table 1 vary 
strongly; note that the fourth derivative is more important than all the 
remaining ones. Assuming that all these compounds must possess the 
same configuration, either E or 2, we get an astonishing probability of 
0.9999998 that it is 2. This calculation illustrates the importance of 
measurements on several compounds. 

The configuration of imidoates (28) represents a more complex problem 
since the conformation on the C-0 bond must be considered simul- 
taneously, as in the case of esters (see Section V.B). Hence the four planar 
forms 28a-d are to be considered as most probable : 
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I 1 
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10 

P2 
0 

X = H  

FIGURE 2. Graphical method” for determining conformation by comparing the 
calculated dipole moments (A-D) with the experiment (hatched point for the 
compound 28, screened for 29). Reproduced, with permission, from Exner and 

Schindler, Helu. Chini. Acto, 55, 1921 (1972). 

The problem was attacked by calculation of the expected dipole moments 
from bond moments56, by introducing substituents in the para position 
and by graphical comparison5’, and finally by referring to the closed ring 
derivative57 (29) as model for the form (28b). The results of the graphical 
comparison arw:produced in Figure 2 in order to show how this ap- 
p r ~ a c h ~ ~  works. The values of p 2  are plotted on the .Y axis for the un- 
substituted and on the y axis for the substituted compound. Then each 
form is represented by a single point. The connecting lines of two points 
may represent either various mixtures or transitory conformations arising 
by rotation around the single bond C--0. (For this reason ,u2 was plotted, 
instead of ,u, since ,u2 is an additive quantity.) The comparison with the 
experimental point may serve not only to choose the most probable form 
but also to estimate the probabili&* of other possibilities. Figure 2 reveals 

C 
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in a convincing manner that (28a) is either the prevailing or even the only 
present form; the model compounds (29) correspond fairly to the form 
(28b). The main drawback of this approach is a little sensitivity ?a the 
presence of minority forms. The n.m.r. s t u d i e ~ ~ ~ * ~ ~  revealed later the 
presence of form (28b) in some derivatives (not in those dealt with in 
Figure 2). Imidothioates have not been studied by dipole moments, and 
the results of n.m.r. spectroscopyG1 are questionable (compare Ref. 59). 

N O N ,  
C,H, 

/ 
C,H, 

pex, = 1 .45 
i(calc = 1 -67 

(30) 

Benzoquinone dianil represents a simple molecule with two C=R bonds. 
The non-zero dipole moment62 is compatible only with the Z con- 
figuration (30); the calculated moment for the centrosymmetrical E form 
would be of course zero. 

The thiazetidine derivative (31), has two non-equivalent C=N bonds. 
The configuration of the aryl group was assigned easily63, when a nitro 
group was introduced into the pnm position. The configuration of the 
cyclohexyl group is less certain due to the low polarity of the C-N bond 
but may be still considered as reasonably certain, although the difference 
between the two calculated values did not exceed 1 D. 

s Ce.H,, 

X = H  X = N O ,  
pcXp = 1 .67 itexp = 5.40 
iC..ic = 1-42 ilcn,c = 5.39 

(31 1 

The configurational problem of N-chloroimines (32a, b) was not solved 
in such a convincing manner, since the difference between the isomers is 
rather small6'. One may assume that the polarity of the N-CI bond is 
indeed small but this does not comply with the high dipole moment of the 
unsubstituted benzophenone-N-~hloroimine~~ (2.96 D). The problem 
woufd be worth reinvestigating on a broader experimental basis. 



26 Otto Exner 

CYH. ,CI C<H 5 

/C=N\C, 
4-CIC,H4 /C=N 4-CIC,H4 

tirxp = 2.67 /I,..,, = 2.47 

(32a) (32b) 

N=N' 

NH, 

/Icxp = 1 .95 

(33) 

\ /  
\ 

CI 

N=C 

Another chloroimine (33) inay serve as an example of overestimating 
the dipole moment r n e t h ~ d " ~ .  Even when the NH2 group is assumed to be 
planar, there are still configurations on three double bonds to be deter- 
mined in addition to conformations on two C-N bonds. For this purpose, 
the dipole moment value of a single compound is clearly insufficient. 
Even t h e  modest conclusion65 that the configuration on N=N is tmns  
must be denoted as unproven. 

2. H yd roxyla m i ne derivatives 

Among hydroxylarnine derivatives many examples of stereoisomerism 
are encountered which have been extensively studied. The configuration 
of simple oximes, object of much controversy in the past. is now estab- 
lished beyond any doubt by X-ray diffraction66. The application of dipole 
moments meets with two diffi~ulties"~. Firstly, oximes associate in 
non-polar solvents, but the extrapolation to infinite dilution seems to be 
generally feasible. This inconvenience may be also removed by studying 
e.g. the 0-methyl derivatives instead of free oximes; these possibilities 
have not been sufficiently exploited. The second problem lies in the 
conformation on the N - 0  bond, which must be solved simultaneously. 
Owing to the appreciable conjugation involving the oxygen lone pair, 
the planar conformations 34a or 34b may be considered more probable. 
In fact the practically planar E fomi 34a with H and C t r m s  was found 
uniformly in recent X-ray66*68 and microwave69 studies as well as by 
dipole moment measurements on many simple oximes67,70.71. Exceptions 
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have been found only for some more complex derivatives, where they are 
explained by hydrcfgen bridges (see formulae 37b, 43b). 

R 
\ \ 

R 

/C=N\ 
/O 

0 - H  A 
/C=N\ 

R 

H 

Even with the knowledge of the shape of the =NOH group the results 
were seldom such as to allow determining the configuration o r  confirming 
that one which was already known. This is understandable in the case of 
unsubstituted oximes, e.g. b e n z a l d o ~ i m e s ~ ~  (39, but even with 4- 
chlorobenzaldoximes” (36) there is little difference between stereoisomers 
and the agreement between calculated and cxperimental values is at best 
fair; this discrepancy may be partly due to the use of different solvents 
for the two isomers. 

X 

X = H  

x = CI 

X 

/iexp = 1.53 (dioxan) 
, ~ t ~ ~ ~ ~  = 1 .15 6B 

Generally the 2 aldoximes possess somewhat higher dipole moments 
but the difference between isomers is very low as a rule. This is caused 
by the unfavourable position of the group moment of the C=NOH 
group; its vector is nearly co-linear with the C=N bond and substitution 
in the two positions has almost the same effect. This is shown most 
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clearly o n  the dipole moments of ketoximes, e.g. for E- and 2-4-chloro- 
benzophenone oximes the values do not differ significantly (2.32 and 
238 D, respectively7 '). More significant differences could be obtained 
with substituents not symmetrical with respect to  the C=N bond which 
may take different positions in the two isomers. However, these positions 
enter the calculations as additional unknowns, making the assignment 
difficult. The case of furfuraldoximes (37) is relatively favourable since the 
rotation is clearly restricted in the 2 isomer by the hydrogen bond67, 
distorting the conformation of the =NOH group (37b). The unequal 
conformation of stcreoisomers and in addition the contribution from the 
hydrogen bond itself raise the difference between the stereofsomers. 

In the stereoisomeric p i p e r o n a S o ~ i m e s ~ ~  the unsymmetrical substi- 
tution makes the difference still perceptible (1.55 and 1.75 D, respectively) 
but at the same time the interpretation and assignment of configuration 
becomes difficult. In the original literature73 no conclusion concerning 
stereochemistry was drawn. Like benzoquinone dianil(30), benzoquinone 
dioxime (38) seems to possess the 2 configuration. The dipole moment is 
clearly different from zero74. 

First steps only have been taken to exploit the Kerr constant in the 
steregchemistry of ~ x i m e s ~ ~ .  The most efficient method at present seems 
to be n.m.r. spectroscopy. In addition to 'H chemical shifts, sclitable 
mainly for a ldo~imes '~,  even the 13C shifts", 'H-'H and 13C-'5N 
c o u p h g   constant^^^'^^ may serve to assign configuration. &he possi- 
bilities may be broadened by applying shift reagents7' or aromatic 
solvents 79. 

The oxime U-alkyl ethers could be somewhat more suitable for dipole 
moment studies than free oximes since association is excluded. However, 
they have been little studied. A detailed investigation of aliphatic deriva- 
tives" did not deal with the problem of configwxtion. The early work on 
4nitrobenzophenone oxime U-methyl ether revealed a sufficient difference 
between stereoisomers'l (4.26 and 3-75 D for E and 2, respectively) but 
calculations from bond moments have not been carried out. 
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The E- and Z-benzaldoxime 0-tritylethers (39) differ slightly in their 
dipole moments82. While their structure was deduced from the spectral 
properties, the configuration assignment was based simply on the relative 
stability of isomers and on preparation of 39a from E-benzaldoxime. 

The problem of 1,2-dioximes (glyoximes) is very complex. Three 
stereoisomers are possible in the case of symmetri-cal derivatives, four in 
the case of unsymmetrical ones ; in addition the conformation on the 
central C-C bond must be dealt with and possible hydrogen bonds repre- 
sent a further complicating factor. Although many dipole moments have 
been m e a ~ u r e d ~ ~ . ’ ~ ,  there is no single case where the configuration has 
been deduced from them, or  where all possible stereoisomers were clearly 
characterized and distinguished by dipole moments. In the old literatures3 
values for the three b e n d  dioximes (denoted a, p, y) are given, but they 
contain an error in c ~ r n p u t a t i o n ~ ~ .  A recent deals only with 
selected compounds and focuses attention on the conformation on C-C 
(probably antiperiplanar). The configurations formerly deduced mainly 
from chemical behaviour are nowadays correlated with n.m.r. shifts”. 
The importance of hydrogen bonds is shown by the case of 1,2-quinone- 
dioxime, assigned84 the E,Z configuration (‘amphi’). The dipole moments 
calculated for the chelated (40a) and non-chelated (40b) forms differ 
sharply. 

O H H  
I 

cVH I 

}Itxp = 3.74 
P C d C  = 3-7 /i,,lc = 1.45 

(404 (40b) 

e 
With the monoximes of 1 ,z-dicarbonyl compounds the number of 

stereoisomers is reduced but the problems of conformation and hydrogen 
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bonds persist. The configuration of benzilmonoximes (41) is firmly 
established by an X-ray study of the 0-(4-bromobenzoyl)derivatives6. 
The dipole moments of the stereoisomers are practically equal and do not 
allow safe conclusions. The antiperiplanar conformations were pre- 
ferredE4 in spite of the rather poor agreement with the calculated value 
(see 41a) ; however, the hydrogen bonded conformation comes strongly 
into consideration for the 2 isomer (41b). 

/C,H, //O H\  

/ C=N\ 

\ /O 

/ C=N 
CSHg 

CsH5-C 
\ 

o=c 

C,H, 0-H 

pexp = 3.17 

(41 a) (41 b) 

In a study of 2-0ximinocarboxylates~~ the configuration was already 
known and the dipole moments were discussed in terms of the N -0 and 
C-C conformations and hydrogen bonds. 

From oximes with larger substituents in the functional group, the 
0-acyl derivatives received particular attention”. Eight planar forms are 
to be considered altogether since we have to determine the configuration 
on C?=N (42a or 42c), the conformation on N - 0  (42a 42b) and the 
conformation on C-0 (42a 42d); ail possible combinations of these 

,CJ+5 

\ 

C=N/ 

/ C A  o=c 
0 H 

/o-c \ 

“ 0  / 
\ 

H 

‘SH5 /C=N C,H, 
pCxD = 3.32 
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factors yield the remaining four forms. The decision i n  favour of 42a was 
made possible by introducing substituents into either benzene nucleus 
and by graphical comparison. The result is supported by the conformation 
of some derivatives i n  the crystalline ~ t a t e ' ~ , ~ ~  and the partial conforma- 
tions of the molecular segments agree with those of the simple model 
compounds: the C-0 conformation with that of esters (Section V.B), 
the N - 0  conformation with oxinies (see e.g. structures 35). Such cases 
indicate the principal means of predicting the conformation of a complex 
molecule in parts (see also structure 45). 

Oximes substituted on the double bonded C atom are classified as 
hydroximic acid derivatives. Their stereochemistry had been obscure for a 
long time but was attacked successfully by several methods, in particular 
by dipole moments. 0-Alkylhydroximic acids, e.g. (43). have been long 
known in two stereoisomeric forms but Werner's original assignment'', 
based on a kind of Beckmann rearrangement, was wrong. The correct 
configurations were determined from the dipole moments of (43a, b) 
and their 4-nitro derivatives' 1.92 ahd confirmed by X-ray analysis93. 
The whole story thus repeated exactly the well known history of the oxime 
configuration (see References 3, 94). 

\ 
C,H,-0 

/C=N\ 
C,H, 0-H 

pel,, = 1 .41 
/ I c a I c  = 1-19 

( 4 3 d  

\ /o-H 
/C=N 

CH,-S 

C6H5 

\ 
H 

\ / O  

/C=N 

C,H,-0 

C,H, 

iicx,, = 2.52 
/ icalc = 3-09 

(43b) 

The solution of the problem was rather difficult since the conformations 
o n  the N-0  and C-0 bonds are t o  be solved simultaneously; the 
details of the latter are  in fact still obscure". O n  the other hand the fact 
that both stereoisomers are available was fdvourabie. This is not the case 



32 Otto Exner 

with their isopropyl esters" nor with their thio analogues. For instance 
the compound 44 was isolated only in one form whose Z conformation 
was establishedg6 by the same approach as in the case of 43a, b. The 
result agrees with the independent study of similar aliphatic derivativesg7, 
whose configurations were determined by the Beckmann rearrangement; 
the 2 isomers were more stable. 

The diacylderivative (45) called in the old literature a-tribenzoyl- 
hydroxylamine is of interest from the methodological point of view. I t  
possibly represents the most complex problemg8 solved with some 
probability on the basis of a single dipole moment value. In addition to  the 
configuration on C=N, conformations on the N - 0  bond and two C-0 
bonds are to be determined. The decision was possible only due to  the 
lucky chance that the experimental value9' agreed approximately with 
the highest of all computed ones. Note that the whole grouping 
C=NOCOC,H, corresponds exactly in conforination to 42a, and both 
COO groups are in Z conformation like in esters (Section V.B). The 
principle of retaining partial conformations in more complex m o ~ e c u ~ e s ' ~ ~  
is met once more. 

Configurations of the compounds 43a, b and 45 were also deduced from 
the n.m.r. 'H shifts"'. The assignment needed several model compounds 
of known configuration, hence in this case the n.m.r. approach was less 
conclusive than the dipole moments. 

The amidoximes are also known in one stereoisomer only. In this case 
one can assumeg2 that the two stereoisomers 46a and 45b cannot be 
isolated since they are interconverted through the tautomeric form (47) 

N H  * 
\* HN 

/C=N\ 
- NH \2 ,0-H - 

CeH, *a-H 

,C=N 

CGH5 

The prevailing or solely present Z form (46a) was established" using the 
4-nitro derivative and the graphical comparison; t h e  result complies with 
the X-ray"' and i.r.lo3 investigations of formamidoxime. On the other 
hand the Z configuration of N,N-diethylbenzamidoxime, determined 
s i m u l t a n e ~ u s l y ~ ~ ,  has been questioned recently. since N.M-dimethyl- 
acetamidoxirne has the E configuration in the crystalline state' 04. Hence 
the configuration is either sensitive to substitution, or  influenced by state 
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of aggregation and solvent. With compounds 43-46 the alternative con- 
formation on the N - 0  bond was taken into consideration, too. The 
experimental resultsgreed always with the E (antiperiplanar) conforma- 
tion, as in the case of simple oximes (34a). The only exception in 43a, 
not quite firmly e s t a b l i ~ h e d ~ ~ . ~ ~ ,  may be ascribed to a weak hydrogen 
bond. In N-phenylbenzamidoximes (48) the problem of configuration is 
still combined with the conformation on C-N. While the latter is not 
firmly fixed in all derivatives, the former is uniformly Z as in the preceding 
derivatives’ 0 5 .  

C,H,-N /O-H 
\ 
/C=N 

C6H5 

/ f c z p  = 1 .09 
pcalc = 0.34 

CI ,O-H 
\ 

/C=N 
C 6 H 3  

pFHIC = 2.04 

(49c) 

The configuration of hydroxamoyl chlorides. e._g. 49, 

\ 
H 

\ /O 

/C=N 

CI 

C6H5 

represents a 
problem apparently more difficult than those mentioned hitherto. The 
two stereoisomers have never been isolated, one case described by 
Werner’06 being very doubtful. As in the preceding cases the conformation 
on the N-0  bond must be accounted for when investigating the con- 
figuration by dipole moments (49a4). In  this particular case, however, {he 
forme: affects the resulting moments more than the latter; the situation 
is not much changed by introducing stibstituents. By chance it is only 
the form 49b, n priori sterically improbable, which can be excluded with 
certainty on the basis ofdipole moments. Nevertheless, the Econfiguration 
(49a) was deducedg2 as the most probable from the comparison with the 
4-nitro derivative. However, another calculation, with slightly differing 
bond momegts, was in favour of the 2 c ~ n f i g u r a t i o n ~ ~  (49c), which was 
also supported by n.rn.r. spectroscopy. k~ inves t iga t ion ’~’  based on the 
4-chloro derivative and several ortho derivatives confirmed the E con- 
figuration but as yet no agreement between the two groups of workers 
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was reachedIo8. An X-ray investigation has not yet been undertaken and 
the possibilities of the dipole moment approach seem to be exhausted. 
Recently the methyl ether of compound (49) has been prepared and the 
isolation of the two isomers was successful Io9 .  Their configurations were 
determined without difficulty, by the same approach as above, using the 
4-nitro derivative. The relative position of vectors involved is more 
favourable in the inethyl ether and in addition the existence of the second 
stereoisomer is of much assistance. The E isomer is thermodynamically 
stablelog, hence one may also infer that the known isoiner of 49 is E. 

3. Hydrazine derivatives 
Regarding the stereoisomerism of hydrazones the isolation of isomers 

has been made difficult by their rapid interconversion and the simul- 
taneous occurrence of polymorphic and phototropic forms; assignment of 
configuration may be complicated by the possible tautomeric equi- 
librium with the azo form. Progress in this direction has mostly been 
achieved by spectroscopic methods, and a recent review"' does not 
even mention dipole moments among the methods for determining 
configuration. It is clear that such a determination would be reliable, 
or even possible, only in the presence of polar g r w p s  in the aldehyde 
(ketone) moiety. The two stereoisomers of phenylglyoxal phenylhydrazone 
(50) differ sufficiently in their dipole moments' I ' (a-isomer 1-70 D;  
p-isomer 2-72 D) but no assignment has been attempted. Similarly as with 
the oximes (41a, b) the calculation is prevented by the unknown con- 
formation on the C-C and N-N bonds and a possible hydrogen bond 
in 50b. 

QI 

/C6H5 H0 H\ 

/C=N \ 

o=c C,H,-C \ /N--C€.H, 
\ 

/C=N 
NHC,H, H 

( 5 0 4  (50b) 
. <6* , 

H 

The stereoisomeric acetaldehyde phenyl hydrazones (51) have practically 
equal dipole moments' ' I . '  , and the assignment advanced' ' cannot be 
considered dependable. Only one isomer of benzaldehyde phenyl- 
hydrazone has been isolated and the dipole moment recorded' ' ' l .  



1. Dipole moments of molecules containing X = Y  groups 35 

\ 

CH3 

/N '6 H5 H 
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NHC,H, 
/C=N\ /C=N 

p isomer a isomer 

Understandably, studies of more complex compounds have met with 
no success. For glyoxal osazones (52) three possible configurations 
(EE,  ZZ, and E Z ) ,  two conformations on the C-C bond (sp, ap), and 
three possibilities as to the conformation on N-N [(i) the four R groups 
on the same side of the N-C-C-N plane, (ii) two R groups above and 
two below this plane, (iii) an equimolecular mixture of the two preceding 
forms] were taken into consideration' 1 3 .  The comparison of 18 computed 
values with the single experimental value is evidently hopeless. Finally, 
the E E  configuration was inferred from n.m.r. spectra and the ap con- 
formation (52) preferred but not proven, from dipole moments' 1 3 .  A study 
of formazanes1'4 had still l.ess prospect of success so that the assignment 
of configurations 53a and 53b is purely tentative; details of the conforma- 
tion have not been considered at all. 

/C6H5 

/N=N 

\N 

CH3S-C 

\ N-NHC,H, C6H,NH 
/ C6H5 

/ N=N\ 
CH,S-C 

pcrp = 4.80 (yellow) 

(53a) 

pcXp = 2.24 (purple) 

(53b) 

Evidently, much work is still to be done in this area 
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4. Compounds wi th  t w o  substituents on nitrogen 

This group of compounds includes imine N-oxides (nitrones), nitrone 
imines, and nitronic esters. The presence of the semi-polar bond N-0  
or N-N gives these molecules a strongly polar character and makes 
them a suitable object for dipole moment studies. Most of the work has 
been devoted to nitrones (see Reference 1 15). The assignment of configura- 
tion to the stereoisomeric N-methyl-4-nitrobenzophenone imine-N-oxides 
(54) is the classical example and one of the first achievements of the dipole 
moment method' ". This example is particularly advantageous : In the 
presence of two strongly polar groups N+-O-  and C-N02,  the 
remaining contributions to  the dipole moment value may simply be 
neglected and the assignment made by qualitative comparison of the 
two isomers. The difference between their moments is certainly con- 
vincing. In the case of nitrones (55) the same reasoning was followed. 
In this early work the systematic substitution was already exploited, the 
substituents 2-C1,3-C1,4-C1, 2-CH3, 3-CH3, 4-CH3 being introduced into 
the N-phenyl nucleus"'. Since the graphical methods were not known, 
the results were evaluated only qualitatively; the dipoles C-N and 
N +  -0- are in fact so large that the qualitative pattern is not changed 
even by chloro substituents. Note the difference between the significance 
of these substituents in compounds 55 and the nitro substituent in 54: 
The former were introduced to enlarge the amount of information, while 
the nitro group in 54 is an inherent structural feature, without which there 
would be no configurational problem. 

C N  0 
pEXP = 6.30 

(55a) (55b) 

Nitrones derived from aldehydes have been known only in the Z 
configuration (e.g. 56) until recently. The assignment is based on an 
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X-ray study of N-methyl-4-chlorobenzaldimine N-oxide66 and on other 
arguments'15; among these even the dipole moment of 56 is completely 

paper the dipole moments of substituted aldonitrones are discussed in 
terms of substituent interactions' 19, thq configuration being considered 
certain. One pair of the recently discovered'20 stereoisomers has also been 
investigated by the dipole moment techniqueL2 '. The experimental 
difference between 57a and 57b is remarkably high in the absence of any 
polar substituent. It may be accounted for in terms of induced dipoles 
but it is not easily explained in full. 

although the second isomer is not known. I n  a re' 

The structure of aliphatic nitrones has been in some cases disproved'22 
and is being reinvestigated in others123. From this point of view also the 
relatively low reported dipole moment' 24 of N-benzyl-butyraldimine 
N-oxide (2.96 D) is understandable ; the assumed structure is probably 
wrong. 

Of the relatively new class of compounds, nitrone imines, the dipole 
moment of 58 was keported'g and referred to in a discussion of the 
str&'iure, while there is, of course, no problem of configuration. 

CI 
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OCH, F 
N -  
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In spite of their instability the isolation of isomeric nitronic esters was 
successful in some instances'26. While 59a was measured as the pure 
substance, the dipole moment of 59b was calculated from measurement 
on an enriched mixture, the abundance of isomers being known from the 
n.m.r. spectra'27. The assignment is quite safe since the unknown con- 
formation on N - 0  is of little importance. 

C. NGNBonds 

The stereochemistry of the N=N double bond presents many problems 
for the dipole moment approach, and as yet all the configurational 
problems cannot be viewed as definitely solved. T k  configuration of E 
and 2 azobenzenes (60) represents a classical problem"'. While the 
former possesses the C2h symmetry, the latter may have a mirror plane at  
best, i.e. a t  the proper position of the benzene rings.Jts dipole moment is 
oriented with the negative end towards the nitrogen atoms'29, as follows 
e.g. from the comparison with E azoxybenzene (formula 69b) in which 
the total moment is the sum of the partial moments of the C-N=N-C 
and the N - 0  groups which are of the same direction. The relatively 
high dipole moment of 60b was attributed simply to  the lone electron 
pairs'29; however, a mesomeric interaction should be also taken into 
account, since the effect of lone pairs is not great enough to be manifested, 
e.g. in the C=N compounds. Substituted azobenzenes have not been 
studied except for 2-, 3-, and 4-azopyridines in connection with the 
conformation of the pyridine ring' 29. The non-zero apparent moments 
found for E-azobenzene' 29 and E-4,4'-dichloroazobenzene' 30 are to be 
attributed to  the atomic polarization which was not sufficiently accounted 
for, or even t o  the presence of the 2 isomer. 1 ne same reason may cause 
the apparent dipole r n ~ r n e n t ' ~ '  of the aliphatic derivative 61; its E 
configuration 5 supported by comparison with the model compound 62, 
which has a fixed Z configuration. 

CBD 

/N=N\ 
C6H5 'SH5 

\tcXp = 3.0 

(Gob) 
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(61) (62) 
Several larger dipole moments of E azo arenes were reported, up to 

1-07 for 2 ,2 ' -a~onaphthalene '~~,  but they were explained'33 by an 
erroneous value of the electronic polarization. In general the assign- 
ment of configuration of azo compounds is nowadays firmly established, 
especially byX-ray and electron diffraction6. A recent dipole moment study 
of hydroxy azo compounds deals mainly with tautomeric equilibria134, 
the E configuration being assumed in all cases. 

The molecule of E-ethyl azodicarboxylate represents a more complex 
case. It would be formally symmetrical only if the conformations were 
neglected, hence the actual dipole moment of 2-58 D is ~ n d e r s t a n d a b l e ~ ~ .  
Neither the dipole moment value nor the Kerr constant were sufficient 
to  prove the configuration and conformation s i m u l t a n e ~ u s l y ~ ~ .  The free 
rotation kipothesis seems plausible in such cases; if it is adopted, the 
experimental result is compatible with the E configuration. Azodibenzoyl 
presents similar problems while 2,2,2-trichloroethyl azodicarboxylate' 35 
has two rotational axes more. These compounds were used as models to 
demonstrate the relatively independent conformation of moderately 
remote groups' 35 ; the E configuration was assumed as almost self-evident. 

/"" 

C i  CI 

&,p = 3.73 pcXp = 2.93 

(63a) (63b) 

Unsymmetrical azo derivatives also exist in two stereoisomeric forms. 
For  the assignment of configuration the dipole moments were decisive, 
problems were connected mainly with the isolation of the unstable 
isomer and/or with the rapid interconversion. The configuration of 
diazocyanides was first solved' 36 for 4-substituted derivatives, e.g. 63. 
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Besides its moment the substituent is important in that it makes the 
stereoisomer; crystalline and isolable. The expected dipole moments were 
not calculated in that early work, the assignment being based on rather 
complex qualitative reasoning. In a simplified manner we may say that the 
dipole moment of 63a is near to  the nlgebraic difference of the C-N and 
C-C1 moments, while in 63b these two components are subtracted 
vectoridly from t h e  moment of 2-azobenzene. The configuration of 1 - 
and 2-naphthalenazocyanides' 37 and 4-biphenylazocyanides' 38 was 
solved in a similar way, in all the compounds the E isomer has a greater 
dipole moment. From this regularity it was finally deduced that the oily 
specinien of benzenediazocyanide consists mainly of the E formI3 '. The 
latter result is, however, not quite conclusive since there are unexplained 
differences up  to 1-3 D among the derivatives of various hydrocarbons 
with corresponding configurations. 

NC-N' N-CN 

/icip = 1.80 

( M a )  

N 4 No-oN\ N // Na-o-N\ N-CN 
\ 

CN /" 9 

CN NC 
\ 

The configuration of 4,4'-biphenylbisdiazocyanide (64) has not been 
completely ~ o l v e d ' ~ ' .  The more stable isomer was assigned the EE 
configuration (64a) with the lowest expected moment, while the labile 
isomer could be either Z Z  (64b) or  E Z  (64c). In addition to  the unknown 
conformation on the cb-N bond, there is still another complicating 
factor: The presence of two electron attracting groups may give an 
apparent non-zero dipole moment, (due t o  the atomic polarization and/or 
solvation, see Section IV.A), even for symmetrical molecules. For  this 
reason the moment of 64a is as high as 1.80 D, although it should be 
exactly zero in the centrosymmetrical CZh conformation and almost zero 
in the C,, conformation (shown in 64a). The same effect is also involved 
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in the dipole moment of the labile isomer, in addition to the actual 
asymmetry; both effects can hardly be separated. 

In all the cases mentionFd, the stable configuration on the N=N bond 
was E. Hence the same configuration could be anticipated even for 
compounds isolated only in one form, and it was indeed found for phenyl- 
triazenes' 40 (65), benzenediazo~arboxamide~~~ (67) and benzenediazo- 
s ~ l p h o n e s ~ ~ ~  (68). However, the proof from dipole moments was more or 
less convincing in individual cases and had to  be supported by arguments 
from U.V. spectroscopy. The result on phenyltriazenes is most dependable 
since several substituted derivatives were also studied' 40. A 4-cblom 
substituent enhances the dipole moment of 1 -phenyl-3,3-dimethyl- 
triazene (65) by 1.73 D, i.e. almost by the value of the C-Cl moment, 
indicating that the moment of 65 is oriented approximately from N to 
C(l). This is compatible with the E configuration even when the con- 
figuration on N(3) is not planar. The result is confirme8Jy the comparison 
with I-tnethylbenzotriazole (66) as a model for the 2 configuration. 

The E configuration of benzenediazocarboxamide (67) was simply 
deduced from the comparison with benzamide ( p  = 3.77 D); for the Z 
isomer an approximate value of 5 D was expected, assuming free rotation 
around the N-C bond141. A study gf substitution was prevented by the 
low solubility. The configuration of benzenediazosulphone (68) was also 
assigned merely tentatively142 from the comparison of dipole moments 
of 68 and its 4-chloro derivative (4-45 D) with diphenylsulphone (5.09 l3, 
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and 4-chlorodiphenylsulphone (4.42 D), respectively. Calculations of the 
expected dipole moments, e.g. for the free rotation around the N-S bond, 
have not been carried out;  additional arguments were taken from the 
U.V. spectra. The assignments in all the cases mentioned seem to be 
correct, but the interpretation of dipole moments would be worth a re- 
investigation using more detailed calculations, graphical comparison, 
model compounds etc. Configuration of some azo compounds was also 
mentioned in Section IV.B, see formulae 33 and 53a, b. 

\ 
0 \ /C6H5 0 

\ 

peXp = 4.67 

,N=N ,N=N 

C6H5 C6H5 C6H6 

/Ierp = 1.70 

(69a) (6%) 
In the field of azoxy compounds the fundamental assignment is also 

based on dipole moments143. It is in accord with other evidence6, in 
particular with the chemical correlation of Z and E azoxybenzenes 
(69a, b) with the corresponding stereoisomers of azobenzene (60a, b). The 
differences of dipole moments between stereoisomers are also similar in 
these two cases. The values'43 for the azoxybenzenes (69a, b) themselves 
are relatively low for compounds containing a semipolar bond; this is 
particularly striking for 69a where the observed dipole moment should 
virtually equal the moment of this bond. The value calculated for a 
complete charge separation and the bond length N-0  of 1.25A is 
4.80 x 1-25 = 6.0 D. The Fuch  smaller experimental value may be 
accounted for in terms of mesomeric formulation, placing a partial 
negative charge on nitrogen. 

0 * 
z 

\ dr 0 \ /  S 0,- C6H,C H - 4 0 

\ 

/N=N 
C6H5 

/N=N 
C6H!3 

jiexp = 2.60 pexp = 6.01 

Br d" 
pexp = 0.90 

(70) I (71 1 (72)  

A recent study of a z o x y b e ~ g e n e s ~ ~ "  assumes the configuration being 
known and deals rather with stereochemical details ; a non-exact parallel- 
ism of the two N-C bonds was claimed. Dipole moments were also 
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able to distinguish between the structural isomers 70 and 41, and to 
assign to both the Z c o n f i g ~ r a t i o n ' ~ ~ .  The azoxy derivative 72 represents 
a more complex problem. Like in many preceding examples, the expected 
dipole moments were not calculated ; the 2 configuration inferred from 
the U.V. spectra was not at variance with the dipole moment145. 

The chemistry of azodioxy compounds (diimine dioxides) is rather 
~ o m p l e x ' ~ ~ * ' ~ ~  and many misunderstandings arose in the past. These 
compounds-when symmetrically substituted as usual-represent the 
dimeric form of nitroso compounds and are in equilibrium with the 
monomeric form : 

0 

O\ /C6H5 O\ /O 
/N=N\O 

2 C6H5 N=O 
"\I ' 6 " 5  

(73a) (73b) 

The interconversion of stereoisomers 73a e 73b is realized through the 
monomeric form, or even also dire~tly '~ ' .  In the case of aliphatic dcsiva- 
tives, which are more stable as dimers, an irreversible isomerization to 
oximes takes place in addition. The configuration of the dimeric forms 
have been established by a variety of methods. Generally the E form is 
more stable. Both the E and Z forms of the aliphatic derivatives have 
often been isolated as two different solids, while the aromatic derivatives 
are either E or monomeric in the crystalline state. The complete equi- 
librium in solution is less known and may depend sensitively on subtle 
structural f e a t ~ r e s ' ~ ~ ' ' ~ ~ .  
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0 \ /CH3 O\ / O  

/N=N\ 
C,H, CH3 

/N=N\ 
C6H5 

pcxp = 3.26 

(763) (76b) 

With nitrosomesitylene the equilibrium is shifted more in favour of 
the dimer (74) due to the steric inhibition of conjugation in the monomer. 
Hence an attempt was made to determine the dipole moment of 74 from 
measurements on moderately dilute solutions and from the estimated 
polarization (or dipole moment) of the monomer'sg. However, this 
estimation was wrong15'. The value claimed14' (1-63 D) is thus certainly 
too high but a recalculation was not made; the E configuration (74) seems 
possible'50. 
3-Nitroso-3-methyl-2-butanone exists as the dimer (75) even in solution. 

Its dipole moment was i n t e r ~ r e t e d ' ~ '  as a mixture of the E form (75) and 
the 2 form, assuming free rotation around the C-N and C-C bonds. 
However, the assumption and calculations are far from reliable. Hence 
the virtually zero dipole moment of E azoniethane dioxide'50 is the only 
one known with certainty; the 2 isomer was too unstable to be measured. 

From unsymmetrical derivatives benzeneazomethane dioxide (76) and 
its derivatives were investigated' 5 2 .  The high dipole moment is certainly 
incompatible with the E configuration (76a) and was interpreted in terms 
of some rotational freedom around the N=N bond'52. This explanation 
should be rather replaced by assuming the equilibrium 76a $ 76b, as 
far as the structure is correct a t  all. 

D. Other Types of Bonds 

The C=S double bond may give rise to configurational problems in 
some rare classes of compounds. The assignment was straightforward in 
the case of S-oxythiobenzoyl chlorides153 (77) since both isomers were 
known. The only necessary assumptions are that the C-CI dipole is 
directed to CI and the Ss=O dipole to 0, both being self-evident. Hence 
the Z isomer (77b) has the larger dipole moment. 

CI 
\ \ / / O  

,c=s 
CI 
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C6H5S\ 

,c=s 
C6H5 

pcxp = 4.95 

(78b) 

The second example is more complex since in 78a and b the conformation 
on the C-S bond should be solved simultaneously. Although the solution 
would certainly be possible with the aid of a para substituted compound 
and after deriving the S=O bond moment from 77, another route was 
preferred' 5 4  : The C-phenyl group was replaced by mesityl and con- 
figurations were determined by n.m.r. spectroscopy from the shifts of the 
or-tho methyl protons. Dipole moments served only to assign the corre- 
sponding phenyl and mesityl derivatives to each other. 

The S=N bond is involved in thionylamines (79). Although their 
dipole moments'55-'57 and even the Kerr constant157 have been studied 
rather extensively, the only conclusion was that the N=S=O group is 
not linear. This follows from the non-zero moment of benzene-1,4- 
bisthionylamine (80) which is assumed to exist as a 1 : 1 mixture of the 
conforinations 80a and 80b. Interpretations as to the configuration on 
the S=N bond (79a or 79b) differed, and it was either inferred that an 
equilibrium exists'56 or that the E-form was CI prior-i  referr red'^'. 

p 
N 
I 

Recently the low dipole moment of the sterically hindered compound (81) 
has revealed that the form (81c) is not present'58, hence there is no 
equilibrium of configurations. A more detailed analysis of the component 
vectors (C-N, N=S, S - 0  and lone pairs on 74 and S )  then suggested 
the 2 configuration (79b) for all derivatives. The n.m.r. spectra supported 
this view by additional, less conclusive arguments' 5 8  ; there is, however, 
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a striking disagreement both with CNDO c a l c ~ l a t i o n s ’ ~ ~  and with 
simple estim9tion of the steric hindrance’ 5 7 .  

The remarkable compound called originally ‘azothiobenzene’ ( N , N ‘ -  
diphenylsulphurdiimide, 82), includes two N=S bonds. The dipole 
moments of this compound and its  derivative^'^' were interpreted in 
terms of the assumed structure 83 and have thus not helped in deter- 
mining the configuration. This was shown to be E,  2 by an X-ray investi- 
gat ion 60. 

A rare configurational problem on the B=N double bond was en- 
countered16‘ with ccmpcmds  84a and b. It was solved by calculating the 
expected dipole moments from contributions derived on similar sym- 
metrical derivatives. A conventional computation from average bond 
moments would be less gpcise since the differences between N-alkyl and 
N-aryl bonds are rather small and uncertain. Even so, the decision seems 
not to  be completely dependable. 
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V. CONFORMATION ON PARTIAL DOUBLE BONDS 

A. C - C Bonds in Conjugated Systems 

In this section only such C-C bonds are included which may be con- 
sidered to have at least some degree of double bond character; no attempt 
will be made to cover all cases of a hindered rotation. More particularly, 
single bonds come into consideration which are situated between two 
real double bonds. A single bond adjacent to a triple bond cannot give 
rise to conformational problems ; bonds adjacent to an aromatic nucleus 
are dealt with separately in Section V.E. 

Conjugated hydrocarbons are not a suitable object for dipole moment 
studies since they are either non-polar or have almost negligible dipole 
moments. Introducing a suitable substituent is not always feasible and 
in many cases does not help much, owing to unfavourable symmetry 
conditions. The dipole moment of perchlorobutadiene is very 
and probably not real. I f  it were real, it would exclude rigorously the a p  
conformationt 85a, which is exactly non-polar (symmetry C2J. For the 
sp conformation 85b the zero dipole moment is predicted within the bond 
moment scheme by the following consideration: Tetrachloroethylene is 
non-polar, hence the moment of one C-Cl bond equals the moment of 
the remainder -CCl=CC12. If one ,Cl atom in tetrachloroethylene is 
substituted by this remainder, the resulting molecule is non-polar, 
irrespective of the conformations. Hence the form 85b and any other 
rotamer are non-polar, as far as the bond moment scheme holds exactly. 
If the moments of different C-Cl bonds are not exactly equal, a small 
dipole moment may arise. The main difficulty iies, therefore, in deter- 
mining such small moments. 

t For partial doublc bonds we retain the symbols E and Z i n  such cases where the double 
bond character is strongly expressed. Otherwise the terms antiperiplanar (ap) and syn- 
periplanar (sp) are preferred13. 
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The rather high moment of 1,2,3,4-tetrafluoro-l,4-dichlorobutadiene'62 
(86) is best explained by the E ,  2 configuration and sp conformation as 
indicated ; however, the result is clearly not very dependable. 

In  or$-unsaturated aldehydes, ketones, or esters, the functional group 
accounts for a sufficient dipole moment. Even sopthe second moiety is 
non-polar and introducing a suitable substituent may be difficult. Since 
the problems of conformation on C-C and configuration on C=C are 
always connected, the matter was already dealt with in Section 1V.A. 
The example of benzalacetoplienone (20) demonstrated clearly the 
difficulties encountered. While the configuration was essentially deter- 
mined, the conformation remained unsolved. A quite similar molecule is 
E benzalacetone (87) whose dipole moment does not allow a decision 
between conformations (87a) and (87b); in the framework of the bond 
moment system the predicted dipole moments are equal. A para sub- 
stituent does not help since it lies at the same angle to the C=O bond in .. 
both forms; an 01 or p substituent could itself influence the conformation. 
However, in this case the problem was solved'63 by referring to the model 
compound 88, which must have the sp conformation for steric reasons, 
and has a smaller dipole moment. Hence the ap  conformation (87a) is 
deduced for benzalacetone. A theoretical explanation of the different 
values for 87a and 88 would require to apply the concept of mesomeric 
dipole  moment^'^*'^ and to correlate the degree of conjugation with the 
conformation of the conjugated chain. 

. 

The steric arrangement of dibenzalacetone involves configuration on twca 
C=C bonds and conformation on two C-C bonds. It was solved rather 
tentatively from dipole moments alone, although several substituted 
derivatives were available*64. Measurement of the Kerr constant165 
favoured the ap  conformation on C-C and E configurations on C=C. 
The conformations of dialkyl fumarates (12) and maleates (13) were al- 
ready mentioned in Section 1V.A. 

The conformation on the central bond of I ,2-dicarbonyl compounds 
has been the subject of much discussion. The definitely non-zero dipole 



1.  Dipole moments of molecules containing X=Y groups 49 

moments of biacetyl, benzil, oxalyl chloride, ethyl oxalate, and many 
other similar compounds can in principle be accounted for by: (i) mixture 
of the sp and ap  forms; (ii) one non-planar form; (iii) free rotation; (iv) an 
anomalous atomic polarization (if the observed dipole moment is not too 
large). In the older literature the least probable hypothesis of the free 
rotation was usually applied (e.2. Reference 166), although the dipole 
moment calculated for (i)-(iii) can be exactly the same. Combining the 
dipole moment with the Kerr constant seems to have decided in favour of a 
single conformation 167. The dipole moments of various twisted con- 
formations of biacetyl(89c) are intermediate between those for the a p  (89a) 
and sp (89b) form. On the other hand the Kerr constant is negative in a 
certain range of the dihedral angles 7 (dipole moment almost perpendicular 
to the main polarizability axis), while it is very large and positive in 89b 
(dipole moment and main polarizability axis colinear) and is small and 
positive in 89a (no dipole moment). The negative experimental Kerr 
constant favours the form 89c with 7 = 160" against any possible mixture 
of 8911 and 89b. (In estimating T a reasonab!e agreement must be achieved 
for p and ,K simultaneously.) 

Although, this result16' seems to be conclusive, it  is opposed by the 
electron diffraction of biacety1168 and by the m.w. spectroscopy of 
g l y ~ x a l ' ~ ' ;  in both cases the pure ap form was found in agreement with 
theoretical calculations'70. For oxalyl chloride a mixture of a p  and ac 
(7 = 125") forms was ~ l a i r n e d ' ~ ' .  

The problem thus seems unresolved even for biacetyl and the same 
uncertainty is encountered with similar classes of compounds. Diethyl 
oxalate is believed to exist as an almost equimolar mixture of a p  and sp 
forms; the conclusion reached on the basis of dipole moments and Kerr 
constant' 72 was supported by i.r. spectroscopy' 73. However, a recent 
reinvestigation ' 7 4  by the same approach prefers different conformations 
within' the ester grouping? (compare Section V.B.). For aromatic 

conformations instead or 11' (see Refs. I4 and 15). 

4 

+There is a mistake in this paper"4 since the values for 11 were averaged for various 
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a-keto-esters one non-polar form, for the aliphatic ones the mixture of 
rotamers was preferred' 7 5 ;  the distinction was based on the i.r*lpectra. The 
conformation of the free pyruvic acid is unique' 76 a determined by the 
hydrogen bond (see Section V.B., structure 98). In conclusion, the results 
are not uniform within this class of compounds, and there is no  agree- 
ment 7 6  even as to 'the double bond character of the C-C bond. 

,,N- 
+Ny 

\ /  
0 

\ HN+ H 

//c-c\H /c-c\ 
R-N CSH, H 

/Icxp = 1 .09-1 .59 pexp = 3.66 
-P pcnlc  = 3.76 

The conformaiion of IJ-diimines was studied' 7 7  relying on the already 
known E configuration on the C=N bond. A non-planar conformation 
was preferred, although the possibility of a mixture cannot be rejected 
on the basis of dipole moments alone. In the case of 1,24ioximess4 and 
osazonesl l 3  (52) the C=N configuration had to be solved simultaneously; 
hence the problems were mentioned in Section 1V.B. The same applies 
t o  monoximes of 1,2-diketoness4 (41) and to  2-oximinocarboxylic esterss7. 
A remarkable example with a C-C bond between one C=O and one 
C=N bond is represented by m-diazoketones' 78. The unsubstituted 
derivative of acetophenone as well as most substituted ones are clearly 
in the sp conformation (91a), only the dipole moment of the 4-nitro 
derivative seems to correspond better io 91b. 

B. Esters and Related Compounds 

1 .  Simple esters and carboxylic acids 
The conformation of esters has bekn studied by a variety of methods 

with essentially concordant results. They are summarized in an excellent 
recent review" and will not be repeated here; attention will instead be 
focused on dipole moments which are given little space in that review. 

The planar 2 conformation (92a) of simple esters is quite general and 
remarkably stable. It has been found by X-ray analysis ofcrystals of many 
esters'79, while in the gas phase the most im2ortant results were obtained 
by electron aiffraction and m.w. spectroscopy (see Reference 10). As to t W  
conformation in solution the simplest and one of the most conclusive 
me%:s';ods is based on the dipole moments. 

a 
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The early comparison of esters with butyrolactone"' (93) as a model 
compound for the E conformation is quite convincing. So also is the 
approach using poro substitution in the aromatic derivatives' ". Dipole 
moment studies which reached accordant results are numerous, e.g. 
References 182-186. A recent study of pyridine derivatives is already based 
on the Z conformation as certain, and deals mainly with the conformation 

No further proof of the general and prevailing 2 conformation seems 
necessary, current interest being focused on more detailed problems : 
(i) possible exceptions with particular structures; (ii) possible slight 
deviations from planarity; (iii) detection of the E form in minute amounts; 
(iv) reasons for the stability of the 2 form. 

Claims thal some esters exist prevailingly or solely in the E conforma- 
tion have usually been disproved. The claim concerning liquid methyl 
formate'" was contradicted by the dipole moment in solution185. I t  is 
true, however, that certain formates contain the E conformation in a low 
a b u n d a n ~ e ' ~ ~ - ' ~ ~  (see below). Further cases, chloroformates and car- 
bamates are dealt with in Section V.B.2. No ester-like compound is thus 
known at present, which is stable in the E conformation although the 
generality of the phenomenon has been tested widely (Sections V.B.2-4). 

The question arises in connection with the exact planarity of form 
(9za) at which value of the dihedral angle T does the energy minimum lie. 
The answer may be quite difficult when this minimum is flat, and it will 
always depend on the precision of available methods. While the more 
exact physical methods did not reveal any deviation from planarity 
(except one older electron diffraction whfch allows some dis- 
tortion), it was recognized' that the calculated dipole moments are 
always somewhat low. Of course the calculations use either different 
m.odel compounds or mean bond moments, which are given different 
values by various authors (see in p a r t i ~ u l a r ' ~ ~ ) ;  in zddition a mesomeric 
m ~ m e n t ' ~ ~ ' ' ~ ~  expressing the contribution from structure 94 may or may 
not be included. Hence not much importance can be attached to small 

of pyridine rings'". t 

P 
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discrepancies. Certain esters have been claimed to  have higher dipole 
moments than usual and hence a distorted c o n f ~ r m a t i o n ' ~ ~ "  96. There is, 
however, no structural similarity among these anomalous esters apart 
from a somewhat larger molecule. Electrostatic induction in the larger 
moiety may be also considered, if the differences are real. The most 
significant results were obtained from the Kerr constant, indicating for 
simple esters'" a distortion from planarity by the dihedral angle of 30". 
The calculation of the expected Kerr constant is complex and may be 
subject to criticism as is the calculation of dipole moments; nevertheless, 
the final agreement with experiments is good. When evaluating these 
results, one must consider that in a real compound a mixture of con- 
formations is always present according to the Boltzmann distribution. 
The mean effective value of a measured quantity may differ significantly 
from its value at the energy minimum. Different methods may even yield 
different results. In conclusion, certain librations around the planar 
position must be taken into consideration in the conformation (92a), 
however, a value of 30" for the dihedral angle' 97 seems definitely too high. 

(94) 

//O 
\ 
/ 

H -C 

0 
t-C,H, 

= 1 .53 pcalc = 3.04 / 1 . ~ ~ ( 5 0 )  = 1 .67 
i t c o  = 1719cm- l  vc0 = 1731 cm- '  ppxp(450) = 2.26 

The detection of the minor form (92b) is a question of sensitivity of the 
method on the one hand, and of the free energy difference AGO between 
the two forms 92a and 92b, on the other. With respect to some methods 
(n.m.r.) even the activation energy AG' (or AH'-t he rotational barrier) 
plays some role. The latter being of the order of 10 kcal (see Reference 190), 
the equilibrium is fast enough: the second fo~-m can be observed only if 
AGO is not  too high. The recorded values" of AGO or AHo differ con- 
siderably between methods and even within one method, covering the 
range of c.  0.5-7 kcal. Hence two forms could be observable but it seems 
that t-butyl formate (95) is the only ester where they have been proved 
beyond any doubt. The high value of AGO is lowered in solvents so that a 
double C=O band189*'9' in i.r., doubled formyl proton signal'89~'90 
in n.m.r. at - 100°C and even a steep temperature dependence of dipole 
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moments'89 were registered. (Note that dipole moments of common 
esters are remarkably independent of temperature' 'O.) Similar but less 
detailed observations are described for mesityl formate and some other 
f ~ r m a t e s ' ~ ~ * '  91. With respect to  the problem of chloroformates and 
carbamates (Section V.B.2), proofs from the i.r. spectroscopy only must be 
accepted critically. In the i.r. spectra of acetates and propionates' 98, 
or in the n.m.r. spectra of longer chain esters at variable  temperature^'^^, 
no  indications of the equilibrium were obtained. Considerable reserve 
is necessary as t o  the ultrasonic relaxation measurements'0*200 which 
claimed equilibria even for acetates with very low AH values2". The 
dependence of dipole moments on temperature is itself also hardly 
reliable owing to the low precision of the method and to the temperature 
dependent solvent effects. A study of nitro-substituted esters. whose 
conformational change would affect the dipole moment particularly 
markedly, did not discover any significant proofZo2, nor did a study of the 
dielectric loss reveal any change of conformation'". 

To account for the n priori unexpected uniform and highly stable 
conformation of esters, several theories have been advanced 0.203 : 
(i) mesomerism within the functional g r o ~ p ' ~ ~ . ' ~ ~  expressed by structure 
94; ( i i )  electrostatic r e p u l ~ i o n ~ ~ ~ . ~ ~ ~  of nearly parallel dipoles in the E 
form 92b; (iii) repulsion of lone electron ( iv)  purely steric 
hindrance in the same (v) a kind of hydrogen bond2'' 
stabilizing the Z form 92a. The last hypothesis can be easily disproved". 

When discussing these individual theories, one must first differentiate 
which factor affects AGO and which AG'. It is commonly accepted that 
mesomerism witkn the ester group exists and is an important factor for the 
conformation. The existence of the contributing structure (94) and its 
approximate weight may be judged from the lengthening of' the C=O 
and shortening of the C(0)-0 bonds, which are quite general (e.g., Ref. 
192, 209, 210). However, in the dipole moment values the contribution of 
94 is not manifested clearly by a dipole oriented from O+ to 0-;  the 
result ofvarious  computation^'^^*^^^ differ according to the bond moments 
introduced. The importance of mesomerism was provCd by comparing the 
dipole moments of lactones with increasing size of the '. I f  the 
electrospatic factors were deciding, one would expect gradual changes of 
conformation and a steady decrease of dipole moments along the series. 
Actually the dipole moments drop rather suddenly between-the 8- and 
9-membered cycle. This means that the Z conformation (92a) is always 
preferred; if this is not possible, the also-planar E conformation (92b) 
is still more advantageous than any non-planar one. 

Hence mesomerism is the deciding factor for the AG* value, since (in 
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organic chemical terminology) it prevents the rotation around the C-0 
bond. To explain the value of AGO, i.e. the preference of the Z against the 
E form, either one of the remaining theories must be adopted in addition, 
or the assumption203 is to be made that the mesomerism energy is not equal 
in the two forms 92a and b. The explanation by electrostatic forces has 
essentially the same meaning whether the attraction (in 92a) and repulsion 
(in 92b) of dipoles is considered204, or similar interactions between the 
partial charges205 on =O and (0)R. If this theory were correct, all 
similar compounds would exist in conformations of the minimum dipole 
mcment. This is definitely not true for sulphonates" ', c y a n o f ~ r r n a t e s ~ ~ ~  
(structure 102 in Section V.B.2) and M-cyano-amides2" (structure 132 in 
Section V.C). 

More promising is the idea of repulsion between the Ion% electron 
pairs. This factor was claimed to be the only one respensible for the 
conformation, mesomerism being unimportant207 ; the sp3 hybridization 
on the ether oxygen and tetrahedral arrangement of its lone pairs was 
assumed. This view is clearly contradicted by the above-mentioned 
experiments with lactones'80*21 ', by the comparison of sulphonic and 
carboxylic esters'" a's' well as by the values of bond lengths. In a more 
correct form306 the hybridization on the ether oxygen is assumed to be 
sp2, the long pair lying in the 0-C-0 plane. The interaction of the 
electron clouds on the two oxygen atoms in the conformation 92b is 
responsible for its destabilization compared to 92a, mesomerism being 
still the main reason for the planar arrangement. In this form the theory is 
able to account for the conformation of carboxylic esters, nitrites2 l 3  

(146), vinyl ethers206 (112) and may be accommodated to explain the 
difference showed by ~ u l p h i n a t e s ~ ' ~  or thiosulphinates2' '. Nevertheless, 
the behaviour of some more complex compounds does n'ot comply with 
this principle: The conformation of each moiety is retained as it  is in 
simple derivatives' O 0  regardless of the interaction of the close electron 
pairs; cf. anhydrides (structure 124a) and carbonates (structure 119a) 
in Section V.B.4. The purely steric effects on the conformation have 
seldom been considered ' 89*203 althou& they are certainly of importance. 
In all esters the interaction between the two alkyls prefers the 2 form 92a, 
the only exception are formates' 89 where the interaction between "0  
and R in 95a is stronger than between H and R in 95b. The effect is the 
more pronounced the larger the group R ;  hence t-butyl formate (95) 
is the most favourable e s e  for observing the presence of the E form. 

We conclude that the reasons for the stability of conformation 92a 
are not understood in detail. In particular the possibilitypshould be still 
examined that the mesomeric interaction itself depends on the con- 
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formation, i.e. on the position of the lone electron pairs; hence e.g. the 
double bond character of the C=O bond could be different in 92a and 
92b. 

The whole discussion concerning esters may be adapted to  carboxylic 
acids with but few exceptions. The Z conformation (96a) was proved by a 
variety of methods, in solution also by dipole The 
association in non-polar solvents brings up certain problems which are 
usually circumvented by measuring in l a  ; even in benzene 
the extrapolation to infinite dilution is usually possible. 

The main difference against esters lies in the possibility that the hydrogen 
atom is engaged in a hydrogen bond, and the latter may shift the con- 
formational equilibrium. Thus, fluoroacetic acid exists in two con- 
formations (97a, b) at equilibrium219 while in pyruvic acid only the form 
98 was found’ 76. Hydrogen-bonded forms were already considered2” 
for several a-keto and a-alkoxy acids. 

CH 
\3 Yo 
//c-c\ 

/O 
0 

i . H  

pcxp = 2.30 

(98) 

2. a-Substituted esters 

Some compounds of this group are important since they may represent 
possible exceptions from the general preference of the Z conformation for 
esters. Hence, they were repeatedly studied but the results often disagreed. 
In particula;, a-halogenoformates have been the object of much confusion 
(see Reference 10). The dipole moments of alkyl chloroformates lead either 

, 
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to preference221.222 of the form 99b or to a slightly d i ~ t o r t e d ” ~  form of 
99a. The evidence was not conclusive since the calculated values do not 
differ sufficiently, owing to the relatively close values of the bond moments 
C=O and C-Cl. In  addition, the results of the calculations depend greatly 
on the bond moments used’93. Measurements of the Kerr  constant^'^^*^^^ 
were not able to remove the ambiguity. Older electron diffraction in- 
v e s t i g a t i o n ~ ’ ~ ~ . ~ ~ ~  preferring 99a, do not seem to  be very reliable. An i.r. 

claimed the presence of both forms in equilibrium but the only 
argument was the doubled carbonyl bond. Only recently was a con- 
vincing proof presented, when microwave spectroscopy revealed 99a as 
the only detectable form225 of methyl chloroformate. 

R ’  R 

This’result threw doubts on the calculation of dipole moments within 
this class of compounds’”. However, deviations from the bond moment 
scheme occur quite often when two strongly polar bonds are linked to the 
same a t ~ m ’ ~ * ’ ~  ; the case under consideration is particularly unfavourable 
since the difference between the two calculated values is small. Hence the 
calculation needs a more sophisticated procedure using methyl formate as 
the model compound. The computed values’93 for 99a and b differ 
markedly from ‘those obtained by a more conventional procedure’” 
(in parentheses). The situation is still worse with fluoroformates for which 
the form lOOb was preferred on the basis of simple calculations of dipole 
moments226; this result has been questioned” too. The E form (100a) is 
preferred by the microwave data’Og which are, however, not quite con- 
clusive due to the similarity of atomic masses of oxygen and fluorine. 

In two points some uncertainty remains. The first one is the strong 
temperature dependence of dipole moments of ch1oroformates2”, not 
observed with other esters. The second point concerns aromatic esters227, 
where the introduction of substituents into the pcrva position enhances 
the difference of dipole moments between stereoisomers. The conclusions 
of the original as well as our calculations by the simple bond 
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moment scheme seem to prefer the 2 form, 101b. It is s?ill questionable 
whether the calculations could be so much modified as to reverse the 
assignment, or whether the aromatic derivatives possess the opposite 
conformation. 

//O 

c'-c\ 

P N=C-C 
/ 
0-CH, 

per,, = 4.23 
I(E.IE = 3.3 

d CI-c 

' 0 0 N 0 2  

N O 2  

pESIE = 4.00 pexp = 2.67 pcalc = 2.93 

(1 .Ol a) (101 b) (1 02) 

We conclude that a-halogenoesters most probably have the same 
conformation as other esters, i.e. alkyl cis to the oxygen. It is, however, 
possible that the free energy difference between the two forms is lowered. 
If they had the reversed conformation or at least a shifted equilibrium, the 
a-halogenoesters would give a support to the electrostatic theories of 
conformation (see the preceding section). From this point of view methyl 
cyanoformate (102) is important as its conformation209 proves the 
irrelevance of electrostatic effects. Note the disagreement of experimental 
and calculated dipole moments, as with chloroformates. 

Another class of compounds about which some confusion arose are 
carbamates. When they are unsymmetrically substituted on nitrogen a 
(restricted) rotation around the C-N bond has to be considered in 
addition to that around the C-0 bond. Hence four planar forms are 
possible : 

\ 

\ \ \ \ 

\ 
R R 

/o--R 

/N-R 

%=C 
/o-R 

/N-H 

o=c / O  

/N-R 

o=c /@ 

/N-H 

o=c 

H R H R 

(1 03a) (1 03b) (1 03c) (1 03d) 

The conformation 103a corresponds to that of esters in one moiety and to 
monosubstituted amides (see Section V.C) in the second. It may be 
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considered as normal, while 103b and 103c are anomalous within the 
amide or ester grouping, respectively. When presence of two forms is 
observed, it may be difficult to decide which conformations are involved. 
Thus double n.m.r. signals in certain more complex carbamates were 
originally ascribed”’ to the ester moiety, i.e. to equilibrium 103a e 103c, 
but they belong in fact229 to the amide moiety, i.e. t o  equilibrium 103a + 
103b. More recently the double carbonyl bonds in the i.r. spectra were 
inter~reted’~’ in terms of the equilibrium 103a e 103c for derivatives 
substituted either symmetrically or unsymmetrically on nitrogen, while 
the system 103a e 103b is preferred for thi0~rethane.s’~~.  

//O 
NH,-C, 

0-C,H, 
co 0 

0-CH, 

/icrp = 2.59 
pcnlc = 1 .38 pE31E = 3.48 

(1 06a) (106b) 

Considering the conformation of the ester grouping, the derivatives 
unsubstituted or symmetrically substituted on nitrogen are most in- 
structive. The dipole moment,Qf ethyl carbamate was explained”’ by the 
Z conformation (104), referring to the model compound 105. The con- 
formation 104 corresponds to that of simple esters and agrees with an 
X-ray investigation of more mmplex c a r b a m a t e ~ ’ ~ ~ .  However, the very 
similar value for methyl N,N-dimethylcaibamate is belie~ed’~’ t o  agree 
with the equilibrium 106a e 106b in a ratio of almost 1 : I .  This inter- 
pretation was based mainly on the i.r. spectra and seems rather suspicious. 
I t  is also clearly at variance with the dipole moments of aromatic deriva- 
tives’”, e.g. 107. In these coinpounds the presence of a strongly polar 
substituent made the results of the calculations much more convinciw. 
Similar results were obtained for N-monosubstituted c a r b a m a t e ~ ’ ~ ~ .  
Also the dipole moments of dithiocarbamates comply with a conforma- 
t i ~ n ’ ~ ~  analogous to  106a. 
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It follows that the conformation of he es 

0 
/ 

er group of carbamates is the 
same as that of other esters and their amide moiety ~ o r r e s p o n d s ~ ~ ~ . ~ ~ ~  
to that of monosubstituted amides (compare Section V.C). 

3. Ester analogues 

In this section compounds are included in which either the oxygen 
atoms of the COO group are replaced by other elements or the whole 
COO group is bonded to atoms other than carbon. The results in this class 
are less controversial ; there are very few exceptions in comparison with 
the behaviour of esters. 

The Z conformation (108,109) has been deduced uniformly from dipole 
moments ,of aliphatic or aromatic thiol esters'82*' 94.203, thione 
esters237*238, d i t h i o e ~ t e r s ' ~ ~ * ' ~ ~ ,  aromatic s e l e n o e ~ t e r s ~ ~ ~  and telluro- 
esters240. The substitution of oxygen by sulphur has no influence and 
the dipole moments of thiocarboxylic acids' 18*241 revealed the same 
conformation as that of carboxylic acids. For thiochloroformates the 
2 conformation (110) was claimedz4' as for chloroformates but this 

X = 0, Se, Te 
pexp = 1.8Q+-05; 

1.84 

R '  

x = o , s  
pexp = 1.48; 1.66 pexp = 2.69-2.88 
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assignment is open to the same criticism (Section V.B.2). The analogy of 
d i t h i o c a r b a r n a t e ~ ~ ~ ~  and carbamates has already been mentioned. 

I f  the carbonyl oxygen in esters is replaced by an =NH or an =NOH 
group, compounds with a C=N double bond are produced and the 
problem of conformation o n  C-0 is combined with configuration on 
C=N. The former affects more the dipole moments of i m i d o a t e ~ ~ ~ . ~ ~  and 
was established with certainty. The conformaticn of the who]: molecule 
is represented by structure 28a (Section 1V.B. 1) .  With hydroximic esters, 
on the other hand, the C=N configuration has been safely assigned to the 
two stereo isomer^^'*^^ (structure 43 in Section IV.B.2) but the con- 
formation on C-0 is less certain and probably less rigid. One may judge 
that the resonance structure 111 is less represented and the C-0 bond 
acquires less double bond character than in esters. O n  the contrary the 
mesomeric dipole moments in the functional groups -C(=X)OR were 
~ l a i r n e d ” ~  to  increase in the order X = 0, S, NH. At  any rate the be- 
haviour of these compounds does not violate the general preference for the 
Z form in esters. 

d 

HCH2 
\ 

H-C 
HCH2 

/O 

\ 
H -C 

HCHZ 
\ 

I-9.-C 
/N--oH 

R-C 

R 
\O+--R 0 - R  

R 

Pex1rnp = 1 .7 

(1 12b) (112c) 

Finally, the stereochemistry of vinyl ethers may be mentioned in this 
connection since these are formally derived by replacing the =O atom 
by the =CH2 or =CR, groups. Two forms (112a, b) have been believed 
t o  exist in e q ~ i l i b r i u m ~ ~ ~ . ~ ~ ~ .  In methyl vinyl ether the 2 form (112a) 
slightly predominates (AGO = 1.2 kcal), however, the second form is now 
claimed t o  be not E (112b) but a non-planar form244 (112c). In t-butyl 
vinyl ether the steric hindrance destabilizes the form 112a, the actual 
conformation is consideredz43~z4s either to be (112b) or ( 1 1 2 ~ ) .  The 
different conformation of vinyl ethers with various alkyl groups is re- 
flected in the variability of their dipole moments246 (0.96-1.84 D), while 
their temperature dependence247 proves the coexistence of rotamers. 
From the data for ethyl vinyl ether the supposed extrapolated dipole 
moments were calculatedz47 for the forms 112a and c and AH was 
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estimated to be 0.8 kcal. Hence the overall pattern for vinyl ethers does not 
fundamentally contradict that for esters ; the smaller energy difference 
between rotamers is explained206 by the absence of lone electron pairs 
a t  =CH2 as compared with =O. The conformation of vinyl alkyl sul- 
phides yields probably a similar picture but has not been studied so 
thoroughly. Dipole moments were reported for several unsaturated 
sulphides, sulphoxides and ~ u l p h o n e s ~ ~ * ,  for more complex derivatives249, 
and also for vinyl ~ e l e n i d e s ~ ~ ' .  Sometimes the problem of conformation 
was combined with the configuration on C=C. 

//O 
R-C 

\ 

\ 
0-0 

//O 

' 0- d" R-C 

The COO group not bonded to carbon is involved in peroxy acids and 
esters, hydroxylaniine derivatives and some derivatives of polyvalent 
iodine; for the latter see Section V.B.4, formula 128. Peroxy esters have 
been little studied owing t o  their instability; dipole moments of several 
t-butyl peroxy esters have been explai~ied'~'  by a conformation near to 
113 with certain deviations from planarity on the bonds C-0 and/or 
0-0. 

Dipole moments of peroxy acids252 were interpreted in terms of a 
non-planar conformation 114, however, the calculation did not account 
for a possible contribution of the hydrogen bond to the dipole moment. 
At  any rate the heavy-atom skeleton is planar and the conformation on 
C-0 is 2 ;  the rotation around the 0-0 bond seems not to  be very 
strongly hindered. While the i.r. spectra253 indicate the presence of a 
hydrogen bond t o  the carbonyl oxygen, in the crystalline state H and CO 
are anticlinal in the molecule of peroxypelargonic and engaged in 
intermolecular hydrogen bonds. 

O n  the whole, the conformation of the COO moiety in peroxy com- 
pounds is similar to  that observed on esters. The same is true of hydroxy- 
lamine derivatives. The only exceptions seem to be the O-acylhydroxyl- 
amine derivatives 115 and 116 in the crystalline ; it is, however, 
not known whether these forms persist in solution. 
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//O 
\ 

R-C 

0-N 

\CR' R 2  

(177) 

Simple 0-acyl derivatives of hydroxylamine, RCOONH2, have not been 
investigated by dipole moments owing to their instability. On the other 
hand a dipole moment study of acylated oximesE8 permitted the deter- 
mination of the conformations of the ester-like moiety and of the oxime 
moiety at  the same time, and in addition the configuration on C=N was 
also confirmed, see structure 42a in Section 1V.B.2. The conformation on 
the C-0 bond (117) corresponds to that of esters. The conformation of 
N,0-diacylhydroxylaminesg2 (118) confirms the principle of relative 
independence of conformations on individual bonds (see Reference 100, 
179). The ester-like moiety repeats exactly the conformations of esters, the 
amide-like moiety that of mono substituted amides (Section V.C.). The non- 
planar arrangement of the four inner atoms C-0-N-C is that found in 
H 2 0 2  and diacyl peroxides or disulphides (structure 126). The conforma- 
tion 118 was established quite reliably since it was possible to introduce 
substituents into both para positionsg2, and the results were subsequently 
confirmed by n.m.r.257 and X-ray2" investigations. Even the values of the 
dihedral angle C-N-0-C estimated from dipole momentsg2 (c. 70") 
and found in the crystalline state258 (8 I")  agree sufficiently. 

4. Derivatives with t w o  axes of rotation 
' 

have been investigated by the dipole moment technique but the results 
revealed nothing new in comparison with simple esters. This section will 
be devoted to compounds where two COO groups are bonded more 

Many esters of dibasic acids'74*'E3*'84*'97 or of polyhydric 
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closely or even overlap so that the two rotational axes are either im- 
mediately adjacent or separated by one or two othh. bonds. A study"', 
based mainly on dipole moment data, wwdevoted to conformation on 
two equivalent bonds in a molecule of the general formula R-X-Y- 
X-R. The question is, whether the conformation on the two X-Y bonds 
can be predic'ted on the basis of a simple model compound R- X-Y-R. 
The results are promising: the conformation of the monofunctional 
derivative is retained i n  some 90% of the cases, the exceptions being 
caused by steric hindrance in the more crowded bifunctional compound. 

Taking an ester molecule as the monofunctional compound, two types 
of bifunctional derivatives, dialkyl carbonates and carboxylic anhydrides, 
may be derived. Three planar forms ( I  19a-c) are possible for carbonates, 
among which the ZZ conformation (119a) would correspond to simple 
esters in both moieties. This actually agrees with the low dipole moments 
found in the gas phase221 as well.as in solution260.261 ; also instructive 
is the comparison with ethylene carbonatez6' (120). An infrared study 
pointed to th-e same form for dimethyl carbonate although with certain 
deviations from planarityz6', while the molecule of bistrichloromethyl 
carbonate in the crystal is quite exactly planar263. At variance with these 
results, the slightly distorted form 119b has recently been claimed to  be 
the most abundant This claim was based on the doubled carbonyl 
bond and broadening of n.m.r. signals; the most important proofs were 
obtained with methyl t-butyl carbonate, including also the decrease of its 
dipole moment with temperature. However, the conformation of this 
overcrowded compound may be an exception, since dipole moments of 
other alkyl carbonates show a reversed ,temperature dependencez6'. 
Recent i.r. spectroscopic results allow at most 2% of the form 119b for 
dimethyl carbonate and even for methyl t-butyl carbonate this form is 
questioned265. Note that conclusions based on the doubled carbonyl 
f r e q u e n ~ y ~ ~ ~ * ~ ~ '  were at variance with other results even for other 
classes of compounds, such as chloroformates and carbamates (Section 
V. B. 2). 

\ /o--R O = c / O ]  \ 

/O-R 

\ 
o=c o=c 

/O 

\ 
o=c 

0-R 0 
R / O  R / O  b 

e 
/ I ~ ~ ~  = 0.9-1.05 pexp = 4.60 

(1 19a) (119b) (119c) 
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For aromatic carbonates the Z Z  form is again clearly preferred266. 
The introduced para nitro group enhances the dipole moment differences 
between some rotamers as shown by structures 121a-c. No indication of 
the presence of any other form was detected, neither a n y  signs of deviation 
from planarity, which could be recognized rather sensitively. Theoretical 
calculations267 also preferred the Z Z  form (119a, R = H) although the 
energy difference with respect to 119b was only 1 kcal. 

/” 
o=c 

\ 

X d / x 

X = H pcxp = 0.43 
pcalc = 0.80 )icrlc = 2.1 4 

X = NO, pcxp = 5.84 
P C d C  = 5433 pEaIC = 4.02 pcnlc = 5.62 

(121a) (1 21 b) (1 21 c) 

For monothiol carbonates the form analogous to 119b was advanced268, 
the two possibilities (122a, b) remained undecided. The arguments, based 
on i.r. and n.m.r. specyra and dipole moments, are similar as in the case of 
carbonates264; they are also open to the same criticism. For trithio- 
carbonates the Z Z  form, analogous to 119a was claimed as the most 
abundant269, in addition to EZ (like 119b). The most important proof was 
obtained from the i.r. spectra, while the dipole moments would be worth 
a reinvestigation. In particular the HMO calculations of dipole moments 
are not dependable. 
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The only real exceptions where the Z conformation of esters is not 
retained seem to be the i m i d o ~ a r b o n a t e s ~ ~ '  (123). Here the reversal of 
conformation in one moiety is easily understood by the steric hindrance 
of the unsymmetrical =NR group. 

The conformation of carboxylic anhydrides and diacyl sulphides seems 
to have been solved definitely since all recent investigations accord. 
Dipole moment studies on acetic anhydride27 and diacetyl s ~ l p h i d e ~ ~ '  
did not meet with success and led to the erroneous assignment in favour 
of the conformation 124b. Investigation of aromatic derivatives' 00*273 

enabled to introduce pcrra substituents and to apply the graphical 
method5'. Hence it was possible to  distinguish between the three planar 
(124a-c) and various non-planar forms. The graphical method is illus- 
trated in Figure 3 for dibenzoyl sulphide"' (x-axis) and its 4,4'-dichloro 
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X=Cl 
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o = c j  i 
S 

\L, o=c 
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P2 

FIGURE 3. Graphical method5' for determining conformation in the case of a 
complex motion. Reproduced, with permission, from Exner and co-workers, J .  

Cliem. SOC. Perkiti I / ,  1870 ( 1  973). 
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derivative (y-axis) in order to  demonstrate application to a more complex 
case (compare Figure 2 for a simple case). The three planar conformations 
(124a-c) are represented by the points A-C, respectively. The conversion 
of the Z Z  conformation (124a) into EE (124c) may be accomplished by 
several paths: (a) by rotating simultaneously the two acyl groups in the 
same direction so that one carbonyl oxygen is always above the C-0-C 
plane and the other one below this plane, the transitory conformations 
have the C 2  symmetry (full curve); (b) by rotating the two acyl groups in 
opposite directions so that both carbonyl oxygens are situated on the 
same side, the transitory conformations have the C, symmetry (broken 
curve); (c) by turning first one and then the other acyl group (dotted lines). 
Comparison with the experimental point reveals the C, conformation 
corresponding t o  the slightly distorted form 124a. The dihedral angles 
T = 4 0-C-0-C may be estimated to  be 20-30" for both dibenzoyl 
sulphide''' and benzoic a n h y d ~ i d e ~ ~ ~ .  

(1 24a) (1 24b) (124c) (1 25) 

Essentially the same conformation was found for acetic anhydride and 
for diz%ctyl sulphide on the basis of the Kerr constants274 and dipole 
moments (T = 47" and 30-40", respectively), for acetic anhydride by 
electron diffraction275 (T = 48"), and for monochloroacetic anhydride276 
in the crystal (T = 23"). The exceptional conformation of formic anhy- 
diide277 (125) is understandable in terms of hydrogen bonding rather than 
of steric factors. Dipole moments of bisthiocarbamoyl ~ u l p h i d e s ~ ~ ~  were 
also discussed in favour of a conformation analogoys to 124a. 

In the aforementioned classes of codpounds * the conformation of 
esters was retained-or almost retained-in spite of some steric hindrance 
and even though the cross-conjugation could weaken the resonance 
interaction. There is no such hindrance in diacyl peroxides and diacyl 
disulphides and the ester-like conformation is re?eated exactly. From 
dipole moments of dibenzoyl peroxide2 7 8 * 2 7 9  and d i s ~ l p h i d e ~ ~ ~ * ' ~ ~  not 
only the conformation on the C-X bonds but also on the central X-X 
bond was deduced (126). In the former the 4,4-dichloro substitution is 
relevant278, the dipole moment is only slightly changed. The estimated 
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dihedral angle278 for peroxides (c. 1 OOO) compares favourably with that 
for H 2 0 2  (1 1 lo). Once more the conformation of the simplest compound is 
retained in quite complex derivatives. The dipole moments of bisthio- 
carbamoyl disulphides (‘thiuramdisulphides’) are in accord with an 
analogous c ~ n f o r m a t i o n ~ ~ ’ .  ’0 
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(1 26) (1 27) (13-8) 

In ay la l s  the two COO groups are separated by one atom and may be 
expec&d to behave independently. When discussing the conformation of 
benzylidene diacetate (127) the conformation of the COO groups was 
assumed to  be Z-like in esters, and attention was focused on the rotation 
around the two adjacent C-0 bonds”. Most probably the two acetyl 
groups are situated on the same side of the 0-C-0 plane, almost 
perpendicular to it. However, the result based on the dipole moments of 
127 and its 4-nitro derivative281 would be worth a confirmation. 

In I,I-diacetoxyiodobenzene (128) two rotational axes 1-0 are 
collinear (dsp3 hybridization on I). The dipole moments revealed282 the 
planar form 128. This is remarkable since a polar bond (0-C) is placed 
between two electron pairs on I contrary to the Edward-Lemieux rule283 ; 
in addition there could be some electrostatic repulsion between the two 
carbonyl oxygens, and the dipole moment in the actual conformation is at 

maximum. B. 

C. Amides and Related Compounds 

The stereochemistry of amides has been much studied’, particularly in 
connection with the peptide linkage. However, the dipole moment ap- 
proachrNas less used and less efficient than in the case of esters, mainly 
because of the association in solution and insufficient solubility of some 
derivatives. For this reason the present section is shorter than the pre- 
ceding one, also some arguments will not”be repeated. A recent review” 
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deals mainly with i.r. spectroscopy and mentions only seldom the dipole 
moments; another review284 covers n.m.r. results including the stereo- 
chemical aspects. 

prxp = 4.39 
Jlci,lc = 3.34 (4.4) itcalc = 2.44 (3.4) 

(130a) (1 30b) 

perp = 3.1 

(131) 

Because of the resonance within the amide group (structure 129): 
which is more pronounced than in esters, planar configuration on nitrogen 
as well as the coplanarity of the C-0-N and C-N-R planes are 
expected and have been indeed found. In the case of secondary amides two 
forms are thus possible, e.g. (I30a, b). Dipole moment s t ~ d i e s ~ ~ ~ - ~ ~ ’  
revealed the preference (or exclusive presence) for the 2 form (130a); 
again, comparison with a cyclic model compound”’ (131) is decisive even 
though the difference between the two calculated values’87 is less andqfie 
agreement with experiment worse than usual. The latter depends on the 
method of computation, i.e. whether a particular resonance contri- 
b ~ t i o n ~ ~ ~ * ’ ~ ~ - ~ ~ ~  from structure 129”was applied or not. With such a 
correction (values in par en these^^^', structures 130a, b) the agreement is 
very good. An additional argument for the assignment arises from the 
concentration dependence of dipole The lactam 
131-like the E form 130b, if present-4imerize.s to  a cyclic centro- 
symmetrical dimer, hence the effective dipole moment drops. The 2 
form (130a) dimerizes or polymerizes linearly and its dipole moment 
increases with concentration. 

The Z conformation (130a) has been also found, as the single present 
one. by electron diffraction2”, even for N - n i e t h y l f o r n ~ a m i d e ~ ~ ~ .  although 
the latter had been the object of some controversy”. The results of 
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crystallographic studies, e.g. References 293, 294, are also concordant. 
Nevertheless, the conformational stability of amides is not so great as that 
of esters and can be diminished or  even reversed by steric effects. Hence in 
N-t-butylformaniide the E form is represented to a minor extent and in 
2-methylformanilide it already predominates’ The latter compound 
was isolated in both There are still other amides in which 
the E form is more abundant, e.g. N-alkyl-phenylaceta~nides~~~; the 
reasons are not clear. The relative abundance of conformers is known for 
numerous derivatives from the n.111.r.~’~ and i.r.236 data. A temperature 
dependence of dipole moments was not detected2“. An exceptional, 
distinctly non-planar conformation was claimed to occur289.296 with 
acetanilide agd its derivatives; it had been even assumed that the con- 
figuration on nitrogen might be t e t r a h e d ~ t l ’ ~ . ~ ~ ~ .  An authoritative 
combined of dipole moments and Kerr constants, favours 
planar forms like 130a; it is m l y  the phenyl ring itself which is rotated 
from the 0-C-N plane. According to  its i.r. spectrum”* acetanilide 
is almost entirely Z, while in formanilide the two forms are represented in 
comparable amounts. 

In physicocheinical terms we may suininarize the behaviour of secondary 
amides as follows: The rotational barrier AG* is large” (c. 14 kcal), but 
the free energy difference AGO between rotamers is only of the order of a 
few kilocalories and in certain derivatives approaches zero or even 
changes sign. The cor!formation is influenced by steric and in some extent 
also by electronic298 effects. Theoretical calculations267 yielded AH’ = 
3 kcal for N-niethylformamide compared with 5.5 kcal for methyl formate. 

The conformation of tertiary amides is less interesting and is not 
reflected in the dipole moment values, unless polar substituents are 
introduced. The preference of alkyl groups seems to be governed by steric 
factors: for numerical data see Reference 284. 

As far as the finer details of conformation are concerned, the question 
of the exact planarity of the amide group has recently received attention299 
in connection with the peptide structure. Since the dipole moments and 
many other methods are insufficiently sensitive, the evidence is based 
mostly on X-ray results300 and theoretical calculations299. There is some 
evidence that a non-planar configuration on N (both substituents on the 
same side of the 0-C--N plane) is involved rather that a twisting of the 
0-C-N and C-N-C planes; the configuration on the carbonyl 
carbon remains exactly planar. A deviation arising merely by twisting 
around the C-N bond, was claimed for amides of particular structures301 ; 
e.g. N-t-butylacetamide (in addition to  the prevailing Z form). This 
finding is based only on i.r. spectroscopy, and has been q~ies t ioned~~’ .  
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Non-planar amide groups were studied on a series of specially prepared 
cyclic model  compound^^^^*^^^. 

The preference for the planar conformation of amides, and among them 
the preference of Z before €, may be explained in terms of the same 
theories as in the case of esters (Section V.B.l) ,  i.e. (i) mesomerism within the 
functional group (129), (ii) electrostatic repulsion of dipoles, (iii) repulsion 
of lone electron pairs, (iv) steric factors. The importance of resonance, 
giving the C-N bond a double bond character, is beyond any discussion' ; 
it is reflected most significantly in the shortening of the C-N bond 
and lengthening of the C=O bond291-294 , ~ the two bond lengths are 
inversely proportional'. In the dipole moment values the resonance is 
manifested by a component2'6~2'7~290~305 of 0.7-1-7 D oriented from 
N to 0, which corresponds to the contribution of structure 129 (say 
5-15%, as far as such figures are meaningful). Another proof of the 
isomerism was sought in studying cyclic lactams of variable ring sizes3'', 
as in the case of lactones" '. However, the dipole moments are only little 
altered with the conformational change so that E conformation (5- 8- 
cycle) and Z conformation (10- 19sycle) were distinguished only by 
different behaviour in the association. 

Of course resonance explains only the rotational barrier, i.e. AG*,  
and not AGO. the preference for the € form before Z.  When accounting 
for this difference, the electrostatic factors may be rejected still more 
conclusively than for esters: While the actual form of esters (92a) has the 
minimum dipole moment and minimum repulsive interaction, with 
secondary amides the actual form (130a) has the hig,hest moment and 
maximum interaction since the bond moment N-H is greater than 
N-CH3. Most conclusive is the comparison with N-cyano amides212 
(132). Although the electronic character of the C N  and CH, groups is 
opposite, the preferred conformation is the same. Nor can the idea of lone 
pair repulsion206 be applied to amides since the nitrogen atom is sp2 
hydridized. Steric effects-and maybe also some attractive non-bonded 
interactions-certainly play an important role, as can be seen from 
comparison of derivatives with substituents of variable size236*2'4, in 
particular of tertiary amides. However, thea: must be an intrinsic im- 
portant factor stabilizing the E form (130a) in addition to steric effects 
and sometimes against them. A possible dependence of conjugation on  
conformation could be expressed only in quantum chemical terms267 ; 
its existence may be suggested by the electronic effects influencing the 
abundance of r 0 t a m e 1 - s ~ ~ ~ .  

N-Alkylcarbamates were already discussed in Section V.B.2 (structures 
103). Other analogues of amides yield an essentially unchanged pattern, 
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although in details the steric hindrance may be greater or  smaller. In 
thioamides the partial double bond character of the C-N bond is 
strengthened so that some rotamers, e.g. 133a, b, were isolated as two 
distinct compounds'2; the dipole moments are 'also q u k e d  in con- 
nection with the assignment of the conformation (or, say, configuration) 
but the main arguments were from i.r. and n.m.r. spxtroscopy. The dipole 
moments of thioamides are not well understood. I t  has been argued307 
that the E form 133b should have a greater moment than 133a, considering 
the position of the C=S and N-CH, vectors only. This conclusion 
seemed t o  be supported by the dipole moments of N-methylthioformamide 
(4.56 D) and N-t-butylthioformamide (5.1 7 D), which exist prevailingly 
as Z or E confeimers, respectively307. However, in the argument the 
N-H bond moment has been neglected although it is certainly greater 
than N-CH,. It s%?ms that the mesomeric moment plays an important 
role, more so than in the case of amides, and that its magnitude could 
depend on'conformation. Owing to the larger atomic radius of sulphur, the 
steric interaction in die 2 conformer is enhanced; hence the proportion of 
the E form in thioamides generally exceeds that in corresponding 
amides' 1*236*28.1. For instance in thioacet&ilide the E form already 
prevails and in thioformanilide it  is present almost e x c l ~ s i v e l y ~ ~ ~ * ~ ~ ~ .  

The dipole moment of a tertiary selenoamide was reported3". In 
amide analogues of the type RC(=X)NMe, the double bond character 
of the C-N bond increases3'' for X in the order NH, 0, SeNH:. The 
mesomeric moments ipcrease in a similar order NH, 0, S ,  Se, although all 
the values reported308 seem to be too high. In N-aryl benzamidoximes 
(48) the problem of the C-N conformation arises together with the 
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configuration and conformation of the =NOH group and was already 
mentioned in Section IV.B.2. The reversed E conformation found l o 5  is 
understandable in terms of the steric requirements of the =NOH group 
as compared to the carbonyl oxygen. 

pexp = 3.67 
pcalc = 4.92 

Yo 
\ / H  

C6H5-C //O C6H5-C 

,N-0 
\ 

C6H5 

/N-o\ 
C6H5 

//O 
C6H5-c\ 

\ 

/N-o\ 
C6H5 

;N-O’ 

C6H5 

pcXp = 3.36 
&IC = 445 pcale = 2.36 

(1 35a) (1 35b) 

A a l c  = 4.23 

(I 36a) (1 36b) 

The compounds with the CONH group not bonded to  carbon include, 
among others, hydroxamic acids, hydrazides and nitrosamines. The 
conformation of hydroxamic acids as deduced from dipole momentsg2 
seems t o  be not quite planar. Although the value for‘the dipole moment of 
benzohydroxamic acidg2 was in error7’, the actual conformation of this 
compound remains near to  134 with certain deviations from planarity, 
particularly on the N-0  bond. The conformation of acetohydroxamip 
acid (hemihydrate) in the crystalline phase310 differs from 134 only by 
the reversed position of the OH hydrogen, engaged in intermolecular 
hydrogen bonds. N -  Phenylitydroxamic acids have been investigated by 
the dipole moment approach3’ using substituents on the N-aryl group; 
the probable form is between 135a and 135b. Dipole moments of several 
N,N-dimethylhydrazides, e.g. 136, served to determine the conforma- 
tion305 which is reversed as compared with secondary amides. The 
pyramidal configuration on the secondmitrogen and free rotation around 
the N-N bond were assumed. The abundance of the majority form is 
93”/, in benzene and depends on solvent312. The assignment of con- 

*=mation agrees with an independent n.m.r. study313. On the other hand 
for unsubstituted benzohydrazide the conformation (137a) stabilized by 
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one or  two hydrogen bonds, was deduced from dipole moments314 while 
thiosemicarbazide exists in crystal as the E conformation315 (137b). An 
n.m.r. study of dithiocarbazic acid derivatives (138) did not allow distinc- 
tion between the four possible forms3 l 6  (cf. carbamic acid derivatives 
(103)). Dipole moments were not applied in the two aforementioned cases. 

R = C,H,; X = 0 R = NH,; X = S 

(1 37a) (1 37b) (1 38) 

Rotation around a C-N bond is also involved in nitroso amides and 
acyl azides. The conformation of the former (139) was solved by a classical 
approach3 ”, comparing with the cyclic model compound (140) The 
difference of dipole moments is so great that the unknown conformation 
of the N O  group can not- invalidate the assignment. From the dipole 
moment of bwzoyl azide no stereochemical conclusion was drawn318 
but the Z conformation (141) seems very probable with respect to the 
dipole moment of phenyl azide (1.44 D) and its orientation from phenyl 
to  the functional group. 

I 

C,H,-C No 

N=N+=N- C,H,-C No \ C N I N O  r \  

/N-cH, 
ON 

From compounds with two axes of rotation, substituted ureas yield a 
similar picture to carbonates (119) but they have been less studied. 
Infrared spectroscopy revealed only the 2, Z form (142a) for 173-dimethyl- 
urea, while larger substituents shift the equilibrium and the E,Z form 
(142b) is detected, Similar results were obtained for thioureas with 
the E,Z form more populated3”; the presence of one aryl group favours 
this form still more through a hydrogen bond to  the aromatic 7~ electrons. 
I n  the diphenyl derivative 143 the conformation with the two benzene 
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rings parallel is preferred in crystal as well as in solution320. Dipole 
moments of polysubstituted ureas must be measured in rather polar 
solvents, in addition a mesomeric moment is of importance32 '. Hence no 
definite results have been obtained concerning their c ~ n f o r m a t i o n ~ ~ '  ; 
a proposal made3I4 must be considered to be purely speculative. Thio- 
carbohydrazide exists in the E,Z conformation in One can 
conclude that the Z,Z form (142a) is the preferred one for simple dialkyl- 
ureas and their analogues, but it can be changed to E,Z (142b) easily by 
moderate steric effects; compare the lower conformational stability of 
secondary amides than of esters. 

"\" 3 
/N--C,H, 

/N--C,H, 

\ 

\ \ 

ti 
\ 
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o=c 
/N--R 

/N--H 

o=c 
/N-H 

/N-H 

\ 
o=c 

CH, R R 

(142a) (1 42b) (1 43) 

The conformation of N-hydroxythioureas represents a still more 
complex problem, since in addition the conformation on the N-0 bond 
and numerous possible hydrogen bonds must be considered. The results 

from dipole moments and i.r. spectroscopy are in our 
opipion not quite conclusive. 

Diacylamides (144) yield a similar picture to anhydrides (124) but more 
conformational freedom and more importance of steric effects is to be 
expected. Indeed the Z , Z  form (144a) corresponding strictly to the 
conformation of secondary amides, has been found only in the solid 
state325, while in solution the E,Z form (144b) is preferred, i.e. the con- 
formation of amides is retained in one moiety only. This follows from the 
dipole moments, e.g. of N-methyldiacetamide compared with the model 
compounds326 like 145, as well as from a combined approach using dipole 
moments, i.r., n.m.r. and U.V. spectra325. 
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The conformation is also sensitive to steric hindrance. While ditrimethyl- 
acetamide exists in the form 144a (R' = t-C,H,, R' = H) even in solu- 
t i ~ n ~ ' ~ ,  for its N-phenyl derivative the distorted form 144c (R1 = t-C,H,, 
R2 = C6H5) was in addition to the prevailing 144b. Triacyl- 
amides were studied by n.m.r. spectroscopy, and the C3,, form seems most 
probable328. Dipole moments of 1,2-dibenzoylhydrazine agree with a 
similar conformation3 l 4  as that of diacyl peroxides or disulphides (126); 
the dihedral angle C-N-N-C was estimated to be 130". 

D. Other Types 

In the preceding two sections virtually all compounds involving a 
partial double C-0 or C-N bond, have been included. I n  this section 
some other types of bonds will be mentioned which are related to those 
already discussed. The N - 0  bond in oximes may be attributed some 
double bond character owing to the conjugation of the C=N bond with 
the lone electrons on oxygen. Actually this bond is somewhat 
s h ~ r t e n e d ~ ~ , ~ ~ . ' ~  with respect to non-conjugated hydroxylamine deriva- 
tives, and the conformation on it is ~ l a n a P - ~ l .  Since this conformation 
is an inherent feature of the stereochemistry of oximes, it was dealt with 
already in Section IV.B.2. The E form (34a) is pieferred in oximes (35,36), 
their functional derivatives (39, 42a). and hydroximic acid derivatives 
(43a, 44, 45, 46, 48, 49a); several exceptions (37b, 40a, 41b, possibly 43b) 
are caused by hydrogen bonds. The preference for the E form (Ma) may 
be explained in terms of repulsion between the lone electron pairs206 in 
the form 34b. In hydroxainic acids (134) the double bond character of 
the N- -0  bond is doubtful; although it is shortened3", the conformation 
on it is probably not planarg2m31 In 0-acylhydroxylamines, e.g. 115, 
there is no shortening of the N-0  bond255. b 

,CH, 

yN--O 
0 

Alkyl nitrites bear some resemblance to esters; on the basis of this 
analogy the planar forms (146a, b) could be considered, and from th'ese 
146b is the preferred one. The n.1n.r. spectroscopy revealed the presence 
of two r0tame1-s~~'  although there is no agreement as to the 
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Dipole m o m e n t ~ ~ ' ~ , ~ ~ ~  as well as the Kerr constant330 were interpreted 
in terms of the equilibrium (146a) e (146b). In methyl nitrite both forms 
are present in comparableaqounts which'depend on state and solvent. 
With the increasing size of the alkyl group the E form (146a) becomes more 
populated u p  to t-butyl nitrite ( p  = 2.37 D;  80-100% E). It was pointed 
out that the two forms need not be just the exactly planar ones33o. The E 
form (146a) is relatively more stable than in esters and this difference is an 
important support of the theory of lone pair repulsion206 : In esters there 
is a repulsive 1,3-interaction in the E form (92b), in nitrites the same 
interaction in (146a) is counterbalanced by a 1,2-interaction in (146b). 
In alkyl nitrates there is no problem of conformation; the double bond 
character of the N-O(R) bond is revealed by the planarity of the whole 

The N-N bond in hydrazones (50,51) may give rise to a similar picture 
to the N - 0  bond in oxinies (34), but there is little evidence as to  the 
acyial conformation (Section IV.B.3). In acyl hydrazides (136, 137) 
hardly any double-bond character of the N-N bond can be expected, 
the hypothesis of free rotation was sufficient to account for the dipole 
moment data305. In nitrosamines the partially double N-N bond gives 
rise to  two rotamers, revealed by n.m.r. spectroscopy332. Dipole moments 
of N-nitroso-N-methylaniline and its derivatives-which exist in the E 
form (147) according to the n.m.r. data33'-were not interpreted in terms 
of conformation333. N o r  was the extent of conjugation estimated, al- 
though the high dipole moment points to  a significant contribution from 
the resonance structure 148. The dipole moments of N-nitrosoamides 
(139) were used306 only to derive the conformation on the C-N bond, 
not on the N-N bond. In tiiazenes (65) an N-N bond of similar type 
is involved, however, the conformation was not investigated. 

,% / R  
C,H,-N R-+N 

N-O- 
\ \\ N=O 

/Iexp = 3.58 

(1 47) (148) 

E. Substituents on the Benzene Nucleus 

In this section anformations of aromatic derivatives will be discussed 
and especially the questions of the coplanarity &%e substituent and of the 
preference among the possible planar forms. The material is restricted 
to  some recent dipole moment investigations because the whole subject 
exceeds the scope of this chapter. 
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The double-bond character of a particular bond may be judged in the 
area of dipole moments according to  the so-called mesomeric moment, 
which is essentially the vector difference between moments of an aromatic 
and an aliphatic d e r i ~ a t i v e ' ~ . ' ~ .  The concept was subject to criticism since 
it was argued that it overestimated the degree of conjugation, e.g. for 
n i t r o b e n ~ e n e ~ ~ ~ .  However, in conformation studies the fact that con- 
jiigation is able to compel coplanarity is sufficient and this is fulfilled even 
in the case of nitrobenzene. 

The benzene nucleus itself being non-polar, the conformation of mono- 
substituted benzenes is not immediately reflected in their dipole moments, 
but it is in the Kerr constant since the benzene nucleus is strongly aniso- 
tropic. This experimental agproach served t o  prove the planarity of 
b e n ~ a l d e h y d e ~ ~ ~ ,  and a ~ e t o p h e n o n e ~ ~ ' ;  a slight, almost insignificant, 
deviation from planarity in and a larger one in a n i ~ o l e ~ ~ ~  (the 
dihedral angle C-C-0-C of c. 18"). The position of the benzene 
nucleus played also an important role in investigating the conformation 
of all aromatic derivatives, e.g. e s t e r ~ ' ~ ' ,  a n i l i d e ~ ~ ' ~ ,  and ketones16' on 
the basis of the Kerr constant. 

In one case the twisting of the substituent may be observable on the 
basis of the dipole moment alone: if this substituent is strongly con- 
jugated. the steric repression of the conjugation may be detected by the 
reduction of the mesomeric dipole moment (i.e., either by reduction or 
increase of the total moment). This second-order effect is usually rather 
small and its interpretation is not quite u n a m b i g u ~ u s ~ ~ * ~ ~ ~ .  In addition 
it may be observed only if several derivatives with different dihedral 
angles are available for comparison; this is usually achieved by alkyl 
groups in the orrho  position^^^^,^^^. Only rough estimation of the dihedral 
angle m ~ y  be obtained at best. 

More significant results are obtained-for conjugated or non-con- 
jugated substituents-if the second substituent 011 the same nucleus 
enables determination of its position. 

0 I 

CH, / / I ~ ~ ~  = 1.73 O\ CH, 
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Q 
The dipole moments of 1 , 4 - d i i n e t h o ~ y b e n z e n e ~ ~ ~ * ~ ~ ~ * ~ ~ ~  (149), 1,4- 

d i a c e t y l b e n z e n ~ ~ ~ ~  (152), terephthalic acid and esters'83 and similar 
symmetrical 1,4-derivatives are particularly instructive. They all differ 
from zero, although they are consistently lower than those calculated for 
the pure c , h  (trans) forms (149a). This experimental result is compatible 
with the following hypotheses: (a) mixture of the two planar forms with the 
c , h  and C,, symmetry (149a and 148b, respectively); (b) free rotation 
around the Car-0 bond, i.e. all conformations equally populated; (c) 
mixture of the non-planar CZh and C,,, forms (149c and 149d, respectively); 
(d) various mixtures of non-planar. less-symmetrical forms, e.g. 149e-h ; 
(e) one particular non-planar unsymmetrical conformation. To distinguish 
between these possibilities an  ingenious approach was advanced342. 
referring to the naphthalene derivatives 150 and 151. According to 
hypotheses (c) or (e) the dipole moments would be equal to that of 149; 
according to (b) the free rotation should be only partly hindered and the 
difference between 150 and 151 less than it actually is. Hence an approxi- 
mately 1 : 1 mixture of the planar forms 149a and 149b was accepted as the 
most probable result which, however, is capable of refinement in two direc- 
tions. Firstly the ratio of these rotamers need not be exactly I : 1. Although 
the rotating groups are rather apart, their electrostatic interaction was con- 
sidered as a factor able to destabilize the form 149b. An estimation of the 
electrostatic energy3" yielded a low value of 60 cal mol- I which is in 
accord with the observed independence of the dipole moment of tempera- 
t ~ r e ~ ~ l .  O n  the other side i t  was inferred from the conformation of 
anisole that the methoxy groups in 1P-dimethoxybenzene are not planar 
and a mixture of the four forms 149e-h (with a dihedral angle of 18-30") 
was advanced as the best description of the actual state337. This finding is 
supported particularly by the Kerr constant measurement. Similar 



1 .  Dipole moments of molecules containing X=Y groups 79 

conformations were preferred for 1,4-dia~etylbenzene~~’ (152), tere- 
phtha1dehyde3j5 and 1 , 4 - d i b e n ~ o y l b e n z e n e ~ ~ ~  ; in the last case the 
dihedral angle is enhanced to 40”. On the other hand, non-planar struc- 
tures with the functional group in a perpendicular plane to the benzene 
nucleus (153a, b) were advanced for 1,4-bi~-isothiocyanatobenzene~~~; 
the main evidence arose from the i.r. spectra. The practically zero dipole 
moment of this compound345 is remarkable and is not explained by this 
hypothesis344. It  seems certain that the group moment of the NCS group 
lies a t  a small angle to  the Car-N bond ; in addition there is the problem 
of safely determining small values of dipole moments. The moment of 
terephthaloyl chloride is also very so that the conformation 154 
should prevail. 
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If the two substituents are in the inetn position, it is sufficient that only 
one of them should be angular for a conformational problem to arise, 
e.g. in 155 or 156. The experimental dipole moment lies as a rule between 
the two calculated values and it is interpreted347 as a mixture of the two 
planar forms rather than a non-planar conformation, or  a more or  less free 
rotation. The inductive interaction between the two groups may be a 
complicating factor in computing the expected moments348 ; although it 
represents only a small correction, i t  may influence the calculated abund- 
ance of rotamers. In an extensive series of benzene iiretn derivatives, 
chlorine was chosen as a standard reference substituent and the position 
of the second. angular substituent was estimated from the experimental 
dipole moment347. The result was that the rotamer with the smaller dipole 
moment always predominated. The population was also predicted from 
the calculated electrostatic energy. Although the agreement was very good, 
see e.g. 3-chlorobenzaldehyde (155), it  seems that the accuracy of the 
approach has been overestimated. A study349 of 3-fluoroacetophenone 
and 3-trifluoromethylacetophenone differed in that the expected dipole 
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moments were calculated by the INDO method, which was also used to  
calculate the theoretical populations. The results are here expressed in the 
same form as  for the preceding example see 156a, b. Even here the accuracy 
attained is not sufficient to  reveal a real difference in the stability of the 
rotamers and an estimate of equal populations would be quite acceptable. 
Often this statistical population was simply assumed n ~ r i 0 l - i ~ ~ ~ .  

H \cH 0 0 \/ H CH, O \ C / C H ,  

bC, bC, * bF dXF 
peXp = 2.65 pcXp = 2-86 

/lC.IC = 3.54 /lca,e = 1 .7: pralc = 3.85 pcalc = 1 '1 6 
42.8% 57.2% 51 % 49% 

(calc. 44%) (calc. 56%) (calc. 48%) (calc. 52%) 

(1 55a) (155b) (1 56a) (1 56b) 

I f  two angular rizeta-substituents are present, there are three planar 
forms possib]el 83.340.346.350 whose purely statistical population is 1 : 1 : 2. 
For isophthalaldehyde the population of rotamers 157a-c was calculated 
either from the electrostatic energy340 or by the semi-empirical n-SCFMO 
method3" (in parentheses); the agreement is surprisingly good. Also 

. the expected dipole moments calculated from bond moments340 and 
semi-empirically with the n-moment c ~ n t r i b u t i o n ~ ~ '  (in parentheses) agree 
very well. However, when we calculate the expected effective moments 
from either theory, the agreement with the experiment is somewhat worse. 

n 

P 0 

= 5.32 (5.22) / fca lc  = 0.41 (0.59) 1 1 ~ 1 ~  = 2-96 (2.91); j icalc  = 3.08 (3.12) 
calc. 12% (1 7%) calc. 19% (26%) . calc. 69% (57%) pcxp = 2.89 

(1 57a) (1 57b) (1 57c) 

In ortko derivatives the steric hindrance is of much importance anc?Lhe 
rotamers cannot be assumed, even approximately, to  be equally populated. 
The INDO c a l ~ u l a t i o n ~ " ~  of this population and of the final effective 
dipole moment for 2-fluoro-acetophenone gave still good results, while 
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the electrostatic calculations350 are much less satisfactory. The in- 
sufficiency of the theory, deducing conformations from electrostatic 
effects alone, has already been mentioned in Section V.B.2. On the other 
hand i t  is possible to c a l ~ u l a t e ~ " ~ . ~ ~  1 . 3 s 2  the abundance of rotamers from 
the experimental dipole moments. In 5-halogeno-2-methylacetophenones 
the sterically less hindered form (158a) always predominates and its 
abundance depends only insignificantly on the 5 - s ~ b s t i t u t i o n ~ ~  '. Ortko 
substituted benzaldehydes exist virtually only in the non-hindered form340, 
so d o  also many other ortlto derivatives. 

X flH3 X DCH3 
&a,E = 0.99-1 .21 )Icxp = 2.01 -1.94 / t c a I c  = 4.1 2-3.96 

76-81 % 24-1 9% 

(1 58a) (158b) 

Much attention has been to conformation of com- 
pounds with two benzene nuclei, like diphenyl oxides, sulphides and 
sulphones, diphenyl disulphides. benzophenones, etc.. bearing one. or 
more frequently two symmetrical substituents in various positions. The 
problem is rather difficult since in addition to a relatively weak conjuga- 
tion strong steric effects are in play. Hence unsyminetrical conformations 
are possibleand the two dihedral angles 71 and z2 must beconsidered as two 
independent unknowns. When only dipole moments are applied, the 
result may be visualized in the form of a contour map with coordinates 
T~ and z2 ; the contour lings connect points with equal calculated moments. 
By this approach the mean conformation 159 was found for 2.2'- dinitro- 
diphenyl s ~ l p h i d e ~ ~ ~  with T~ = 90°, 7? = 216". Often the dipole moment 
results were confronted with those from or u . v . ~ ~ '  spectroscopy, 
Kerr constant or light scattering357. The last method 
applied to 3-chlorobenzophenone yielded the result that the equilibrium 
(160a) + (160b) is in the best accord both with the experimental molar 
optical anisotropy ;" and the dipole moment 3s7  ( T ~  = T? = 34'). 

Recently all these assignments have been criticized360 since the rota- 
tional barrier is usually low in these compounds and many conformations 
can coexist. It was suggested that the theoretical conformational energies 
should always be calculated and depicted in the second contour map. 

P 
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pcXp = 6.89 pCalc = 3.89 /Icx,, = 3.1 1 pcJlc = 1 .85 
= 241 y&, = 223 & = 200 

56% 44% 

(1 59) 
% 

(1 60a) (1 60b) 

Unless there are any pronounced energy minima, it is useless t o  speak 
about any actual or even 'effective' conformation. This point of view is 
certainly right, however the question remains, how much the theoretical 
calculations may be relied upon. 
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4. INTRODUCTION 

Reseai-ch in the field of liquid crystals has gone through various periods 
of activity since f i e  time the liquid crystalline state was idcntified as such 
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by Reinitzer' in 1888. During the last few years, interest in liquid crystals 
has intensified once again, primarily as a result of the wide variety of 
possible commercial applications. Such applications include electronic 
windows which go froni clear to frosted with the flip of a switch, numeric 
displays for wrist watches. digital voltmeters, and computer terminals, 
point-of-sale advertising panels. flat-screen television. temperature in- 
dicators, non-destructive testing, and iridescent inks. 

The term 'liquid crystal' has been used for all materials that are capable 
of forming the liquid crystalline or  mesomorphic state, although most of 
these substances are actually crystalline solids at room temperature. The 
unusual properties that are normally associated with this intermediate I 
state of matter are evident only when the material is in its mesomorphic 
state. A large part of the recent synthetic work involving liquid crystals 
was aimed a t  the preparation of liquid crystals spanning room tempera- 
ture (ideally -54 to 71"C), which is a primary requirement for most 
practical applications. As the understanding of the physical chemistry 
of these materials developed. and as the various applications became 
more sophisticated, liquid crystals were designed and prepared in such a 
way as to meet these new requirements. These structural changes had to be 
made in such a way that mesomorphism was still maintained in addition 
to satisfying the usual room temperature constraint. Hence. the prepara- 
tion of new liquid crystals. althoush conceptually simple. has been a 
challenge for the chemist who must delicately balance a large number of 
physical properties into one molecule. 

In contrast to the approach i n  the previous volumes of this series. where 
the primary subject has been the functional group. this chapter, of 
necessity. will concern itself primarily with the properties of the whole 
molecule as influenced by the functional g+~up. In the case of liquid 
crystals the main purpose of the X=Y functional group, the main func- 
tional group usually linkingaromatic rings. is to help provide the geometric 
anisotropy \Iv";;ich is a necessary condition for liquid crystallinity. A 
change in the functional group is then reflected i n  a change in the chemical 
and physical properties of the molecule as a whole. The purpose of this 
chapter is to provide a general overview with emphasis on recent work 
in the field. An extensive discussion of the preparation of X=Y groups is 
not given, but rather. typical and recent methods that have been applied 
to liquid crystal preparation. Most of the early work ir: the field has been 
adequately covered by Gray'. Kast3 has tabulated all known liquid 
crystals up to 1959. More recent tables4 and now books edited by Gray5 
are now available. Other reviews covering all aspects of liquid crystals 
can be found i n  References 6-28. The line notation for therrnotropic 
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liquid crystalline phase transitions ’devised by Verbit” will be used 
throughout this chapter. I n  this notation K. S, N. C. I represent the solid. 
smectic. nematic. cholesteric. and isotropic phases. respectively. For 
example, K 129N 1931 signifies a crystal-to-nematic transition at  I29 “C, 
the compound persists in the nematic phase to 193 “C which is the nematic- 
to-isotropic transition temperature. Monotropic transitions are recorded 
i n  parentheses. 

II. CLASSIFICATION A N D  STRUCTURE OF THE 
LIQUID CRYSTALLINE STATE 

The liquid crystalline state is intermediate between that of the crystalline 
solid and the liquid phase. the associated order being less than that of the 
solid state but more than the liquid phase. These materials have some of 
the optical properties of crystalline solids while physically appearing as 
turbid fluids with a range of viscosities. Compounds capable of forming 
the liquid crystalline phase are long. flat. and fairly rigid about the long 
axis of the molecule. Liquid crystals are subdivided into two general 
types: those that are formed by the action of heat (thermotropic). and 
those formed by the action of solvents (lyotropic) on certain compounds. 
Both of these processes may be considered as a stepwise breakdown of the 
crystal lattice leading to the liquid crystalline state. Increasing amounts 
of heat or solvent result in the’L”omplete1y disordered state of an isotropic 
liquid or  a true solution for the thermotropic and lyotropic liquid crystals, 
respectively. Thermotropic liquid crystals can be classified as either 
enmtiotropic, for materials which form the liquid crystalline state both.on 
heating the crystalline solid or  cooling the isotropic liquid. or rnonotropic‘. 
for those that are formed only upon supercooling the isotropic liquid to a 
temperature below the melting point ofthe so1id.A monotropic mesophase 
is therefore metastable with respect to the solid. The ordering in the 
thmniotropic and lyotropic phases can be classified as  either smectic. 
nematic. or cholesteric (chiral nematic) as  discussed below. This chapter 
will deal exclusively with thermotropic systems. 

A. Smectic Phase 

The most ordered liquid crystalline phase is known as  the smectic phase. 
In Figure 1 is a schematic representation of the main features of this 
structure which is a parallel arrangement of the long axes of the molecules 
in layers. At least eight different modifications of the smectic structure 
have been identified or proposed3’. The work of Sackman and Demus3’ 
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FIGURE 1 .  Molecular arrangement of liquid crystalline phases. 

and of de Vries3' has revealed some of the details of the molecular arrange- 
ment of these phases, The most common smectic phases are designated as 
A, B. C. The smectic A modification corresponds to a parallel arrangement 
of the molecules perpendicular to the plane of the layers with a random 
arrangement of the molecules within the layer. The smectic C is similar to 
the A modification, except that the molecules are tilted with respect t o  the 
plane of the layers. The tilt angle may be temperature d e ~ e n d e n t ~ ~ . ' T h e  
smectic B structure' has long-range order within the layers, and the long 
axes of'the molecules may be perpendicular or at an angle with respect 
to the planes. De Gennes has proposed a notation B, and B, for these 
variations3". For compounds that contain all three of these phases. the 
order of occurrence with increasing temperature is B. C. A. 

I 

B. Nematic Phase 

In the nematic phase the long axes of the molecules are still oriented 
in a parallel fashion: however. the centres of gravity of the molecules are 
now randomly distributed (Figure 1). In contrast to the sinectic phase 
there is generally considered to be only one nematic phase. although 
de V r i e ~ ~ ~ .  on the basis of an X-ray photographic study of bis-(4'-ii- 
octyloxybenzal)-2-chloro- 1.4-phenylenediamine. has proposed the exist- 
ence of a cybotactic nenat ic  phase in  which there is additional ordei 
within the classical nematic structure. The turbid nematic phase is much 
less viscous than the smectic phase. 

C. Cholesteric Phase 

Although this phase is sometimes classified as a special type of nematic 
structure. the author believes that i t  should be treated as a separate class 
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because of its unique physical properties. The cholesteric phase (Figure 1) 
occurs only in optically active substances and corresponds to a twisted 
nematic layer which results in a helical structure. I t  consists of a layered 
structure resembling the sniectic phase. but each layer has an order 
characteristic of a nematic phase. The pitch of the helix is the thickness 
corresponding to a rotation through 360" and is typically 0.2-20 p i .  
The characteristic iridescent colour of the  cholesteric phase results from 
the selective reflection of one circularly-polarized component of light. 
The wavelength of the reflection band is determined by the pitch of the 
helical structure. Temperature. mechanical disturbances such as pressure 
or shear. and traces of organic vapour affect the pitch of the helix. which in 
turn results i n  various colour changes. The cholesteric phase is found in 
derivatives of cholesterol. but not in cholesterol itself. Materials t h a p  
possess the general shape of a typical neinatic structure but contair. an 
asymmetric carbon atom are also chole~teric~' .  This general class of 
liquid crystals is referred to as 'chiral nematic' to distinguish tliem from 
those derived from cholesterol for which the adjective 'cholesteric' 
is. used37. At one time. the helical structure of the cholesteric phase was 
attributed to steric in<eractions in cholesteryl niolecules which resulted 
in a slight displacenient'of one layer from the next. This is now known to be 
untrue, as the chiral rkmatic materials indicate. Gray3* has provided an 
example of the limiting case i n  which an optically active deuterated 
compound was shown to be cholesteric. The addition of optically active 
compounds to nematic materials also forms a cholesteric phase39. 
Although thermal transformations between the nematic and cholesteric 
phase d o  not occur. cholesteric materials with the opposite screw sense 
can be mixed in suitable proportions to give a compensated nematic 
liquid crystal'O. Electric and magnetic fields can force a cholesteric'liquid 
crystal into the nematic arrangement. 

D. Forces and Molecular Order in the Liquid Crystalline 
State I? 

The forces that are responsible for the long-range order in the liquid 
crystalline state have been the subject of inany recent papers"-5 I . These 
theories deal with the involveiiient and non-involvement of dipole-dipole 
attractions, induced dipole attractions. and repulsion and dispersion 
interactions in maintaining the &der  in the liquid crystalline state: they 
are at present in a state of flux. as the theories are being refined and 
chanzed to  accommodate new experimental data. Maier and Saupe"." 0 

have described the dezree of order within the nematic liquid crystal by an 
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orientational order parameter S (equation 1). where 0 is the angle 

s = 1/2(3COS’O - 1 )  ( 1  1 

between the long axis of a molecule and some preferred direction. S can 
be determined experimentally by several methods’’. For a perfectly 
parallel orientation. S = 1 and for the isotropic phase. S = 0. Typical 
values for nematic liquids near the isotropic point are between 0.3 and 
0.5. The thermal motion of the molecules tends to counteract this parallel 
orientation. which therefore results in a temperature dependence for the 
order parameter”. To a first approximation, the temperature dependence 
of the order parameter is reflected in the temperatiire dependence of  most 
physical properties of the nematic liquid crystals3. 

111. DETECTION AND IDENTIFICATION OF LIQUID 
CRYSTALS 

There are several methods that have been used to detect and identify 
liquid crystalline phases and their thermal transitions. These range from 
the simple observations of tlie melting behaviour in a capillary to the use 
of  differential thermal analysis. In addition. in  the course of studying other 
physic:il parameters. for example the dielectric anisotropy. phase tran- 
sitions sometimes are indicated by a sudden change in the value of the 
measured physical property”. 

A. Visual Observation 

The existence of liquid crystalline character i n  ii given substance can 
usually be detected by observing the melting characteristics ofthe material. 
I f  the substance is an enantiotropic liquid crystaS. the material is converted 
at tlie melting point into a turbid fluid which persists throughgilt the 
mcsoinorphic range until i t  becomes clear at the isotropic transition 
temperature. For materials with both ii smectic and a nematic phase. the 
smectic phase. because of its higher viscosity. adheres to the capillary 
walls. and at the snSectic-to-nematic transition the sudden change in 
viscosity is readily apparent as the less viscous nematic phase flows to the 
bottom of the,capillary. In many cases. the transition temperatures 
obtained in thls fzishion for the smectic-to-nematic transition are very 
reproducible. For monotropic liquid crystals. the substance will exhibit 
the usual sharp melting chara -.tics. bccomin_g a clear isotropic liquid. 
Upon supercooling to ii tern ure below the melting point. a turbid 
fluid is obtained. Some materials supercool more readily than others. 
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and the mesomorphic phase is easily detected while other materials 
crystallize so easily that the monotropic phase goes undetected. Chol- 
esteric niaterials are often indicated by the appearance of the character- 
istic iridescent colours somewhere within its liquid crystalline range. The 
shortcomings of this method are obvious. since i t  is normally impossible 
to detect any of the smectic-to-smectic thermal transitions, and in some 
cases the solid-to-smectic transition is not clearly defined. It should be 
noted, however. that for preliminary investigations of a large number of 
compounds, this method offers much in the way of efficiency. 

Another visual or  optical method of detecting mesophases is by the 
microscopic study of their textures’. Most recently Sackman and Deinus3 
have used this method in connectioie with their miscibility studies of 
polymorphic liquid crystals. The preparation and identification of these 
textures can be difficult. and the optical method is usually used in con- 
junction with the thermal analytical methods discussed in the next 
section5’. 

B. Thermal Methods of Liquid Crystal Detection 

The availability of precision instruments for use in quantitative thermal 
investigations has provided the researcher with another means for the 
detection and identification of liquid crystalline phases56. Differential 
thermal analysis or  differential scanning calorimetry are the most fre- 
quently employed. The thermodynamic order of liquid crystalline systems 
has been reviewed by Porter5’. I t  has been generally assumed that the 
largest heat of transition was associated with the crystalline solid-to- 
mesomorphic transition. and that the remaining mesophase-to-mesophase 
and mesophase-to-isotropic transitions involved much smaller enthalpy 
changes”.”. Recently. several liquid crystalline compounds have been 
investigated in which the heat oftransition for a mesophase-to-mesophase 
transition is larger than that of the crystal-to-mesophase transition. This 
fact is n o  longer surprising in view of  the high degree of order associated 
with some sniectic phases. One such compound is 4-butyloxybenzal-4’- 
ethylaniline3’. 

IV. PREPARATION OF LIQUID CRYSTALS 

Since a detailed study of the chemistry and formation of the various 
functional groups has already been given in previous volumes in this 
series. we shall consider only the chemistry which has been used in the 
liquid crystal field. We shall restrict our attention to the recent synthetic 
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work. most of which has been in the area of relating mesomorphic prop- 
erties with changing molecular structure. Usually the work involves thc 
preparation of a homologous series of liquid crystals containing a given 
fiinctional group. o r  making a systematic change in the basic molecular 
structure, particular attention being paid to the accompanying change in 
the physical properties such as transition temperatures, dielectric aniso- 
tropy. dipole moments. or heats of transition. As mentioned in the 
precedinz sections. liquid crystals with low crystal-to-mesomorphic 
transition temperatures have been the primary goal of organic chemists 
in  recent years. Rather than giving an extensive list of the transition 
temperatures. we shall give some representative examples in each class of 
liquid crystals. which will indicate some of the lowest-melting materials 
that have been prepared. Other important physical properties will be cited 
MI h e re appropriate . 

In  order to limit the,!ength of this review, we shall not consider liquid 
crystals containing heterocyclic rings here. Recent work in this area is 
described in References 55-60. 

A necessary condition for the formation of the liquid crystalline state 
is a rod-shaped molecule with some degree of unsaturation which usually 
takes the form of two or  more aromatic rings connected by an  even- 
numbered functional group. This basic structure has various terminal 
substituents which range from small polar groups such as halogen atoms. 
cyano, or nitro groups to long-chain alkyl or  alkoxy groups. The following 
generalizations can be made with respect to the terminal substituents of 
liquid crystals and their mesomorphic transition temperatures. I n  general. 
predictions as to the crystal-to-mesomorphic transition temperature 
cannot be made: however. as  the carbon chain is lengthened. the tendency 
towards lower-melting materials is increased. Liquid crystals of moderatc 
chain length are normally purely nematic: increasing the length of the 
carbon chain leads to both smectic and nematic mesophases. and very 
long chain lengths usually give only smectic phases. As the polarizability 
of the terminal substituent is increased, the mesomorphic-to-isotropic 
transition temperaturmis also increased. Branching in the carbon chain 
may or  may not lead to lower-melting materials; however. it is found th2it 
the nematic-to-isotropic transition temperature is always decreased its a 
result of the increase in the width of the molecule. which therefore de- 
creases the lateral attractive forces which are responsible for liquid crystal 
formation. Lateral ring substitution. which increases the width of the 
molecule. also reduces the mesomorphic-to-isotropic transit ion tempera- 
ture. Lateral substitution has been found to lower the crystal-to-meso- 
ni o r p h ic t ra n si t ion t em pe ra t 11 re in  some system s. These gene rii 1 iza t i on s 
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are found to apply to most liquid crystalline systems. regardless of the 
functional group present in the molecule. 

The following sections will give a general description of the preparation 
and properties of the various liquid crystals o r g a n g d  according to their 
main functional group. The main functional group is defined as the 
I i n k ;I ge bet ween t he a r o ma t ic rings . 

A. Liquid Crystals Containing the Imine Group 

Liquid crystals containing the imine function are prepared by the 
condensation of the aromatic aldehyde and an aromatic ainine under a 
variety of conditions, which include heating the reactants with o r  without 
solvent or catalyst6', refluxing in e t h a n ~ l ~ ~ . ~ ~ ,  or  azeotropically removing 
the water in refluxing benzene with a sulphonic acid catalyst". In general. 
the desired liquid crystal is formed directly by this reaction. In some cases. 
however. a benzylideneaniline intermediate is first prepared which is then 
converted to the desired liquid crystal by a subsequent reaction. This is 
illustrated by equation (2) for the preparation of p-alkoxybenzylidine 
p-aminophenols (1). which are then converted to the ester or carbonate 
derivative with the appropriate acid chloride o r  alkyl 

chloroformate in the presence of pyridine ,gr t r i e t h y l ~ n i i i ~ e ~ ~ . 6 ~ .  Stein- 
striisser and P 0 h 1 ~ ~  have prepared some ester derivatives of 1 by first 
forming the  potassium salt. 

For  applications requiring liquid crystals with very high resistivity, 
it may be desirable to avoid the use of the sulphonic acid in the preparation 
of the liquid crystal. since the final traces of the catalyst may be difficult 
to remove. 

Representative examples of terminally substituted benzylideneanilines 
are given in Table 1. Most notable is N-(phethoxybenzy1idene)-p-rl- 
butylaniline (MBBA)'*. which is a relatively stable. room-temperature 
nematic inaterial that has a negative dielectric anisotropy7'. 



c
 

0
 

N
 

T
A

B
L

E
 

I. 
Su

bs
tit

ut
ed

 b
en

zy
lid

en
ea

ni
lin

es
 

Co
mp

ou
nd

 
R 

~~
~~

~ 

R
' 

T
ra

ns
iti

on
 t

em
pe

ra
tu

re
('C

) 
R

ef
er

en
ce

 

10
 

CA
H

'PO
 0

 I1 
t-
 

II
 

,H
,-C

-O
 

12
 

C
N

 

K
22

N
48

1 
K

37
N

80
1 

K
7S

46
N

75
1 

K
65

S7
1N

75
1 

M 
10

7N
 I3

31
 

K
41

N
59

1 

K
71

S7
5.

51
 

K 
34

.5
N

 56
.6

 I 
K

62
.7

N
94

.2
1 

68
 

I-
 

68
 

?1
 <
 

w Y
 

62
 

3
 

61
 

2
 

61
 

63
 

2 
63

 
63

 
69

 

1<
69

N
I 1

51
 

66
 

K
53

N
 1 

12
1 

67
 

K
73

.2
S8

24
N

 1
07

.5
1 

71
 



2. Liquid crystals with X=Y groups 103 

One important correlation of structure versus transition teinperature 
can be made by comparing compounds 6 and 7 in Table 1. where it is 
found that the replacement of an oxygen atom adjacent to the phenyl 
riiig with a methylene group results in  a decrease in all the transition 
temperatures for the resulting liquid crystal. In this example the crystal- 
to-nematic transition temperature has been decreased by 66 “C as a result 
of this structure modification. Thus. terminal alkyl substitutioi., can lead 
to 1 ower- inel t i n g 1 iq u id cry s t a 1 s. 

In addition to MBBA. another material which has stimulated a con- 
siderable amount of theoretical and experimental interest is N-p-cyano- 
benzylidene-p-ri-octyloxyaniline ( 1  2 in Table I ) .  In particular. this 
compound *‘is thought to have it second order nematic-smectic A phase 
transition”. Recently Torza and Cladis7’ have provided evidence that 
this transition is weakly first order. 

The preparation of laterally substituted benzylideneanilines has been 
described by van der Veen73 and  other^'^.^'. Most of these materials were 
found to melt at a lower temperature than the corresponding unsubstituted 
materials: however. the accompanying decrease in the nematic thermal 
stability was such that most of the materials resulted in very narrow 
enantiotropic nematic phases or monotropic character (2). 

X = H. K101N1131: X = CH,, K61N641 

One of the problems associated with the use of benzylideneanilines in 
practical applications has been the relative instability of the imine linkage. 
The preparation of some o-liydro..uy-substitiited liquid crystals. which are 
stabilized through hydrogen bonding7‘. has been described. These 
materials appear to be chemically more stable than the corresponding 
unsubstituted materials. I n  general. o-hydroxy substitution increases the 
temperature of both the cry s t a 1 - t 0- n em ii t i c a n d the n e m a t i c-lo- i so t ro p ic 

i transition. a s  indicated for the hydroxy analogue of MBBA (3). 

OH 

(3) 

K45N651 
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This class of liquid crystals appears to be an exception to the general rule 
that increasing the width of the molecule decreases the nematic-to- 
isotropic transition temperature. However, this should be considered as a 
special case, since it would be expected that internal hydrogen bonding 
will increase the overall polarizability of the molecule. which accounts 
for the increased thermal stability of the mesophase. 

A series of bis(4'-n-alkoxybenzal) 1,4-phenylenediamines (4) was pre- 
pared by Gray and coworkers77 in 1955 and more receRtly reinvestigated 
by Arora and coworkers7' who have detected a multiplicity of smectic 
phases in  these materials. The heptyloxy derivative is reported to have 
eight first-order phase transitions. Ar01-a'~ has also prepared a similar 
series derived from 2-chloro- and 2-methyl- 1,4-phenylenediamine which 
exhibits low transition temperatures as a result of the lateral substituent. 

(4) 
Terephthal-bis-butylaniline (TBBA) (5) is of interest since it  has been 

shown to have the smectic A. C, B. and the nematic phases0. The t i l t  
angle of the sinectic C phase is temperature-dependent. This material has 
been studied by means of electron' ' and nuclear magnetic resonancex2. 
Additional metastable phases of TBBA have recently been de~cr ibed '~ .  

(5) 

K113SBl 44SC1 725~200N2361 

The preparation of several low-melting chiral nematic benzylideneani- 
lines has been described by Dolphin and coworkers". The active form of 
p-ethoxybenzal-p-(P-methylbuty1)aniline (6) is mesomorphic at room 
temperature. These materials are of interest since they can be combined. 
with the corresponding racemic compounds to give mixtures with varying 
pitches while all the other thermodynamic properties remain constant. 
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The preparation of the first optically active smectic liquid crystal (7) 
was described by Helfrich and Oh85. 

(7) 

K29S94C1471 

Since the occurrence of single-component. room-temperature liquid 
crystals is extremely rare, it has been necessary to mix two or  more 
low-melting materials which may result in  a room-temperature meso- 
morphic mixture. In most practical applications, this has been the general 
procedure for obtaining broad-ranged liquid crystalline materials 
spanning room temperature. In  the case of some Schiff-base mixtures. it 
has been found that the physical properties varied from preparation to  
preparation. Sorkin and DennyB6 attributed this to the formation of new 
compounds by an exchange reaction (equation 3). 

+ - + 
(3)  

This reaction had been studied previously by lngold and PiggottY7 
and more recently by Toth and coworkers88 who postulated an exchange 
reaction involving the interaction of a neutral and a protonated molecule. 
rather than a mechanism involving the free aldehyde and amine as sug- 
gesied by Sorkin and Denny. This reaction leads to an equilibrium that is 
practically independent of the substituents due to the sinall differences in 
the change in free energy of the reactants and products. The reaction i: 
catalysed by protons and other cations capable of quaternizing the 
azo 111 e t h i n e group. 

Some of the disadvantages of using liquid crystal inaterials containing 
the imine function have been their chemical and electrochemical instability. 
I n  this regard. several workersY9-" have carried out detailed studies 
using MBBA as a model system. 
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B. Liquid Crystals Containing the Nitrone Group 

Young and coworkersg3 have described the mesoin 
some liquid crystals containing the nitrone group 
intermediate hydroxylamine derivative was not isolated but w a s  allowed 
to react with the aromatic Bidehyde to give the desired product. All of the 
nitrones described were dialkoxy substituted and possessed very narrow 
mesomorphic ranges which melted above 100°C with some decomposi- 
tion. for example. N-(4-r~-octyloxyphenyl)-or.-(4-methoxyphenyl)nitrone 
(KI 12N12SI). This study provided enough data to indicate that this class 
of materials appears to be of little practical value. 

H 

C. Liquid Crystals Containing the lmido y l  Cyanide Group 

Van der Veen and de Jeug4 have prepared some alkyl- and alkoxy- 
substituted imidoyl cyanides (equation 5).  These materials were yello\v 

CI 

CI C N  (5) 

crystalline solids which formed monotropic mesophases well below their 
crystal-to-isotropic transition temperatures. The melting points were 
higher than those of the corresponding liquid crystals without the cyano 
group. The dielectric anisotropy of these materials was found to be slightly 
positive ( + 0.6). 

D. Liquid Ciystals Containing the Acetylenic Group 

Verbit and TuggyY5 have prepared a series of symmetrical p-alkosy- 
phenyr acetylene dicarbosylates (8). which had narrow nematic ranges 

6. 



2. Liquid crystals with X=Y groups 107 

or were monotropic. A comparison of these compounds with the bis-p- 
alkoxyterephthalates revealed that the replacement of a phenyl ring by 
an acetylene group resulted in lower crystal-to-mesomorphic transition 
tempera t u re s. 

Some ~,.p'-disubstituted diphenyl acetylenes have been prepared by 
Malthete and coworkersg6 by the rearrangement of some halogexited 
diary1 ethanes or  ethylenes in the presence of base (equation 6). Most of the 

\ Q 

/ 

Ar 

CH-CHX, 

Ar' 

\ 
Ar 

/C=CHX 
Ar 

/ 

al k y 1-21 I k o x y p 11 en y 1 -subs t i t 11 t ed mat eri a Is 

Arc-CAr 

that were prepared melted 
below 50 ?C. A comparison oSp.p'-diethoxyphenylacetylene (K 1621) 
with p-ethoxyplienyl-p'-pr-opylplieiiyl acetylene (K90N98.51) is another 
example of the significantly lower transition temperatures accompanying 
ti% substitution of a methylene group for an oxygen atom adjacent to the 
phenyl ring. The dielectric anisotropies of these materials were found to be 
negative for the dialkoxyphenyl-substituted inaterials and positive for- the 
a 1 k y 1 phen y I a 1 k ox y phen y l inat e r i a Is. 

These workers were also the first to successfully apply the Schroder- 
Van Laar equation to the calculation of the eutectic composition and 
transition temperature in binary liquid crystalline systems". Other 
examples of the use of this equation in  mesophase system can be found 
in the more recent Iiterat~ire"~"~. 

An electrochemical investigation of some of these diphenylacetylenes 
indicated that they are electrically more stable t h a n  MBBA "'O. 

0 
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E. Liquid Crystals Coj-rtaining the Ethylene Group 

J. P. Van Meter 

Young and coworkers"' have studied the mesomorphic properties of 
some dialkoxy-trans-stilbenes prepared according to either equation (7) 
or equation (8). These materials melted above 100°C with only monotropic 
niesophases observed. In this connection they devised the so-called 

R G: H 2- + P P h .,B r - (7) 

powder method for detecting monotropic mesophases. This consisted in 
preparing a fine powder of the crystalline material on a cover slide. After 
melting, the probability of super-cooling one of the small isotropic 
droplets to its mesomorphic state was thus increased. The same group'0' 
continued their work in the stilbene class by preparing some a-chloro- 
fraii.s-stilbene derivatives (equation 9), some of which melted below 35 "C. 

R+cH2 - - ! o w  PCI- b R-Q- T=I+r 
H (9) 

~/-4-(2-Methylhexyl)-4'-methoxy-a-chloro-r~~~~~.~-stilbene (K22N351) falls 
into the rare class of single-component. room-temperature materials. 
Unfortunately, these materials were found to be light-sensitive. thus 
detracting from their usefulness in practical  application^^^. 

Van der Veen and Hegge' O3 have prepared p-ethoxy-p'-hexyloxy-a- 
cyano-rr-nns-stilbene (K54N80.5 1) by the condensation of the correspond- 
ing benzyl cyanide and benzaldehyde. This material has a highly negative 
dielectric anisotropy (At: = -5.5 at 55°C)'"". 
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F. Liquid Crystals containing the Azo Group 

Steinstrasser and Pohl ' 0 5  have prepared some low-melting p-alkyl- 
p'-alkoxy and n-p-alkyl-p'-acyloxyazobenzenes (equation 10). Murase 
and Watanabe' O h  have prepared some p-alkyl-p'-alkoxy azobenzenes via 

R = alkyl or acyl 

a different route. The reduction of a p-alkylnitrobenzeiie gave the corres- 
ponding hydroxylainine in a 10-20 ?( yield. Subsequent oxidation with 
ferric chloride gave the nitrosobenzene. which was then condensed with a 
p-alkoxyaniline to give the desired liquid crystal (equation I I ) .  

ArNO, 9 ArNHOH ArN=O 

ArN=O + ArNH, ArN-NAr 

Van der Veen and his coworkers' "' have prepared some symmetrical 
p.p'-dialkylazobenzenes by the oxidation of p-alkylanilines with MnO, . 
Most of these d h k y l  substituted materials were low-melting. however. 
they exhibited only monotropic niesophases, with the exception of the 
diheptyl derivative (K40N471) and some longer-chained sniectic deriva- 
tives. 

A coinparison of the nematic-to-isotropic transition temperature with 
increasinz carbon chain lengths for a series of azobenzenes with dialkoxy. 
alkoxy alkyl, and dialkyl substituents has been made: O 8  which illustrates 
the decrease in the transition temperature as the oxygen content of the 
niolecu$- decreases. The dielectric anisotropy of the dialkylazobenzenes 
is positive. As the alkyl groups are replaced with alkoxy groups. At; 
becomes smaller but never reaches a negative value' 09. 

T a b k  2 contains seine representative examples of substituted azo- 
benzenes: as the crystal-to-mesomorphic transition temperatures are 
lowered by virtue of alkyl substitution. the resulting mesophase becomes 
less thermally stable. This behaviour is typical of all liquid crystalline 
systems, in that as the intermolecular forces responsible for holding the 
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crystal lattice together become weaker, so do the forces necessary for 
maintaining liquid crystallinity. 

T ~ R L E  2. Substituted azo and azoxybenzenes 

0 
t 

R R' -N=N- Reference -N=N- Reference 

OC,H, OC,H, K1351(124N) 3 K 1 07N 1 3; 3 
OC,H, K66N861 105 K40K 1021" 110 

' S H I l  C 5 H l  I K481(3SN) 107 K22N651 107 

Isomeric mixture. 

G. Liquid Crystals Containing the Azox y Group 

Steinst2Gsser and Pohl ' ' have prepared some p-alkyl-p'-alkoxy and 
p-alkyl-p'-acyloxyazoxybenzenes, which melt below 40 "C, by the oxidation 
of the corresponding azo compounds with hydrogen peroxide in acetic 
acid. Owing to the lack of stereospecificity in the oxidation of the un- 
symmetrical azo compounds. the resulting products were isomeric 
mixtures. The percent composition of the mixture was determined by 
n.ii1.r. spectroscopy. The azoxybenzene with butyl and methoxy sub- 
stituents can be separated chromatographically68 'or by fractional 
crystallization' to give the individual isomers. The structure of the 
individual isomers wits determined by spectroscopy using shift reagents' ' '. 
As would be expected. the mixtures obtained from the oxidation melt at 
lower temperatures than the correspFding pure components. The group 
of van der Veen'07 has prepared some p,p'-dialkylazoxybenzenes by the 
oxidation of the corresponding alkylaniline with hydrogen peroxide 
under basic conditions. The dibutyl derivative is a room-temperature 
nematic material (K  14N281). McCaffrey and Castellano have prepared 
some p-alkoxy-p'-acyloxy-azoxybenzenes' l 3  by the performic acid oxi- 
dation of the correspecding azo compounds. The transition tem9eratures 
of the intermediate azo compounds. along with some thennodynamic 
properties. of the azoxy compounds are given in this Taper. Additional 
p-alkyl-p'-alkoxyazoxybenzenes have been described by Murase and 
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Watmabe106. The melting points of the azoxy compounds are generally 
lower and the thermal stability of the mesophase is higher than the azo 
materials (Table 2). 

Van der Veen has prepared some o-hydroxyazobenzenes by employing 
a coupling reaction (equation I?),  followed by the alkylation via the 
potassium salt. to give the desired liquid crystal' IJ. One of these materials 
(9) was found to be a room-temperature nematic material (K17N821). 

OH 
I 

The alkyl-alkoxy derivatives were oxidized to the corresponding azoxy 
compounds. and in this case only one isomer was obtained (10). The 

(9) (1 0 )  
resulting azoxy compounds have higher crystal-to-nematic and nematic- 
to-isotropic transition temperatures than the corresponding azo com- 
pounds . 

The measured dielectric anisotropies of the dialkyl azoxybenzenes are 
positive, the dialkoxy derivatives are negativelog. De Jeu and collabo- 
rators1l5 have measured the dielectric anisotropy of two mixtures of the 
isomeric methoxybutylazoxybenzenes, from whkh they have determined 
the value of the individual components. 4'-Butyl-4-methoxyazoxybenzene 
(11) was found to have a positive dielectric anisotropy. but that of the 

other isom negative. The dielectric properties of di-ri-heptylazoxy- 
benzene, w as both a nematic and sinectic phase. have been investi- 
gated' 1 6 .  Near the smectic-to-nematic transition. the positive dielectric 
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anisotropy decreases and results in a change of sign as the material passes 
into the smectic phase. 

has revealed a 
second-order nematic-to-smectic phase transition for the di-ii-hexyl 
derivative' I *. 

A calorimetric study of the dialkylazoxybenzeiles' 

H. Liquid Crystals Containing the Ester Group 

Although cholesteric esters deviate from the previously defined des- 
cription of the main functional group. in that the X=Y group links 
aliphatic moieties. thisoclass of materials has been studied extensively. 
This work has involved preparation and study of various homologous 
series containing the basic cholesteryl structure' '' or  a modified steroid 
derivative. Recent work in the area of steroid modification and references 
to early work on cholesterics i n  general can be found in  a paper by Leder'". 
Cholesteric liquid crystals are relatively unstable to ambient conditions 
and the lack of long-term stability has caused problems in various practical 
applications such as temperature sensing. The stability can be improved 
by the use of U.V. absorbers and polymeric protecting medial". Most of 
the early work on cholesteric liquid crystals has been in the area of 
detect i on a n d de t e rm i n ii t i on of the transition tempera t u res : more recent 
work has dealt with the determination of the pitch"' and rotatory 
sense''3 of the material. 

Extensive investigations of liquid crystalline phenyl benzoate derivatives 
have appeared recently. The yellow colour of the azoxy compounds and 
the instability associated with Schiff bases have prompted work on  liquid 
crystals containing the ester function. Castellano and coworkers' 
have prepared some p-alkoxyphenyl p'-alkylcarbonatobenzoates (equation 
13). Several of these materials melted below 50 "C. Gray38 has reinvesti- 
c gated some of these materials and found diHerent transition temperatures 
for his inaterials which he has atti-ibuted to impurities in the Castellano 
preparations. Steinstriisser'" and Van Meter and Klanderman'2h have 
prepared a variety of p.p'-disubstituted phenyl benzoate derivatives which 
include some dialkyl-substituted niaterinls that are isotropic liquids at 
room temperature but have enantiotropic nematic phases below room 
temperature (2 in  Table 3 ) .  Both groups have prepared room-temperature 
nematic mixtures of these colourless esters. I t  is known that  the dielectric 
anisotropy depends upon the terminal substituents in the phenyl benzoate 
s y ~ t e r n ' ~ ' . l ~ ~  . TI ius, mixtures with either positive or  negative dielectric 
character can be prepared. Table 3 contains 11 list of some representative 
phenyl benzoate liquid crystals. 
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COOH 

OH 

0 OR 

c=o 

OR 
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SOCI, d '  
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I 
c=o 
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i j 0 

4 O  0 I 

I 

c=o 

OR 
I 

TABLE 3. Liquid crystalline phenyl benzoates 
0 

Compound 
number R 

Transition 
R' temperaturerc) Reference 

0 
II 

1 CSH11O-C-O OC,Hl3 K46N74I 103 
2 C7Hl5 C4H9 K9N 151, 125 

0 
II 

3 CBH 1 7  O-C-CSHI 1 K45N 60 I 125 
4 O C H  O C 4 b  K78N821 126 
5 ,  OCH, C5H I 1  K30N441 126 
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The preparation of some p-phenylene esters of p-substituted benzoic 
acids and some p-substituted phenyl esters of terephthalic acid have been 
described by Dewar and GoldberglZ9. These materials are characterized 
by having a nematic phase of relatively high thermal stability as indicated 
by a high nematic-to-isotropic transition temperature. Arora and co- 
workers'30 have also prepared a series of phenylene esters in which the 
effect of a lateral methyl group on the transition temperatures was in- 
vestigated. A typical comparison is found in 12. The introduction of the 
methyl group results in a decrease in the transition temperatures of all 

X 

(1 2) 

X = H, K124N2131; X = CH,, K88N1721 

phases; this has been attributed to the broadening of the molecule, as 
well as to the change in molecular conformation. I t  is also assumed that 
the increased dissymmetry, resulting from the methyl group. ?eads to less 
efficient packing in the crystal lattice and therefore lowers the crystal-to- 
mesomorphic transition temperature. 

Haut and coworkers'31 have prepared some unsy~nmetrical p-phenylene 
di-p-alkoxybenzoates according to equation (14). Although the pre- 

I 

COCl 
1 

0 

paration of the p-hydroxyphenyl p-alkoxybenzoates (13) involved the 
use of a large excess of hydroquinone. some symmetrical ester was usually 



2. Liquid crystals with X=Y groups 115 

produced which had to be removed prior to the formation of the un- 
sys:;metrical liquid crystalline esters. An alternative method for the 
preparation of these intermediates comes to mind, which involves the 
reaction of a p-alkoxybenzoyl chloride with p-benzyloxyphenol, a com- 
mercially available compound, to give a protected phenyl benzoate ester. 
Catalytic hydrogenolysis would give the desired intermediate (13) with 
toluene as the only by-product. The results of this work indicate that 
increasing the dissymmetry of the molecule by unsymmetrical terminal 
substituents is not as effective in lowering the crystal-to-mesomorphic 
transition temperatures as the introduction of a lateral substituent into 
the aromatic ring. 

Several other investigators have studied the dibenzoate esters exten- 
sively in the hope of obtaining nematic liquid crystalline materials with 
low crystal-to-nematic transition temperatures. Young and collabora- 
tors' 3 2  have prepared some ring-methylated phenyl benzoyloxybenzoates 
(equation 15). The preparation of these materials involved the formation 

of intermediate 4-(4'-substituted benzoy1oxy)benzoic acids (13a). These 
materials were obtained in 50-80"/, yields by a procedure that involved 
a 4-h reflux in aqueous dioxane to hydrolyse the acid anhydride impurity 
formed in the reaction. The subsequent reaction of these intermediates 
via the acid chloride gave the desired liquid crystals. The materials 
prepared consisted of terminal butyl and ethoxy groups with one or more 
lateral methy+goups orrho to the oxygen of the ester linkage. The I 
melting material in this study had a crystal-to-nematic transition tempera- 
ture of 91°C (i in Table 4). 
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TABLE 4. Substituted phenyl p-benzoyloxybenzoates 

0 0 

X' Y 

Compound Transition 
number R X Y  R' temperature Reference 

I C4Hy  H C H ,  OC,H5 K9 I N 1791 132 
2 C,Hy H H C4HY K89N I831 133 
3 C 5 H l ,  H CI C5Hl I K67N I301 134 

5 C,H, ,  CI H C7H 1 5  K39N 1051 134 

7 CN CI H C7H15 K69N 1601 136 

4 C S H l 1  CI H C5Hl l  K39N 1221 134 

6 C7H15 CI H K33N 1 141 I35 

Steinstrasser' 3 3  has also prepared some substituted phenyl benzoyloxy- 
benzoate liquid crystals. He prspared a variety of terminally substituted 
materials without lateral substitution ; the lowest-melting material he 
obtained was the dibutyl derivative (2 in Table 4). 

' 3 7  ha ve also investigated the phenyl 
p-benzoyloxybenzoate system. I t  was shown that the crystal-to-meso- 
morphic transition temperatures of the unsymmetrical materials were 
significantly lower than those of the corresponding isomeric liquid 
crystals derived from hydroquinone or  terephthalic acid. These materials 
were prepared in two steps: the first involves a H,SO,/H,BO, catalysed 
reaction of p-hydroxybenzoic acid or  a chlorinated derivative and an 
alkyl- or  alkoxy-substituted phenol to give the substituted phenyl hydroxy- 
benzoate intermediate (equation 16). This combination of catalysts was 
discovered by Lowrance13* as  a new method for the direct esterification 

Van Meter and Klanderman 

F O O H  

I 
OH 

I 
OH 
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of phenols, and was applied with remarkable success to the pieparation 
of these liquid crystal intermediates (14). The reaction was found to be 
very selective and free of polymer, the reaction occurring exclusively 
with the hydroxyl group on the phenol. The reaction of 14 and a benzoyl 
chloride gave the desired liquid crystal. From this study i t  was concluded 
that the combination of terminal dialkyl substituents and lateral chloro 
groups or-tho to the carbonyl function of the ester provided low-melting 
materials. Mixtures of these materials have provided room-temperature 
compositions; for example, a 1 : 1 by weight mixture of compounds 4 and 
5 in Table 4 has a nematic range of K5N I 1 1 I ' 39. Other dialkyl-substituted 
phenyl benzoyloxybenzoates with lateral chloro substitution were pre- 
pared by Van Meter and Seide113'. The lowest-melting compound 
obtained in this work was 6 (Table 4), melting at  33 "C, 

A dielectric study'36 has indicated that the inherent dielectric aniso- 
tropy (measured at  10 kHz) for the liquid crystals derived fiom hydro- 
quinone or terephthalic acid is negative, whereas it is positive for the 
phenyl benzoyloxybenzoate system. As would be expected, structural 
changes of the basic system can modify o r  change the sign of the dielectric 
anisotropy. The dielectric anisotropy of 7 in Table 4 has been found to be 

Klanderman and Criswelll"o have prepared some chiral nematic 
liquid crystalline esters derived from optically active 4-(2-nzethylbutyl) 
benzoic acid. Low-melting materials with broad nematic ranges were 
found for the compounds in the phenyl p-benzoyloxybenzoate series. 
These liquid crystals are expected to have improved stability compared to 
conventional cholesteric compounds. 

* +35 a t  97"c '36.  

I. Liquid Crystals Containing the Biphenyl Nucleus 

Before leaving the preparative chemistry of liquid crystals, mention 
should be made of the recent work of Gray and coworkers'"' who have 
prepared some low-melting cyanobiphenyls, for example, 4'-u-pentyl-4- 
cyanobiphenyl (K23N351). In theory, the stability probieris associated 
with the central linkages could be eliminated by removing the linkage as 
in the biphenyls. However, it has yet to be demonstrated whether or not 
these materials will be the ultimate in liquid crystals as far as stability in 
various applications is concerned. There has been one report'"' of 
erratic changes in the resistivity of these materials. Gray and coworkers143 
have also prepared an optically active biphenyl which is not mesomorphic; 
however, it does induce cholesteric properties when combined with 
mixtures of the other liquid crystalline biphenyls. 
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V. COMMENTS ON MESOPHASE THERMAL STABILITY 

Of the many empirical generalizations that have been made in the course 
of studying liquid crystals, one of the more useful is a comparison of the 
relative thermal stability of the mesophases: a high thermal stability is 
reflected in a high mesophase-to-isotropic transition t e m p e r a t ~ r e ' ~ ~ .  
The lerigth of the mesomorphic range is /lot an indication of high thermal 
stability, as had been reported in one paper'45. I t  has recently been 
pointed out that mesophase-to-isotropic transition temperature is not a 
reliable guide to the intermolecular forces associated with the liquid 
crystalline state146. However, considerations of the mesophase-to- 
isotropic transition temperature in relation to structural changes can give 
some insight into the anticipated thermal properties to be expected from a 
given liquid crystalline material. One example of this is the oxygen- 
methylene exchange which has been discussed in the previous sections. 
Another example is a comparison of the influence that various functional 
groups have on mesomorphic thermal stability. This comparison has 
been made by several workers"'.' 1 3 * 1 2 6 . 1 4 7 ,  the most comprehensive 
being that of Rondeau and collaborators' 1 2 .  who have prepared a series 
of diary1 derivatives all with methoxy-butyl terminal substituents. The 
order obtained, which is in agreement with the other workers, is as follows: 

-CH=CH- 

This order is of interest in that one is able to  predict the relative meso- 
phase thermal stability to be expected with respect to a change in the 
central linkage. For example, the fact that the dialkyl-substituted phenyl 
benzoates are very low-melting isotropic liquids is understandable as we 
have incorporated two structural changes, dialkyl substituents and an 
ester linkage, both of which have weak intermolecular cohesive forces. 

No  discussion of liquid crystals would be complete without mention 
of the well-known even-odd effect in the nematic-to-isotropic transition 
temperatures and entropies, which is found for homologous series of 
liquid crystals. As a carbon chain is lengthened, the nematic-to-isotropic 
transition temperature may either increase or  decrease depending on the 
number of atoms in the terminal substituents. The amplitude of this 
change decreases with increasing carbon chain lengths"'. A theoretical 
discussion of these facts in terms of the ordering of the molecular end 
chains has been given by Marcelja'48. 
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VI. APPLICATIONS OF LIQUID CRYSTALS 

119 

The driving force behind the intensive ir@.rest in liquid crystals is the 
utilization of their unique physical properties. in particular in the area of 
electrooptical applications, which include seven-segment display panels, 
television screens, and point-of-sale advertising panels. Both black- 
and-white and colour imaging systems are theoretically possible'4y. 
Some of the advantages of liquid crystal displays are low operating 
voltages, low power consumption, ability to withstand high levels of 
ambient light (liquid crystals modulate existing light rather than 
generate their own light). Some of the problems associated with liquid 
crystal cells include difficulty in cell fabrication, molecular surface 
alignment problems. lifetime, response times, and contrast ratio and 
viewing angle considerations. 

Liquid crystals can also be used in temperature sensing, chromato- 
graphy, as ultrasonic image detectcis, and as solvents for spectroscopy. 

A. Electroop tical Applications 

Electric and magnetic fields are capable of inducing molecular re- 
orientation in liquid crystals which are reflected in a variety of optical 
changes. For practical applications, electric fields are generally employed. 
Most applications involve the use of nematic liquid crystals, although 
there are some electrooptical effects reported involving smectic phases. 
Cholesteric liquid crystals can be used in conjunction with nematics to 
give systems capable of storing information. The liquid crystal cell is 
essentially a parallel-plate capacitor composed of two conducting 
electrodes with the liquid crystal as a dielectric, and at least one of the 
electrodes is transparent. The liquid crystal layer is usually 10-20 pm 
thick and is separated by suitable spacers. The liquid crystal material is 
normally purified to a state qf high purity and resistivity (lO'o-lO1' ohm 
cm) by means of recrystallization, distillation, chromatography, or zone 
refining' 5 0 ,  or by the use of electrodialytic  membrane^'^'. The material 
can then be doped to change its c o ~ i d u c t i v i t y ~ ~ ~  or its alignment proper- 
ties" depending on the type of electrooptical effect for which it is 
intended. 

The construction of a liquid crystal cell requires surface preparation for 
uniform orientation of the liquid a-ystal. This is required in order to give 
thk maximum transparency in the off or unexcited state as w e l i s f o r  the 
overall quality of the device. Although many methods of surface prepara- 
tion have been developed. there appears to be no  universal method that 
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applies to all liquid crystalline systems. Usually the optimum surface 
treatment must be determined for each liquid crystal composition' 5 3 .  

There are basically two types of surface orientation. One results in an 
alignment such that the long axes of the molecules are perpendicular to 
the cell surface (homeotropic), and the other is one in which the long axes 
of the molecules are parallel to the surface (homogeneous). 

A recent review23 adequately covers some of the early technology, 
which includes rubbing and chemical cleaning. Newer methods include 
the absorption of a mono-layer of a quaternary ammonium salt on the 
cell surface' 54*155 ,  vacuum depositing materials such as gold, silicon 
monoxide, or  copper156, and polymeric films15'. Kahn15* has described 
some silane coupling agents that interact with the surface to produce a 
permanent bond to the substrate. Silane coupling agents are available that 
will aid both types of surface alignment. 

There are two main mechanisms by which an electric field interacts 
with the liquid crystal to produce the various electrooptical effects. One is 
purely dielectric and the other involves a condition-induced electrohydro- 
dynamic interaction. The most common dielectric effects are induced 
birefringence, twisted nematic effect, the guest-host interaction, and the 
cholesteric-to-nematic phase change' 5 * 2  '.' 5 9 .  Dynamic scattering and the 
storage effect involve electronic conduction. 

The dielectric anisotropy (As) is the material parameter that deter- 
mines the molecular orientation of the liquid crystal with respect to an 
electric field. I t  is defined as E ~ ~ - E .  where ell and cl are the dielectric 
constants measured parallel and perpendicular to the long axis of the 
molecule. The dielectric anisotropy may be either positive or negative 
depending on whether the direction of maximum polarizability is parallel 
or perpendicular to thca'.mg axis of the molecule'60. This can usually be 
determined by consideration of the magnitude and direction of the 
permanent dipole moment. I n  particular, the sign is always positive 
when the dipole moment is parallel to the long axis of the molecule'60''61. 
In the case of p,p'-di-n-heptyloxyazobenzerie, the dielectric anisotropy 
is positive even though the molecular dipole moment is perpendicular to 
the long molecular axis. For this c o m p o p d ,  the direction of maximum 
polarizability is parallel to the long axis of the molecule, thus accounting 
for the positive anisotropy'60. The dielectric anisotropy is dependent on 
temperature and frequency16 '. 

Once the dielectric anisotropy of a given compound is known, the 
molecular reorientations under the influence of an electric field can be 
understood easily and the mechanisms of the various electrooptical 
effects can be qualitatively visualized. For a material with a positive 
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dielectric anisotropy and an initial homogeneous alignment, application 
of an electric field perpendicular to the electrode will result in a re- 
orientation such that the directiofi of maximum polarizability of the 
molecule will be parallel to the field (Figure 2). A similar rearrangement is 
possible with negative materials and an initial homeotropic alignment. 
These effects are known as Freedericksz  transition^^^.'^^. 

A €  pos 

Field off Field on 

-tt 
A6 neg - ++++: 

Field off Field on 

FIGURE 2. Electric field orientations. 

Two representative electrooptical effects that require materials of 
different dielectric anisotropy and operate by different mechanisms will 
be given as illustrative examples. Other electrooptical effects along with 
their associated optics have been adequately discussed elsewhere' 5 . 2  '. 
One of the most widely investigated effects is t%e twisted nematic field 
effect' 62, which requires a material with a positive dielectric anisotropy 
and a high resistivity. The basic cell configuration consists of a homo- 
geneously aligned liquid crystal cell that has one cell wall rotated 90" 
from the other with respect to the alignment direction. In a transmissive 
device between cross-polarizers the cell is transparent. The application 
of an electric field perpendicular to the cell surface forces the molecules 
away from the cell surfaces to assume a homeotropic alignment. The 
transmitted light is now extinguished. Removal of the electric field allows 
the molecules to relax back to their initial state, and the cell becomes 
transparent again. This effect is purely dielectric in nature. 

Dynamic s ~ a t t e r i n g ' ' ~  is another widely studied electrooptical effect. 
This effect requires a material with a negative dielectric anisotropy and a 
certain amount of conductivity. For a cell with an initial homogeneous 
alignment. the application of an electric field will cause the molecules to 
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change from this di$;:ctrically stable orientation as a result ot an electro- 
hydrodynamic interaction. This conduction-induced turbulence causes 
birefringent regions which strongly scatter light. The liquid crystal cell 
goes from clear to frosted upon application of the electric field. 

An application involving the use of cholesteric materials is known as the 
storage effect‘“. The composition used for this effect usually contains a 
nematic material with a negative dielectric anisotropy to which about 10 % 
of a cholesteric material is added. The application of an electric field 
induces electrohydrodynamic instabilities similar to dynamic scattering. 
After removal of the field, the resulting scattering state remains. This 
scattering texture is caused by the random helical structures induced by 
the cholesteric material. Upon application of an electric field of high 
frequency, a dielectric effect takes over and unwinds the helix to the 
initial, clear, non-scattering state. This same storage effect can also be 
obtained by the addition of optically active materials to nematic 
materials’ 6 5 .  

Primarily as a result of the inherently higher viscosity of the smectic 
phase. electrooptical effects utilizing this mesophase are rare. An inter- 
esting use of a smectic liquid crystal described by Kahn’66 involves rapid 
cooling from the isotropic phase of a smectic material with a positive 
dielectric anisotropy. The rapid cooling freezes in the disorder character- 
istic of the isotropic state and the resulting texture is therefore capable 
of light scattering. Local erasure can be accomplished by heating to the 
nematic or  isotropic state, followed by slow cooling to the non-scattering 
homeotropic texture. A faster response is obtained by the simultaneous 
application of an electric field, which dielectrically assists in forming the 
homeotropic texture. The latter field-induced reorientation results in 
high-speed erase capabilities. 

In order to interface with today’s microsecond technology, the response 
time of the liquid crystal device is of critical importance. Some recent 
observations will be mentioned. Response times can be improved or 
changed by several different methods. The doping of materials used in 
dynamic scattering improves the rise timei5’. The‘initial alignment of 
dynamic scattering cells affects the response t i~nes’~’ .  Homeotropically 
aligned cells are slower than homogeneously aligned cells. apparently 
because for homeotropic alignment the molecules must first realign in 
keeping with the negative dielectric anisotropy. The turn-off times of some 
devices have been observed to be dependent upon the type of treatment 
given the cell surface prior to cell construction la’. 

The turn-on time of the device can be increased by increasing the applied 
field. On the other hand. the decay time is dependent on the elastic 



2. Liquid crystals with X=Y groups 123 

constants and viscosity of the material. There are some ester-containing 
liquid crystals a ~ a i I a b l e ’ ~ ~ * ’ ~ ~  that show a dielectric loss in E~~ at fre- 
quencies of several kHz. For materials with a positive dielectric aniso- 
tropy, this results in a change of the sign of the dielectri:: anisotropy with 
a change in frequency. Use of this fact can result in a decrease in the decay 
time of the liquid crystal d e v i ~ e ’ ~ ~ * ’ ~ ~ * ” ~ .  This simply involves a change 
in frequency, such that the dielectric anisotropy changes sign. The return 
to the initially aligned state is therefore dielectrically assisted by the 
high-frequency electric field, which decreases the decay time. This effect 
should find wide use in the practical application of liquid crystal 
devices. 

B. Spectroscopic Studies with Liquid Crystals 

The use of liquid crystals in u.v., i.r., e.s.r., And n.m.r. spectroscopy has 
become widespread in recent years’ 8 . 1 7 1 - 1  7 2  . N.m.r. and e.s.r. studies 
have been the most prevalent. Information concerning the nature of the 
liquid crystalline phase itself can be obtained81*82, or the liquid crystalline 
phase can be used as a solvent which can provide information such 
as conformational preferences and bond lengths for the dissolved 
solute’ 73. 

C. Liquid Crystals as Reaction Solvents 

The possibility of altering the course of chemical reactions by con- 
ducting them in liquid crystalline solvents has been considered for some 
time. It has been demonstrated recently by Dewar and N a h l ~ v s k y ’ ~ ~  
that for the Claisen rearrangement of cinnamyl phenyl ether in a nematic 
solvent, no change of the reaction products or rate occurred, even under 
the influence of a magnetic field which would increase the orientation of 
the nematic phase’ 7 8 .  

0. Temperature and qclvent Sensing 

Depending on the pitch of the helix, cholesteric liquid crystals may 
selectively reflect light in the visible region of the spectrum. The pitch is 
temperature dependent and therefore. may be used to monitor tempera- 
ture changes via colour changes. This technique has been applied to 
industrial uses, such as detecting short circuits on circuit boards and in 
the biomedical area for the detection of skin tumours. Low levels of solvent 
vapour. such as chlorofomi or benzene. can $so change the pitch, which 
provides a means of solvent detection’ 75. 
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E. Liquid Crystals in Chromatographic Separations 

The use of liquid crystals as stationary phases in chromatographic 
separation of structural isomers has been studied extensively' 7G.' 77. 
The selectivity of liquid crystalline phases is a consequence of the molecular 
order. The observed chromatographic selectivity is a result of several 
factors including molecular shape. polarity, polarizability, and flexibility 
of the solute molecule. Work in this area is still in the early stages. The 
optimum conditions must be determined for each type of separation to be 
studied. 

VII. CONCLUSION 

Interest in liquid crystals has grown considerably in the last several years. 
At present there are approximately 5000 references to liquid crystals and 
their uses. The author has attempted to cover most of the areas of interest, 
citing the most recent references. The interested reader can refer to the 
references included in these papers to locate most of the prior work in 
any given area. 

Many promises and predictions of a bright future for liquid crystals 
have been made during the last 10 years. The application of liquid crystals 
has been difficult to implement. There are probably two reasons for this. 
The first is due to the very reason they are useful in the first place; that is. 
the liquid crystalline state is very sensitive to all types of stimuli, and 
therefore, it is sometimes difficult to isolate the desired effect from 
extraneous interactions that may interfere with the desired application. 
The second involves the concept of technological coupling, which results 
from the fact that most of the interesting liquid crystal effects. especially 
in the electrooptical field, are relatively new and to a certain extent un- 
developed ; and the necessary coupling to m o x  sophisticated technology is, 
as expected, difficult. The future in liquid crystals will show continued 
effort to bring liquid crystal devices to the market place and an increase 
in our fundamental understanding of the structure and forces involved 
in the liquid crystalline state. 
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The more extensive a man’s knowledge of what has been done, the greater 
will be his power of knowing what to do.-Disraeli 

I. INTRODUCTION 

This chapter is concerned with the recent advances that have occurred 
in the thermochemistry of X=Y groups. By ‘recent’ is meant since the 
publication around 1970 of the two excellent Stuhl, 
Westrum, and Sinke’s, The Cheiriical Therinodviiainics of Orgoiiic Coin- 
pounds. and Cox and Pilcher’s. Theri~rocheiriistr,~ of Orgaiiic oird Orgniio- 
rnetallic Compoitnds, and of the Cheinical Reviews.3pper3 on the estima- 
tion of chemical thermodynamic properties of organic compounds by 
group additivity. The therniochemistry of C=O compounds has recently 
been reviewed by Benson and Eigenmann“. The thermochemistry of 
C=N and N=N compounds have been treated in chapters in this 
series5e6. A check of one of the primary sources of thermochemical 
information, I U PAC’s annual Birllrtiii qf’ TIierinochei~iisri.~i m d  Tlreriiio- 
dyrioinics shows that only a few papers have been published in the field 
of C=C compounds. 
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The main thrust of this review will therefore be on two important 
unpublished  paper^^.^ on Electrostatics arid the Ckeinical B o d ,  on a 
collection of the latest group values for estimating thermochemical 
properties, and on some recent experimental work. Only ground state 
molecules will be considered. 

Following earlier reviews in this series, the main thermochemical 
quantity of interest is the heat of formation for the ideal gas state at 
298 K (25°C). IUPAC9 have recommended that the symbol for this 
quantity be denoted ArHft, (chemical formula, g, 298-15 K). All the values 
discussed here will be for the ideal gas state at  298-15 K, so the symbol 
for heat of formation will be abbreviated to AfHt (chemical formula). 
IUPAC have also recommended that the units should be joules/mole, 
abbreviated J/mol. In keeping with these recommendations, all heats in 
this review will be in units of kJ/mol, with the previously accepted unit of 
kcal/mol in parentheses. The conversion factor is cal = 4.18 J. 

11. ELECTROSTATICS AND THERMOCHEMISTRY 

What appears to be the most significant development of the decade in 
understanding the therinochemistry of organic molecules has just been 
made by Benson and L ~ r i a ’ . ~  and by Palm”, working independently. 
Benson and Luria have proposed simple electrostatic models that account 
for the heats of formation of all ii-alkanes. for branched alkanes up to 
C,, and for the unsaturated hydrocarbons, alkenes, alkynes, and aromatic 
compounds. For the present purposes we will be concerned only with the 
alkanes and the alkenes. 

A. Electrostatic Model for Alkanes 
0 

In the electrostatic model’, the C-H bond is polarized so that the 
hydrogen atom carries a positive charge. +y. and tJie carbon atom has a 
neutralizing negative charge, -JY. In  this model methane has four hydro&n 
atoms, each with charge +y, and the central carbon atom therefore 
carries a neutralizing charge, -44~. The alkanes, methane, ethane. propane, 
2-methylpropane, and 2,2-dimethylpropane are shown in Figures 1 to 5.  

FIGURE 1 .  The electrostatic model for methane. 



3. Thennochemistry of X=Y groups 

f 3  

6 
FIGURE 2. The electrostatic model for ethane. 

FIGURE 3. The electrostatic model for propane. 

@H 
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FIGURE 4. The electrostatic model for 2-methylpropane. 
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FIGURE 5. The electrostatic model for 2,2-dimethylpropane. ,- 

In 2,2-dimethylpropane, the central carbon atom has no hydrogen atoms 
bonded to it, and therefore the central carbon atom has no charge. 

The electrostatic static energy, E,,, for any molecule arises from the 
interactions along all the C-H bonds in the molecule. In general, 

t 

where ri,i is the distance between charges qi and q j  Since all the hydrogens 
have the same charge, namely +y, and all the carbon atoms have a 
balancing charge, - riy,  where n is the number of hydrogen atoms bonded 
to that carbon atom. equation (1) reduces to, 

I 

where the term in brackets is independent of y and depends only on the 
geometry of the molecule. I t  turns out that E,, is not very sensitive to 
small changes in the geometry of the molecule. 

The value for y was found by attributing the heat of isomerization of 
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alkanes to differences in electrostatic energies. The result was 
1171 = 2.78 

Benson and Luria' then showed that the heats of formation of the 
alkanes could be represented by the simple formula: 

0.5 x lo- ' '  esu = 5.81 _+ 1 x electronic charge. 

AcHk(CnH2,+2, g, 295 10 = -201 + 1) - 0.5 + E,1(CflH2,,+2) (3) 

Heats of formation of alkanes calculated by Benson and Luria, using 
the electrostatic method from equation (3), are compared with observed 
values in Table 1. 

TABLE 1. Heats of formation of alkanes [A,H:(g, 298 K)] calculated by the 
electrostatic method compared with observed values" 

~ ~ ~~ 

Compound 0 bserved Calculated A(o b s s a  Ic) 
kJ/mol kcal/mol kJ/mol kcal/mol kJ/mol kcal/mol 

CH, - 74.8 
C 2 H 6  - 84.4 
C3H* - 103-7 
/1-C,H 10 - 125.8 
I-CdH 10 - 134.2 
/1-C5H12 - 146-7 
i-C5 H 1 2 - 154.2 
rieo-C,H - 168.4 
)1-C6H14 - 167-2 
/l-C,H 16 - 187-7 

( -  17.9) 
( - 20.2) 
(- 24.8) 
(-  30-1) 
(-  32-1) 
( - 35-1) 
( -  36.9) 
( - 40.3) 
( - 40.0) 
( - 44.9) 

- 71.9 (-  17.2) -2.9 ( - 0.7) 
- 84.4 (-20.2) 0.0 (0.0) 
- 104.5 (-  25.0) 0.8 (0.2) 
- 125.4 (- 30.0) -0-4 (0.1) 
- 132.9 (-31.8) -1.3 (- 0.3) 
- 146.3 (-35.0) -0.4 (-0.1) 
- 153.4 (-36.7) -0.8 (-  0.2) 
- 169.3 ( - 40.5) 0.8 (0.2) 
- 166.8 (-39.9) -0.4 (-0.1) 
- 187.8 ( - 44.9) 0.0 (0.0) 

" Units are kJ/mol: in parentheses. kcal/mol. The equation for calculating heats of forma- 
lion of alkanes is A&,(C,H2,, :. g. 298 K )  = -201 + I )  - 0.5 + E, , (C ,H2n+2)  from 
Reference 7. 

B. Electrostatic Model for Alkenes 

The electrostatic model for the alkenes is slightly more complex 
because there are two types of carbon atoms; namely, the sp3 carbon 
atoms that we met in the alkanes, and the sp2 carbon atoms. For brevity, 
an sp3 carbon atom is denoted by C and an sp2 carbon atom is denoted 
by Cd. The nucleus of a c d  atom is less shielded by the compressed pi bond 
electrons than the nucleus of a C atom which is shielded by the two sigma 
bond electrons. Thus one would expect that the hydrogen atom in a 
Cd-H bond will donate more of its electron cloud to the C, atom than 
the hydrogen atom in a C-H bond will donate to the C atom. The result 
is that the Cd-H bond will be more polarized than the C-H bond. The 
charges on the H and Cd in the C,-H bond are denoted + ? : I  and -y ' .  
respectively, and it follows from the foregoing that ]y'l > Iyl. 
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The electrostatic model of ethene is in Figure 6. 

FIGURE 6. The electrostatic model for ethene. 

In propene, the differences in the electronegativity of the two carbon 
atoms results in an additional formal charge of 6’ across the C-C, bond, 
with +6’ being on the C atom and -6’ being on the C, atom. 

The electrostatic model for propene is shown in Figure 7 and that for 
2-methylpropene in Figure 8. 

FIGURE 7. The electrostatic model for propene. 

Benson and Luria derived the formulas for the electrostatic energies of 
the alkenes from the known geometries; for example, for ethene: 

E,,/(esu2/A) = - 5 . 6 7 ~ ’ ~  (4) 

For propene: 
4 

E,,/(esu’/A) = -6.57~’ - 3 . 8 2 ~ ) ’ ~  + 0.88yy’ - 0.676” 

+ 3.35~6’ - 0.76,’6’ (5) 

and so on for the other alkenes. 
The value of the parameter y is the same as that determined from the 

alkanes; namely, y = 2.78 x 10” esu. The isomers, 2-methylpropene 
and trms-but-2-ene, have the same number of types of bonds. Benson and 
Luria’ therefore assigned their difference in heat of formation to their 
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H H 

FIGURE 8. The electrostatic model for 2-methylpropene. 

difference in electrostatic energies. They were then able to assign values 
of y' and 6', specifically: 

aqd Iy'l = 3.2 x 10" esu 16'1 = 1.2 x 10" esu. 

Note that Iy'l > Iyl, which is consistent with the earlier discussion of the 
model. Substituting the values for y,  y', and 6' into the equations for E, , ,  
such as (4) and (9, the values of E,, for some representative alkenes weie 
found (see Table 2& 

The electrostatic model by itself is not enough to account for the 
heats of formation of an alkene. The heat of formation may therefore be 
separated into electrostatic and non-electrostatic energies : 

A&,(alkene, g, 298 K) = 1 A,llL(bond contributions) + E,, (6) 

where x A , H : ,  (bond contribution) is the sum of the contributions of 
bonds, such as (Cd-H), (C,-C), and (Cd-Cd) to the non-electrostatic 
energy. By considering the heats ofYormation of ethene, propene, and 

e . 



138 Robert Shaw 

allene, together with previously derived values for (C-C) and (C-HI, 
Benson and Luria derived the following values for the bond contributions: 

145.0 kJ/mol (34.7 kcal/mol) and AfH:(Cd-Cd) = -23.0 kJ/mol 
(- 5.5 kcal/mol). Substituting in equation (6), Benson and Luria calculated 
the heats of formation shown for the alkenes in Table 2. 

Clearly, this new method of estimating heats of formation is more 
realistic, chemically speaking, than the more straightforward additivity 
schemes that have previously been developed. As such, it is a big advance 
in our understanding of the factors that are important in determining 
the heat of formation of organic molecules. However, from a practical 
point of view of estimating heats of formation of not-very-polar hydro- 
carbons, such as the alkenes, it remains to be seen whether this new 
development will replace conventional group additivity methods3. 

A,H:(Cd-H) = - 15.1 kJ/mol (-3.6 kcal/mol), A,-H:(cd-c) = 

111. LATEST GROUP VALUES FOR COMPOUNDS 
CONTAINING X-Y 

Estimation of heats of formation of organic compounds by group addi- 
tivity has been extensively discussed in previous reviews in this series 
and e l s e ~ h e r e ~ . ~ . ~ .  Suffice to say that group additivity turns out to be 
an excellent compromise between simplicity and accuracy, and that it is 
rapidly becoming accepted as the prime method of estimation. As men- 
tioned in the Introduction, separate papers have recently been published 
giving new values for groups required for compounds containing C=C, 
C=O, C=N, and N=N. I t  seems appropriate to gather t iese group 
values in one place for easier access (see Table 3). 

The follcrwing notation is used: cd is a vinyl or benzyl carbon atom; 
C, is a carbon atom in a t r ipk  bond; CB is a carbon atom in a benzene 
ring; CO is treated as a single functional entity, as though it were an 
atom; N, is an imide nitrogen atom, as in C=N;  and N, is an azo 
nitrogen atom, as in N=N. 

IV. S O M E  RECENT EXPERIMENTAL WORK 

The choice of material for this section is very subjective. I am indebted 
to many authors who have communicated their results in advance of 
publication. Heats of formation of stable molecules are from Cox and 
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Pilcher2 and bond strength and heats of formation of radicals are from 
Kerr, Parsonage, and Trotman-Dickenson l ,  unless otherwise noted. 

A. . Pi-bond Strengths 

The pi-bond strength is defined as the heat of reaction (7) 

x=y ___, 'X-Y' (7 1 

The heat of reaction (7) may be regarded as the sum of the heats of reac- 
tions (8) and (9): 

W' + X=Y ___, wx-Y' ( 8 )  

wx-Y '  ___, W ' +  'X-Y' (9) 

The heat of reaction (9) may be taken to be the same as the heat of reaction 

w x - Y Z  -p W ' +  'X-YZ (1 0) 

(10): 

That is, pi-bond strength (X=Y) 

= AHo[reaction (7)] 

= AHo[reaction (8)) + AHo[reaction (9)] 

= AH'[reaction (S)] + AHo[reaction ( I  O)] 

AH'Creaction (8)] = A,H'(WX-Y') - ArHe(W') - A,Ho(X=Y) 

AHo[reaction(lO)] = ArHB(W') + A,Ho('X-YZ) 

Now, 

- A,-Ho(WX-YZ) 
:. pi-bond strength (X=Y) = AfHe(XY-Y') + A,Ho(.X-YZ) 

For example, consider the pi-bond strength in ethylene. In this case, 
X and Y are both CH,. Suppose W and Z are both H. Then, WX-Y and 
'X-YZ are the safne radical, namely the ethyl radical ; hence, 

pi-bond strength (CH,=CH,) 

-A,HO(X=Y) - AfH:(WX-YX) 

= 2AfHe(C2H5') - AfHo(C2H4) - AfHe(C2H6) 

= 216-5(51-8) 

= 249.1 kJ/mol (59.6 kcal/mol) 

To take a more general example, consi 

:51-8(- 12.4) + 84-4(20.2) kJ/mol (kcal/mol) 

.the pi-bond strength in 
formaldehyde, H,C=O. X is CH,, Y is 0, and let W and Z be H. 
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pi-bond strength (H2C=O) 

= AfHe(CH,O') + AfH'('CH2OH) - ArH0(CH2O) - AfHo(CH30H) 

= 14-6(3.5) - 21.7(-5.2) + 108.7(26.0) + 201.1(48.1) kJ/mol (kcal/mol) 

= 302.7 kJ/mol(72.4 kcal/mol) 

An alternative way of calculating the pi-bond strength comes about 
because the heat of reaction (10) is D(W-XYZ), which is the W-X bond 
dissociation energy in WXYZ, and the heat of reaction (8) is - D(W-XY'), 
which is minus the W-X bond dissociation energy in WXY'. If values of 
D(W-XY') are not tabulated directly, they can be readily calculated 
from D(W-XY') = ArH'(W') + AfHe(XY) - A,Ho(W%Y'). 

pi-bond strength (WX=YZ) 

Thus, in general: 

= D(W-XYZ) - D(W-XY') 

= D(W-XYZ) - AfHo(W') - AfHo(XY) + AfH'(WXY') 

Taking ethene as an example, X and Y are both CH,, and let W and Z 
be H, 

pi-bond strength (CH2=CH2) 
OR 

= D(H-CH,CH,) - ArHo(H') - AfHe(CH2CH2) + A,H'(CH3CH2') 

= 409*6(98) - 217.8(-52-1) - 51.8(- 12.4) 

+ 108.3(25-9) kJ/mol (kcal/mol) 

= 248.3 kJ/mol(59.4 kcal/mol) 

For the pi-bond strength in formaldehyde' we can use either 
D(H-CH,OH) or D(H-OCH,). Taking D(H-CH,OH) first. we have 
W and Z are H. X is CH,, and Y is 0, 

pi-bond strength (CH,=O) 

= D(H-CH20H)  - ArH'(H') - A,Ho(CH20) + ACH'(CH30') 

= 397.1(95) - 217.8(- 52.1) + 108.7(26*0) 

+ 14.6(3.5) kJ/mol (kcal/mol) 

= 302.6 kJ/mol(72-4 kcaI/mol) 

On the other hand, using D(H-OCH,) W and 2 are both H. X is 0, and 
Y is CH, .  
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pi-bond strength (CH,=O) 

= D(H-OCHJ - AfHe(H') - AfHe(CH20) + AfH'(HOCH2') 

= 433.5(103.7) - 217*8(-52*1) + 108.7(26.0) 

- 21-7( - 5.2) kJ/mol (kcal/mol) 

= 302.6 kJ/mol(72.4 kcal/mol) 

Some representative pi-bond energies are listed in Table 4, including some 
unpublished results by Rodgers on the fluorinated ethenes. The factors 
that determine pi-bond strengths are not generally well understood. 
Solly, Golden, and Benson12 have attributed the lack of stabilization 
energy in the acetonyl radical to the strong pi-bond strength of the 
carbonyl group, but (see section on stabilization energy of acetonyl 
radical) this is still something of an open question. 

B. Stabilization Energy of the Aceton y l  Radical 

The extent of delocalization of the unpaired electron in radicals con- 
taining double bonds has been the subject of a great deal of controversy 
over the years. The delocalization in the allyl radical is measured by 
comparing reactions (1 1) and (1 2): 

CH,CH,CH, ___* CH,CH,CH, + H - 410 kJ/mol (98 kcal/rnol) (11) 

CH,CHCH, - CH,CHCH, + H - 372 kJ/mol (89 kcal/mol) (12) 

The difference in C-H bond strengths of 3 8  kJ/mol (9 kcal/mol) is the 
stabilization energy or resonance energy of the allyl radical. For com- 
parison, the stabilization energy of the methylallyl radical is 63 kJ/mol 
( 1  5 kcal/mol). 

After extensive work, the values given above for the allyl and methyl- 
allyl radicals are now generally agreed. However, the value for the 
stabilization energy of the acetonyl radical is open to question. The 
stabilization energy is measured by comparing the C-H bond strength 
in acetone with that in propane: D 

CH,CH,CH, - CH,CH,CH, + H - 410 kJ/mol (98 kcal/rnol) (11) 

CH,COCH, - CH,COCH, + H - X kJ/mol (X  kcal/rnol) (1 3) 

The difference 410 - X kJ/mol (98 - X' kcal/mol) is then the stabiliza- 
tion energy of the acetonyl radical. In the first place there is the question 
of whether or not reaction (1 1) is a good yardstick with which to compare 
reaction (1 3). Arguments presented by Solly, Golden, and Benson (SGB)" 
suggest that the comparison is valid only when there is ria stabilization 
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of the acetonyl radical, i.e. if X = 410 kJ/mol(98 kcal/mol). Grzechowiak, 
Kerr, and Trotman-Dickenson (GKTD)13 proposed that X = 385 kJ/mol 
(92.1 kcal/mol), giving a&tabilization energy of 25 kJ/mol (6 kcal/mol). 
The value obtained by G K T D  was not based on experimental results but 
on an empirical, Polanyi relationship that had some inconsistencies’ ’. 
The conclusion by SGB was that the experimental value is more firmly 
based. 

Now the plot thickens. Tsang14 has studied the pyrolysis reactions (14) 
and (1 5 )  by his widely-acclaimed, competitive, shock-tube technique : 

CH,COCH (CH,) CH,CH, - 
CH,CO + CH(CH,)CH,CH, - 318 kJ/mol (76 kcal/mol) (1 4) 

CH,COCH(CH,) + CH,CH, - 297 kJ/mol 

(71 kcal/mol) (1 5) 

These experiments suggcst that the methylacetonyl radical has a 
stabilization energy of 21 kJ/mol ( 5  kcal/mol) or more. Tsang plans 
experiments on the pyrolysis of methyl n-alkyl ketones that should 
provide direct values for the stabilization energy of the acetonyl radical. 

C. Olefin tsomerization 

Recent papers on the isomerization of butenesl5-’’ have given heats 
and entropies of isomerization over a temperature range of 250 to 900 K. 
The main conclusion” from these studies is that the entropy of but-I-ene 
at 298.16 K is 31 1.4 J/(mol K) (74.5 cal/(mol K)) compared with the API 
value of 305.3 J/(mol K) (73-0 cal/(mol K)). In addition, the API data for 
cis- and trnns-but-2-ene are all right a t  298 K, but are slightly off at 
temperatures up to 900 K. 
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I. SCOPE 

There have been many reports concerning mechanisms of elimination 
and addition reactions involving X=Y groups since some of these 
aspects were discussed in previous chapters in this series of books on the 
Chemistry of Functional Groups. Space prevents a comprehensive coverage, 
and, consequently, we therefore confine our discussion to the salient 
changes in our understanding of the reaction mechanisms which have 
occurred during the last few years. Our subject matter can be conveniently 
categorized into four sections: 

(i) Formation of X=Y in elimination reaction# of X-Y: Typical 
examples, which include alkene, carbonyl, thiocarbonyl and imine ’ 
forming eliminations, constitute the major portion of this chapter. 

(ii) Formation of X=Y in addition reactions of X S Y :  Nucleophilic 
and electrophilic additions to alkynes and nitriles fall into this 
classification. We omit electrophilic additions to alkynes and our 
discussion in this section as a whole is very brief. 

(iii) Addition reactions of X=Y to give X-Y: Our discussion concerning 
alkenes is limited to reactions involving nucleophilic 1,2-additions. 
Electrophilic additions, 1,3-dipolar additions and carbene insertions 
and additions are discussed in other chapters. Heterolytic additions 
to carbonyls and imines comprise the major part of this section. 

(iv) Elimination reactions of X=Y to give X r Y :  Alkyne and nitrile 
forming eliminations typify this section. 

8 
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The examples mentioned briefly in these sections are of paramount 
importance in synthetic organic chemistry. Hence, although the major 
theme of this chapter concerns reaction mechanisms, we comment where 
relevant, on the relative synthetic merits of certain reactions. The reactivity 
of the group X=Y is mainly determined by the nature of the constituent 
atoms X and Y ,  and to a lesser extent its molecular environment. Even so, 
very similar mechanistic descriptions may apply to widely differing 
reactions. For  example, in both alkene or  carbonyl-forming elimination 
reactions, the problem may narrow to attempting to distinguish between 
concerted bimolecular elimination or stepwise carbanion elimination. 
Hence, we could approach our discussion in two ways; (i) either by 
categorizing under reaction mechanisms, or (ii) by the functional group. 
We prefer the latter approach, as this is consistent with presentations in 
earlier volumes, and in general, the chemist, who is interested in synthesis, 
is more concerned with the particular reactions of a functional group 
rather than in a comparison of reaction mechanisms of differing groups. 
We do however, attempt where possible to draw analogies and emphasize 
differences in the behaviour of different functional groups under com- 
parable reaction conditions. 

Our sections on the chemistry of each functional group begin with a 
brief summary of the material discussed in the original volumes. This is 
followed by a description of the major reviews, which have appeared in 
recent years, then the more specific details of mechanism. 

I I. ALKEN E- FO R MI N G ELI M IN AT1 0 N S 

A. General Comments 

The Chemistry of' Alkenes contains two chapters concerning the 
mechanisms of p-eliminations giving alkenes. Maccoll's discussion' 
describes the unimolecular gas phase pyrolyses of alkyl halides and esters. 
Under homogeneous conditions, these eliminations occur with syn- 
stereospecificity via a cyclic transition state in which varying degrees of 
carbonium-ion character develop a t  the carbon bearing the more 
electronegative leaving group. Our mechanistic concept of these reactions 
has not changed significantly during the last decade, although a wider 
range of experimental techniques are now available and more attractive 
thermal eliminations for synthetic purposes have been developed. How- 
ever, dramatic changes have occurred in our understanding of mechanisms 
of solvolytic and base catalysed eliminations since this subject was 
reviewed by Saunders in 19632. 
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Saunders’ chapter concerns mainly the mechanisms of p-elimination 
of alkyl halides, esters and ‘onium salts in protic solvents containing their 
lyate ions. Under these conditions the E2 and to a lesser extent, the El  
mechanism are the dominant processes. Examples of the E 1cB mechanism 
were rare and founded on uncertain evidence, and rhecr’-P elimination was 
only observed under exceptional conditions. Saunders outlined the 
concept of the variable transition state for concerted E2 reactions, in 
which bond breaking and making processes need not be completely 
s y n c h r o n ~ u s ~ . ~ .  This concept was used to explain changes in kinetic 
parameters, orientation, and stereochemical features of olefin-forming 
eliminations. In general, most E2 reactions were considered as occurring 
with anti-stereospecificity, syn-stereospecificity being encountered only 
in activated systems in which the acidity of the P-hydrogen was enhanced 
by electron-withdrawing groups, or when anti-elimination was precluded. 
In dubious cases, syn-elimination was attributed to the E 1 cB mechanism. 
Both steric and electronic factors were proposed to explain orientational 
behaviour, different groups of workers providing evidence to support 
their own preference. Another unsettled problem concerned the mechanism 
of elimination of alkyl halides and esters with weak bases such as thiolate 
and halide ions in aprotic solvents. These reagents were regarded as 
nucleophiles towards carbon rather than hydrogen, and to explain their 
‘unexpected’ effectiveness at causing elimination reactions, a merged 
mechanism for E2 and sN2 reactions was proposed by some authors. 
Others preferred explanations in terms of polarizability factors and the 
variable transition state theory. 

During the last decade the consfierable improvement in analytical 
equipment (chromatographic, spectrometric, stop-flow, etc.) has enabled 
much more definitive kinetic analysis. In addition a much wider range 
of reaction conditions have been used to effect elimination reactions. As a 
result, numerous examples of concerted syn-elimination have been 
uncovered, and in some cases syi-elimination has been shown to occur 
in preference to anti-elimination. A considerable number of variants of the 
ElcB mechanism have been demonstrated, although nearly all of them’ 
are of little consequence ‘0 the synthesis of alkenes. The concept of a 
common transition state for E2 and SN2 reactions has been disproved. 
but has been replaced by a modified transition state for bimolecular 
elimination termed the E2C mechanism. The E X  mechanism implies 
an important role for nucleophile-C, interaction in the transition state, and 
is invoked for the reactions of alkyl halides and esters with ~iucleophiles in 
aprotic media. Both steric and electronic factors are now accepted as 
influential under certain conditions in controlling the stereochemistry 
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and orientation of elimination. The role of ion pairs in elimination 
reactions involving either cationic or  anionic intermediates has been 
realized. Considerably more evidence has been provided to support the 
concept of the variable transition state for bimolecular E2 reactions. 
However, some controversy exists concerning reactions which exhibit 
transition states with considerable ionic character. Some authors regard 
these as variants of the E l  and ElcB mechanisms, in which stepwise 
cleavage of bonds occurs, with the initial cleavage being rate determining 
and essentially non-reversible. We shall discuss all of these aspects in the 
subsequent sections. 

In some of the more recent volumes in this series, the reactions of 
carbonium ions, generated in reactions other than solvolyses of alkyl 
halides and esters have been discussed. Alkene yields are generally very 
low in deaminations4.' and we therefore exclude them from our dis- 
cussion. On the other hand, we devote a small section to the discussion of 
dehydration reactions6, which are more relevant synthetically. 

The mechanisms of a wide variety of j3-eliminations giving alkenes have 
been discussed in detail in two  monograph^'.^ and one reviewg. Specific 
reviews on the following aspects' have also appeared in the last 10 years; 
the variable transition state for concerted elimination' O, the stereo- 
chemistry of base-catalysed j3:eiiminations' ', the carbanion mechanism 
in olefin f ~ r m a t i o n ' ~ ' ~  3.14, mechanisms of pyrolytic eliminations' ' 6, 
dehydration reactions using solid catalysts' and mechanisms of dehalo- 
genations' *. 

t3. Terminology for Solvolytic and Base Induced 
a- Eliminations 

%Most heterolytic p-eliminations in solution involve hydrogen as the 
less electronegative eliminating fragment. X is usually a halide, an ester 
or an 'onium salt in synthetic applications, although a wider range of 
le%ving groups have been studied kinetically. Most of t e eliminations 

isms. This is basically the terminology devised over 40 years ago by 
Hughes and Ingold". It has withstood the test of time, although as we 
shall see in subsequent sections, a multitude of minor modifications are 
now used . 

The difference between the three mecknisms rests on the relative 
timing of the breaking of the C,-H and C,-H bonds. The unimolecular 
elimination, E l ,  requires only that the substrate is dissolved in a solvent 
which is capable of assisting ionization of X with its bonding electrons, 

are described by one of three possibilities, the El ,  E2 an &- ElcB mechan- 
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prior to the cleavage of the C,-H bond (equation 1). Depending on the 
relative magnitudes of k- I (X-)  and k,, either C,-X or C,-H cleavage 
may be rate determining. 

\- / 
k, H + +  C=C + 2 ( 1 )  

/ \  

k , L \  / H-C-C+ + % \ / 
H-C-C3 - X  . k - ,  

/ p  \ / \  

In both cases, the rate is first order in the substrate, but under pre-equili- 
brium conditions ( k -  I(X-) >> k 2 )  an inverse dependence on X- is expected 
if the concentration of the intermediate carbonium ion is low (i.e. allowing 
application of the steady state hypothesis). An additional complication 
concerns the mode of removal of the P-hydrogen. If assistance is provided 
by the leaving group X, then overall syn-elimination is anticipated, whereas 
if the solvent acts as the base, arzri-elimination is more probable unless 
the stereochemical arrangement of the leaving group in the substrate is 
not lost by rapid rotation about the C,-C, bond in the carbonium 
ion2'. This intermediate carbonium ion can clearly capture a solvent 
molecule to give an S,1 product, rather than lose a P-hydrogen, and the 
ease of this process makes El reactions undesirable as a good synthetic 
method for alkenes. 

Basic reagents are most often used to induce p-eliminations giving 
alkenes. The E2 mechanism (equation 2) describes the situation in which 
both the C,-H and C,-X bonds cleave simultaneously via a single 
transition state. Although this reaction is essentially concerted, the bond 
making and breaking processes need not occur in a synchronous fashion. 
Transition states with carbanion character at C, or carbonium ion charac- 
ter at C,, and varying degrees of double-bond character can be depicted. 
This is essentially the concept of the variable transition state for concerted 
bimolecular eliminations, and we shall discuss more specific terminology 
to cater for numerous variants subsequently (see Secti8n 1 1 . 0 . 1 ) .  

\ /  6 +  \ / 6 -  + \ / -  

/ \  / \ / \  

The stereoselectivity of E2 reactions can be strictly controlled as the 
stereochemical identity of the leaving groups with respect to each other 
is maintained in the transition state. For this reason E2 reactions are the 
methods of choice in alkene synthesis. For eliminations from rigid small 
alicyclic or bicyclic cohpounds in which the dihedral angle between the 
C,-X and C,-H bonds is clearly defined in the substrate. the following 

mindtion is used in this text: terminology for the stereochemistry 
(dihedral angle. 0-30") syn-periplanar elimination; (60 5 30") s y -  
clinal; ( I  20 L- 30") nriri-clinal; (1  50-1 SO") nnti-periplanar. In acyclic 

* 
B +  H-C-C-&, b [ B  ---H---C.;.C--- X I  - BH + C=C + X  (2) 

*:. . .. . 
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molecules, free rotation allows all orientations of the eliminating fragments 
to be attained in the transition state. Diastereoisomers can be used to 
delineate the stereochemistry of elimination, but since it is impossible to 
distinguish between the periplanar and clinal orientations, the general 
terms syrz and ariti are used to describe the stereochemistry. In line with 
terminology adopted in all previous reviews, we shall use the historic 
terms Hofmann and Saytzev products to describe the less and more 
substituted alkene when elimination may involve more than one p- 
hydrogen atom (equation 3). 

CH,CH,CHXCH, - CH,CH=CHCH, + CH,CH,CH=CH, (3) 

Saytzev prod& Hofmann product 

The ElcB mechanism describes the situation in which the C,-H bond 
cleaves prior to  the C,-X bond (equation 4). Depending on the relative 

magnitudes of k -  ,(BH) and k , ,  either leaving group may be cleaved in 
the slow step. 

+ 

In most cases, both the ElcB and E2 mechanisms should exhibit 
first-order kinetics in both the substrate and the base. In fact, one of the 
most challenging problems facing the kineticist has been to develop 
clear-cut methods for distinguishing the E2 mechanism from all of the 
variants of the ElcB mechanism. We discuss the success achieved during 
the last 10 years in the next section. 

For leaving groups which contain a’-hydrogens (e.g., X = NMe,. SMe,), 
the ylid mechanism (also termed .‘-P elimination) has to be considered 
(equation 5)”. Analysis of the deuterium content of the eliminated X 
allows this mechanism to be distinguished from the E2 and ElcB routes. 
The ylid mechanism is syi-stereospecific and consequently should exhibit 
features in common with pyrolytic eliminations (e.g., the Cope elimination 
of amine-oxides, Section 11.H.2). 

+ + 
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C. ElcB Mechanisms 

1. Mathemat.ical possibilities and kinetic differences 
from the E2 mechanism 

Anthony F. Cockerill and Roger G. Harrison 

There are a number of mathematical solutions to the general equation 
for the ElcB mechanism (equations 6 and 7)'4*22-24. 

~ k ?  \- / 
C-C-X + BH (6) 

\ /  

/ \  
H-C-C-X+B- k - ,  // , 

\- / k ,  \ / ' c=c + x- 
/ \  

/c-c\x (7) 

If the substrate and conjugate acid, BH, are of similar acidity, and the 
leaving group X is not very labile (k-,(BH) > k 2 ) ,  then in presence of 
excess base, the substrate will be converted extensively into its conjugate 
base, which then undergoes a rate-determining unimolecular decomposi- 
tion to the alkene product. Under these conditions, a further increase in 
the base concentration can cause little change in the carbanion con- 
centration and the rate of reaction should exhibit first-order kinetics in 
the substrate but zero-order in the base (equation 8). This mechanism is 
termed the (El)anion mechanism'"*22, although other authors have 
described it as 'ElcB of the second t ~ p e ' ~ ~ . * ~ .  

Rate((El),,io,) = k2(RX) if  k ,  >> k -  ,(BH) > k 2  ( 8 )  

Kinetically the (E mechanism may exhibit many features in 
common with the El mechanism. The rate is determined by the cleavage 
of the C,-X bond. Thus, as long as the substrate remains extensively 
converted into its conjugate base with changes in the substrate structure, 
the following kinetic predictions can be made: (i) a significant leaving 
group isotope effect or element effect (e.g., kBr/kcl) is expected ; (ii) electron- 
releasing substituents at C, should enhance the rate of elimination; 
(iii) electron-withdrawing substituents at C ,  should retard the elimination, 
by causing further delocalizatim of the electron pair at C,, thereby 
reducing its effectiveness in aiding cleavage of the C=-X bond; (iv) if the 
substrate is labelled with P-deuterium. and the reaction is quenched when 
little alkene has formed, complete or extensive exchange with the protic 
solvent is expected, i.e. kexchange >> kel im.  The first two expectations apply 
to the E l  mechanism while the last two do not. 

Two additional ElcB mechanisms can be depicted for the case in which 
the conjugate acid BH is considerably more acidic than the substrate 
( k ,  << k -  ,(BH)). In this case the substrate is only ionized to a small extent, 
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enabling application of the steady state treatment to the concentration of 
the carbanion. Equation 9 shows that the rate law is determined by the 
relative magnitudes of k -  ,(BH) and k 2 .  I f  k -  ,(BH) >> k , ,  the elimination 
involves si rapid pre-equilibrium followed by a slow unimolecular elimina- 
tion from the carbanion and the rate is described by equation (10). This 
situation is called the reversible anion mechanism, ( E I C B ) ~ ' ~ ,  although the 
description 'pre-equilibrium ElcB' has often been used 2.24. The rate in 
this case should exhibit first-order kinetics in both the substrate and the 

base if BH is the solvent. However if BH is not the solvent (e.g., B = NR,. 

BH = NHR,. solvent = EtOH). then the reaction should reflect specific 

base catalysis as the rate is dependent on the buffer ratio, B/BH. and not 

simply on B. As befits a rapid pre-equilibrium. the rate of @-deuterium 
exchange in the substrate with a protic solvent should occur much more 
rapidly than the rate of elimination. However. 

+ 

k,k,(RX)(B - 1 Rate = k,(carbanion) = 
k-,(BH) + k 2  

k 1 k2(RX) (B - ) 
Rate ((ElcB),) = 

k -  ,(BH) 

as Breslow has pointed although this is a necessary requisite of an 
(EIcB), mechanism. it cannot alone be used as evidence for this mechanism 
rather than an E2 mechanism, in which exchange cannot occur. since the 
exchange could be an irrelevant side reaction. 

Substituent effects on rates of (El&), reactions are more difficult to 
predict than for the (El),nion mechanism. as they may exert their influence 
on either the position of the pre-equilibrium or  the subsequent cleavage. 
Electron-withdrawing substituents at C ,  should eznance the rate of 
elimination by increasing the steady-state concentration of the carbanion. 
even though they may retard k , .  Similarly, electron-relgasing substituents 
at C, may effect k ,  more than k , / k -  and hence slightly promote the rate. 
Rate-determining C,-X cleavage should reflect a significant isotope 
effect or element effect. 

Another solution of equation 9 results if k ,  >> k -  ,(BH) (equation 11).  
In this case, proton removal is rate limiting and the resulting carbanion 
decomposes unimolecularly to alkene more rapidly than i t  undergoes 
deprotonation by the solvent. This situation is called the irreversible 
carbanion mechanism. (ElcB),,,. and is the most difficilt to distinguish 
from the €3 reaction in which carbanion character is extensive. Both 
reactions fo I I o w second -order k i ne t i cs. i n  vo I ve rat e-de t erm in  i np proton 
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removal and should exhibit negligible or small a-leaving group effects. 
However, in one c a 4  proton removal is coupled with other bond changes. 

nes, whereas in the (ElcB),,,, the isotope effect for proton 
removal should simulate simple carbon acid ionizations. This difference 
appears to be significant in the eliminations of I ,  l-diaryl-2,2,2-trichloro- 
ethanes (DDT) with various bases as we see subsequently (Section 
II.C.4.a)26. Another ploy concerns modifications in the concentration of 
BH in order to increase k -  ,(BH) relative to  k , .  and cause a change over 
to an (ElcB), mechanism. This should not be possible with an E2 reaction. 
Both the (ElcB),,, and E2 routes are subject to general base rather than 
specific base catalysis as is anticipated for the (ElcB), mechanism. 

Rate ((ElcB),,J = k,(RX)(B-) if k ,  >> k -  ,(BH) (11) 

Another variant involves ion pairs, and was originally invoked for the 
elimination of cis-dibromoethylene with amines in dimethyl f ~ r m a m i d e , ~ .  
Neither protium ckchange with labelled solvent, nor a hydrogen isotope 
effect is observed. However, the element effect k,, /k, ,  is large. These facts 
accord with Scheme 1, which depicts the (ElcB),, mechanism. The intimate 
ion pair collapses to reactant or product without equilibration with the 
solvent, thereby avoiding P-protium exchange. k ,  << k -  ,, restricting the 
influence of P-protium substitution to a secondary isotope effect on k ,  and 
an equilibrium isotope effect on k , / k - ,  , both of which approximate to 
unity”. Ion pair mechanisms are most likely in solvents of low ionizing 
and solvating power. especially of the aprotic type in which anion solva- 
tion is poor”. Table 1 compares the predicted kinetic effects for the 
ElcB mechanisms with those for an E2 reaction with a transition state 
with considerable carbanion character. 

+ \  
B H +  C = C / + x  

/ \  
k ,  

slow .b 

Intimate I 

ion pair 

SCHEME 1 .  The (EIcB)~ ,  mechanism 

Hine3’ predicted that the following requirements to encourage E IcB 
rather than an E2 reaction: ( i )  a leaving group X which is not easily dis- 
placed with its bonding electrons: ( i i )  an intermediate carbanion which. is 
stable relative to the reac tam Lnd products under the reaction conditions, 
an&iii) an unsaturated product which is comparatively unstable relative to 
the reactants. All of these fac torefe  apparent in the examples of the ElcB 
mechanism which have been uncovered in recent years. The alkene is 
seldom isolated as it undergoes rapid nucleophilic addition in the presence 
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of the basic reagents to give a product of apparent substitution. This 
problem limits the synthetic potential and raises the need t o  proxe 
kinetically the absence of a direct substitution reaction on the substrate. 

2. ( E l  ) anion mechanisms 

This mechanism is more prevalent in carbonyl and imine forming 
eliminations in which the P-hydrogen if attached to the heteroatom is 
acidic. An early example concerns the synthesis of nitromethane (equation 
12)31. As long as the substrate is at least 2 p K  units more acidic than the 
conjugate acid of the base, the reaction should follow first-order k i n e t i c ~ ' ~ .  
As carbon is less electronegative than the heteroatoms, it is necessary for 
the P-hydrogen to be activated by a strongly electron-withdrawing group, 
to enable observation of mechanisms giving alkenes. 

0 0 
I I  (1  2) 

OH +oH-c--CH,No, ---+ H ,o+ id !~cH,No ,  - CO,+CH,NO, 

(EcOl)anion mechanism 

Observation of the carbanion intermediate provides good evidence for 
the mechanism. B e r r ~ d t ~ ~  in fact isolated the carbanion of 
3-r-b~tyl-4,4-dimethy1-2~3-dinitropentane as its ammonium salt. This salt 
decomposed slowly in the solid state, but in methanol above 0°C under- 
went rapid elimination of nitrite to give a n  unstable alkene (Scheme 2). 

+ 
Me NH, Bu- t  

>-tBu-t 

I 
MeH:::: 

O,N 

NC NO, 
/ I  H,N+ 

0- 0- 
SCHEhlE 2. 

H Bu-t 

Me)J; u - 

0- 7-" 
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The remarkable stability of this carbanion probably derives from steric 
inhibition to internal displacement of nitrite by the electron pair, because 
theslightly lessencumbered structure 1 cannot be isolated as itsammonium 
salt since it undergoes rapid elimination. 

The nitro group has also been used as the activating substituent in the 
eliminations of cis- and trms-2 with methoxide ion (Scheme 3 ) 2 2 .  

The reaction was monitored by U.V. spectroscopy and spectra consistent 
with 2, 3 and 5 were obtained during the course of the reaction. The rates 
of ionization of the two isomers (measured by stop-flow techniques) differ 
slightly because of differences in steric inhibition to proton abstraction, 
and the large primary isotope effect accords with a symmetrical transition 
state for proton removal33. Anion Formation is essentially complete 
shortly after the reactants are mixed. Olefin 4, formed in the slow step, is 
unstable and is converted rapidly into the more conjugated alkene anion 5, 
which is isolated on neutralization of the reaction. The rate of formation of 
5 is independent of the base concentration and the stereochemistry of the 
reactant 2. The composite isotope effect for the conversion of 1.3.3- 
trideutero-2 into 5 of 1.7 reflects mainly a secondary isotope effect. 

r '1 

(cis or trans) k,/ko = 7.5 
(2) (3) 

1_ 

6Me 
r 

(5) 

SCHEME 3. 

The six-membered analogue of 2 is about 2 pK units less acidic and the 
rate of its e l iminat ip  with inethoxide ion increases with base concentra- 
tion, consistent with an (ElcB), pathway3'. A change to the more basic 
medium of t-BuOKlt-BuOH causes increased substrate ionization and 
incursion of the mechanism. The induction period of about 0.8 
to 1 sec in the rate of appearance of phenoxide from 2-phenoxynitroethane 
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on treatment with ethoxide or hydroxide ion. and the sensitivity of 
elimination rate to solvent changes are consistent with the operation ofthe 
( E  I), , i , , ,  n i e c h a n i ~ m ~ ~ .  Bordwell has stated that in  protic sol\ 
single electron withdrawing group which is capable of sustaining the 
(El),nion mechanism is the nitro group. For the less-electron-withdrawin_g 
C=O and C r N  and MeSO, groups. a stronger base is required'". 

3. ( E l  c6)  mechanisms 

a. EIiriiirirrtioris of' 2-subsririrred arvlox-yerhmes. Crosby and Stirling3' 
monitored the rates ofelimination ofa series of P-activated phenoxyethanes 
by followi~ig the appearance of phenoxide ion spectropliotometrically. 
The elimination rates vary by a factor of 10' ' with changes in the activating 
group in the two &sic systems used (see Table 2). The quantitative yields 
of phenoxide:on and 2-substituted ethoxyethane (for the ethoxide induced 
reactions) exclude eliminations involving the activating substituent (e.g., 
Hofinann elimination etc.). To confirm the observed reactions were 
eliminations, it was necessary to show that the ethers did not arise via a 
direct substitution. To this end. the intermediacy of the alkene was 
demonstrated for two of the substrates in the middle of the reactivity 
range (X = SOAr, CN) by trapping experiments using piperidine (Scheme 
4). Needless to sag. in the absence of the lyate ions, no piperidine adduct 
was obtained. Except for 2-phenoxynitroethane. which eliminates via the 
(El)anion mechanism in the ethanolic solution, the kinetics for the other 
eliminations accord with the (ElcB), route. 

6 Y  + XCH,CH,OPh __* OPh + HOY + XCH=CH, 

OVI noY XCH,CH,OY 

H NC ..H,, 
XCH=CH2 __<_1 XCH,CH,NC,H,, 

(Y = H. Et; for X see Table 2) 

SCHEME 4. 

Despite a lo3 variation in elimination rate. the rate ratio k,, , i /k, , ,  is 
remarkably constant for three of the eliminations (see Table 2). In addition. 
the thiolate induced eliminations respond to specific base catalysis. the 
rate being determined by the ratio (f-Bus-)/(r-BUSH). To circumvent 
Breslow's criticism that exchange of j3-protium with ?he medium may be 
an irrelevant side rdaction to the j3-elimination, Crosby and Stirling 
employed a more involved method to demonstrate a rapid pre-equilibrium 
involving preion removal. They compared the rates of elimination of 
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TABLE 2. Rate coefficients and products in eliminations of 
fl-substituted phenoxyethanes 

XCH,CH,OPh+ dY ''OW ' XCH=CH,+ OPh 4 XCH,CH,OY 

I l l  I . '  I 1  

( O Y  =OEt/EtOH) COY = OH/H,O~) 

NO2 h 99 91 

6Ph3  6.0 103 c 84 99 

h e 2  1-9 x 10, 85 97 
COMe 3.2 x 10 95 92 
CHO 2-6 x 10 fl 93 
S0,OEt 7.3 x lo-' 97 96 
SOzPh 3.5 x 10-1 99 100 
SOzMe 1.5 x lo-' 92 94 
C N  9.4 x 10-2 87 95 
CO2Et 6.1 x 104 I00 
S02N(CHZPh), 1.6 x lo-' 99 100 
SOPh 1.2 10-3 99 85 
CONHZ 1.1 x 1 0 - 3  95 98 
SOMe 4.3 x 91 I05 
CONEt2 2.6 x lo-' 98 97 

3.2 x 10' 

2.0 

4.8 x lo-" 
0.23 3- I 

4.5 k lo-' 
0.26 
u 

0.24 1.5 x lo-' 

NMe, 3.1 x l l  88 
COO- 7.0 x lo-' 91 94 

,, I n  litre nio1-l sec-'  at 3 5 ° C :  
' El,,io, mechanism operiites: 
' Estimated from data in OH/H,O: 

Not isolated ; 
- ," EtOH except resultsf ,* 3 0.1 

protic substrates in aqueous sodium hydroxide with those for the deuter- 
ated substrates in NaOD/D,O. These observed isotope effects, k , / k ,  

(0.66 for M e 2 k H , ( D 2 ) C H 2 0 P h  and 0.78 for MeSOCH,(D,)CH,OPh at 
25°C) contain contributions of primary. secondary and solvept origin. 
After allowances for the larger protolysis constant of H 2 0  than D2O3'. 
and the solvent and secondary isotope on both the pre-equilibrium 
and carbanion decomposition, a primary isotope effect of unity is predicted 
for the P-proton abstraction. This is as expected for the (ElcB), mechanism. 
However. considering the assumptions necessary to factorize the various 
isotope effects. it is doubtful if this approach is any more certain than the 
normal exchanze criterion. 
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The comprehensive list of substituents merits an analysis as to the 
origin of the rate variations. These changes may reflect the influence of X 
(Table 2) on either the pre-equilibrium or the carbanion decomposition 
(see equations 6, 7, and 10, Section II.C.1). For the ethoxide induced 
eliminations, the nitro derivative is excluded as its reacts via the 
route. R a p p ~ p o r t ~ ~  has argued that reprotonation of the remaining 
carbanions will approach diffusion control, thus reducing substituent 
effects to changes on k ,  and k,. As k ,  is enhanced by electron withdrawal 
and k2  by electron release, some self cancellation of the gross substituent 
effect is possible. Stirling and C r ~ s b y ~ ~  have demonstrated linear correla- 
tionsbetweenlog keli,(ratechange 10")and pK,(CH,X,variation 15.5 pK 
units), logkion (CH,X exchange in DO-/D,O, rate change lo9) and 
log kadd (nucleophilic addition to RCH=CHX). The similar magnitude of 
substituent effects for the first three terms suggests changes in X affect 
mainly values of k ,  for the ethoxide induced eliminations. The importance 
of anion delocalization in promoting the elimination rate is demonstrated 

by the much greater reactivity of the substrates in which X = SMe, and 

PPh, than when X = NMe,. Although the latter substituent has the 
greatest electron-withdrawing polar effect, the second row elements of the 
other 'onium salts possess low lying d-orbitals which can paFtake 
effectively in pn-dn overlap, thereby affording greater delocalization of the 
carbanion electron pair. It is well known that protons exchange more 
rapidly when situated alpha to a sulphonium than an ammonium 
g r o ~ p ~ ~ . " ~ .  

Nuclear substitution in the activating group (X = ArSO, and ArSO) 
gives Hammett reaction constants of 2-1 and 1.7, respectively for the 
ethoxide induced eliminations of 2-X-I-phenoxyethane~~~.  The ratio of 
these reaction constants is similar to the ratios for the same substituents 
for ionization of p-X-acetic, propionic and trorts-acrylic acids. In addition, 
the reaction constant of 2.1 is very similar to that of 2.32 observed for the 
y-ElcB reaction of aryl 3-chlorosulphones with t-BuOK, a reaction in 
which a carbanion mechanism is indicated"'. Nuclear substitution in the 
phenoxy leaving group gives Hammett reaction constants of 1-5 
(X = ArSO,) and 1.2 (X = ArSO). The reaction constant for the ionization 
of phenols is 2-23",, so these values suggest the C,-0 bond is about half 
broken in the unimolecular decomposition of the carbanion. 

b. Fluoretij4 subsrrntes. In methanol containing methoxide ion, 9-tritio- 
9-trifluoromethyl-fluorene (6) undergoes a faster exchange of tritium than 
loss of flucride ion",. The dibenzofulvene is unstable under the reaction 
conditions and undergoes rapid nucleophilic addition (Scheme 5).  In view 

+ 
+ + 
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of the poor leaving-group ability of fluoride and the aromatic nature of the 
fluorenyl carbanion (7), it seems highly probable th-at the elimination 
follows the (ElcB), mechanism, However, although the rapid tritium 
exchange accords with the formation of a carbanion, its intermediacy in 
the elimination reaction is not proven. 

SCHEhlE 5 .  

1 
I 

More convincing evidence for the (ElcB), mechanism for the dehydra- 
tion of 9-fluorenylmethand has been provided by complex isotope studies. 
More O’Ferrall and Slae44 determined the rates of elimination of the 
9-hydrogen and 9-deuterium compounds spectrophotometrically in water 
and deuterium oxide, and the rates of exchange of 9-tritium in both 
solvents containing their lyate ions. The exchange was faster than elimina- 
tion to give dibenzofulvene, and induction periods were observed in both 
the elimination of protic substrate in D 2 0  and 9-deutero substrate in 
H 2 0 .  The results again indicate the rapid reversible formiltion of a 
carbanion, but d o  not implicate its intermediacy in the elimination. This 
latter point was tonfirmed by a comparison of the experimental isotope 
effects with the theoretical predictions for the (ElcB), and E2 mechanisms 
(see Scheme 6. equations 13-16). If the reaction is entirely E2, then k ,  >> ctk, 
and equations (17) and (18) apply. Equation (17) incorporates on19 a 
primary isotope effect. whereas equation ( 1  8) also incorporates solvent 
effects arising from the difference between hydroxide and deuteroxide as 
base and leaving group. These latter effects would have to be unreasonably 
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large for the experimental ratio of 0.92 to incorporate a primary isotope 
effect of 7-2. 

OH + R,C~CH,OH + R,c=CH, + H,O 

R,CCH,O H 

i 
SCHEME 6. 

k z  = k: -k CiHky 
k D  - k D  

k,D = k: + k y  

E - b $- 

a = k b / ( k 2  f k - 1 )  

(E = elimination: X =exchange: H.D refer to the labelled hydrogen. k )  

*labelled hydrogcn atom 

k:(H,O) kr(H,O) 
kF(D20) k;(D,O) 

- - = 0-92 (experimental) 

However, if the (ElcB), mechanism operates, ak, >> k ,  and equations 
(19) and (20) apply. Equation (19) constitutes simply a primary isotope 
effect, consistent with the experimental value of 7.2 for carbanion formation. 
Equation (20) can be converted into equation (21) as exchange is faster 
than elimination ( k -  I >> k 2 ) .  The isotope effect on k ,  should be small as 
it is of secondary origin. Primary isotope effects on k , and k - , should be 
similar and hence cancel each other, such that the experimental value of 
0.92 is consistent with an (ElcB), InechanisnB 



4. Mechanisms of elimination and addition reactions 169 

The (ElcB), mechanism also operates in methanol, but in t-butyl 
alcohol, the exchange reaction is suppressed and the isotope effects are 
consistent with either an E2 or (ElcB),,, elimination, the latter being 
preferred45. 

c. Elirizii~atioiis,frwiz /I-keto derivatives. The elimination of methanol from 
4-methoxybutan-2-one (equation 22, X = OMe) with a variety of bases 
in aqueous isopropyl alcohol is specific base c a t a l y ~ e d " ~ . ~ ' .  Exchange of 
P-protium in D,O is 226-times faster than eliminatica, and the rate of 
exchange responds to general base catalysis as expected for a rate- 
determining proton transfer. The Bronsted coefficient, p, for elimination 
with amine bases is about unity. These facts accord with the operation of 
the (ElcB), mechanism. When the leaving group is the more labile 
acetoxy, 0-protium exchange is no longer faster than elimination, which 
now follows general base catalysis, consistent with either an E2 or (ElcB),,, 
mechanism. In an attempt to  resolve this point, Fedor and his coworkers 
have measured the eliminations of a series of 4-substituted benzoyloxy"' 
and phenoxy4' butan-2-ones with a variety of amine bases in aqueous 
solutions. These substrates possess leaving groups whose conjugate acids 
have pK, values spanning the range between methanol (= 16) and acetic 
acid ('v 4). 

k 
XCH,CH,COCH, + B L___ k- XCH~CHCOCH, + ~ B H  ' 2  x +H,C =CHCOCH, 

(22) 

The p-eliminations of the p-substituted benzoates from 4-(p-substituted 
benzoyloxy)-2-butanones are general base catalysed and virtually in- 
sensitive to the substituent in the leaving group. This insensitivity is 
unusual for E3 reactions (e.g.. arene s u l p h ~ n a t e s ~ ~ . ~  ') and accords more 

favourably with an (ElcB),,, reaction in whi:h k-I(BH) > k , ,  and thence 
k ,  is rate determining (cf. equation 22). The eliminations of the fibstituted 
pkenoxides support this view. The rates of formation of the but-3-en-2- 
ones are described by equation 23, with tertiary amines (B) and hydroxide 
ion as the bases. This equation for the (ElcB), mechanism predicts that 
plots of kobc against (B) should exhibit curvature at high buffer concentra- 

tion ( k -  ,(BH) >> k 2 ) ,  if a substantial fraction of the substrate is converted 
into its enolate anion. In fact. saturation kinetics of this kind are observed 
for four of the five phenoxy derivatives. only the p-CN derivative. which 

(23) 

+ 

+- 

k," K w + -- k,(B) 
kobp = + 

(k-,/k,)(BH) + 1 'IL 

I 
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is by far the best leaving group, failing to show this behaviour. Rearranging 
equation 23, and using a double reciprocal plot of l/(kobs - k,RK,/ai) 
against 1/B enables determination of the values of k l  , k -  , and k,49. Rate 
coefficient k ,  is markedly affected by the aryl substituent ( p  = 0.67 k 0.08, 
relative to  p' = I for the ionization of the corresponding phenols). sug- 
gesting about 60-700/, of the charge resides on the leaving group i n  the 
transition state for C,-0 cleavage. This is very similar t o  the charge 
distribution in the eliminations of phenoxide from 2-aryloxyethyl sul- 
phones, sulphoxides and sulphonium salts discussed in Section C.3.a. 
Both k ,  and k -  , values change little with the p-substituent, the reaction 
constants being similar to that observed for the ionization of phenoxy- 
acetic acids. 5 

The hydroxide induced eliminations of the substituted phenoxy and 
benzoyloxy derivatives and the exchange reaction of 4-methoxybutan-2- 
one are related by equation (24). The generality of this expression accords 

logkaH = - 1.16 0.07 pK,, + 6.25 (24) 

( 1  1 points, pK, values for methoxyacetic acid. phenoxyacetic acids and 
benzoyloxyacetic acids) 

with proton removal for the whole series being a separate process from 
C,-0 bond cleavage. The authors concluded that the ElcB mechanism 
was generally applicable to the eliminations of P-oxyketones possessing 
leaving groups. whose conjugate acids have pK, values in the region 4-16. 
For  good leaving groups, k ,  is rate determining, k ,  is rate determining for 
the poor leaving groups. and for intermediate cases. partitioning of the 
enolate anion is significant. 

An interesting observation arising from the work of Fedor and Glave 
concerns the sensitivity of k 2  to the conjugate acid of the amine base. 

suggesting an ion pair adsociation of h H  and the enolate anion4g. Ion 
pairs undergoing continual internal return have been invoked to explain 
the apparent lack of P-deuterium exchange and interconversion of threo- 
and eryrhro-4,4'-dichlorochalcone dichlorides (8) during elimination 
induced in ethanol containing various buffers5,. However, this explanation 
is not convincing, as the ethoxonium enolate ion pair would not be 
expected to have an appreciable lifetime in 'acidic' ethanol. and the 
observed rate depression in acidic solution should only arise if protonation 
is by an external acids3. Other than the exchange requirement, the kinetics 
of elimination of the chalcone dichlorides are consistent with an (ElcB), 
mecha n i sm '. 

p-CIC,H,COCHCICHCIC,H,CI-p 

( 8 )  
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d. Eliiniiiatioiis ji-oiii 2-pheiiylsulphonyl-1-X-etltuiies. The results in 
Table 3 indicate the delicate balance between rate-determining ionization 
and elimination with change of a-leaving groups4. Proton removal is rate- 
determining and no buffer saturation rate plot is observed for the acetate 
(either E2 or ElcB),,,). However, the ionization rate is greater with the 

more powerful electron withdrawing NMe, group, and the 'poorer' 
departing ability of this group changes k , / k - ,  such that at high buffer 
concentration, the (ElcB), mechanism operates. The changes in k ,  accord 
with steric hindrance to proton abstraction. In contrast the authors point 
out that the ratio of k , / k _ ,  is little affected by a- or P-phenyl substitution 
in the substrate, suggestive of carbanion intermediates with little double- 
bond character. However, the steric encumbrance in the carbanions 
would be expected to greatly restrict the orientation of the aryl group and 
theieby minimize the normal resonance delocalizing property of the aryl 
ring. 

+ 

4. ( E l  cB) ,,, mechanisms 

In cases for which k z  - k -  ,(BH), an irreversible carbanion mechanism 
can be inferred at lower buffer concentration. if  buffer saturation (and 
hence a change to the (ElcB), mechanism) is observed in more concen- 

trated solution. However, if k z  >> k -  ,(BH). or if the conjugate acid of the 

+ 

+ 

TABLE 3. Structural effects on basr-induced eliminations on the 
(El  cB),,, borderline54 

k 
PhS02CHCHX + B 'carbanion' + i H  k' b PhS02C=CHR2+ x 

k.1 I 

(B = Et,N, B H  = E t , h H  buffers in EtOH at 25 'C) 

A, A2 R' 

R' R2 X lo2 k ,  lo4 Buffer saturation 
(n1ol-I s - l )  k,/k-,(mol) on rate 

No H Ph ' OAc 

H P h  NMe, 850 6.7 Yes 

No H H NMe, 86 

Ph H NMe, 24 10 Yes 

Ph H NMe,Et 6.8 19 Yes 

No 

H H kMe,Ph 160 18 Yes 

- 4.6 
+ s 
+ 

-_ 
+ 

+ 

- H H kEt ,Me  53 
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base is also the solvent, this method is inoperable. Alternative procedures 
include comparison of kinetic effects for eliminations with those for proton 
abstractions (e.g., cf. equation 24, Section 11.C.3.~)~ and estimation of 
proton abstraction rates for elimination reactions from data for exchange 
reactions on model compounds. Boih of these approaches allow only a 
preference for, rather than certain proof of, an (ElcB),,, instead of an E2 
mechanism. 

a. The elimirtatiori of 1,1-di(p-chloropherzyl)-2,2,2-trickloroethme ( D D T )  
iiz protic soIvents. The dehydrohalogenation of DDT with various bases in 
protic solvents (equation 25) was for over two decades regarded as a E2 
elimination involving a transition state with considerable carbanion 
character. The substantial kinetic data available included : (i) second 
order  kinetic^^'-^^ ; (ii) a large positive reaction constant5' ( p  = 2-4, 30"C, 
OH/92% EtOH); (iii) low kH/kD (e.g., 3.8, 25"C, OEt: 3.1, 45"C, 
SPh(EtOH))56; (iv) very large k&kcPh elimination rate ratio ( 14,000)56.59; 
(v) Bronsted components, p = 0.88 (SAr, EtOH), 0.77 (OAr, EtOH)56*59; 
(vi) general rather than specific base catalysis5' (SPh/HSPh/EtOH); and 
(vii) no isotopic exchange of P - h ~ d r o g e n ~ ~ .  However, although these 
results clearly exclude the (E 1 cB), mechanism, they accord equally well 

with an (ElcB)i,r mechanism. % 

B + 
(p-CIC,H,),CHCCI, (p-CIC,H,),C=CCI, + BH + El (25) 

McLennan and Wong have recently measured the deuterium isotope 
effects for the DDT elimination with several bases in ethanol (Table 
4)26*60.61. As the base Strength is increased, the isotope effect (kH/kD) 
passes through a maximum, the position of which corresponds to the 
calculated pK, value of DDT. This is the expe;ted result for an 'uncoupled' 
proton removal ((ElcB),,, mechanism). When the pK, of the base and the 
substrate are equal, the maximum isotope effect is predicted because the 
proton should be half-transferred to the b a k  in the transition state33. An 
isotope effect passing through a maximum has only been reported for one 

E2 reaction, i.e. the formation of styrene from PhCD2CH28Me2 with 
hydroxide ion in DMSO-water m i x t ~ r e s ~ ~ . ~ ~ .  As the aprotic composition 
of the solvent is increased, the isotope effect attains a maximum. However, 
the medium basicity (H-) at this point is 10-15 pK units away from the 
predicted pK, value of the substrate6'. Thus, it appears that the DDT 
reaction behaves more like a carbon-acid iohization than an elimination 
reaction. I t  is noteworthy that for both of the above reactions, the isotope 
maxima are clearly defined in contrast to some theoretical predictions6" 
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and experimental findings for carbon acid ionizations6', which indicate 
much broader maxima. 

The maximum isotope effect for the elimination of D D T  with phenoxide 

transferred to the base. This is in conflict with the Bronsted value of 0.88 
for the DDT eliminations with substituted phenoxides, which indicates a 
more product-like transition state. The authors felt that the Bronsted 
component was the less certain criterion of mechanism, although Bordwell 
and Boyle have argued that both kinetic parameters are insensitive 
measures of transition state structure65. 

TABLE 4. Deuterium isotope effects for the elimination of DDT in ethanol 
with various bases at 45"C6' 

ion a. huggests a transition state in which the P-hydrogen is about half 

B + 
(p-CIC,H,),CDCCI, ___* BD f (p-CIC,H,),C=CCI, + CI- 

Base PhS- p-N02C6H,0- PhO- M e O - "  EtO- t -BuO-* 

k,lkD 3.13 4.83 6-21 4-75 3.40 3.38 
pK, BH in EtOH 9.3 13.3 15.8 18-3" 20.3 - 

in methanol: /iH(!,,, = 5.16 at 30°C. 

For the DDT eliminations, the isotope effect decreases when the medium 
is changed from MeOH/NaOMe to the more basic c - B u O K / C - B U O H ~ ~ .  
This result is in striking contrast to the increase in isotope effect accom- 
panying thessame solvent change for a whole series of concerted elimina- 
tions (reactions showing significant isotope effects or elements involving 
both eliminating groups) giving alkenes. alkynes and carbonyl pro- 
ducts61.66. 

McLennan and his coworkers prefer the E2 mechanism for the chloride 
ion induced eliminations of DDT in aprotic solvents as the reaction 
constants are considerably smaller than those observed for the alkoxide 
induced eliminations ( p  = 1.31 in acetone; 0.99 in DMF)67. This result is 
surprising as aprotic solvents possess poor anion solvating properties for 
small ions, and relative to protic media, C,-H bond cleavage should be 
more facile than to C,-CI cleavage. Presumably charge is more effectively 
dispersed in an E2 transition state than in a delocalized carbanion. 

b. Lrauiiig group efeftcts oii elimiiicrtiojl rntes. For an (E 1 cB)~,, vechanism 
the role of the leaving group should be confined to  its polar effect on the 
rate of abstraction of the P-hydrogen. However, in an E2 mechanism, the 
weakening of the boncwfj'the leaving group decreases the energy of the 
transition state below that of a stepwise process. Thus, in this latter case, 
elimination should occur more rapidly than the predicted proton removal. 

' in r-bury1 alcohol ;if 30°C. 
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The problem, therefore, narrows to measuring the proton exchange in a 
relevant model compound, and making the appropriate allowance for the 
polar effect of the leaving group. The uncertainties in the method are 
illustrated &y the stereoconvergent eliminations of the isomeric 2-p-  
tolylsulphonylcyclohexyl 

S02C7H7 

anti 
elimination + a OS0,C7H7 

tosylates (equation 26). With hydroxide ion as 

S02C7H7 S02C7H7 , 

elimination syn 0, (26) 
OS0,C7H7 

the base, onti elimination occurs Jbout 400-times more rapidly than syii 

elimination6’. In presence of t-amine bases, the eliminations exhibit 
general base catalysis, thus excluding the (E lcB), mechanism. As with 
many stereoconvergent eliminations, which were reported two decades 
ago6’, Weinstock, Pearson and Bordwell preferred an E2 mechanism for 
the nriti elimination, but presumed that the sjv7 elimination was (El c B ) ~ ~ ~ ~ ~ ,  
as it was not then realized that E2 reactions may occur with syn- 
stereospecificity (see Section 1I.E). When the rate of exchange of 9 was 
found to be to lO-’-times slower than the eliminations, their view 
was modified”. They considered the polar effect of the tosylate was too 
small to account for the differe~~tial, and therefore proposed that both 
eliminations were E2 processes. 

Hine and Ramsay found that the rate of exchange of 10 was 500-times 
greater than 9, and using these two data points to calculate p* for the  series, 
they predicted that the exchange rate was slower than the anti elimination 
by a factor of about 100, but slightly faster than the s y ~ i  elimination”. 
Thus, they resurrected the initial interpretation, despite the considerable 
uncertainty in a two-point extrapolation. Steric inhibition of P-proton 
abstraction is likely to be greater with the more bulky tosylate than the 
smaller methoxyl and hydrogen substituents. Thus, simple use of (r* alone 
may over estimate the exchange rate. 

Because of the uncertainty in calculation, the predicted rate should be 
at least two orders of magnitude less than the elimination rate for an E2 
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mechanism to be assumed. Conversely. proximity of exchange and elimina- 
tion rates allows an ElcB mechanism to be inferred, but does not constitute 
proof. In a more recent publication, Bordwell, Weinstock, and Sullivan72 
have stated that an ElcB mechanism is still possible even if the predicted 
exchange rate is considerably smaller. as exchange may involve consider- 
able internal return, especially with tertiary amine bases. This potential 
loophole greatly nullifies the use of the rate-of-exchange predictions, as 
the result can clearly be interpreted as desired. 

Bordwell, Weinstock, and Sullivan’s recent paper contains more 
definite proof that both eliminations involve the same mechani~m’~. 
Both reactions give very similar reaction constants for substituents in the 
leaving group ( p  = 0.56 (OH at O”C), 0.33 (NMe, at 25 “C) for syr7 elimina- 
tion, and p = 0.42 (OH at 0°C) 0.50 (NMe, at 25 “C) for anti elimination). 
These reaction constants are considerably smaller than those observed for 
documented E2 reactions of other arene sulphonates (e.g., 2-pentylarenc- 
sulphonates, p = 1-35”; 2,2-diphenylarenesulphonates, p = 1-1 7 3 ;  2- 
substituted arylethylarenesulphonates, p = 0-94 to 1-34”). However, 
whether these values are small enough for an (EICB),~, rather than an E2 
mechanism is debatable. I t  would be worthwhile investigating the C,- 
oxygen isotope effect, and the P-deuterium isotope effect with various bases 
on the line outlined for the DDT elimination. 

Kaplan and Burlinson have used an a-fluorine effect to infer an (ElcB)ir, 
mechanism for the elimination of nitrous acid (equation 27)74. 

b [ZC(NO,)=CHCH,CN] (27) 
OH 

Z =  NO,, F, and CI 

ZC(NO,),CH,CH,CN 

5 .  ( E l  cB) ip  mechanisms 

The kinetics of elimination of 11 (Scheme 7) accord with the (ElcB), 

mechanism except that the observed rate is not dependent on (BH)-’. 
However, in view of the low dielectric constant of the solvent and its poor 

anion solvating properties, it seems likely that EN expulsion from the 

carbanion is electrophilically assisted by (BH), i.e. the (El cB), i P  

mechanism24. Electrophilic assistance to leaving group cleavage is well- 
known in nucleophilic aromatic7’ and ~ i n y l i c ’ ~  substitution reactions. 
With more basic amines (Et,N and (H-Bu)~N). compound 11 is extensively 
converted into its conjugate base and the (E mechanism, involving 
an ion-paired intermediate. operates. The elimination of 11 is truly ‘base 
catalysed‘ rather than ‘base induced’. since only a trace of amine is required 

+ 

5 

+ 
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to affect the self-decomposition. The liberated HCN is a weaker acid than 

11 (px, HCN E 9), and the eliminated CN therefore abstracts a proton 
from 11. 

Ar(CN)C=C(CN), + k ,  
ArC(CN),E(CN), BH 

k, 
ArC(CN).CH'(CN),+ B ' k - ,  

(11) + c N + + B H  
N H, 

Ar = Me9Me 
solvent: CHCI,; B = rnorpholine, substituted anilines or pyridines. 
' k , / k ,  = 1 .OO k 0.06 at 30 "C; kexchange > keliminaiion 
kobs = V o b s / ( l I ) ( B )  = k , k , / k - , .  

SCHEME 7. 

The (EICB),~, mechanism has also been invoked to explain the second- 
order kinetics, primary deuterium isotope effect of unity, and the insen- 

sitivity of rate to added Et,kHC1 (only a two-fold variation) in the 
elimination of 142 with Et,N in aprotic  solvent^'^ (Scheme 8). 

' \  ' q h ' h 3 E t 3 N  

Ph-C-C 9;:; NH + Et, Ph-C-C-CN 
I I  NC' 'CN 
CN CN 

(1 2 )  

. .  PPh3 ,c-c- / CN 

Ph CN 
\ 

Q==; 
,c-c 

Ph 'CN 

+ E~,&H EN 

f k H / k ,  = 1 .O --t 1.1, solvents; MeCN; 20% MeCN-benzene; benzene. 

SCHEME 8. 

The (ElcB),, mechanism is anticipated to show a preference for syii 
elimination7'. as is found for the dehydrofluorinations of the diastereo- 
isomers 13and 14(equation 28)79. Thegerninal isotopeeffect. k l s / k l ,  = 1.1  
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is of secondary origin, arising from a hybridization change on passing into 
an extensively delocalized carbanion ion pair, whereas the inverse i s tope  
effect, k l J / k 1 3  = 0.8 reflects predominantly an equilibriu 

R '  

SPh 

Et N / C  H 

svn-elimination 
(-R'F) 

- 
Element effects and primary deuterium isotopeeffectsfortheeliminations 

of 2-phenylsulphonylethyl halides with a variety of bases suggest that the 
bromide and chloride follow the E2 mechanism, whereas the fluoride in 
aprotic media, reacts via an (EIcB)~, mechanism79b. 

6. Miscellaneous E l  CB reactions 

ElcB mechanisms have been proposed (i) for a number of reverse 
Michael additionssO-s ', (ii) for hydrolysis of esters possessing strongly 
electron-withdrawing aryl groupsS2, (iii) to explain isocyanag inter- 
mediates in the hydrolysis of carbamatess3, and (iv) for the reaction of 
3'-O-(methylsulphonyl)thymidine-5-carboxylate with bases in DMFs4. 

7. Conberted versus stepwise eliminations giving alkenes 

Bordwell' has questioned the existence ofconcerted reactions involving 
the formation and cleavage of as many 9s four bonds. Considering the 
recent proliferation of examples of the ElcB mechanism and the well- 
known two step eliminations for the majority of Eco, E,,, E,,, E,=, and 
E, =, eliminations, he concludes that concerted bimolecular eliminations 
are the exception racher than the rule. In concerted reactions, the energy 
released in bond formation is regarded as being used simultaneously to 
aid bond cleavage. Arguing that elimination with concomitant aromatiza- 
tion should provjde a strong driving force for sconcerted E2 reaction, 
Bordwell, Happer and Coopers5 compared the aromatizing elimination 
(equation 29) with the non-aromatizing elimination (equation 30). For 
16b, k:xxcEnge >> kelim and kI6= is only twice as large as k , , ,  exchange. As 
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the elimination of 16b is clearly (EIcB),, the authors invoked the (ElcB),,, 
mechanism for 16a in view of the similarity in elimination (16a) and 
exchange rate (16b). Thus, they conclude that even the potential driving 
force of aromatization is insufficient to promote a concerted elimination 
and the reaction follows the principle of least motion. In general they feel 
that for eliminations involving activated P-hydrogens, concerted elimina- 
tions will be rare14.85. 

NaOH 
75% dioxan/H,O* Qp so; 

Resonance energy gain 21 kcal/rnol 

NaOH ____, 
75% dioxan/H,O 

(16b) 

Generalizations based 

Resonance energy gain 4 kcal/rnol 

on isolated examples are unsound. Huckel 
calculations imply the resonance energy gain in passing from 16a into its 
conjugate base is similar to the gain on ‘aromatization’86. In addition, the 
geometrical alignment of the eliminating fragments is far from 
~ o p l a n a r ~ ~ . ~ ’ ,  and sulphone is a reluctant leaving group86. Thus, it is not 
surprising that an (E 1 cB)~,, mechanism apparently prevails in this case. 

D . .  The Variable Transition State for Concerted 

1. Terminology 

Most recent reviews give detailed coverage of this important 
aspect2.’-’ o.88, so our discussion here is brief. Bunnett’s3. original concept 

EJiminations in Protic Media 
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of transition states ranging from ‘ElcB-like’ to ‘central E2’ to ‘El-like’ has 
been consolidated and extended to include terms such as ‘reactant-like’ 
and ‘product-like’. Figure 1 depicts the interrelationship of these variants. 
This formulation is generally used to predict directional changes in the 
transition state with changes in the reactant structures, rather than to 
‘pin-point’ the exact position. To this end, the descriptive terms ‘more 
carbanion-like’, ‘increased carbonium ion character’, etc., are used. Ion 
pair entities are not included in our concept of E2 reactions as these consti- 
tute variants of the ElcB and El  mechanism. We consider the role of 
base-C, interaction under eliminations in aprotic media (see Section 1I.G). 
There have been several theoretical attempts to predict the effect of 
structural changes in the reactants on the transition In general 
these approaches predict that the transition state will move closer in 
structure to  the stabilizing influence. In this context, carbanion stabilizing 
substituents at C ,  should promote an increase in carbanion character, 
whereas conjugative substituents at C, and C, should encourage a transi- 
tion state with extensive double-bond character, thus falling into the 
centraLE2 or product-like region. 

s+ 
B... 

.H.. .&, 
X 

s+ 
B... 

H. .. 
c”-c.-.X8- 

Cent ral- €2 

c-c, 
X 

1 Reactant-l ike 

B 
H\C--C8: 6- 

x 
El- I i ke 

Ca-X bond order 

FIGURE 1. E2 transition states. 

2. The effect o f  the leaving group 

A change to a more reluctant leaving group should stabilize reactant 
and carbanion-like transition states, but destabilize product-like and 
carbonium-ion like structures. Thus an increase in C,-H cleavage 
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relative to C,-X cleavage is anticipated. Table 5 lists some data on 
2-arylethyl derivatives consistent with this prediction. 

All of the reactions are clearly of the E2 category. They exhibit significant 
deuterium isotope effects and either a substantial element effect or leaving- 
group isotope effect63*98-100. The kinetics are clearly second order in all 
cases, and anti elimination is assumed, although it has only been proved 
in a few cases using substrates specifically labelled with deuterium lo' .  

For the uncharged leaving groups, the p values increase with decreasing 
reactivity. The Hammett reaction constants reflect mainly charge accumu- 
lation at the benzylic carbon, and the increase in p is thus interpreted as 
indicative of increased carbanion character. The 'onium groups do not fit 
the reactivity sequence, but are generally assumed to be among the poorer 
leaving groups on account of the large p values. Some degree of caution 
is necessary in assuming the p values as listed reflect a continual increase 
in carbanion character, since without a change in transition state structure, 
a change of leaving group should modify the reaction constant. The 
poorer leaving groups are generally more electron withdrawing and 
hence the need for stabilization of the carbanion character at C, by the 
aryl substituent is reduced. The increased electron withdrawing effect of 
X down the series inay mask, in part, a substantial change in transition 
state, as p barely doubles in passing from the least to most carbanion-like 
structure. In any case, except for the sulphoxide, the p values are much 

TABLE 5. E2 eliminations of 2-arylethyl derivatives at 30°C 

% 

Ar-CH,CH,X+ B - BH + Ar-CH=CH, + x 
6 

BH EtOH i-PrOH f-BuOH 

X krcl P k H l k D  P k , , l b k  P k,/k, Ir 

I 26,600 2.07' -. 1.881 - 

Br 4100 2.14' 7.1' 2.08f 7.9' 
2.49' 8 .O' OTs 392 2.27' 5-7' 

c1 68 2.6 1 

SMez 37,900 2.75' 5.1' 3.Sh 6.7h 
F 1 3.12' 

NMe, 760 3,77* 3.5".' 3.gh 3.Sh 3.04* 6.gd 

- - - 
+ 

- - 
- - - - - 

+ 

SOMe. - - - 4.4i - 7.7b 

a Extrapolated horn data at higher tempcratures. 
'Solvent contained 2.18 M-DMSO at 52 "C- References as follows ' 91 : 

' Ratio of 2-arylethyl-X/2,7-dideutero-7-~rylet hyl-X. 

97: "93; 94: 
95; I ,  96; 97; j 51 (at 40°C). 
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smaller than those observed in the formation of carbanions from carbon 
acids ( p  = 4 to 71°2)). 

For all three solvent systems, the deuterium isotope effects decrease with 
increasing p value. The value of 7-8 for the bromide is about the maximum 
predicted on theoretical grotinds33 for half transference oft he proton in the 
transition state, and the other decreasing values are considered to reflect 
gradually greater extents of proton transfer t o  the base. This interpretation 
clearly accords with the increasing carbanion character predicted from 
the p values and is supported additionally by solvent isotope ~ tudies"~ ,  

which indicate proton transfer is greater for the NMe, than SMe, case. 
These observations, coupled with the greater extent of C,-S+ than 
C,-N + cleavage. as indicated by the leaving gr0u.p isotope effects63.98-'00 
all accord with the hypothesis that the carbanion cha&ter of the 
transition state should be increased by a change t o  a pooler leaving group. 

Elimination reactions of substituted arenesulphonates (Table 6) enable 
separation of steric and electronic factors. The increase in p,, with de- 
creasing electron withdrawing power of substituent Z implies greater 
carbanion character in the transition state for the poorer leaving group. 
As the acidity of the P-hydrogen is enhanced by greater electron-with- 
drawing substituents Y .  the reaction constant pL decreases. consistent 
agzin whh an increase in carbanion character". 

+ + 

3. The influence of stereochemistry 

More positive reaction constants. smaller primary deuterium isotope 
effects and leaving group isotope effects are generally found for sy7 than for 

TARLE 6. Hammett reaction constants for elimination of substituted 2-arylethyl arene 
sulphonates with r-BuOK!r-BuOH at 40°C" 

0 

. 
Y p-OMe p-Me H ni-OMe p-CI nI-Cl 

P, 1.24 1.24 1.08 1.06 1.01 0.94 
e . 

Z p-Me H p-Br p - N 0 2  

PY 2.49 2.50 2.36 2.03 e 
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thecorrespondingnrrtieliminations. These results indicate that s j ~ r 7  elimina- 
tions involve transition states which are more carbanion-like, whereas 
double-bond character is greater for miti  eliminations (Table 7). There are 
several reasons which may explain these facts. In syi7 elimination, base- 
leaving group steric interaction is greater. and this may weaken the 
B-H, bond, necessitating a greater extent of cleavage. Alternatively, this 
greater proximity encourages a cyclic ion-pair mechanism with electro- 
philic assistance by the base cation a9ding C,-X cleavage, thereby 
diminishing the demand for assistance from the developing C,-H 
electron pair. In SJW elimination, the electron pair developing at C, is 
incorrectly situated to exert a rearside displacement in encouraging C,-X 
cleavage and consequently this may require a greater concentration of 
charge at C, to provide a similar displacing momentum to the mi 
elimination. Another explanation based on quantum mechanical calcula- 
tions argues that overlap of developing orbitals is considerably less 
favourable for a syri orientationIo6. 

4. The influence of base and solvent 

It is difficult to separate the influence of base and solvent as both are 
usually changed simultaneously in elimination reactions. Even if the base 
is maintained nominally constant, changes in the solvent can influence the 
association and solvation behaviour of the base, and thus change its 
intrinsic activity. Most often alkoxide-alcohol media are employed and 
we shall mainly confine our discussion to these. 

Along the series OEt  -+ ;-Pro- -+ t-BuO-, the base strength in- 
c r e a s e ~ ’ ~ ’  whilst the solvent ionizing power decreases’ 08. Hence. for 
eliminations involving uncharged groups, the solvent change should retard 
C,-X cleavage, and promots greater charge dispersal in the transition 
state, and possibly more double-bond charac$r. However. a stronger 
base should encourage a more reactant-like transition state. The com- 
bination of these factors is likely t o  produce a decrease in C,-H bond 
breaking, a slightly greater decrease in C,-X bond cleavage and a 
marginal increase in double-bond character. Thus. k , / k ,  should increase 
and p should change little. These trends are consistent with the eliminations 
of 2-arylethyl bromides and tosylates (Table 5). I t  should be remembered 
however, that p usually varies inversely with the solvent dielectric 
constant log, so a slight increase, without change of carbanion character at 
C,, in pas -m ethanol to t-butyl alcohol is expected. An indication 
that doub d character is slightly greater in the less polar solvent is 
provided by the eliminations of 1.2-diphenyl- 1-propyl halides’ lo.  
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TABLE 7 Some kinetic parameters for oriti and syri eliminations 

Substrate Stereochemistry Dihedral angle syiiloriti p(50 "C)" 

0-30" 

150" I 

Ar 

0.10 > 

rxo-syn-periplanar 

O" 1 
i 30.7 

u 
exc-oiiti-clinal 120" 

Ar 

O" 1 endo-syn-periplanar 

3.1 2 

2.56 

H 

Ar 

t l l l t i  

2.76 

I .48 
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TABLE 7 (continued) 

Substrate Stereochemistry Dihedral angle synfniiti p(5O"C)o 

H 

91.. Ar 

+ 
NMe, 

D 
I 

S V i ?  

nr?ti 

0-25" 2.90 

1.0108 5.40 

0-60" I8O" I 1.0064 2.60 

nnri-periplanar 

syn 

" Base: t-BuOK/t-BuOH, at 50 "C, reference 104. 

' Nitrogen isotope en'ect. 
Base: NaOEt/EtOH at 60°C. reference 105. 

Following anti stereospecificity, the erythr-o isomer eliminates to the less 
stable cis stilbene. whereas the rhreo isomer gives a-methyl-tr-nns-stilbene. 
As the reactants have similar stability, the rate ratio reflects the extent of 
double-bond character, a value of 50 being predictable under thermo- 
dynamic conditions. Under kinetic control, kfhreo/keryfhro is almost unity 
with ethoxide in ethanol, but attains 5.4 for the bromide and 15 for the 
chloride in t-butyl alcohol containing t-butoxide. The rate ratio, koTs/kBr 
is less & OEt/EtOH than in t-BuO-/t-BuOH (cf. O. l& vs 0.22) for the 
2-arylethyl eliminations. This result was assumed to indicate less C-X 
cleavage in the more ionizing solvent" '. However, although large values 
of koTs/kBr certainly accord with extensive C-X cleavake, interpretations 
of small ratios are uncertain as koTs/kBr is most probably not a linear 
function of C-X cleavage for small extents of bond 
Clearly, there is a need for a more definitive measure of C-X cleavage for 
uncharged leaving groups. 



4. Mechanisms of elimination and addition reactions I85 

For charged leaving groups the base effect is predicted as above, but a 
less polar solvent should encourage C,-X+ cleavage in the transition 
state. Table 5 shows that proton transfer does decrease with a change to a 
stronger base as k,/k, increases. However, whereas p changes little for the 

NMe, elimination, (EtOH -+ i-PrOH), and clearly decreases in the most 

basic medium (t-BuOH). an abrupt rise in p is noted for the SMe, 
elimination (EtOH -+ i-PrOH). These results imply an increase in car- 
banion character in one case and a decrease in the other as the base 
strength is increased and the solvent polarity is reduced. There are obvious 
limitations in assuming all substrates with charged leaving groups will 
respond similarly to changes in reaction conditions. 

Mixed protic-aprotic solvents have gained favour as media for base 
induced reactions. Addition of DMSO to t-BuOK/t-BuOH causes no 
change in the p or k , /k ,  values for the elimination of 2-arylethyl bro- 
rnides1l3. I t  should be noted that this is one of the few reactions in which 
the rate rises faster than the medium basicity as measured by the ionization 
of nitroanilines. Conversely, the p values rise sharply for a,similar solvent 
change in the eliminations of the substituted 2-arylethyl arenesulpho- 
nates’ 14. This result again illustrates the uncertainty in general predictions. 
Presumably hydrogen bonding interactions are more idportant for the 
sulphonate leaving group, and consequently as the aprotic content of the 
solvent is increased, C,-0 cleavage is retarded more than C-Br 
cleavage. 

The rate of elimination of 2-arylethyldimethylsulphonium ion with 
hydroxide ion increases by lo6 as the solvent is changed from water to  
85 mol- ”/, dimethyl sulphoxide62. This dramatic rate increase reflects an 
increase in medium basicity and a decrease in water activity. The activation 
energy decreases as might k expected for eliminations involving gradually 
less solvated and more reactive base. This change obviously contains a 
significant ground state contribution. At low DMSO concentrations 
(0-30 %), the sulphur isotope effect decreases m a r k e d l ~ ~ , . ~ , .  The p value 
increases during this region and thereafter remains essentially unchanged. 
The k , / k ,  value changes little initially, then rises, passes through a 
maximum. and then declines with increasing DMSO concentration62. 
The ylid mechanism was not excluded and the results were interpreted as 
an increase in carbanion character and a gradual shift to a more reactant- 
like transition state with increasing aprotic content of the medium. %iis 
reaction in fact was the first emmple of a maximum primary isotope effect 
to be observed experimentally, in agreement with the theoretical interpre- 
tation. by just changing the solvent. Subsequently, similar behaviour has 

+ 
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been reported for the elimination of the corresponding ammonium 
salt115 and a number of simple proton transfers of carbon acids' 16. 

5. The effect of substituents at C, and C, 

I t  would seem reasonable to expect electron-withdrawing substituents 
at C, to facilitate C,-H cleavage and retard C,-X cleavage, thereby 
encouraging an increase in carbanion character of the transition state3. 
However, interpreting this expectation in terms of extent of bond cleavage 
is an uncertain occupation. In the 2-arylethyltrimethylanimoniuni ion 
eliminations, electron-withdrawing substituents accelerate the rate 
( p  = 3.77, Table 5) and cause an increase in k H / k D  but a decrease in the 
nitrogen isotope effect (Table 8). Hence. in line with the Hammond 
postulate' 18, a more reactant-like transition state is observed for the more 
reactive substrate. Whether this represents an increase in  carbanion 
characyr is debatable, as it  is difficult to judge which leaving-group 
cleavage is diminished more. Theoretical calculations indicate the C-X 
isotope effect should increase almost linearly with theextent ofcleavage' 1 9 .  

However, various shaped profiles. exhibiting both well-defined and very 
flat maxima have been obtained from theoretical considerations for 
kH/kD64. 120  . Experimentally. similarly contrasting profiles have also been 

In the 1-arylethyltrimethylammonium ion. the influence of the aryl 
substituent appears to be mainly concerned with its effect on C,-H 
cleavage as electron-withdrawing substituents promote the rate ( p  = 0.95) 
and reduce slightly the extent of C,-H cleavage. if  i t  is assumed that the 
transition states have extensive carbanion character. with the proton 
always more than half transferred. The isotope eflect as  measured of 
course contains a secondary contribution and this, rather than the primary 
effect. could be responsible for the small change observed. The secondary 
a-D isotope effects d o  not show a regular variation with the electronic 
nature of the aryl substituent. Secondary isotope effects may be of steric' 23. 

inductive"', hyperconjugative125 o r  hybridization change originlZ6. 
Usually in eliminations. the latter explanation is preferred for a-D effects. 
although for small extents of C-X cleavage. and hence little hybridization 
change at C,. the other factors may be more important. The authors"' 
explained their results in terms of a shift to a more reactant-like transition 
state wit8 greater carbanion character as the electron-withdrawing power 
of the aryl syktituent is increased. 

A decrease in the rx-deuterium isotope effect with increased electron 
withdrawal is observed in the eliminations of 2-arylethyl tosylates 

reported62.65.1 16.121.122 

* 
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(Table 8)’ 12. This result suggests successively less rehybridization at  C, 
in the transition state and is in agreement with the predictions based on 
the Hammett pz values ofTable 6. In line with the ammonium ion elimina- 
tions a reduction in the extent of C,-H cleavage with increased electron 
withdrawal is predicted. This prediction, however, is a t  variance with the 
Bronsted components, p, for the elimination of 2-arylethyl bromides with 
substituted phenoxides. Values of O-67(p-N02C6H,CH2CH2Br) and 
O-54(C,H,CH2CH,Br) for P suggest that proton transfer is more extensive 
with the more strongly electron withdrawing nitro g r o ~ p ’ ~ ’ .  Recent 
results of Bordwell’s suggest that P is a rather unreliable measure of 
transition state structure for slow proton transfers6’. 

Despite the combination of more than one kinetic method, the results 
in Table 8 do not allow a definitive conclusion as to the variation in car- 
banion character at C, with the electronic effect of a- and p-aryl sub- 
stituents. However, it can be concluded that the transitior: state becomes 
more reactant-like with increased electron withdrawal. 

6. Concluding remarks 

To restrict the size of our discussion in  this section, we have limited 
most of our examples to the 2-arylethyl series. This series is in fact the most 
well documented, but it may not be a truly representative model for 
eliminations of simple aliphatic molecules because all of the transition 
states lie in the carbanion region. Despite the large volume of results. 
many gaps are apparent, and often only tentative proposals are possible. 
The following conclusions can be drawn. but these should be used only as 
guidelines : 

(i) A change to a poorer leaving group increases the carbanion character 
of the transition state. 

(ii) Weaker bases. in more ionizing solvents promote a decrease in 
carbanion character. 

(iii) Anti eliminations are more synchronous than s.vii eliminations, 
which exhibit greater carbanion character. 

(iv) Electron-withdrawing groups. particularly at C,. and to a lesser 
extent at C,. promote a more reactant-like transition state. which 
may possess a zreater degree of carbanion character. 

r 

At the present time. more experimental results are required. but more 
importantly, a deeper understanding of the theoretical variations of these 
kinetic effects as  measures of transition state structure is needed. Some of 
these kinetic para meters a re com plex for si m pl e si ngl e- bond breaking 
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processes. There is no guarantee that kinetic parameters should behave in 
a similar manner in more complex reactions, such as eliminations in which 
several bond changes occur simultaneously. Allowance may have to be 
made for the effect of one bond change on the kinetic parameters being 
assessed for an adjacent bond. Calculations of this kind have only reached 
the initial stages of development' 19. and are to be encouraged in the 
future. 

E. The Stereochemistry of Concerted Eliminations in 
Protic Media 

This aspect has been reviewed in '. Anti elimination is most 
common. but numerous examples of s j*u elimination. in some cases as the 
preferred mode, have been uncovered. The terminology is described 
earlier in  this chapter (Section I1.B). 

1. Theoretical explanations and hypotheses 

N o  single explanation accommodates all ofthe facts, and it seems certain 
that several features control the stereochemistry. For effective overlap the 
orbitals developing at C, agd C, should be aligned in parallel. For this 
reason periplanar eliminations should be preferred to clinal arrangements. 
This reasoning of course does not explain the preference of miti over s y i  

elimination. 
An electrostatic factor was originally proposed by Hiicke1128 to account 

for the preference for m r i  elimination in dehydrohalogenation with 
alkoxide ions. He regarded base-leaving group repulsion as unfavourable 
in spi elimination (17). However. model calculations predicted this factor 
was too small to account for nrzri/sjw rate ratios of 7000-24.000 for the 
benzene hexachlorides' 29. I n  addition, ctrzri stereospecificity is observed 
when X is an 'onium salt and if both B and X are uncharged. Clearly. in 
such cases electrostatic attraction should promote s j w  elimination. 

(1 7 )  

Sj*ri elimination requires eclipsing ofgroups at C, and C, . I f  the minimum 
eclipsing effect is modelled on the 3 kcal mol- ' barrier to rotation in 
ethane. a rate differential of 160 for kantJSyn is predicted'.". Of course 
during an elimination reaction. bonds other than those being made and 
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broken undergo rehybridization. Using ethyl cl#oride as a model, the 
principle of least motion has been used to show that the energy for 
rehybridization of non-eliminating b s increases along the series; 
nrtli-periplanar < syn-periplanar c nnti-clinal < sp-clinal ' 3 0 * 1  3 ' .  

Both quaptum mechanical calculations106 and frontier orbital theory'32 
indicate a preference for anti over syri elimination. A correlation between 
spin-spin coupling in n.m.r. spectra and the relative rates and stereo- 
chemistries of eliminations has been demonstrated' 33. This arises because 
the ease of delocalization of spin density and of charge run parallel. 
CND0/2 calculations were used to extend this work' 34. They showed 
for model systems that the site having strong positive spin coupling 
to a given proton is the site to which negative charge is preferentially 
transferred. Hence, except when &qnd X are both uncharged, charge 
transfer is more effective to the ar7ri than to the syr7 position. However, 
syri transition states are expected to possess extensive carbgnion character. 

In one of the most favoured arguments. bimolecular elimination is 
compared with bimolecular nucleophilic substitution. The electron pair 
from the C,-H bond is considered as equivalent to the nucleophile and 
nitti orientation is envisaged as correctly aligned for a displacement. with 
inversion at C,(18). However, as originally highlighted by I n g ~ l d ' ~ ~ ,  if the 
transition state possesses extensive carbanion character, the p-orbital at 
C ,  may form a well-developed lobe of electron density on the side away 
from the C,-H bond. In this case. displacement with inversion at C, now 
requiresan overall syti elimination (19)'36. In both cases, displacement with 
inversion minimizes electron repulsion effects. 

H 
y.2 / 
,c-c c'..\ 

X 

From these various theories and hypotheses a clear preference for nriti 
elimination emerges. However, s p  elimination is expected to become 
meore competitive for transition s t t e s  with extensive carbaniqmaracter .  
Additionally, steric or conformational restrictions which preclude 
periplanar orientations may markedly alter the syn/onti rate ratio. As we 
shall see, these predictions are borne out experimentally. 
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2. Experimental methodology 

All the stereochemical investigations concern comparative analyses of 
the products or rates of elimination of diastereoisomeric substrates. In 
many cases, the relative positions of X and the P-hydrogen are fixed by 
the presence of a P-alkyl substituent. Thus, if elimination occurs from a 
chair conformation, the cyclohexyl series can be used to compare mit i -  
periplanar and syt-clinal stereochemistry. Aitri elimination from 20 can 
give both 22 and 23. whereas sjw elimination yields the less substituted 
alkene 23. On the other hand, nrtr i  elimination from diastereoisomer 21 
can give only 23. Thus. if it is shown that 20 and 21 d o  not epimerize prior 
to elimination (e.g., excluding an ElcB mechanism) and that the alkene 
products d o  not interconvert under the reaction conditions. product 
analysis enables deduction of the stereochemistry of elimination. The 
limitation in this type of study is that the 2-R substituent may influence 
elimination into the substitgted branch. Hence, the result reflects a com- 
bination of stereochemical and orientational factors. 

The above problem% minimized if the R substituent is deuterium. As 
shown for the acyclic series. nriri elimination from diastereoisonier 24 gives 
the rims-alkene 26 containing one atom equivalent of deuterium. whereas 
the sjw elimination gives the unlabelled alkene. For the isomeric 25, the 
stereochemical and labelled assignments are reversed. Both substrates 
may also yield the cis-ene 27. the proportlon of which may be influenced 
by the kinetic isotope efYect. Thus. the st,ereochemistry of elimination can 
be deduced from a knowledge of the proportions of the geometric alkenes 
and their specific deuterium content. This kind of analysis is a con- 
siderable improvement in the technique for determining stereochemistry 
of elimination. I t  has only been made possible in recent years by develop- 
ments in gas chromatography. which enables facile separation of the 
alkenes. and mass spectroscopy. which is used to determine the deuterium 
content precisely. 
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3. Experimental results 

a. Alicyclic rings. A major advance in our understanding of the stereo- 
chemistry of elimination reactions stemmed from Sicher and Zavada's 
work on medium sized ring  system^'^'.'^^. From their data in Table 9, 
virtually no isotope effect is observed for the formation of cis- and froits-29 
in runs 2 and 5, but substantial isotope effects are apparent for runs 3 and 6. 
These results demonstrate that the same hydrogen is eliminated to  give 
both alkenes from a given substrate, i.e. nriti elimination --+ cis-ene. svri 
elimination + ti-oris-ene. The syrt elimination of the 'onium salt does not 
follow the ylid mechanism as unlabelled trimethylamine was isolated' 39. 

This divergent stereochemical behaviour is now termed the s ~ ~ n - o n t i  
dichotomy' 

In the original studies. the Czech workers showed the dichotomy was 
general for the elimination reactions of all medium sized ring trimethyl- 
ammonium salts under a variety of basic conditions' 39. ' " l .  They developed 
an alternative kinetic criterion dependent on rate profiles. Similar profiles 
(rate versus ring size) are predicted for different reactions which possess 
similar salient steric features. The Cope elimination was adopted as the 
reference for the syii process (Figure 2A) and the S J  reaction ofcycloalkyl 
bromides, which involves displacement with inversion at C ,  (Figure 3B) 
was adopted as the model for onti elimination. For the trimetliyl- 
ammonium ions, the rates of formation of the from-enes clearly parallel 
the behaviour of the Cope elimination (cf. Figure 2A. C) whereas the rate 
changes for cis-ene formation are very similar to t h e  S,2 variations (cf, 
Figure 2A. B). 

The 3jm-o~ri dichotomy is not so firmly followed in the tosylate elimina- 
tions'"'. In the cyclododecyl case. isotopic labelling indicates the cis-ene 
is always formed almost exclusively by anti elimination, but both sj~ri and 
nr i t i  elimination can give rise to the ti-om-ene. In fact. with potassium 
r-butoxide as the base. the s~v7 contribution decreases with increasing 
dielectric constant of the solvent: viz: 95 O 0 .  benzene; 8 5  I!;,. r-butyl 
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TABLE 9. Olefins formed in the bimolecular eliminations of some I ,  I 14.4-tetrdmethyl- 
7-Xcyclodecanes ' 38-140 

1.  

2. 

3. 

4. 

5 .  

6. 

NMe, D+ 

D O T s  

p.: 
PTS 'D 

35.9 

38.4 

55.9 

10.8 

10.3 

17.0 

9.20 

9.70 

13.2 

7.8 

8.4 

14.0 

49.3 

45.8 

28.7 

74.7 

75.4 

4 

63.0 

- 5.60 - 

1.1 6.10 1 .o 

2.7 2.20 3.6 

- - 6.7 

0.95 5.9 1.1 

1.9 6.0 1.9 

" Base MeOK-MeOK at 40°C (runs 1-3): r-BuOK-r-BuOH at 100 "C (runs 4-6) 
Calculated from alkene composition a s  follows: 

[ 9,; frnr~s-29 ( run  1) :  [ 'I;; rrms-28 (run 2); 

I 'I;, r r ~ r ~ s - 2 8  (run 1 ) ;  'I,; rrms-29 (run 2) )  
( k , , / k D ) - r r m s  ( run  2) = 
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FIGURE 2. Rate profiles for elimination and substitution reactions of cycloalkyl 
derivatives. A :  Ei rates of cycloalkyldirnethylaniine oxides in f-BuOH at 70.6°C'37; 
B:S,2 rates of cycloalkyl bromides with K1 in acttone at 60°C'42; C :  E3 rates of 

cycloalkyltrirnethylamrnonium ions with t-BuOH at 55 OCI4'. 

alcohol; 30 :!,,. DMF.  This observation suggests a role for ion association 
in sjw el i in i n a t ion. 

Using the rate profile approach, the bimolecular eliminations of cyclo- 
alkyl bromides were shown to follow the s j v - n n t i  dichotomy with 
r-BuOKlt-BuOH l A 3 .  However. with the more polar but less basic medium 
of KOEt-EtOH. the rate profile changes imply that both alkenes are 
formed by mainly t i t i r i  elimination. With r-BuOLi i n  DMF, trriri  elimina- 
tion is a&i dominant. Finally for cyclodecyl bro~?;ide'"~.  elimination 
with r-BuOKlr-BuOH _gives a predominance of the rrmis-ene ( 5  : I ). 
whereas the cis-ene is the dominant produc,t (4: 1 )  when the more basic 
and less associated base. tetramethylammonium r-butoxide is used"". 

a 
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Thus, the following generalizations can be made concerning the stereo- 
chemistry of bimolecular elimination of medium sized rings. ( i )  The 
syii-aiiri dichotomy is always followed in the trimethylammonium ion 
eliminations, but the sjvi + r i m s  route becomes less competitive with 
better leaving groups. (i i)  For the better leaving groups, the SJVI  -+ rrcrus 
route is promoted by associated bases in weakly ionizing solvents. Thus. it 
is possible to select conditions to optimize the yield of either geometric 
cycloalkene' ' e l 4 '  . (iii) The syn -+ t r m s  route is most dominant for the 
C,, + C12 rings. The factors favouring s y i  elimination are such that even 
for the C8 + C,, series. i n  which the trans-ene is the thermodynamically 
less stable a l k e ~ i e ' ~ ~ ,  i t  is clearly the dominant product in the Hofmann 
eliminations. We shall consider a theoretical explanation of these facts in 
a subsequent section (Section I I.E.4). 

We have not so far commented on the s y i  .+ cis-ene route. In  general, 
for bimolecular eliminations of medium sized rings, this pathway is much 
less important than the corresponding Niiti-elimination. For example. in 
the Hofmann elimination, cis-cyclo-octene arises 85 ':(, by auti and only 
15 % by syri elimination. whereas the rr-nns-ene is exclusively a sjvi elimina- 
tion product lA7. However, the unimolecular solvolyses of cyclodecyl 
tosylates. in a variety of solvents. give both alkenes predominantly by a syri 
elimination. in which the departing tosylate probably aids removal of the 
0-hydrogen (cf. 3 O ) l A 8 .  

The initial assumption that E2 reactiops should exhibit trui i  stereo- 
specificity arose in part from the accumulation of results from the cyclo- 
hexyl series in which this statement is generally correct. Deviations are 
usually limited to cases in which the 0-hydrogen is activated by a strongly 
electron-withdrawing group. Anti eliniination of course requires that the 
leaving groups occupy axial conformations. and for bulky groups such as 
trimethylammonium ion. steric factors may be prohibitive in some cases. 
Thus. when bulky or  ion associated bases are employed. s~.ri  elimination 
and the ylid mechanism niay become competitive with the m t i  pathway'". 
A re .. m ple concerns the el i m i na t i on of men t h y 1 t ri me t h y la m m on i u m 
ion gives 35% of the more stablc alkene 33 on treatment with 
butoxide ion. Presumably axial proton abstraction from the more stable 
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J&J& + 

ti H 

Pr - i  

conformer 31a is easier than from 31b i n  which all the bulky groups are 
axially orientated. 

b. A c j d i c  S J S ~ C I I I S .  The discovery of the syri-aiiri dichotomy for elimina- 
tion reactions of medium sized alicyclic rings. prompted investigations 
into a wider range of acyclic reactant structures and reaction conditions. 
The result has been the finding of several esamples of the s ~ w - ~ i i r i  
dichotomy. and although apparently not as preponderant as in the alicyclic 
series. even the s ~ v i  -+ cis-ene route is operative i n  some cases. The stereo- 
chemical experiments in all cases have relied on deuterium labelling 
techniques. 

2-Butyl bromide'" and tosylate' 5 '  undergo exclusive ~ i i r i  elimination 
in forming 2-butene with ii wide variety of base-solvent systems. Similar 
s t e re3 s peci fi ci t y is found fo r t lie 2- but y I t rime t h y I a in m o n i u i n  ion e 1 i in i n a- 
tions' 5 2 . 1  j3. 2-Phenylerhyltrirnetliylamnionium ion eliminates with ariri 
stereospecificity in protic solvents" '. but the corresponding chloride and 
tosylate undergo sjw elimination, via an ion pair mechanism (cf. 34). on 
reaction with t-BuOK in b e n ~ e n e " ~ .  The separate roles of free and 
associated bases in elimination reactions have been realized. I t  is well 
known that activated s y i  elimination occurs more readily than un- 
activated a r i t i  elimination in cyclopentyl tosylates (equation 31)' 5 5 .  

However. i n  the presence of dicyclohexyl- 18-crown-6 ether (35). the tr i i t i  

elimination becomes doininant' 56. Clearly. the activated s!*ri elimination 
involves an associated butoxide. and possibly a cyclic ion pail- mechanism 
(cf. 331. Siiiiilar variations in  product proportions can be induced by 
changing the counterion froin a n  alkali metal to  the more sterically 
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hindered tetraalkylainmoniutn cation. which shows a greatly reduced 
tendency to associate with anions in poorly ionizing medial5'. 

70% 'crown ether' OTs'" -H 91 % 

Figure 3 depicts the variation in s y 7  elimination contribution to give the 

rr.nm-ene. Most of the results concern the NMe, leaving group, and with 
a given base. the sj'ri contribution increases with the molecular size and 
complexity of the alkyl framework. For all substrates. sjw ejiniination is 
enhanced relative to nrrri elimination by an increase in base strength and 
decrease in medium polarity. For the 5-decyl series. the s jw contribution 

decreases along the order: NMe, > F > CI > OTs. I t  is interesting that 
this is the order of decreasins carbanion character as indicated by the 
Haminett reaction constants for the 3-phenylethyl eliminations (see 
Table 5, I I.D.2). The relationship, however, niay be purely fortuitous. 

In the majority of the cases, the corresponding cis-enes are formed 
prddominantly. and occasionally exclusively, by nriti elimination. 

4. The origin of the syn-anti dichotomy 

+ 

+ 

c 

Sauiiders and his co\\forkers have attributed the .sj.ri-tr/rri dichotomy for 
Hofmann eliminations to steric inhibition of proton abstraction being 
greater for the t r r i r i  -+ rrwus than trliri -+ c is  route'.15'.160 . The bulky 
tritnethylammoniuiii ion forces the alkyl substituents into the confor- 
mations shown (3638)  with the result that the P-hydrogen becomes 
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FIGURE 3. Variation in the sytt --f frnns-ene elimination pathway with structural 
features of the substrate and base in acyclic systems. (The % refer to the fraction of 
trans-ene formed'by syrt elimination in the unlabelled substrate. The D label is 
merely to indicate the direction of elimination in each case. The lines joining the 
points for a given substrate are not intended to portray specific slope changes. 

Reference numbers are situated by each structure.) 0. 

'enveloped' partic2larly by substituents on the p' carbon and to a lesser 
extent by those on the y-carbon (38). Syri elimination is promoted by 
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stronger bases in poorer ionizing solvents. conditions which should en- 
courage a inore reactant-like transition stateg'. Thus the argument is 
based o n  transition states with conformations similar to the ground state. 
I n  the alkoxide series, stronger bases also tend to be larger. and steric 
inhibition to proton abstraction for the ( I I J ~ ~  -, ~ W J S  pathway becomes 
greater. O n  the other hand. approach to  the s j : i i  P-hydrogen is less hindered. 
and conformation 37 shows that for the cr r l r i  --f cis path. one side of the 
molecule is unimpeded to base approach. Finally. the low preference for 
the S ~ I I  -, cis route is attributed to unfavourable ordinary eclipsing eff'ects 
(cf. 39). which develop as the small amount of double-bond character 
constrains the transition state towards a periplanar conformation. For 
medium sized ring systems. the carbon framework of the ring provides a 
more formidable steric barrier, 40. and the propensity of  the sj*ri-aiiti 

dichotomy is greater. being extended even to smaller leaving groups such 
as tosylate. Steric effects alone cannot account for the general phenomenon 
of the sp-ciriti dichotomy. Sinall leaving groups such as fluoride and 
chloride in the 5-decyl series exhibit substantial sj*ri  -+ rrwrls-ene pathway 

(39) (40) 

in solvents encouraging ion association ". Arguments in  terms of transi- 
tion states with extensive carbanion character seem unlikely. as carbanion 
character is expected to be considcrably less in the alkyl  and cycloalkyl 
series than i n  the 2-arylethyl series. and t ir i t i  eliinination predominates in 
the latter"'. Zavada and his co?dorkers have proposed a critical role for 
attractive interactions between substrate and the base to account for the 
dichotoinyl6'. As the s jw elimination contribution is enhanced by in-  
creased base concentration (e.g.. r-BuOKlr-BuOH)' 6 3 .  andby a reduction 
in medium polarity ( r -BuOK in 1-BuOH --f be~izene)'~'.  but decreased by 
the addition of crown ethers and inox polar solvents (1-BuOK in 
t-BuOH -+ DM F)'"4. i t  nppears that associated bases (e.g.. 1-BuOK) 
favgl-i-r sj.11 elimination. but free ions ( t - B u O - )  promote 

preferentially for uncharged leaving groups. For N Me, 
ions appear to be responsible for the dichotomy16'. as association between 

a9c + 
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+ ... YR--g . R 

R 2 4  H H R' 

s - t  

(41 1 

6.R 
. .  . .  . .  

. .  0.R + 
. .  . .  H4R, w-0 . .  R HH4R, R~~ 

H R' 
R2 . R' H 

s - t  s - c  s - c  

(42) (43) (44) 

a - t  

(45) 

a - c  

(46) 

a - c  

(48) ( a  = anti, s =  syn. c =  cis, t =  trans) 

the 'onium ion and alkoxide produces a more r e h i v e  form of the 
dissociated base"". Structures 41 4 48 depict the eight possible routes 
available for eliminations of uncharged and charged leaving groups'62. 
For  the S ~ J ~ I  series. eclipsing interactions are least in 41 and 44, conforma- 
tions leading to trnris-ene. For the nriti series, the sideways approach is 
cumbersome for the trons-ene production. but less impeded for cis-ene 
formation, although the dual interaction for the 'onium salt (48) seems 
'geometrically stretched' to the present authors. lon pairing alone cannot 
account for the s j ~ w m 7 c i  dichotomy, as small substrates such as 2-butyl 
exhibit aiiri-stereospecificity. Both the ion association and steric ex- 
planation have certain attractive features. I t  is probable that both operate 
in all systems to some extent. molecular complexity and reaction media 
causing changes i n  the relative iiiiportance of the two hypotheses. 
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F. Orientation of Elimination in Protic Media 

There have been numerous reports of experimental factors promoting 
changes in both positional and geometric orientation during the last 

decade. Most of the details are summarized in  review^^,^.^-'^ . In  the search 
for the causative factors, investigators have generally measured product 
ratios for a series of reaction conditions gradually increasing in molecular 
complexity. Such changes in both substrate and base are the very factors 
which are now known to encourage thesp-ontidichotomy. Unfortunately. 
few coinbined stereochemical and orientational studies have been 
reported and arguments have generally been built upon onri-stereo- 
specificity. As a result much of the data will remain of limited theoretical 
significance until the stereospecificity is known. We shall. therefore, 
restrict our coverage to simple substrates, in which crriri stereospecificity is 
very probable. or reactions in which the stereochemistry was simul- 
taneously reported. 

1 .  The  e f f e c t  of t h e  leaving group 

The synthetic chemist is generally confronted with the preparation of a 
specific structure. Thus, in optimizing the yield of a specific alkene, the 
problem narrows to variations in the leaving group and reaction con- 
ditions. The magnitude of their effect however, is primarily controlled by 
the substrate framework. 

Brown and Wheeler'65 considered that the increased steric size of the 
leaving group was responsible for increased Hofmann orientation in the 
elimination of some 2-pentyl derivatives (Table 10). However, a similar 
trend is predictable from the ease of heterolysis of the Ca-X bond. 
The choice of leaving groups is somewhat unfortunate in that only some 
are top-symmetric. and conformational preferences for the others add a 
complicating factor. Using a more precise gas chromatographic procedure, 
Saunders and coworkers measured the products of elimination of 2- 
pentyl halides166 and Bunnett and Bartsch those for 2-hexyl halides' 6 7 .  

Their results show that for halides, the propensity of Hofmann orientation 
does not accord with the steric size of the leaving group. The percentage 
Hofmann product increases and the trnns/cis-2-ene ratio decreases with 
increasing difficulty of cleavage of the Ca-X bond. This trend accords 
with the variable transition state theory, poorer leaving groups encourag- 
ing greater carbanion and less double-bond character. In this context, i t  is 
interesting that the rates of elimination and Saytzev/Hofmann ratios 
correlate with the Hammett reaction constants for the 2-arylethyl 
eliminations (Figure 4). However, the rates and product ratios do not 
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FIGURE 4. Correlation of elimination rates of 2-pentyl and 2-hexyl halides with 
Hammett reaction constants for corresponding eliminations of 2-arylethyl deriva- 
tives in ethanol-ethoxide. [For p values see Table 5 ;  for product ratios and elirnina- 
tions rates, see Table 10; solvent: NaOH/MeOH for 2-hexyl eliminations (8);  

NaOEt/EtOH for the 2-pentyl eliminations (O)]. 

correlate with the o* values of the halogens'", suggesting the inherent 
acidity of the P-hydrogen is not a critical factor determining the orienta- 
tion of elimination, as has previously been proposed by Ingold and Hughes 
for Hofmann eliminations'68. Although fluoride is a good choice for 
Hofmann product formation, the substrate reactivity is ci4-isiderably 
depressed and alkene isomerization to the Saytzev product may become 
competitive with elimination. The generality of these results may be 
limited to  simple alkyl halides as the t,-cins/cis-ene ratios show an irregular 
trend in the eliminations of I-phenyl-2-X-propanes (Table 10A)lG9. 1; 
this case, the authors suggested an increase in carbanion character is also 
accompanied by increased double-bond character, encouraged by th% 
conjugative phenyl. Hence, eclipsing interactions become most significant 
for the fluoride which gives the highest translcis ratio. A large trnnslcis 
ratio could arise with the incursion of a svn + ~ r m s  elimination for the 
poorest leaving group (i.e., ion pair elimination) and it would be worth 
checking this possibility. 

2. The effect of base and solvent 

As solvent and base are gentxdlly changed simultaneously, it is seldom 
possible to separate the contribution of each. For the 2-substituted 
alkanes, with uncharged leaving groups, the combination of increased 

d 
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TABLE 10. Eliminations of I-pentyl and 2-hexyl derivatives 

3 Saytzev Products Hofmann Product 

(a) & O R  = KOEt165 
+ + 

X Br I OTs SMe, S0,Me NMe, 
2m 31 30 47 87 89 98 

(b) & O R  = NaOEt’66 
X F C1 Br 1 
XI11 82 35 25 20 
1/11 2.6 3.5 3.8 4.1 

(c) M O R  = NaOMeI6’ (2-hexyl series) (d) r-BuOK (L-hexyl series)I7’ 
X F C1 Br I F CI Br I 
XI11 70 33 28 19 97 88 80 69 
I/I1 2.3 2.9 3.0 3.6 1.2 1.1 1.4 1.8 

9 + l o g k  0.74 3.56 5.16 5.75 

TABLE 10A. trans/cis-P-Methyl styrene ratios in elimination of 
I-phenyl-2-X-propanes with ethoxide in ethanol at 60°C16y 

X F C1 Br 1 
trawsfcis 112.4 45 250 f 0.1 24.7 _+ 1.3 28.3 1.7 

base size, less dissociating solvent and ion-paired rather than dissociated 
base, promotes a shift towards Hofmann behaviour (Figure 5). In  fact, 
even 2-butyl iodide only just follows the Saytzev rule on treatment with 
basic triethylcarbinol. In most cases, the decrease in Saytzev/Hofmann 
ratio is parallelled by a decrease in ti~ni~s/cis-Saytzev-ene”~. For elimina- 
tions in polar media in the previous section, we interpreted these variations 
in terms of a decrease in double-bond character and an increase in 
carbanion character of the transition state. These factors are clearly 
unsatisfactory in accounting for elimination behaviour in less dissociating 
media, in which ti.ai?s/cis ratios may be less tl-,B: unity or exceed the 
thermodynamic ~ r e d i c t k n s ’ ~ ~ . ~  77 .  In some cases, a change of stereo- 
chemistry is responsible. However, this explanatio# Zoes not hold for 
2-butyl tosylate eliminations (base: % I-ene; rr.nns/cis-2-ene: (i) 1-BuOK- 
f-BuOH, 64, 0.58; (ii) 1-BuOK-DMSO: 61. 2.53)’77. Brown and 
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FIGURE 5. Variations in Hofmann alkene yield with base and solvent. 
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Klimisch' 76 proposed steric interactions with bulky bases cause con- 
formation 49 to predominate over 50. Arguing in terms of more reactanc- 
like transition states in the strongly basic butoxide media, Froemsdorf 
and coworkers also assumed a preference for the same conformation 
49177. However, a change of solvent to DMSO hardly affects the positional 
orientation, but markedly alters the geometric orientation. Subsequently, 
it has b v n  shown that addition of 'crown ether' to t-butoxide-t-butyl 
alcohol solutions gives a similar translcis-ene ratio to the DMSO result' 57.  

Thus, it seems cis-ene formation is favoured by ion-paired base, whereas 
trans-ene formation is promoted more effectively by dissociated ions. 
Possibly the answer still involves conformation 49 as ion-paired base can 
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approach unimpeded, side on, giving cis-ene, whereas an alkyl group-base 
interaction is necessary for conformation 37 which gives the trcms-ene 
(cf. 46). 

For the 'onium salts, Hofmann orientation is ofttn so extreme in polar 
solvents, that little change in orientation is noted in more basic media 
(Figure 5). However, for both the 'onium salts in Figure 5,  the increase 
in Hofmann orientation is accompanied by an increase (abnormal 
compared with alkyl halides) in the translcis-ene ratios'71. In the 2-pentyl 
case, the Saytzev-ene translcis ratios are continually below unity. How- 
ever, the Hofmann-ene translcis ratios vary from 5 to l l in the elimination 
of 2-methyl-3-pentyltrimethylammonium ion. Saunders has used this 
abnormal behaviour as an indication that the syn -+ trans-ene process is 
becoming competitive in more basic media' 5 2 . 1  7 ' .  The explanation is 
based on steric inhibition of proton abstraction and is discussed in detail 
in Section II.E.4. Substitution at the p'-carbon has a greater impact than 
at the y-carbon as shown by the more rapid decline in cis-ene yield with 
increasing base strength in the eliminations of 5-nonyl + 4-ene, 4- 
heptyl -+ 3-ene and 3-hexyl -+ 3-ene than the eliminations of 3-pentyl, 
2-hexyl and 2-pentyl all to give 2-enes (Figure 6). However, as the cis-ene 
yield declines with increased base strength, base-alkyl interactions in 
conformations leading to trans-ene cannot be as severe as in those giving 
cis-enes. Clearly, the variation cannot alone be explained by a reduction 
in the rate of the anti -+ trans-ene. The slight increase iri cis-2-butene 
yield with medium basicity was assumed to imply continual operation of 
anti elimination for all the basic systems. 

Eliminations of 2- and 3-pentyldimethylsulphonium ions with t -  
butoxide ion give franslcis ene ratios'of 3.5 -+ 5.0178. Initially assumed 
to be indicative of a syn-E2 mechanism, subsequent labelling studies have 
confirmed that the yield mechanism accounts for most of the reactionI7'. 

Nearly 20 years ago, Brown showed that the yield of Hofrnann product 
in the eliminations of alkyl bromides increased with the steric size of a 
number of pyridine bases180. A steric interpretation was also assumed to  
explain the increase in Hofmann orientation along the alkoxide series; 
ethoxide -+ t-butoxide -, t-pentoxide -+ t-heptoxide (see Figure 5 ) ' 7 2 .  
However, in both series the base and solvent were simultaneously changed 
and the stereochemistry of elimination was not examined. More recently, 
Froemsdorf has shown that with substituted phenoxide bases in dimethyl 
sulphoxide, the yield of I-butene from 2-butyl tosylate increases with the 
basicity of the medium'73. Admittedly, he used a considerably less 
encumbered substrate than Brown. but even so it would seem reasonable t o  
attribute the previous results to both steric and electronic effects and not 
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just the former alone. Very recently, it has been shown that the sensitivity 
of orientation of elimination of 2-butyl iodide in DMSO to changes in the 
base strength decreases markedly as the base is changed from oxy anion 
to aniline anion to carbanionla'". In conclusion, careful choice of the 
base can now be used to achieve as large a variationbin the Hofmann- 
Saytzev or cis/tmns olefin ratios for a given molecular structure as can be 
obtained by varying the leaving group. The use of a halide leaving group 
and t-alkoxide base can often offer a more convenient synthesis of the less 
substituted alkene than the more classical Hofmann eliminations. A 
recent synthetic example concerns the synthesis of P-cedrenelal (equation 
32). 

3. The e f f e c t  of alkyl structure 

The bias towards Hofmann orientation as the alkyl substitution at C, 
and C, was increased in the elimination of alkyl halides and 'onium salts 
was interpreted in terms of a balance of hyperconjugative and inductive 
effects by Hughes and Ingold and hyperconjugative and steric effect 
by BrownIs2. However, the compl'ex alkyl structures employed in the 
investigations are now known to'exhibit the syn-anti dichotomy and a 
re-evaluation of the data with a knowledge of the contribution of the 
various stereochemical requirements is needed. A recent evaluation of the 
eliminations of some acyclic ammonium salts illustrates the complady 

rientations leading to alkenes A and B 
exhibit quite different rate variations with changes in the alkyl substituent 
R. For elimination away from R to give the A-alkenes, the  author^"^ 
argued that the influence of R should be confined to a steric role, R being 
too distant significantly to alter the inherent acidity of the P-hydrogen. 
For the syii 4 trans A, the rate increases continually with the bulk of R, ' 
consistent with relief of steric interaction between R and the NMe3 group 
(or the n-butyl fragment) in the grouand state being relieved in the transition 
state (51, 52). The two nriti pathways to give cis-A (53) and rrms-A (54) 

+ 
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syn - trans-A s yn - trans- A 

show little rate variation with R. Presumably in these cases, the reduction 

in R -  NMe, steric interaction is counterbalanced by an increase in 
+ 

+NMe, +NMe, 

B-11-Bu interaction in passing into the transition state. I t  would be 
interesting to  see if the same rate trend is found for a smaller base. Clearly, 
in the formation of alkene A, the syn -+ trans route becomes more com- 
petitive with increasing bulk of R, not because of a rate reducfion in the 
ailti 4 m i i s  joute, but because of rate acceleration in the svn pathway 
(cf. II.E.4). 

For formation of alkenes B, ?he R substituent can exert both steric and 
polar effects. lngold had previously argued that steric effects should 
build u p  very rapidly with increasing material bulk, whereas the polar 
factor should exhibit a gentler rise. The significance of this interpretation 
is however in doubt, as steric effects can manifest themselves in the form of 
the polar variation. The gentle rise in rate with increasing R for the 
syii + tr-niis-A series is an example. The m i  -+ cis-B may reflect a signifi- 
cant steric interaction, as the rate declines markedly from R = n-Pr to  
t-Bu. The more gentle decreases in rate for the other pathways could 
originate from either steric or polar effects. All three reaction profiles for 
B-alkene formation have been extrapolated through the composite rate 
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consistent with relief of steric interaction between R and the NMe, group 
(or the n-butyl fragment) in the ground state being relieved in the transition 
the recent development of tritium-n.m.r. should alleviate this problem184, 
as the necessary chirality can be introduced into the substrate using all 
three isotopes of hydrogen and the products identified by proton and 
tritium-n.m.r. (equation 33). Presumably tritium will be eliminated con- 
siderably less easily than hydrogen and to a lesser extent, deuterium. 

+ 

3 -  

2 -  

* 
- 0" 1 -  
+ 
b 

0- 

-1 - 

anf/'/syn 100 r 

... 0 syn-fmns - A 

onf/'-ff-ans - A 

L 
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H M e  Et n-Pr /-Pr t -Bu 

+ N M e ,  

R in RCH,CHCH,Bu 
I 

FIGURE 7. Approximate rate constants for the elimination pathways in the E2 
reactions of quaternary ammonium salts with r-BuOK in t-BuOH at 35 "C. 

R C H , C H = C H B u  trans-A 
c ~ s - A  

R C H = C H C H , B u  trans- B 

For experimental determinations. see Reference 183. 

cis- B 

-c RCH,CHCH,Bu  

+NMe, 
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x 

(33) 
\ /R  

H 
\ /R \ /R 

/c=c\ 

D 

+ /c=c\ + /c=c\H 
H H  H D  T 

anti elimination products 

Final comment is warranted on the syillonti ratios to give trails A and B 
(see Figure 7). Only when R = H, is the m t i  -+ trarrs-A the dominant mode. 
Svri elimination becomes considerably more dominant in alkene-A 
formation than alkene-B formation with increasing bulk of R. 

In conclusion, for the eliminations of simple alkyl halides in polar media, 
the Hofmann-Saytzev and cis-trans olefin ratios can be explained using 
the variable transition state theory. However, for more complex acyclic 
compounds possessing a wider range of leaving groups. in a wider range of 
basic media. the stereochemistry of elimination should be carefully 
evaluated before explanations of varying orientation are contemplated. 
From a synthetic view, considerable progress has been made. but more 
investigations are required before a general theory to  account for orienta- 
tion under a wider range of reaction conditions is clearly established. 

G. Eliminations in Aprotic Media 

1. Synthetic results 

I n  1956, Winstein, Darwish and Holness reported the facile elimination 
of cis- and t~ar1s-4-t-butylcyclohexyl tosylate with lplide ions in acetone’85. 
Since that time, more polar aprotic solvents such as dimethyl sulphoxide 
(DMSO). dimethyl formamide (DMF). methyl cyanide and hexamethyl- 
phosphoramide (HMPA) have gained favour as media for reactions in- 
volving nucleophilic anionsIs6. The dipole in all of these solvents is 
exposed at  the negative end, but sterically shielded at the positive end. 
Thus, aprotic solvents effectively solvate cations but leave anions rather 
‘bare’. As a result. small anions. such as halide, possess enhanced nucleo- 
philicity towards carbon and hydrogen compared to the situation in 
protic media. Mixtures of protic and ap.otic media can often be used to 
attain the required medium basicity to affect a reaction. and some examples 
have been illustrated in the previous sections. However. in this section we 
shall confine our discussions mainly tb aprotic media. The absence of a 
hydroxyl group precludes the formation of solvolytic products. In some 
cases i t  is possible to cause elimination with base and leaving group the 
same. and thereby minimize the problem of competing substitution and 
elimination. Most eliminations in aprotic media concern reactions of 
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tertiary, secondary and to a lesser extent primary halides and arene 
sulphonates with various halide and other inorganic anions. The elimina- 
tions are characterized by a greater adherence to the Saytzev rule and nriti- 
stereospecificity than corresponding reactions with alkoxide bases (e.g., 
equations 34-36)'87.'88. Generally the ratio of geometric alkenes 
approaches the thermodynamic ratio' 8 7 .  This behaviour is complementary 
to eliminations with r-alkoxides which give preferentially the Hofmann 
alkene and the cis-olefin. Cation-anion association is minimal with the 
sterically shielded tetra-n-butyl ammoniuni ion, and eliminations are 
consequently much faster using this than the corresponding alkali metal 
salts'89. 

H 

0 6 s  

CH,CH,CHCH (cH,), - CH,CH,CH=C(CH,), + CH,CH=CHCH (cH,), 
I 
OTs 

1-BuOK-t- BuOH 51.1 % 48.9% (35) 

(36) B u,N CI-acetone 92.5% 7.5% 
+ -  

2. Mechanistic proposals 

At the time of writing, there is no satisfactory explanation of all the 
mechanistic details of eliminations in aprotic media lgo .  Originally 
WinsteinA8' suggested a common intermediate (55) was involved in both 
substitution and elimination reactions. This idea of a merged mechanism 
was furthered by Eliel and c o ~ o r k e r s ' ~ '  and C ~ a p i l l a " ~  reviewed the 
whole of dimination reactions from this standpoint. Subsequent w$. by 
Parker. Winstein and coworkers' 87 rules against a common intermediate 
or transition state. The erythro and rhr-eo isomers of 3-p-anisyl-2-butyl 

Y,s - 

e H  
6- 

OTs 



212 Anthony F. Cockerill and Roger G. Harrison 

chloride o n  treatment with chloride ion give vastly different elimination 
products. Microscopic reversibility requires the same transition state for 
conversion of rhreo + eryrltro and uiw versa. Since the isomers lead to the 
same substitution transition state, the different elimination products 
exclude a merged intermediate. However, this does not exclude a common 
reaction profile for elimination and substitution prior to formation of the 
transition stateg.’ 

Some aspects of the merged mechanism have been retained in Parker’s 
formulation, termed the E X  mechanism, which constitutes an extension 
to  the variable transition state theory (Scheme 9)193. Strong bases are 

$ H......B H ?  

x x x 
>cI1-c< ,C-C< >c;-c< 

(56)  (57)  (58) 

E2H E2C 

SCHEME 9 
expected to confine their interaction with the substrate to the P-hydrogen 
(E2H. 56). whereas weak bases (e.g.. halide ion in aprotic media) with 
greater carbon nucleophilicity attack mainly at the 2-carbon ( E X ,  58). 
In most eliminations in aprotic media. intermediate transition state 57 is 
proposed. The written formulation ofthe E X  mechanism clearly resembles 
an SN2 process, but it must be remembered that this is regarded as a 
separate feature. 

Themainsupport for B-C, interaction is provided bylinearcorrelations 
between S,2 arid E2 rates (e.g., for cyclohexyl tosylates) with a variety of 
weak bases. but lack of correlation with strong alkoxide bases’ ?3.194, 

However, when it  is recollected that rates of elimination of alicyclic ring 
ammonium salts giving* cis-enes (typical E2H reactions, cf. II.E.3.a) 
correlate linearly with S,2 reactions of the corresponding bromides, some 
doubt is cast on the validity of these correlations as evidence for B-C, 
interaction. In addition, S,2 and E2 rates d o  not always run parallel for 
all substrates under apparently E2C  condition^^^^^^^^ 

Element effects (k,, , /kc,) are large in halide-ion promoted eliminations in 
aprotic media, and often exceed 1800 (e.g.. 59, 60) for tertiary substrates. 
but are considerably smaller for secondary substrates (e.g., 61). The large 
values imply considerable C,-X cleavage whe “ie results for the 
secondary series are similar to those of about 6 rved for ethoxide- 
induced eliminations in the 2-arylethyl series. Parker suggests that the 
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y3 
C,H,CH,C-X k , , / k c , =  3400 (el in acetone)lS6 (59) 

I 
CH, 

tertiary substrates and cyclohexyl tosylate react via E2C-likt. transition 
states (termed loose substrates) whereas cyclohexyl bromide and chloride 
are more like E2-H  substrate^'^^. As yet, no leaving group isotope effects 
have been measured for these aprotic eliminations and these may provide 
a better measure of C,-X cleavage than the element effects, the magnitude 
of which may be 'telescoped' in aprotic relative to protic media'86. 

For eliminations of simple acyclic halides and tosylates in aprotic media. 
the deuterium isotope effects are generally small, ranging from about 2 to 
4'96*199?sValue~ of this size are consistent with little or extensive C,-H 
cleavage if the base approaches the proton to  give a linear C,-H-B bond 
in the transition state. In terms of the E2C concept. side approach of the 
base would influence the bending rather than stretching modes and 
therefore a maximal isotope effect of about 2-5-3 is expected even for half 
transference in the transition state"'. 

Recently Ford'" has suggested that a preformed tight ion pair may be 
attacked by the base in aprotic eliminations in the fate-determining step. 
This mechanism is equivalent to the (E2),, notation of B ~ r d w e l l ' ~  and re- 
quires carbonium ion character to develop at C, and consequently should 
be favoured by electron-releasing substituents at C,. In fact. the elimination" 

of I-aryl-I -bromopropanes \ri th u-Bu4iBr in DM F proceeds faster with 
increased electron donation from the aryl substituent"'. The rate 
variation is much smaller than is observed for the corresponding solvolysis 
in 90% acetone-water ( p  = -4.7 at 75°C and a regular Hammett plot 
with either cr or r ~ +  is not observed. This result appears more consistent 
with variable E2C transition states rather than an (E?),, mechanism. 
However, i t  is possible that the poorly solvated chloride ion in  the aprotic 
media provides most of the stabilization of the incipient double bond in a 
tight ion pair. whereas in the solvolysis reaction. the halide is effectively 
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solvated by the protic solvent. This results in a greater separation of anion 
from the cation and both sterically and electronically may allow greater 
stabilization by the aryl substituents. Substitution of a second halogen at 
C, generally shifts various kinetic parameters for the entire substrate to 
values expected for transition states for E2 reactions with extensive 
carbanion character (cf. Ar,CHCC1,67, 1,l -dichlorocyclohexanes202). 

Substituent effects a t  C, suggest little carbanion character develops at 
this site, unlike the situation for most E2 eliminations in protic media. For 
instance, P-methyl substitution causes a slight rate enhancement, 0-phenyl 
has a similar effect on rate, and a small reaction constant (0.42) is found for 
elimination of p-substituted 2-benzyl-2-bromo- 1 -indanones (62)203. 

0 

The picture of the trans2:fion state emerging from the eliminations of 
substrates with good leavink groups on treatment with weak bases in 
aprotic media is thus one in which C,-X cleavage appears to be the lead 
process, followed by significant development of double-bond character 
(mi t i  stereospecificity and Saytzev orientation) with the least change 
occurring in the C,-H bond. These eliminations may be representative of 
the long-sought-after examples of E2 reactions exhibiting carboninm ion 
character. Certainly, there are no clear-cut examples of this type in elimina- 
tions induced in protic media with alkoxide bases*. Whether they are best 
described by the present E2C concept or  an ion pair is debatable. The nature 
ofthe interaction, if any, between the base and C, is not clearly understood. 
It could be partial bonding or a through-space interaction. Hopefully 
future studies will clarify the situation. 

3. Eliminations with sulphur nucleophiles 

There has been a tendency to develop a common transition state 
approach to explain all the eliminations induced by weak bases (strong 
carbon nucleophiles). In addition to inorganic ions in aprotic media, this 
category has often contained sulphur nucleophiles, such as ethanethiolate 
and thiophenoxide ion, generally in alcoholic solvents. These latter basic 
media involve a polarizable nucleophile in a protic solvent and are clearly 
somewhat different from the combination of hard nucleophile and aprotic 

r 
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solvent. We, therefore, prefer to consider these ejiminations in a separate 
category. 

1956 was also the year in which it was originally discovered that for 
elimination of t-butyl chloride, thiophenoxide was a more effective reagent 
than the stronger ethoxide204. This somewhat surprising result was sub- 
sequently attributed to a possible merged mechanism and  is clearly a 
candidate reaction for the E2C category. For a number of additional 
cyclohexyl derivatives, McLennan202 demonstrated an inverse relation 
between the Bronsted component, P(substituted thiophenoxides) and the 
relative rates of elimination, k&,/k&,’. Thus, for eliminations in which the 
@-proton is extensively transferred to the base. the stronger ethoxide is 
more effective. However, if proton transfer is considerably less, and 
counterbalanced by increased C,-X cleavage, then thiophenoxide is 
more efficient. This could be because of its greater polarizability and 
carbon nucleophilicity. The rate variations clearly can be interpreted in 
terms of variable transition states with different carbanion and carbonium 
ion character or in terms of E2H and E2C concepts. Bunnett invoked the 
decrease in kSE,/k& ratios with a change to a poorer leaving group in 
terms of the variable transition state theory and a reduction in the 
effectiveness of the polarizability of tk:: thiolate as the s65strate leaving 
group became less labile (C,H,CH,CMe,X; kSE,/k&; X: 6.5. C1; 0.8, 

;Me2; 0.05, S0,Me)205. He regarded base-C,, interaction as minimal as 
rates of elimination were insensitive to steric effects at C,. For example, 
isopropyl bromide eliminates only about twice as fast as 2-bromo-3,3- 
dimethylbutane upon treatment with ethane thiolate, after suitable 
statistical correction’06. Parker”’ replied by stating that an E2C transi- 
tion state is looser than an S,2 transition state and this greater separation 
between C,, and the base lessens the expected rate-retarding effect of bulky 
substituents based on our knowledge of bimolecular diszacements. 
Clearly, as for the eliminations in aprotic media. a more definite measure 
of C,-base interaction is required than the uncertain rate copparisons 
which have been used so far. 

H. Mechanisms with Carbonium Ion Character 

Carbonium ion intermediates or transition states with considerable 
carbonium ion character are involved in a number of alkene-forming 
eliminations. Typical of the latter category are the honiogeneous mi- 
molecular pyrolytic eliminations. More discrete carbonium ions are 
involved in solvolytic reactions of alkyl halides and esters and in dehydra- 
tion reactions. for all ofwhich substitution is the major competing pathway. 
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However, carbonium ions formed in deaminations, or deoxidations of 
alcohols with dihalogeno carbests, are less selective and in addition under- 
go unimolecular re ements'. Space limits us to only a cursory dis- 
cussion in this text. hemistry of carbonium ions is described in great 
detail in a series of recent  monograph^'^'". 

1 .  Ion-pair mechanisms a s  alternatives to 
concerted elimination 

Sneen and Robbins2" suggested that the decrease in the second-order 
rate coefficient for the elimination of 1 -phenylethyl bromide with increasing 
base concentration of sodium ethoxide in ethanol was consistent with an 
ion p i r  mechanism. However, McLennan209 has challenged this inter- 
pretation, and shown that the decrease in rate coefficient can be attributed 
to a variation in the concentration of ion-paired and dissociated ethoxide 
ion. The role of ion pairs in both base and suhstrate species clearly merits 
more detailed consideration in future studies. 

2. Mechanisms of pyrolytic eliminations 

Maccol12'o*21 ' and others2" have reviewed mechanisms of pyrolytic 
eliminations since his original article in an earlier volume in this series'. 
For gas phase pyrolysis, single-pulse shock tube and chemical activation 
methods have been developed to supplement the'earlier flow and static 
procedures*' I .  The shock tube approach enables a wide temperature 
study, the heating is homogeneous due to very short reaction times, which 
in turn minimize heterogeneous reactions. The chemical activation method 
has been used particularly in the study of alkyl fluoride pyrolysis. The 
activated fluorides, which can be generated by a variety of procedures, 
undergo deactivation by either molecular collision or unimolecular 
elimination. The activation parameters for the latter can be calculated 
using the Rice-Ramsperger-Kassel-Marcus theory of unimolecular 
reactions2 '. In general, excellent agreement is obtained between the 
various ex'perimental procedures for a given elimination" 

Detailed kinetic analyses of the eliminations of aliphatic halides, 
acetates, xanthates, isothiocyanates and thiocyanates have been reported. 
The kinetics of all these eliminations accord with the unimolecular Ei-type 
transition state with carbonium ion character developing at C,. As 
indicated by the decreasing effect of a&;Iional or-methyl substitution on 
rate, carboniurl; ion character decreases as C,-X changes as follows; 
C-CI. C-OAC', C-N=C=S. to C-S-C?Z?42'2. As shown earlier for 
the halide eliminations. the activation energies for the pyrolysis of various 
alkyl isothiocyanates are linearly related to the heterolytic and not 
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homolytic bond dissociation energies of the C,-X bond’ 14. Not sur- 
prisingly the rates of elimination for a series of alkyl chlorides are linearly 
related in a logarithmic manner to the solvolysis rate coefficients for the 
corresponding halides in acetonitrile’”. All of these results confirm the 
close analogy between pyrolytic and solvolytic eliminations. 

For pyrolysis in solution, the Cope elimination of amine oxides remains 
the most sjv7 stereospecific. The pyrolysis of simple aliphatic sulphoxides 
is also highly syii stereospecific. but for more complex sulphoxides. a 
duality of mechanism is apparent. At low temperatures (70-80°C) the 
diastereoisomeric 1,2-diphenyl- 1 -propyl phenylsulphoxide eliminations 
are SJW stereoselective. However, at higher temperatures, the sterto- 
selectivity decreases, and curved Arrhenius plots are obtained, consistent 
with the incursion of a radical pair mechanism in competition with the 
normal Ei Sulphoxide pyrolyses should give rise to sulphenic 
acids which have generally avoided detection due to inherent instability. 
HowecCr, direct spectroscopic evidence’ ’, trapping procedures’ 18, and 
in one case an actual isolation via crystallization during the reaction, have 
provided firm evidence to support their intermediacy (equation 37)” ’. 
Selenoxide eliminations are very similar to sulphoxide pyrolyses”’. 

Phth ( H S  j 
CHCI, 

p“ 
Phth v H s Y- 

Phth H v S+ 

0 - 0 xi-----+” 38 “ C  3 h 0 lx$::3 >--.’$< !Fie::) 

H COOR H ‘COOR COOR 

(Phth = phthalimido) 
ti 
Radical intermediates have been invoked to account for the array of 

products in the Chugaev reaction of primary xanthates” ’, and examples 
of both acetate”’ and xanthate p y r ~ l y s e s ‘ ~ ~  exhibiting nnri-stereospeci- 
ficity have been reported. This behaviour. however. is atypical of most ester 
pyrolyses” ’. The alkene yield in Chugaev reactions is improved if potas- 
sium xanthates rathFr than sodium derivatives are and in nematic 
liquid-crystalline  solvent^"^. The kinetics of pyrolysis of the following 
derivatives also accord with the syrt-Ei transition state: dialkyl carbo- 
nates’26, N-sulphonyl sulphilimines’”. and amine-imides228. Both ionic 
and concerted eliminations have been suggested for the pyrolysis of 
alkyldiphenylpho~phinates~~’. Other interesting reactions include the 
pyrolysis of tosyl  carbonate^'^' (equation 38) and cleavage of vic-diols as 
their carbonate tosylhydrazone salts (Scheme lo)’? 
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+ 
OH CI a+ \ ,C=N, +/"" 

CI M e  

SCHEME 10. 

3. Dehydration react ions  

There have been a number of reviews'.232 since Knozinger's chapter in 
this series on dehydration reactions6. For mineral acid dehydrations and 
hydration of alkenes, Knozinger preferred the .n-complex hypothesis 
developed initially by Taft in which a rapid and reversibly formed associa- 
tion complex between the alkene and the hydronium ion follows or 
precedes, respectively, the carbonium ion. Noyce has shown from a 
combination of substituent effects and isotope effects, that the n-complex 
idea is an unnecessary elaboration in the dehydration/hydration of 
1,2-diphenylethanol/cis- and ti.niis-~tilbenes"~. 

The affinity of aprotic solvents for hydroxyl groups renders them as 
potentially good dehydrating catalysts. Complexing of the hydroxyl 
improves its departing ability and encourages carboniurn-ion mechanisms 
in solvents such as DMS023" and HMPA13'. 

Sulphur t e t r a f l ~ o r i d e ' ~ ~  has been used in addition to more common 
'halogenating' reagents such as SOC12 and POCl, with pyridine bases. 
For these latter reagents, Kirk and Shaw have shown that orientation of 
dehydration is very dependent on the choice of base237. In the absence of 
the knowledge of orientation of elimination of both epimers of steroidal 
alcohols, stereocheniical assignments based on alkene proportions are 
uncertain. The inner salt 63 is ii convenient reagent to affect sjvi dehydration 
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MeO-C-N-SO,NEt, + 

II 
0 

(63) 

0 
II 
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+ MeOCONH, 

H 

SCHEME 11 .  

(Scheme 1 1)238,  and selective dehydrations have also been accomplished 
with methyltriphenoxyphosphoniurn iodide in HMPAZ3’. This reagent 
selectively dehydrates secondary alcohols in presence of tertiary alcohols, 
and gives predominantly the Saytzev and trans-alkene. Another novel 
reagent is shown in Scheme 12240. The sulphurane induces El-type 
dehydrations of tertiary alcohols and E2-type dehydrations with secondary 
alcohols as indicated by the preference for onti stereospecificity. O n  the 
other hand, primary alcohols form ethers unless the P-hydrogen acidity is 
enhanced by electron-withdrawing substituents. 

M e  O H  OR M e  

I M e  
M e  

a fast  I / 
\c/ + Ph,S(OR), = Ph,S-0-C, + ROH 
/ \  

M e  M e  

R =  PhC(CF,), 

‘ E l  tertiary series‘ 
‘€2 secondary series’ I 

Ph,SO -t Me,C=CH, + 2ROH 

SCHEME 12. 
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I. Deha logena tions and Related Eliminations 

Anthony F. Cockerill and Roger G. Harrison 

Dehalogenations are the most common of alkene-forming eliminations, 
which do not involve hydrogen as one of the leaving groups. The leaving 
groups may be chlorine, bromine or  iodine. fluorine being inert in most 
cases. The eliminations can be affected with n'ucleophilic reagents (e.g.. 

1, SPh) or reducing agents (Cr"en, SnCI,, Na. Zn). An excellent com- 
parison of the efficiency of many reagents in the dehalogenation of meso- 
and d-stilbene d i b r ~ m i d e s ' ~ '  and reviews on the general mechanisms 
have appeared in recent years"'. 

Dehalogenations with nucleophiles such as iodide ion generally occur 
with crnti-stereospecificity. Alkene yields are usually greater if aprotic 
solvents are used. and the elimin&ons occur faster because of the greater 
nucleophilicity of the The leaving group mobility declines 
markedly along the series. I -+ Br -+ C1'44. Second-order kinetics coupled 
with the above observations are consistent with the operation of an E2 
type mechanism (63a)244. although other types of transition states have 
also been invoked (63t~63d)'~'. In some cases, an initial S,2 reaction 
followed by an E2-type elimination may occur. invalidating deductions 
from the product stereochemistry alone. 

I 

,5- 

Br 

16- 

. 
(633) (6%) , ( 6 3 ~ )  (63d) 

Miller has made excellent use of product analysis and the relative rates 
of dehalogenation of meso and dl-stilbene dibromides as a guide to reaction 
m e c h a n i ~ m ' ~ ' - ~ ~ ~ .  The major elimination components using nucleophilic 
reagents such as the halide ions in aprotic solvents are the t r m s -  and cis- 
stilbene,@.spectively. However, both substrates give mainly tr*cr,is-stilbene 
with a variety of metal and metal ion reductants. This suggests the inter- 
mediacy of radicals in which free rotation about the C,-C, bond allows 
loss of the original asymmetry and formation of the more stable alkene. 

A number of very reactive reductants have been used to affect dehalo- 
genation at low temperatures. enabli,rlg the isolation of thernially un&able 
alkenes. Typical of this category is the facile preparation of cyclobutenes 
using sodium dihydronaphthylide. sodium biphenylide or disodium 
phenanthrene in dimethyl a h e r  (cf. equation 39)"". 
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A number of eliminations related to dehalogenations concern cleavage 
of a halogen and various other P-related groups such as hydroxyl, tosylate, 
acetate. ainine and alkyl ether. These groups can be effectively cleaved 
with a variety of metals. the main side reaction being partial reduction 
(only of  the halogen '"). Chromous ion and its ethylene dianiige complex. 
Cr"en, are also effective reductants, inducing mechanisms involving radical 
or  chromium-organic complexes2". 

111.  THE REACTIONS OF NUCLEOPHILES WITH 
VINYL HALIDES A N D  ESTERS 

We devote only briefcomment to nucleophilic addition reactions of alkenes 
as this subject has been covered in detail previously's8. and has been the 
subject of recent  review^'^'. Most of the reactions concern addition to 
alkenes activated by electron-withdrawing groups such as nitro. cyano. 
acetyl, sulphonyl and aryl groups. The majority of these reactions can be 
considered as typical Michael additions. the nucle#philes including 
alko~ides"'. t h i o l a t e ~ ' ~  I ,  aniines'5', metal a l k y l ~ " ~  and phospho- 
r a n e ~ ' ~ ~ .  A number of th,e most coninion mechanisms is shown in Scheme 
13. Minor variants not shown concern the stereochemistry and position 
of apparent substitution (either CJ. or p to the activating group Y ) .  Hydrogen 
isotope studies. stereochemical analysis and excellent use of the element 
effects are generally the main kinetic  riter ria'^^.'^^ . Substitution products 
may arise directly or more often via either an addition-elimination or 
elimination-addition sequence. I f  the latter is involved, then both geo- 
metric isonieric substrates give the same product of apparent substitution. 
The variable transition state theory has been invoked to explain changes 
in the kinetic parameters in  the eliminations of P-halostyrenes with 
alkoxides"". The effects of basicity parallel those observed for E2 
reactions. but as expected for ii less labile vinylic carbon-halogen bond. 
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the transition states appear to‘be more carbanionic. Unless ion pairing is 
prominent, most eliminations exhibit anti stereospecificity. Syn-elimina- 
tion is particularly prevalent with metal alkyls in poorly dissociating 
media2s3*257. These reaction media have also enabled the recognition of 
the EC-,2cB mechanism258, in which metal-hydrogen exchange, alpha 
to the halogen, precedes either bimolecular (thermal process) or second 
order (base catalysed process, first order in base and in substrate) elimina- 
tion (Scheme 14). The metallated intermediate was isolated at  low 
temperature and decomposed thermally and in the presence of excess base. 

\ 
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\ +  

Nu 
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\c=c/ Direct C=C-R ___* Y C r C R  + / \ substitution / 
Nu H 
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H/  I \Nu 
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SCHEME 13. 

SCHEME 14. 

Although cationic intermediates are common in saturated systems. they 
are seldom encountered in reactions of vinyl halides and esters. Mesomeric 
interaction with the adjacent n-bond imparts partial double-bond 
character on the C,-X bond, thereby opposing its unimolecular fragmen- 
tation2”. However, when X is an  exceptionally good leaving group260 
(e.g., OSO,CF,) or the vinyl cation is stabilized by appropriately located 
cyclopropy1261 or aryl groups262, the existence of vinyl cation inter- 
mediates has been demonstrated263. 
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IV. ADDITION AND ELIMINATION REACTIONS 
INVOLVING THE CARBONYL GROUP 

223 

A. General Comments 

The most frequently encountered addition reaction of the carbonyl 
group is a nucleophilic attack at the positive end of the carbonyl dipole. 
The additions are typically reversible and are often complicated by 
secondary processes. Such secondary processes may lead to alkenes (e.g., 
aldol. Wittig reactions). Elimination reactions leading to a carbonyl group 
are of an oxidative type (e.g., chromic acid oxidation) or the reverse of an 
addition reaction (e.g., acetal hydrolysis). Compared with addition and 
elimination reactions involving alkenes. mechanistic studies in this area 
are less developed. The formation and hydrolysis of acetals has recently 
been the subject of intense investigation owing to its relevance to biological 
systems and will constitute a large part of this section. as will the con- 
densation reactions which are of synthetic importance. 

B. Condensation Reactions of the Carbon y l  Group 

This section encompasses the aldol condensation, Knoevenagel, 
Darzens, Wittig and related reactions. Reviews have appeared on the 
aldol c o n d e ~ i s a t i o n ’ ~ ~  and the Knoevenagel reaction”’. The Wittig 
reaction has been reviewed by Maercker in 1965266 and by Reucroft and 
Samines in 1971”’. The preparative aspects of these reactions are 
covered by House’s recent book 2 6 8 .  Iwnost cases. the essential mechanism 
is well understood and recently investigators have concentrated on 
stereochemical aspects of the reactions. 

1. The aldol condensation 

a. Mechniiisrn. The aldol condensation will be defined in its strictest 
sense in this section as the condensation of an a-carbon of an aldehyde or 
ketone with the carbonyl carbon of another molecule. The reaction is’ 
catalysed by either acids or&ases. In the latter case (Scheme 15) the rate- 
limiting step may be proton r e m ~ v a l ’ ~ ~ . ~ ~ ~  or the formation of the new 
carbon-carbon bond. Where a reactive carbonyl compound is the acceptor, 
for example an unhindered aldehyde. the proton removal is rate limiting. 
In this case general base catalysis is significant”’. The condensation is 
often followed by an E 1 cB reaction leading to an x,P-unsaturated carbonyl 
compound (See Section I I.C.3.c). In the acid-catalysed reaction (Scheme 16) 
the en01 form of the ketone reacts in a rate-determining step with the 
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conjugate acid of the carbonyl component. The aldol or ketol formed is 
dehydrated under the acidic conditions. Two mechanisms have been 
described in considerable detail for the dehydration step27 '.2'2 . Thus, the 
essential mechanism of the aldol condensation is well understood. Recent 
interest has centred on stereochemical analysis for the reactions which lead 
to diastereoisomeric hydroxy-ketones. This is made difficult because of the 
occurrence of secondary processes, such as retroaldolization, dehydration 
and equilibration of the isomeric products via their enolate anions. 

OH 
R'CH2COR2 R'CH=C-RR2 4- H,O 

I 
0- 

SCHEME IS. 
+ A -H 

R'CH2COR2 .= R'CH,--C-R~*.- R%H=C-R~ 
I1 . I 
O H  OH 

+ 
OH 0 
I I 1  
I I  

R 2  R' 

R'CH=C-R2 OH AH 
I I1 - H  

F O H  R'CH,-C-CH-C-RR2 A R'CH,-C-CH-C-RR2 
I I  

R'CH,C-R2 R2 R'  

G , k H  
SCHEME 16. 

b. Stereochenzical studies. The stereoselectivity of the aldol condensation 
is dependent on both the solvent and the cation e m p l ~ y e d ~ ~ ~ . " ~ .  The 
theamodynamically less stable threo isomer can be formed predominantly 
in the cyclopentanone-acetaldehyde condensation if cyclopentanone is 
used as solvent and potassium ion as the cation274. A similar result is 
foulld in the condensation of cyclopentanone and i~obuty?&,,dehyde~~~ 
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(Table 11). This can be explained on the basis of the transition states 64 
and 65, which lead to the threo and ery tho  isomers, respectively. The 
steric interaction between R and the ring methylenes is less in 64 than in 
65, and hence the threo isomer is the kinetically formed product. It would 
be expected that a solvent of high dielectric constant would decrease the 
association of the enolate anion with the metal cation. This has been 
demonstrated by D ~ b o i s ~ ~ ~ ,  who showed that in methanol, the reaction of 
isobutyraldehyde and cyclopentanone led preferentially (68 x) to the 
thermodynamically more stable evythro form of 2-( 1 -hydroxy-2-methyl- 

propy1)cyclopentanone. In the presence of the cation NMe,, the ei'ythro 
form was the major product in both methanol and cyclopentanone, since 
dissociation of the enolate is expected to be extensive. Miller and his 
coworkers275 have examined the effect of cation,.concentration and solvent 
upon the geometry of reaction of enolate anions. 

In a generalized situation (Scheme 17), and where the reaction is 
essentially irreversible (k ,  >> k - ,  and k ,  >> k- , ) ,  a measure of the kinetic 
stereoselectivity, Ski,  is given by the thi'eo: erythro concentration 
ratio276*277 (Ski = [T]/[E]). Where the reaction is reversible, the thermo- 
dynamic and kinetic stereoselectivities, s,, and Ski, correspond to the 
stereochemical composition at equilibrium and at the extrapolated zero 
reaction time, respectively (equations 40,41). 

+ 

threo-ketol (T) Ketone + aldehyde . k _ T  . kT 

kE 
erythro-ketol (E) 

SCHEME 17. 

4 
TABLE 11. Percentage of threo-isomer from the 

cyclopentanone-isobutyraldehyde condensation at - 20 0C273 

Solvent Approximate Cation threo 
dielectric constant 

at -20°C 

Cyclopentanone 15 Li + > 95 
K +  > 95 
+ 

Methanol 
NMe, 30 10 

40 Li + 30 f 10 
K +  30 f 10 

NMe, 30f  10 
+ 
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TIkE 
. [TI Ski = lim - = k 
1-0 [El 

In the reaction of 2,2.5-trimethylcyclopentanone with aliphatic alde- 
hydes in a weakly polar sdvent (THF: MeOH = 9: I), the thermodyna- 
mically less stable threo-ketol is formed predominantly at the beginning 
of the reaction276. A plot of ketol concentration against time (Figure 8) 
shows the increase and decline in the tkreo form. In a polar solvent 
(MeOH). the :hermodynamically more stable form always predominates. 

b 
2 
N 

I 
0 
c erythro 

a 

0 c 
Q) 
Y 

5 0  100 120 
Time (min) 

FIGURE 8. The effect of solvent (. . . 0 . . ., THF/MeOH(90: lo);-@-, MeOH) 
on ketol concentration with reaction time for the condensation of 3-methylbutanal 

with 2,2,5-trimethylcyclopentanone. 
4 

The experimental curves show excellent agreement with the calculated 
curves from a mathematical model based on equations 42 and 43, where 
k, .  and k,. are complex expressions including base concentration, 
equilibrium constant and absolute rate constant. 

- d[TI = k,,[ketone][aldehyde] - k-,,[T] 
d t  

-- d[EI - k,.[ketone] [aldehyde] - k-,,[E] 
dt 

(43) 

A new term, the restoring energy, E, of the system has been invoked278 
in order to explain the effect whereby equilibrium is attained after an 
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initial increase in the thermodynainically less stable form. The restoring 
energy is a function of solvent polarity and size of the cationic catalyst, 
and in fact represents the difference in the activation free energies of the 
reverse reactions (equation 44). 

E,  = RTlog (k-T/k-E)  = RTlog(Ski/S,,) (44) 

In polar solvents, where the enolate salt is dissociated, the restoring 
energy is essentially zero. Intermediate effects are examined by varying 
the percentage of methanol in THF (Figure 9). 

0 100 

O/O M e O H  in THF 

FIGURE 9. Influence of solvent composition on the stereochemical outcome of a 
condensation between 3,3-dimethylbutanal and 2,2,5-trimethylcyclopentanone at 

20°C with LiOMe as  catalyst278. 

On the basis of the above results new nomenclature for the aldol 
condensation has been proposed’ 7 8  ; (i) Ad,2c corresponds to bimolecular 
nucleophilic addition via a cyclic transition state as found in non-polar 
solvents, and (ii) Ad,2o reprewnts the bimolecular addition via an open 
chain transition state found in polar solvents. 

c. Cltelntion eflects. House and his coworkers279 have used metal salts 
to control the aldol condensation by trapping the intermediate keto 
alkoxide as a metal chelate (equation 45). In this way an unfavourable 
equilibrium can be displaced towards products, and side reactions such as 
polycondensation and dehydration are avoided. Thus when ZnC1, is 
added to an ethereal solution of a lithium enolate, subsequent addition of 
an aldehyde leads to a single aldol product in high yield. 
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Rz7 CR (45) 

R R 
\ I  M I I  

C-C-COR 0 0  
R C R  / I  I \M,z’ 

A directed aldol condensation has been introduced by Wittig’” 
(Scheme 18). The lithio derivative (66) of the imine adds to a carbonyl 
compound with formation of a chelate of the imino alkoxide (67). As with 
the preceding reaction. chelation offers a strong driving force for the 
process. Hydrolysis then affords the aldol product. 

\ RNH, \ r-Pr,NLI ‘ 
’ 2 = F -  CH-C- - ,,CH-C- 

N-Li 
I 

R 
(66) 

/ I1 II 
0 NR 

R;C=O I 
\ /  

/c\ / 

R:’i 5 
O\ ‘ 

H,O , ,N-R 
I 

RL C (0 H ) F-f;.- 
0 L; 

SCHEME 18. (65) 

2. Knoevenagel condensat ion  

a. G e i w ~ i l  comimwrs. The Knoevenagel c ~ n d e n s a t i o n ’ ~ ~  is the name 
given to  the reaction between compounds with an acidic niethylene group 
and an aldehyde or ketone. The acidity is conferra  on the methylene 
group by electron-withdrawing groups, for example C02C2H,, NO,, 
CN, which stabilize the anionic conjugate base. B e a k  bases such as 
amines and their salts are used as catalyst. The presence of a catalytic 
amount of a carboxylic acid is also important. The reaction is forced to 
completion by dehydration of the intermediate aldol product and removal 
of water from the system. 

In some cases the amine may act as a nucleophilic cntalyst rather than 
a simple base and an imine or iminium salt is formed as an inter~i iediate~~’.  
Consequently, primary or  secondary amines are often more effective 
catalysts than tertiary amines. Ionization, addition, or’dehydration may 
be the rate-limiting process. 

b. Solvcwt e\]i.cts 011 niiioii nucleophilicitj~. The equilibrium constants 
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O,N\ 
,CH-CH, 

H,CO,C 

(69) 

and rate constants for nucleophilic addition of the anions from 1.1- 
dinitroethane (68) and methyl a-nitropropionate (69) to acetaldehyde 
have been used to  characterize the carbon basicities and nucleophilicities 
of these anions281-283 . Th ese are found to be highly solvent dependent. 
For example, in an aprotic medium (DMSO) the more basic anion 
(a-nitropropionate) was found to react more rapidly than the less basic 
dinitroethane anion. However, changing to a protic solvent (water) 
caused a levelling of the basicities and an inversion in nucleophilicity. 
This result can be attributed to solvation of the anion by hydrogen 
bonding in protic media2’l, and correlaks with an earlier observation 
that in aqueous solvents, the dinitromethane anion abstracts a proton 

from H,O faster than does the nitromethane anion, although the latter 
is a lo6 times stronger base284. 

c. Kineticdarn. In the addition of nitroalkanes to acetaldehyde(equati0n 
46) the pseudo first-order rate constant, kobs, in a buffer of given composi- 

+ 

0 , N  OH 
O,N\ I t  

CH-CH, + CH,CHO X-C-CH (46) 
/ I I  

X H,C CH, 

( X =  NO,, H) 

tion is directly proportional to the acetaldehyde concentration2’ ’. The 
second-order rate constant, k’lobs, calculated from the slope of a plot of 
kobs against acetaldehyde concentration, was dependent o n  the buffer 
ca6acity and buffer component ratio. A plot of k”obs against concentration 
of the buffer component ([HB], [B-I), when their ratio was constant, is 
linear. The acidic component of the buffer was shown to be kinetically 
active. The authors claim this represents the first example of general 
acid catalysis in a carbanion addition to  a carbonyl group. A Bronsted 
coefficient of 0-2 for this catalysis is indicative of a reactant-like transition 
state. 

The importance of base catalysis .+z?5e reaction of malononitrile and 
3-methylcyclohexanone is shown by the reduction in activation energy 
i n  the presence of aniline ( 1  1 kcal/mol to 7-6 k~al/mol)’’~. 
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The potassium salt (70) is isolated in high yield when anthraldehyde is 
condensed with cyanoacetic acid in dimethylformamide (equation 47), 
and the reaction quenched with potassium hydroxidezs6. Extension of 

CO,H O H  
/ ( 1 )  DMF I 

AnCHO + CH, An C H -C H -CN (47) 
I Morpholine 

\ C N  (2) w H .  M e m ’  COY K +  

(An= anthryl) (70) 

this reaction to other systems should allow more definitive mechanistic 
studies of the Knoevenagel condensation without the complication of 
dehydration. 

3. Darzens condensation 

The Darzens condensation involves the reaction of an a-halo ester with 
carbonyl compounds in the presence of a strong base (Scheme 19). 

CI 
I 

I I I  
CI 0- R’ (71 1 

RCHO + R’CHC0,Et RCH-CC0,Et 

I 
R’ 
I 

RCH- 

\ 0 /cc02Et 
SCHEME 19. 

Either the aldol condensation or the ring closure may be rate deter- 
mining’87-’89. Where the ring closure is rate determining, retro-aldoliza- 
tion and hence equilibration of the aldol intermediates (71) may occur. 
The er.~~rhr.o intermediate leads to the t r m s  (E)-epoxide and the threo 
intermediate to the cis(Z)-epoxide. I f  the initial aldol condensation is 
rate determining and the ring closure is rapid relative to the equilibration 
of the aldol intermediate, the stereochemistry of the glycidate is determined 
by that of thk aldol condensation product’ 88.2s9*’90 . The structure of the. 
reagents and solvent ell’ects determine which step is rate limiting. For 
example, in the reaction of ethyl chloroacetate and benzaldehyde using 
benzene-sodium hydride or ethanol-sodium ethoxide, the reaction is 
stereoselective, but in the dipolar aprotic solvent: hexamethylphosphor- 
amide (HMPA), the reaction is non-stereoselective (Table 12)289*’91. 
HMPA increases the rate of cyclization and the aldol condensation 
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TABLE 12. EKect of solvent and base on the stereoselectivity of the 
Darzens condensation. 

Solvent Base tram-Glycidate cis-G l ycidate 

Benzene NaH 90 10 
Ethanol NaOEt 90 10 
Hexane Na H 90 10 
HMPA Na H 50 50 

becomes rate determining. In  HMPA each halohydrin gave the corres- 
ponding glycidate, whereas in benzene or ethanol the c'l.!'fIi,.o-l~aIoliydrin 
gave the traiis-glycidate. but the three isomer, in addition to giving the 
cis-glycidate, partly reverted to  starting materials. The retro-aldolization 
was demonstrated by incorporation of C6D5CH0 into the product when 
added to the isolated tlireo-halofiydrin. This data can be explained in 

PhCHO + ClCHCOOEt 

0-  0- 

ervthro threo 

lkE 
trans -glycidate cis-glycidate 

SCHEME 20. 

terms of the following rate constants for the reaction (Scheme 20). In 
HMPA. kIE > k', >> kE and k-,-;  k ,  = k, .  I n  ethanol or benzene 
k ' ,  > k - ,  and k' ,  > k - ,  > kfT. Steric or electronic factors in the e/.!*f/i/.~ 

intermediate may govern the more rapid glycidate formation froin this 
isomer. The anion of chloroacetonitrile exhibits no selectivity in com- 
petition reactions with various aromatic aldehydesz9'. The slow step 
is the irreversible formation of the carbanion, followed by a fast aldoliza- 
tion. The transition state is regarded as close to reactants and the reaction 
as non-stereoselective (Scheme 21). The reaction is irreversible in  H M  PA. 
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CICH,CN CICHCNN~ 

f a s t  ArCHO I 
Ar A~+H + 1 A r q l  

I a n  

H CN N C  

0- 0- 

b C N  
(4 -trans 

50: 50 I fast 

SCHEME 21. (Z)-cis 

allowing a study of the aldol reaction to be made, since the ratio of the 
glycidates is representative of that of the aldolization process. 

4. The Wittig condensation and related reactions 

a. Introductory comments. The application of the Wittig reaction in 
formation ofalkenes from carbonyl compounds is established as one of the 
most important methods available to the synthetic chemist. In recent 
years it has proved invaluable in several prostaglandin syntheses. The 
essential features of the r e a c t i ~ n ~ ~ ~ . ~ ~ ~  are summarized in Scheme 22. 
The quaternary phosphonium salt (72), formed by reaction of a tertiary 

R J  

/ \ ‘c=o R’  
+ c=c 

R2 R4 
* /  \ Ph,PCHR’R2 Ph,P=CR’R2 ’“ 

i X- 

1 
Ph,$-ER1R2 

+ Ph,P=O 

SCHEME 22. 

phosphine with an alkyl halide, is treated with base to give a phosphorane 
which reacts with a carbonyl compound to give an olefin and triphenyl- 
phosphine oxide. The mechanism of this step is usually written as involving 
the formation of a betaine (74), which decomposes via an oxaphosphetane 
(75) (Scheme 33). 

For ylids (73) in which the electron density on the carbanion is effectively 
delocalized, that is stabilized ylids, the first step is a slow reversible 
betaine formation followed by a rapid decomposition to products. 
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betaine oxaphosphetane 

R 4  R* 
I I 
I +  I I  

(73) I I 

+ 
Ph,P--CR’R2 + R3R4C=0 -F ~3-c-o- .-+ ~3-c-o 

R’-C-PPh, R’-C-PPh, 

’ R 2  R 2  (751 I 
SCHEME 23. (74) olefin 

With non-stabilized ylids a rapid, reversible first step is followed by a 
slow decomposition to products, although Schloss?r and C h r i ~ t m a n n ~ ~ ~  
have suggesizd that olefin formation is rapid if the reaction is conducted 
in a medium in which s51s have been rigorously excluded. 

b. Nature of tlza inter.mediate. Several betaines formed from non- 
stabilized ylids have been i ~ ~ l a t e d ~ ~ ~ * ~ ~ ~ * ~ ~ ~ ,  generally as their hydro- 
bromides or lithium bromide adducts. These methods do not distinguish 
conclusively between a betaine and an oxaphosphetane intermediate, 
as the latter could open during the isolation process. Vedejs and Snoble2” 
have suggested that the oxaphosphetane may be formed directly from 
carbonyl compounds and non-stabilized ylids, without the intervention 
of an ionic betaine intermediate. Evidence for this proposal is based on a 
study of the reaction of ethylidenetriphenylphosphorane (a non-stabilized 
ylid) with carbonyl compounds (e.g., cyclohexanone) as illustrated in 
Scheme 24. 

Ph, 

Me3 - 5‘ + MeCH=PPh, - 
(76)  

I.- I? ?/ 

+PPh, 
+PPh, 

I I 

^‘“8- S ~ ~ E M E  24. MeH5H (77)  
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The Fourier transform phosphorus n.m.r. spectrum of the reaction 
solution at -70°C shows a singlet at 631p 66-5 p.p.m. which is resolved 
into a quartet of doublets when subjected to selective decoupling of the 
aromatic protons. Above - 15°C a shift to 6-26.1 p.p.m. was observed 
which could be attributed to Ph,P=O. LiBr. The high field 3 1  P chemical 
shift is consistent only with an oxaphosphetane structure (76). The addition 
of acetic acid at - 70 "C gave a precipitate of the P-hydroxyalkylphos- 
phonium salt (77). A direct oxaphosphetane formation can be rationalized 
in terms of an orthogonal approach of the ylid and the carbonyl n-bonds 
in the least hindered orientation. A 742s) + n(2a) cycloaddition then would 
give the most hindered phosphetane, decomposition of which would lead 
to a cis-olefin (Scheme 25). 

SCHEME 25. 

This mechanism accounts for the cis stereoselectivity observed in Wittig 
reactions between hindered aldehydes and non-stabilized ylids (see 
Section IV.B.4.d). Ramirez and his coworkers29" have developed an 
indirect synthesis of an oxaphosphetane (Scheme 26). The 1,3,2-dioxa- 
phospholane (78) derived from trimethylphosphine and hexafluoroacetone 
is converted into the 1,2-oxaphosphetane (79) when heated at 80°C in 
benzene. Further heating causes decompcdtion to olefin and a phos- 
phinate ester. In a subsequent paper3'', the structure of the oxaphos- 
phetane (80) was confirmed by X-ray analysis. 

SCHEME 26. 
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(CF,),HCO\ 
Ph-P-0 

Ph'l I (80)  
Me-C-C-CF, 

I I  
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In the reaction of stabilized ylids in alcoholic solution, Schweizer and 
his coworkers301 have demonstrated that a vinyl phosphonium salt (81) 
rather than an oxaphosphetane is an intermediate (Scheme 27). 

+ 
PH , P-C H R' 

I 
Ph,P=CHR' + R,C=O 0-CR, 

Ph,P-CHR' 
I I  

0-CR, \"¶. 1 
Ph,P=O + R'CH=CR, 

SCHEME 27. 

The vinyl phosphonium salt 82 was isolated by acidification of the 
reaction product from salicylaldehyde and the ylid from allyltriphenyl- 
phosphonium bromide in ethanol (equation 48). This reaction would. 
proceed with inversion of configuration at phosphorus. 

hPh, B r  
I 

CH=~CH=CH, (48) 

+ CH,=CHCH=PPh, - 
OH 

Trippett302*303 has shown that the above mechanism is not exclusive 
in the reactions of stabilized ylids in ethanolic solution, since in the 
reaction of (+)-benzylethylmethylphenylphosphonium iodide and ben- 
zaldehyde with ethanolic sodium ethoxide, olefin synthesis occurs with 
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retention of configuration at phosphorus. Trippett302 suggests that 
reaction via the oxaphosphetane or vinylphosphonium salt may be 
competitive. 

A CNDO-MO(comp1ete neglect of differential overlapmolecular 
orbital) investigation of the Wittig reaction and the related Petersen 
reaction304 has been made by Carey and his coworkers305 in an attempt 
to  deduce whether the betaine intermediate decomposes in a concerted 
manner or  in a stepwise process via a four-membered ring intermediate. 
Plotting energy diagrams based on CNDO-MO calculations suggest that 
in the Wittig reaction, a rapid, reversible dihydrooxaphosphetane forma- 
tion is followed by a fragmentation in which cleavage of the P-C bond 
is advanced in comparison to that of the C-0 bond. In the Petersen 
reaction (equation 49), in which the base catalysed decomposition of a 
P-hydroxysilane yields an  olefin, it is shown from similar calculations that 
the cleavage of the Si-C bond is more progressed than the C-0 bond 
cleavage. Carey also calculated that in the Wittig reaction, the dihydro- 
oxaphosphetane is 66-89 kcal/mol more stable than the corresponding 
betaine, whilst the dihydrooxasiletanide anion is only 18-25 kcal/mol 
more stable than its betaine and may, therefore, not be a true inter- 
mediate3 0 5 .  

c. Soluerit elfecrs. In a sturdy of solvent efTects on the reaction between 
carboethoxymethylene triphenylphosphorane and benzaldehyde, 
Riichardt and coworkers observed a rate decrease in changing the solvent 
from benzene to the more polar aprotic media (DMF. DMS0)306.  A 
similar rate decrease was reported by Fr0yen307 for the reaction of trialkyl- 
phosphine fluorenylide and triphenylphosphine fluorenylide with p- 
nitrobenzaldehyde. The rate decrease is not compatible with the reversible 
formation of a betaine in the rate-determining step of the reaction, but 
can be explained i u h e  transition state is of a less polar character, and may 
therefore indicate a concerted formation of the P - 0  bond along with the 
C-C bond, in agreement with Vedejs's proposal298. 

d. Ste l '~OC/Je/ , l i .~ i l ' ! :  u i i d  stilt c>,flec.t.s Stabilized ylids react with aldehydes 
to give allnost exclusively the trms-alkene. This result is explained in 
terms of preferred formition and decomposition of the less sterically 
hindered threo-betaine (Scheme 28)"'. With non-stabilized ylids. the 
thermodynamically less stable cis-alkene. formed via the c.i.jithro-betaine 
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often  predominate^^^'*^^^. Changes in solvent or the addition of salts 
are known to inff bence the stereochemistry of the Wittig r e a c t i ~ n ~ ’ ~ . ~ ~ ’ .  
In an investigation of the reaction of a non-stabilized ylid (83), and a 
semi-stabilized ylid (84), with aldehydes, Bergelson, Barsukov and 
Shemyakim3 l o  found the reaction of83 in benzene, in the complete absence 
of salts, yielded exclusively the cis-alkenes. Under the same conditions the 
semi-stabilized ylid (84) gave trans-alkenes. In the presence of Lil an 
increased amount of trans-a1 kene was formed from the non-stabilized 

.I. 

RCH=PPh, + R’CHO erythro 

. .  
threo 

Ph,P=CHMe Ph,P=CHPh 

(83) (84) 

SCHEME 28. 

ylid, and more cis-alkene from the stabilized ylid. Thus, in a salt free 
medium, both reactions are subject to kinetic control and betaine fonia-  
tion is rate determining. In the presence of Lil, stabilization of the erythro- 
betaine derived from the semi-stabilized ylid, promotes formation of the 
cis-alkene. Increased rrms-alkene from the reaction of the non-stabilized 
ylid may be explained by coordination of Lil and $e betaine, reducing 
its rate of decomposition to such an extent that this step becomes rate 
determining and the reaction becomes subject t o  thermodynamic control. 
In DMF the reaction is independent of the presence of salts. The ylid 83 
then gives predominantly cis-alkenes, and the reaction of the semi- 
stabilized ylid 84 is non-stereoselective. The nature of the added lithium 
halide (i.e.. LiCI, LiBr, LiI) also affec% the stereochemical outcome of the 
reaction, and reflects the coordinating ability of the halide (Table 13). 

has suggested the formation of a trigonal-bipyramid~.l 
coordination complex 85 from the ylid and aldehyde to explain the 

. 

Schneider3 ’ 
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preferential formation of the erythro-betaine from non-stabilized phos- 
phoranes in salt-free media. To form the erythro-oxaphosphetane inter- 
mediate %, a small anti-clockwise rotation about the C-0 bond is 
necessary. In this configuration there is steric hindrance between R2 and a 
phenyl group, but in the alternative thr-eo-oxaphosphetane (87) both R' 
and R2 are close to adjacent phenyl groups. This explanation also accounts 
for the increased cis-stereoselectivity as the size of R' increases3". 

Ph 

e. Modi$ed Wittig reactions. The mechanism and scope of the phos- 
phonate modification of the Wittig reaction (also called the Horner or 
Wadsworth-Emmons reaction) has recently been reviewed3 and will 
not be discussed further here. 

a-Lithio derivatives of phosphonic acid bisamides have begn used in 
olefin ~ y n t h e s i s ~ ' ~ - ~ ' ~  (Scheme 29). The intermediate P-hydroxyphos- 

TABLE 13. Effect of added salt on the cisltrans alkene 
ratio for the reaction of Ph,P=CHMe with PhCHO in 

benzene3" 

Added salt % cis-Alkene % trans-Alkene 

None 87 
LiCl 81 
LiBr 61 
LiI 58 

13 
19 
39 
42 
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phonamides are crystalline compounds and may be purified prior to 
thermal decomposition to alkenes. 

0 R' 
R 1 \  R II -/ 

\ 
C H P ( N Me,) 2L ( Me, N , P -C 

R2 Li+ RZ 
/ 

R"A'C=O I 
0 R' 0- 
11 I I 

I 

0 R ' O H  
I I  1 1 

I 
R2 R2 

H20 (Me,N),P-C-CR3R4 (Me,N) ,P-C-CR3 R"* d .  

R' R2C=CR3R4 

SCHEME 29. 

p-Sultines (88) have been demonstrated to be intermediates in the 
sulphur analogue of the Wittig reaction317 (Scheme 30). The extrusion of 
sulphur dioxide from the p-sultine is stereospecific. The reaction of 

0 0 OH 0 O H  
RSCH,R' II (1) MeLi 'I I SO,CI, I1 I 

RS-CH-C-R2 _I, R-S-CH-C-R3 

R' R3 CI R' R 2  
I 1  I ( 2 )  R'R'C=O ' I I  CH,CI, 

0 - c ~ ~ ~ ~  0- C R2R3 
-so, 

R1 CH=CRZR3 

R l  
0 

(88) 

+ RCI 

SCHEME 30. 

iminophosphoranes with carbonyl compounds has been investigated3'' 
(Scheme 31). In the reaction of p-nitrobenzaldehyde a concave Hammett 
plot for variation of the N-phenyl substituent was obtained. This indicates 
a change in the rate-determining step with k, 6 k,, the relative magnitude 
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depending on the substituent X. This observation was confirmed with 
other substituted benzaldehydes. Where X is an electron-donating group, 

( 7 6 H 4 R ) 3  

XC,H,N=P(C,H,R), + YC,H,CHO k ‘  b -N-Pf 

-c-0- 
I 

I 

XC,H,N=CHC,H,Y 

+ 
(RC,H,), P=O 

SCHEME 31. 

the nucleophilicity of the nitrogen is increased ( k ,  increases), but a 
concurrent increase in the electron density on phosphorus decreases its 
susceptibility to oxyanion attack (k, decreases). The reverse concept 
applies to the effect of electron-withdrawing groups (i.e., k l  decreases, 
k ,  increases). The introduction of a methyl group (X = Me) is sufficient 
to cause betaine decomposition to become rate determining ( k  increases) 
and indicates an efficient transmission of electronic effect through a 
phenyl ring to nitrogen. 

Arsonium ylids have properties intermediate to those of sulphur and 

phosphorus. The reaction of the stabilized ylid, Ph,As-CHCOPh with 
aldehydes yields the expected olefins, 1 9 ,  but with or#-unsaturated ketones, 
a Michael addition leading to cyclopropanes occurs. Other stabilized 
ylids, such as phenacylid3”, carbomethoxymethylid320, fluorenylid3,1, 
and ~yc lopen tad ieny l id~~~  afford olefinic products on reaction with 
carbonyl compounds. Non-stabilized arsonium ylids, such as m e t h ~ l i d ~ ’ ~  
and e t h ~ l i d ~ ’ ~  yield mainly epoxides. Semi-stabilized ylids, e.g. benzylid, 
give mixtures of olefin 6nd epoxide. 

C. Organometallic Additions to Carbon y l  Compounds 

Within the scope of this section are the Grignard reactions, alkyl 
lithium, alkyl cadmium, and alkyl zinc addition reactions. The former 
constitute the major part of the section. The stereochemistry of additions 
to carbonyl groups is discussed in a subsequent section on reduction (see 
Section 1V.D.l.c). 
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1. The Grignard reaction 

Since the chapter by Eicher in this series325, a comprehensive review 
of the Grignard reaction has appeared326. The addition of Grignard 
reagents to carbonyl compounds may result in a normal 1,2-addition, a 
two or one electron reduction, and, in the case of conjugated carbonyl 
compounds, a 1,4-addition. Enolization of the carbonyl group may also 
compete which leads to recovered starting material. Reduction may 
become competitive with sterically hindered ketones. To appreciate the 
mechanism, an understanding of the structure of the Grignard reagent is 
necessary. 

a. Structure of the reagent. For many years, the Schlenk equilibria327 
(Scheme 32) were accepted as a simple explanation of the nature of Grig- 
nard reagents in ethereal solvents. Ashby and his coworkers demonstrated 

2RMgX R,Mg + MgX2 

R,Mg+ MgX, R,Mg.MgX, 

SCHEME 32. 

the existence of the species RMgX in te t rahydr~furan~~ '  and a concen- 
tration effect on structure was also shown329. A modified set of equilibria 
were then suggested329 (Scheme 33). The ionic nature of the C-Mg bond: 

" 

SCHEME 33. 

has been established by n.m.r. studies330. The degree of association of 
Grignard reagents in ethereal solvents may vary from unity in dilute 
solutions to four in more concentrated s o l ~ t i o n ~ ~ ~ . ~ ~ ~ .  The equilibrium 
association in tetrahydrofuran may be represented by Sche-e 34333. 
The kinetics of the reaction of 4-methylmercaptoacetophenone with 
cyclopentylmagnesium reagents has been studied by stop flow U.V. and 
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I1 
Dimer 

Trimer 

SCHEME 34. 

i.r. spectroscopy334. The data indicate that the reaction is first order in 
organomagnesiurn in dilute solution, but zero order at high concentration. 
It is suggested that  both RMgX and R,Mg contribute to the reaction, the 
relative contribution being dependent on the concentration of magnesium 
bromide. Evidence that the dialkyl magnesium species is more reactive 
than the Grignard reagent has been p r e ~ e n t e d ~ ~ ~ . ~ ~ ~ .  

Methylmagnesium fluoride has recently been prepared337 and shown 
to be dimeric in tetrahydrofuran, in contrast to the other methylmagnesium 
halides. 

n-Alkyl- and aryl-magnesium halides have been prepared in hydro- 
carbon solvents in place of the conventional ethers338. The properties of 
the unsolvated and solvated reagents are generally comparable in the 
reaction with carbonyl compounds. Aromatic hydrocarbons may also be 
used as solvents339. Hexamethylphosphoramide (HM PA) is believed to 
enhance the carbanS4iz cnaracter of the Grignard reagent340. 

b. 1,2-Addirioll. The 1,2-addition reactions of organometallic com- 
pounds with ketones may be discussed in terms of three mechanisms. 
The first step of all these involves a fast equilibrium formation of a 
carbonyl-metal complex (equation 50)341*342. Subsequent product forma- 

(50) 

tion may then occur in one of three ways (equations 51, 52, 53). Support 

fas t  
R,C=O+ CH,M R,C=O...MCH, 

(or R,C=O+ MCH,) 
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R,C=O...MCH, R,C-OM + CH, - R,C-OM 
I 

CH3 (53) 

for mechanism (52) has been given by several a ~ t h o r s ~ ~ ~ * ~ ~ ~ . ~ ~ ~  whilst 
evidence for mechanism (51) has also been presented335a*335b*336b*346-348. 
Mechanism (53) is not accepted as a major though if Crignard 
reagents capable of a facile electron transfer are used, for example t-butyl 
magnesium bromide, this mechanism may contribute ~ignificantly~~’. 

Ally1 Grignard reagents exhibit a greater propensity for axial attack 
on 4-t-butylcyclohexanone than does n-propyl magnes i~ni%romide~~’*~~ ’. 
The allyl reagent yields 52 of the equatorial alcohol, whereas n-propyl 
magnesium bromide yields 26 %. The difference in stereochemical outcome 
may be attributable to a change from a four-centre transition state for the 
n-propyl reagent to a six-centre transition state (89) for the allyl reagent. 

“CH’ 

(89; 

Since this transition state is 
energy than the four-membered 

presumably more flexible and of lower 
case, A ~ h b y ~ ’ ~  has suggested that cyclo- 

hexanone may exist in the boat form in the transition state. Attack would 
then take place at the side opposite to the ‘flagpole’ hydrogen, and on 
reversion to the chair form the alkyl group would be in the axial position. 
An alternative SET like mechanism (Scheme 3 3 ,  involving antarafacial 
attack by the carbonyl C atom on the allyl reagent is preferred by other 
a ~ t h o r s ~ ~ ~ . ~ ’ ~ .  Mechanisms proceeding via an initial one-electron 
t r a n ~ f e r ~ ~ ’ . ~ ’ ~ . ~ ~ ~  leading to a caged radical-radical anion pair, may also 
be envisaged. The reaction of r-butylallyl magnesium bromide with 
$arbonyl compouiids has been used to assess steric hindrance in the 
neighbourhood of the carbonyl group (Scheme 35, R = ~ - B u ) ~ ~ ~ .  Thus 
the ratio of(91) and (93) depends on the steric environment of the carbonyl 
group; that is, the transition state 90 is tnore sterically crowded than 92 
when R is large. 

2-a-Hydroxyalkyl (or aryl) cyclopentanones and cyclohexanones react 
with Grignard reagents to yield pure d i 0 1 s ~ ~ ~ .  cis-2-Acylcyclopentanols 
and t~nr1s-2-acylcyclohexanols also undergo stereospecific additions. In 



244 Anthony F. Cockerill and Roger G. Harrison 

MgBr 

- RCHCH=CH, 
I H 

\ 
RCH=CHCH,MgBr - ,CJ-- CH .-. CH 

I 
I 

A'R'C=O 

R'-C-OH 

R2 I (90) (91 1 
Hindrance R2 

MgBr MgBr 

R-cH-CH-CH I1 - RCH=CHCH, 

I 
I 

Li 

I 

I 
RCH-CH=CH, - 

R2-C-OH 
0 7 ;  .-. C-RZ 

(92) R '  (93) R' 

SCHEME 35. 

contrast trans-2-acylcyclopentanols react in poor yield and low stereo- 
selectivity. These data can be correlated with the ability of the substrates 
to form chelates. 

c. Reduction. The two electron reduction by Grignard reagents in a 
generalixed'case is shown in Scheme 36. Reduction may compete with 

addition when the substrate is sterically hindered. A cyclic mechanism 
(94) involving transfer of the P-hydrogen has been confirmed by deuteriume 

X 
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labelling studies3". The reaction is the basis of several asymmetric 
reductions with Grignard reagents360. The preferred transition states for 
an asymmetric Grignard reduction may be represented by 95. The larger 
the difference in steric size between RL and R, the greater would be the 

X 
I 

(L, large; S ,  small) 

(95 )  

expected asymmetric induction. In many cases the consideration of the 
model transition state (95) allows a prediction of the configuration of the 
product. However, in some reactions electronic factors may be important 
and the simple approach represented by 95 is no longer valid. 

d. Enolization. Under normal conditions, the enolization of the car- 
bony1 group is not a competitive process. However, in hexamethyl- 
phosphoramide (HM PA), diisopropylketone is exclusively enolized by 
n-butylmagnesium bromide at the expense of the normal addition reaction 
(Scheme 37)361. Reaction of the enol with an alkyl halide leads to alkyla- 
tion of the a-carbon atom in high yield. 

Me,C=CCHMe, +- Me,CCCHMe, 
I I 

Me,CHCOCHMe, "-zzBr v 

OMgBr MgBr  

0 
I I  

Me,CCOCHMe, 
I 
R 

SCHEME 37. 

2. Alkyl lithium reactions 

Buhler has shown that the highest yields of addition products of n-butyl 
lithium with carbonyl compounds are obtained by adding a hexane or 
ether solution of the substrate to the reagent at - 78 0C362.  Reduction or 
self-condensation of the carbonyl compound is not significant at this 
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, temperature. Some enolization occurs leading to recovered starting 
material after hydrolysis. With t-butyllithium more enolization and lower 
alcohol yields are found. 

In a convenient preparative procedure, the carbonyl compound and 
alkyl halide are added to lithium pieces in tetrahydrofuran at 

3. Organoaluminium, -zinc and -cadmium additions 
These reagents will be discussed together and their reactions compared 

with Grignard reagents. Detailed studies on the nature of these reagents 
have not been made but dimethylzinc and dimethylcadmium are known 
to be monomeric in ether solution364, and the stereochemistry of their 
addition to aldehydes has been d i sc~ssed ’~~ .  Jones and his colleagues 
h%ve compargd organomagnesium and organocadmium addition reac- 
t i o n ~ ~ ~ ~ .  The addition of methylmagnesium compounds (MeMgF, 
MeMgC1, MeMgBr, and Me,Mg) and trimethylaluminium to 4-t- 
butylcyclohexanone in various solvents (hexane, benzene, diethyl ether, 
tetrahydrofuran, diphenyl ether, and triethylamine) has been investigated 
(equation 54)352. In ether and THF the major product is the axial alcohol 

Me 
I 

H 

formed by an equatorial addition, and is independent of the ratio of the 
reactants. With trimethylaluminium in aa hydrocarbon solvent, when 
reactant to substrate ratio was 1 : 1, the axial alcohol again predominated. 
However, when the ratio approaches 2: 1, the stereochemistry of the 
product was reversed and the equatorial alcohol was the major product 
(c. 90%). At a 1 : 1 ratio, a four-centre transition state’was proposed and 
the reaction was first order in (CHJ,Al, whereas at a 2: 1 ratio a six- 
centre transition state was preferred, the reaction being second order in 
(CH3)3A1342*352*367. Steric compression of the 2 m d  6 equatorial hydro- 
gens of cyclohexahones, and with the 2-methyl group of 2-methylcyclo- 
pentanones may be envisaged to destabilize the six-centre transition 
state leadhg to the axial alcohol. No such compression is present with a 
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four-centre transition state368. Alternatively conformational changes in 
the complexed ketone have been invoked to explain the change in stereo- 
chemistry. However, a study of the n.m.r. spectrum of the reaction of 
4-t-butyl~yclohexanone~~~ offered no evidence for the postulated change 
from the ketone chair form to a half-chair for ketone-aluminium alkyl 
complex. 

In the reduction of isopropyl phenyl ketone by optically active dialkyl 
zinc compounds the stereoselectivity is dependent on the distance of the 
chiral centre from the metal atom369. 

4. The Reformatsky reaction 
a. Introductory remarks. The Reformatsky reaction has been reviewed 

in 197P70 and consequently this section will discuss only the mechanistic 
consideration about which there is still some disagreement. 

A modification of the preparative procedure of the Reformatsky 
reaction, in which trimethyl borate i s k e d  to provide a mildly acidic 
medium, allows the reaction to proceed at room temperature with high 
yields371. 

In the Reformatsky reaction an cr-halo-ester is reduced by zinc to form 
a halo-zinc enolate. This reacts with an aldehyde or ketone to give, after 
hydrolysis, a P-hydroxy ester (Scheme 38). 

Zn 
BrCH,CO,Et - CH, -C-C0,Et 

+ -:I 
ZnBr 0 

SCHEME 38. 

b. Stereochenzicaf studies. Recently particular interest has centred 
on whether the formation of diastereoisomeric P-hydroxy esters is under 
kketic or thermodynamic ~ o n t r o 1 ~ ~ ~ . ~ ~ ~ - ~ ~ ~ .  The reaction of various 
Reformatsky reagents with benzaldehyde in benzene (Scheme 39) has 
been studied by Canceill and his coworkers372, who suggested that 
formation of the intermediates 96 and 97 was practically irreversible. 
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However, interesting solvent effects are found in the reaction between 
benzaldehyde and methyl a - b r o m o p h e n y l a ~ e t a t e ~ ~ ~ .  In dimethoxyethane, 

H 

I 
PhCHO 

+ 
Ph'-C-OZnBr - erythro -a Ico hol R CH CO, R' ___, 

I 
ZnBr R-C-CO,R' 

H 

(96) 

+ 
H 

I 
I 

Ph-C-OZnBr - threo-alcohol 
R ....._ C-CO R' 

H 

(97) 

SCHEME 39. 

tetrahydrofuran, and dioxan the proportion of the threo isomer in the 
product increased with time. In benzene and dimethoxymethane the 
reaction was not stereoselective, and in dimethylsulphoxide the erythi-o 
to threo product ratio was independent of time. When the pure erytlzro 
product was heated at 45°C for I h with BrZnCH,CO,Et in benzene, 
2.9 % of methylphenyl acetate was recovered, whilst in dimethoxyethane 
14 % of the starting material was recovered. This indicates some reversi- 
bility in the reaction although in benzene it is relatively small. Also whilst 
discussing the question of reversibility of the Reformatsky reaction it is of 
interest to consider the addition of the reagents derived from methyl 
cr-bromoisovalerate and methyl t-butylacetate to benzalaniline at - 18 "C 
which gives the erythro amino esters (98) (Scheme 40)376. At reflux in 
ether/benzene, the cis- and trans-f.3-1actams (99 and 100) are formed. 
Three explanations for this observation are possible : (i) epimerization of 
99; (ii) that the reaction is irreversible and of different stereoselectivity to 
the low temperature reaction; and (iii) the reaction is reversible but the 
position of equilibrium is highly temperature dependent. 

No epimerization of the isolated p-lactams was observed and when 
optically active methyl a-bromopropionate reacted with benzalaniline in 
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! - 
Ph-C- N H P h  

1 
R-C- C0,R' 

- - - 
H erythro 

T 

I k= 

H 

*, PhCH=NPh ~ r; 

*'. , k-1 
7 

- ......__.. + 
R COC0,R' 

- 
I H 
ZnBr 

r; 1 

SCHEME 40. 

boiling benzene, a cis optically active lactam and a racemic trans lactam 
were obtained. If (ii) were true, both lactams would be expected to be 
optically active, hence a reversible reaction is indicated. This reaction has 
been extended to other imines and different Reformatsky reagent?". 
A prolonged reaction time at low temperature favoursiformation of the 
amino ester (Table 14). 

The prgportion of the erythro hydroxyester formed in the reaction of 
ethyl a-bromopropionate and acetophenone in benzene increases with 
time unti1.a constant erythro to threo product is found378. With p-methoxy- 
and p-chloroacetophenone analogous behaviour is observed. The rate of 
reaction increases with electron-releasing power of the substituent on the 
aromatic ring. After a reaction time of only 10 min, complete conversion 
into the erythro- and threo 0-hydroxyesters had occurred in all the cases 
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investigated, whereas equilibrium was attained only after times greater 
than 1 h. 

TABLE 14. Temperature effect on product ratio in the reaction of 
benzalaniline and ethyl bromoacetate. 

% Ph 
%Ph- H CH,CO,Et 7 -  

Ph-NH 

Temperature 

("C) 

P h  

44 
20 
0 

- 10 

85 
18 
8 
0 

0 
37 
75 
85 

Ip 

D. Reduction of C=O 

Wheeler's earlier chapter in this series380 concerns catalytic reduction, 
reduction by 'dissolving metals, electrochemical reduction, reductive 
amination, redhction by organic reagents, and metal hydride reductions. 
In this sectioc we limit our discussion to reduction by organic reagents 
and metal hydrides. Reductive amination involves hydrogenation of an 
imine intermediate, the mechanism of formation of which is discussed 
elsewhere (see Section V.A). Catalytic reduction (i.e., hydrogenation), 
reduction by dissolving metals, and electrochemical reductions are beyond 
the scope of this chapter. 

1. Reduction by metal hydrides 

A discussion of the scope and mechanism of hydride reductions is 
included in House's In its simplest terms it may be regarded as 
nucleophilic attack of hydride ion at the carbonyl carbon leading to  a 
metal alkoxide. The carbinol is then liberated by addition of acid, base or 

a. N e w  reagents. In the past decade considerable effort has been 
devoted to the development of new metal hydrides which will allow the 
stereoselective reduction of the carbonyl group in cyclic ketones. Several 
such reagents are now available and, although the mechanistic considera- 
tions are similar in all cares, some of these are mentioned briefly here. 
Lithium t r i - s -bu ty lb~rohydr ide~~~  reduces ketones with high stereo- 
selectivity. Hindered ketones such as 2-methylcyclohexanone, 3,3,5- 
trimethylcycloliexanone, and camphor give over 99.5 % of the less stable 

water. E 
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TABLE 15. Stereoselectivity of ketone reduction by 
lithium-tri-s-butylborohydride at 0 0C382 

Ketone Major isomer (%) 

25 1 

2-Methylcyclopentanone 
2-Methylcyclohexanone 
3-Methylcyclohexanone 
4-Methylcyclohexanone 
4-t-Butylcyclohexanone 
3,3,5-Trimethylcyclohexanone 
Norcamphor 
Camphor 

cis (98) 
cis (99-3) 
trans (85) 
cis (80.5) 
cis (93) 
r r m s  (99-8) 
erido (99.6) 
exo (99.6) 

epimer (Table 15). Potassium ‘criisopropo~yborohydride~~~, and lithium 
trimesitylborohydride bis(dimeth0xyethane) also reduce cyclic ketones 
s te reo~elec t ive ly~~~.  Tetrabutylammonium cyanoborohydride has been 
used to reduce selectively aldehydes to alcohols in the presence of 
ketones3”. Another reagent, lithium perhydro-9bboraphenalylhydride 
offers high stereoselectivity in reduction386 and has recent application in 
prostaglandin s y n t h e s i ~ ~ ~ ~ . ~ ~ ~  . In contrast to lithium trialkoxyalumino- 
h y d r i d e ~ ~ ~ ’  an increase in the size of alkyl substituents in boron reagents 
enhances the stereoselectivity of addition to the carbonyi group. 

b. Asyrnrnetric reductions. Cervinka3” first demonstrated asymmetric 
reduction of ketones using complexes derived from lithium aluminium 
hydride (LAH) and quinine, quinidine, cinchonine and ephedrine. 

Further papers in which use of these reagents is described have ap- 
~ e a r e d ~ ’ l - ~ ’ ~ .  The reagent derived from LAG and dihydroxy-mono- 
saccharides (e.g., 3-0-benzyl- 1,2-cyclohexylidene~-~-glucofuranose) also 
effect asymmetric reduction of keton,es with high optical  yield^^^^,^'^. 
Similar results are obtained using LAH complexes wiih monohydroxy 
sugar derivatives 96. 

A new class of chiral reducing agents (101, 102) have been reported by 
Giongo and his coworkers397. A high dependence of optical yield on 

CH 
\3 

Ph\ 

A 
H CH 
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solvent, temperature and substrate was found. An aromatic group in the 
substrate leads to  an increased optical yield as has previously been 
observed with chiral lithium aluminium a l k o x i d e ~ ~ ~ ‘ .  

c. Stereochemistry qf’ I-eductior?. Most investigations of the stereo- 
chemistry of carbonyl reduction with metal hydrides have concerned the 
reaction of cycloalkanones and this will be the main topic of this section. 
However, a correlation linking the reduction of cyclic ketones and acyclic 
ketones has been proposed and is discussed. Several theories have been 
proposed t o  explain the stereochemistry of reduction and whilst some of 
these have since been disproved, there is as yet no general agreement. 

(i) Cycloalkanones. In 1956 Dauben and his coworkers398 suggested 
iha t  the steric course of ,reduction of unhindered ketones with metal 
hydride reducing agents was governed by ‘product development control’; 
that is, product-like transition states leading to the predominant formation 
of the thermodynamically more stable alcohol. A classic example is the 
reduction of 4-t-butylcyclohexanone which gives t1-cins-4-t-butylcyclo- 
hexanol as the major product. However, with hindered ketones reduction 
was suggested to be governed by ‘steric approach control’, with a reactant- 
like transition state. where the reducing agent approaches from the less 
hindered piane of the carbonyl group. Modified terminology was proposed 
by Brown and Deck389 who suggested that ‘steric strain control’ and  
‘product stability control’ were more appropriate. An argument against 
product development control lies in the observation that in  the reaction 
of 4-t-butylcyclohexanone and LAH, the product ratio (c. 10: I )  differs 
from the equilibrium ratio of the epimeric alcohols399 and also from the 
position of equilibrium of alkoxide derivatives of 4-t-butylcyclo- 
h e x a n o l ~ ~ ~ ~ ~ ~ ~ ’  (c. 4: 1 in THF). This indicates that the equatorial alcohol 
is a kinetically formed product. An alternative explanation for the re- 
duction of unhindered cyclic ketones places importance on steric hindrance 
to an equatorial approach caused by the axial hydrogens in the 2 and 6 
 position^^^^.^^^. However, replacement of the axial hydrogen at C,?) by a 
methyl group does not lead to the expected marked reduction in the rate 
of attack leading to the axial alcohol with LAH404*405. 

An attractive theory suggested by Felkin and C h k r e ~ t ~ ~  proposes that 
torsional strain between partial bonds is an important factor in nucleo- 
philic addition to  cyclic ketones. Hence, considering the transition states 
103 and 104 the steric outcome of reaction will depend on the relative 
magnitude of strain in 103 and 104. When Nu-  (nucleophile) and R are 
small, steric strain in 104 is minimal, whereas torsional strain in 103 
is still significant. Reaction therefore proceeds via 104 leading to the 
equatorial alcohol. As the bulk of the substituent R increases steric strain 
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Equatorial attack --+ Axial 
alcohol 

Axial attack --+ Equatorial 
alcohol 

in 104 will become more severe and the proportion of axial alcohol in the 
product, obtained via the transition state 103, will increase. Similarly. an 
increase in the effective size of the nucleophile will lead to an increase in 
the production of axial alcohol. In the reaction of Grignard reagents and 
unhindered ketones, the axial alcohol is the predominant product. Thus 
this theory dispenses with the concept of 'product development control' 
and considers a 'reactant-like' transition state in the reduction of both 
hindered and unhindered cyclic ketones. 

Support for this theory has been presented by Chauviere and co- 
w o r k e r ~ ~ ~ ~  and in the kinetic results of Eliel's g r o ~ p ~ ~ ~ * ~ ~ ~ .  Evidence 
against this approach has been found in a study of the variation in stereo- 
chemistry of the reduction of 2-isopropylcyclohexanone with LAH as a 
function of temperature407. From the ratio of cis to tmrts products the 
enthalpy difference foi the transition states 105 and 106 was calculated. 
The difference obtained was too large to be reconciled with a reactant-like 

'H' 
'H' 

L d  P r - i  

(1 05) 
I 

0 I 
trans - a I co h o I I .  

&-alcohol 

transition state for axial attack and, therefore, a transition state with 
product-like character was invoked. A similar conclusidn has been 
reached in a study of equatorial attack on 3-ketosteroids by lithium-tri- 
r-butoxyaluminium hydride while varying the substituents at C(5)  and 
C ( , , ,  (Scheme 41)408. The rate of the reaction was determined by optical 
rotatory dispersion (ORD). Both the rate constant for axial attack, k , ,  
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x X 

H 
SCHEME 41. 

and for equatorial attack, k,, were rFduced by the axial substituents at 
C(5), the latter markedly, indicating interactions between OM and Y in 
the transition state leading to 107. This may be interpreted as indicating 
product-like character in the transition state for equatorial attack in this 
case. 

Eclipsing of the C-OM bond, where M is the metal, with the equatorial 
C-H bonds in the 2 and 6 positions of cyclohexanones may qlso be 
important409. This eclipsing would occur only in the transition state 
leading to the axial alcohol and would explain the less ready fd'rmation 
of axial alcohols in the case of unhindered ketones. 

Recently Klein4" has proposed an electronic interpretation for the 
steric course of reductions of cyclohexanones, in which the nucleophile, 
e.g. hydride ion, attacks by interaction with the LVMO (lowest vacant 
molecular orbital) of the ketone, which will be easier from the axial 
direction, unless steric effects are predominant. 

On the basis of kinetic data it has been proposed that an important 
factor in determining the position 8i the transition state along the reaction 
coordinate is the nature of the n ~ c l e o p h i l e ~ ~ ~ .  The reaction constant p, 
for a series of nucieophiles is always > 0, indicating an increase in electron 
density on the central carbon atom'as the transition state is approached. 
The greater the p value, the greater the charge variation, and the further 
the transition state is along the reaction coordinate. Small values of p, 
as found for PhMgBr, CH,MgI, NH,OH, and SO3'-, indicate a reactant- 
like transition state, whilst values for borohydride reduction and cyano- 
hydrin formation indicate a more product-like transition state (Table 16). 
Further, in a plot of the free energy of activation, AG*, against the free 
energy of reaction, AGO, a linear correlztion often results. The slope of the 
line, a,(6AG* = aGAGo), indicates the position of the transition state 
along the reaction coordinate. Values of CL shown in Table 17 again 
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indicate a product-like transition state for cyanohydrin formation. 
Where the transition state is ‘reactant-like’, stereoelectronic factors in 
the substrate may be important in determining reactivity. Conversely 
when the transition state is ‘product-like’ steric effects will be important. 

TABLE 16. Variation in the reaction 
constant, p, for the reaction of different 

nucleophiles with carbonyl compounds4’ ’ 
Reaction P 

ArCOCH, + NaBH, + 3.06 
ArCOAr’ + LiBH, + 2.81 
ArCHO + HCN + 2-33 
ArCHO + SO:- + 1.27 

ArCOAr’ + T’H,MgI + 0.36 
ArCOCH, + PhMgBr + 0.4 1 

ArCOCH, + NH,OH + 0.32 

TABLE 17. a-values for the reaction of nucleophiles 
with carbonyl compounds 

~~ ~ ~ 

Nucleophile a. Number of ketones 

so: - 0.49 12 
NH,OH 0.56 7 
CN 0-74 17 

Adamantanone(lO8) has been suggested4’ asa  suitablemodel todeduce 
the position of the transition state in nucleophilic additions to carbonyl 

axial side 

axial side 

(1 08) 

groups. Botbfaces of the carbonyl group are identical ahd are held rigidly 
(and are equivalent to the axial sides of cyclohexanone). The rate of 
nucleophilic ad&ion will approximate to 2k,,  where k, is the rate const 
for axial attack oil cyclohexanone, for a ‘reactant-like’ transition st 
For a ‘product-like’ transition state, k 1: 2k, .  Good correlations for the 
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additions of BH, and S 0 3 2 -  have been obtained by this simple approach. 
(ii) Acyclic ketones. In the consideration of the metal hydride reduction 

of carbonyl compounds with a chiral centre in the a-position, a prediction 
as to which diastereoisomer will predominate is given by 'Cram's rule'41 '. 
In the reduction shown in equation (55),  the diastereoisomer 109 is the 

(109) 

(S, M, L = small, medium and large groups) 

major product. This is explained by Cram on the basis of a preferred 
'reactant-like' transition state 110, where the incoming nucleophile attacks 
remote from L and M, and the steric strain between L and R (4 - 0") 
is less than between L and the metal complexed carbonyl group in the 
alternative transition state (111). 

8 

R 

Hindrance 

(110) 

This interpretation has recently been criticized by Karabatsos4I4, 
who suggests 110 is preferred because when qh - 30", it offers the smalles: 
carbonyl-eclipsed group interactions. However, if either of these proposals 
were correct, an increase in the size of R, the group attached to the carbonyl 
carbon, would be expected to destabilize the transition state 110 in 
favour of 111, and the reaction would be less stereoselective. Experi- 
mentally it has been demonstrated for two series of ketones (L = cyclo- 
hexyl or phenyl, M = methyl, S = H; R = Me, Et, i-Pr or t-Bu) that the 
reaction becomes more stereoselective as the size of R increases4". On 
the basis of these results it has been suggested4I5 that the transition state 
is always reactant-like, that torsional strain involving partial bonds is 

important, and interactions between Nu and R are significant steric 
considerations. In the absence of polar groups the preferred conformation 
of the transition state is represented by 112. 
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O M  

The stereoselectivity of the reduction of acyclic ketones should increase 

as L, R or N u  increase in bulk as this further destabilizes the alternative 
transition states in favour of 112. 

An increase in length of the alkyl chain in ii-alkyl methyl ketones causes 
a decrease in rate on changing from ethyl to propyl but further changes 
have little effect. The interaction of C, with oxygen is suggested to reduce 
the reactivity of the carbonyl group416. 

d. MctaI catioii-cnrbonyl group association. Although it has long been 
presumed that the reduction of a carbonyl compound involves association 
of the carbonyl oxygen atom with the metal cation prior to or concurrent 
with hydride transfer, no direct evidence for this was available. Ashby and 
his c g ~ o r k e r s ~ ' ~  have recently presented stereochemical results which 
indicate that complexation does cccur in the reduction of ketones by 
complex metal hydridefi. In the reduction of 2-methylcyclohexanone with 
LAH an increase in equatorial attack compared with 4-t-butylcyclo- 
hexanone is observed, which can be explained on the basis of theories 

Axial Equatorial 

(713) (114) 

discussed previously. However, in going from LAH to C1M@lH4 and 
Mg(A1HJ2, a substantial increase in cis-alcohol is found in the reduction 
of 2-methylcyclohexanone, whereas no significant variation is observed 
in the stereochemical outcome of the reduction of 4-r-butylcyclohexanone. 
The decrease in axial attack on 114 cannot be explained by an increase 
in steric hindrance towards axial attack as ClMgAlH4 and Mg(AlH& 
both give more exo attack on camphor and more axial attack on 3,3,5- 
trimethylcyclohexanone than does LAH. The apparent increase in the 
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q o \ .  - 
-b 

CH, 

(1 15) ( M  metal cation) 

involvement of conformer 113 in the reduction may be explained if 
complexation of the carbonyl group does occur during reduction; that is, 
more reaction occurs via the transition state 115 with the bulky complexing 

agents hgCI and MgftlHS than the smaller i i .  When the conformation 
of the 2-alkyl substituent is fixed, e.g. 4-t-butyl-2-methylcyclohexanone, 
the stereochemical outcome is almost the same for all three reducing 
agents. 

e. Kinetic strrdies. Rickborn and Wuestlioff4'8 have reviev. -d thc 
methods available for studying the kinetics of borohydride reduction 
of ketones. Discrepancies are found between results obtained from iodate 
titration and those from potentiometric and chromatographic methods. 
Spectrophotometric results, obtained by following the disappearance 
of the 17 -+ 7c* ketone band at 285 nm, agree with those found by potentio- 
metric and chromatographic methods4I9. 

Secondary kinetic deuterium isotope erects, I<,,//(,,, for nucleophilic 
addition to ketones are dependent on both the structure of the ketone 
and the n u ~ l e o p h i l e ~ ~ ~ . ~ ~ ' . " ~ ~ .  

2. Meerwein-Ponndorf-Verley (M PV) reduction 
The overall reaction is shown in equation (56); isopropyl alcohol is 

often the solvent with aluminium isopropoxide as catalyst. The reaction 

(56) R,C=O + MeCHOHMe . R,CHOH + MeCOMe 
AI(OCHMc,), 

is generally believed to involve hydride transfer in the rate-determining 
step433.424. However, in the reduction of a-phenylacetophenone to 3- 
phenylethanol, the ketone disappears more rapidly than the alcohol is 
formed, indicating that the alcohol exchange step may be rate limiting425. 

Aluminium isopropoxide exists mainly as a t e t ~ n m e r ~ ~ ~ ,  but the 
rqactive species is believed to be a Aluminium t-butoxide 
exists as a dimer426. Both cyclic (Scheme 42. 116) and non-cyclic transi- 
tion states have been proposed4" for the reaction. Contrary to early 
beliefs. the MPV reduction is very rapid for unhindered ketones. and for 
cyclohexanone and methylcyclohexanone is essentially i n s t a n t a n e ~ u s ~ ~ ' .  
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/ 

CHOH + AI(0CHR’ R2) ,  
SCHEME 42. 

Sterically hindered ketones are reduced more slowly. The ratio of epimeric 
alcohols from the reduction of cyclic ketones depends on the substrates 
and reagent concentration, which may be rationalized in terms of a 
concentration dependent association of i-PrOH with (i-PrO)3Al. Evidence 
for an association is provided by the increase in rate found upon intro- 
duction of an inert solvent (benzene) to the system. 

Further examples of asymmetric reduction using chiral alkoxides have 
been reported430, but the optical yields are not high. The preferred 
transition state from steric considerations 117 enables a prediction of the 

RO 

, 

(L, large; S, small) 

(1 17)  

configuration of the products to be made. 

E. Miscellaneous Carbon y l  Group Additions 

1 .  Hydration of the carbonyl function 
Thkreaction represents the simples? type of reversible addition w . h e  

carbonyl group and may be simply written as equation (57). The reaction 

R,C=O + H,O R,C(OH), (57) 
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has been reviewed in 1966431 and has been discussed in a previous volume 
of this series432. 

The half-life of the hydration process is short and a study of the mech- 
anism requires techniques developed for studying fast reactions. Ultra- 
violet, "O-n.m.r., p.m.r., polarography, "0-exchange, chemical scav- 
enging and chemical methods have all been employed. Equilibrium 
constants calculated by different methods are not always in agreement. 
The methods used have been reviewed433. 

a. Mcclirrriism. The hydration of carbonyl compounds is general acid 
and general base catalysed and its mechanism is similar to that of the 
reversible acetal formation. A spontaneous hydration which is, by 
definition, independent of acid or base also occurs. Eigen434 has suggested 
this latter reaction takes place via a cyclic hydrogen-bonded transition 
state in which two or more water molecules are involved. Values obtained 
for the entropy of activation for spontaneous hydration of acetaldehyde 
supports this interpretationA5. Corroborative evidence is also derived 
from the kinetic order with respect to water dissolved in a non-aqueous 

and from a study of the isotope effects438. In a catalysed 
reaction one or more of the water molecules is replaced by the catalyst. A 
recent of the entropy of activation, over a range of temperatures, 
for the uncatalysed hydration of 1,3-dichloroacetone in aqueous dioxan 
suggests that a transition state 118 involving two water molecules in 

H H 
.... H. ..... O/ 

addition to the reactant molecule fits the data better than one involving 
one or three additional water molecules. The corresponding transition 
state 119 is proposed for the same reaction catalysed by benzoic acid. 
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Stewart and Van Dyke""' have examined the hydration of riiig sub- 
stituted trifluoroacetophenones in aqueous polar aprotic solvents 
(dimethyl sulphoxide and sulpholane) by U.V. and 1i.m.r. spectroscopy. 
Aqueous sulpholane has a dehydrating effect compared with water. 
whilst DMSO-water combinations as low B S  15 niol- '%, water are more 
hydrating than pure water. I n  the uncatalysed reaction the rate of hydration 
in water-sulpholane falls as the water percentage decreases. The rate of the 
acid catalysed reaction is not significantly affected. A hydration factor. 
WO9 (equation 58)  where K ,  is the equilibrium constant for the reaction 

w,, = pK, + log[Z]/[Z-HzO]. (58) 

(equation 59), may allow the hydration equilibrium constants to be 

Z + HzO Z.H,O ( Z  = substrate) (59) 

determined in solutions other than \~ater '~~." ' ' .  Thus positive values of 
W, indicate a solution less hydrating than water. For negative values of 
W, the opposite applies. A plot of log[ZJ/[Z.H20] against W,, is linear with 
unit slope. 

An analogy with the acidity function, H,, may be drawn. W,,. however, 
may also be a function of substrate and requires further investigation. 

b. Coordin~irion ~ i i d  a.s.socicitioi~ c~Jfji'c't.s 0 1 1  /ij*dr~irioii.' The ruthenium(li1) 
complex of 4-formylpyridine is greater than 90 hydrated whereas the 
corresponding ruthenium(1r) complex is less than 10 S/ ,  hydrated"s2. 
This may be attributed to back-bonding which is greater for Ru" than 
Ru"', and greater when the ligand is in  the carbonyl form. Reduction of 
the hydrated Ru"' complex by vanadium(r1) gave the Ru" compound i n  
the hydrated form. The rate of dehydration is theif reduced by a factor of 
70. 

In eight- and nine-membered cyclic ketones, the carbonyl group is 
markedly shielded by transannular interaction with a C,H5N group or an 
oxygen atom. A sulphur atom has no such effect. I n  consequence the rates 
of hydration are markedly diminished compared with simple  ketone^"^. 
The reaction was followed by "0-n.m.r. using "0-ketones and non- 
enriched water. The exchange reaction was completely inhibited in 
N-ethylazocyclodecan-6-one. 

2. Addition of alcohols to C=O compounds 

In contrast to the reverse reaction. the hydrolysis of acetals (see 
Section IV.G), few mechanistic studies on the forination of acctals have 
been made since the article by Ogata and Kawnsaki'"" in this series. 
The mutarotation of glucose and related processes have been reviewed 
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by Capon445. The addition of alcohols to C=O compounds is similar 
mechanistically to the hydration process (Section 1V.E. 1). Since acetal 
hydrolysis is to be described in some detail no further discussion of 
acetal formation is necessary here. 

3. The addition of thiols  and hydrogen sulphide 
to C=O compounds  

The addition of thiols and hydrogen sulphide to carbonyl compounds446 
has been discussed earlif% in this series. Since few mechanistic studies 
have appeared recently, they are discussed only briefly here. 

Addition of a thiol to a carbonyl compound may occur by a direct 
nucleophilic attack of the thiol anion (equation 61) or by a general acid 

I 

I 
R-S-C-OH + HA 

I I 

/ I I 
R.&ccs*o Rs-c-0- RS-C-OH (61 1 

catalysed reaction (equation 60)447. In the latter case a concerted mech- 
anism is possible. A general acid catalysed thiol anion addition (a = 0.2) 
(equation 62) has been proposed for the addition of acidic thiols, such 

I 

/ I 

b 

RSAC=V H G  RS-C-OH+A- 

as thiophenol and thioacetic 
Thiazolidine formation from L-cysteine and formaldehyde (Scheme 43) 

occurs by a rate-determining dehydration of the carbinolamine inter- 
mediate in alkaline solution, whilst in acid solution the attack of cysteine 
on formaldehyde is rate determining. The dehydration in alkaline 
solution is subject to general acid catalysis (a = 0.66)448b. 
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H 

+ H,O 

263 

SCHEME 43. 

4. The Baeyer-ViIIiger reaction 

The reaction of peracids with ketones offers a preparative method for 
conversion of cyclic ketones into lactones and acyclic ketones to esters'". 
The relative ease of migration of various groups (Scheme 44) depends 
partly on the ability of that group t o  stabilize a partial posative charge in the 

H+ I?" 
R,C=O + R'CO,H R-C-O-&-C-FV H- WCO,H 

slow I 
R rd + L' 

+OH 
0 11 

R-C-OR 
SCHEME 44. 

transition state. Thus a tertiary alkyl group migrates readily. and electron- 
withdrawing substituents in a phenyl group retard its migration. The 
migrating ability may also be affected by a change in the reaction con- 
ditions. Migration is believed to  be synchronous with the departure of the 
leaving The rate-limiting process is generally the migration, 
except for aryl ketones and aldehydes substituted with electron-donating 
substituents when !he addition step often becomes fdte determining450.45 '. 

Recently isotope effects for the Baeyer-Villiger reaction of 
PhCD2COCH3, PhCH2COCD3 and PhCD2COCD, have been reported 
(Table 18)452. From these values and the equilibrium isotope effects 
( K d K D )  for hemi-ketal formation, the a- and P-isotope effects for the 
rate-determining migration s t e p a e r e  calculated (equations 63, 64, 65). 

(63) (kIJkD)obs(f~r ~ 2 )  = (KH/KD)D~ x (kA2 

(kH/kD)obs(for D3) = (KH/KD)D3 ( k p ) 3  (64) 

(kH/kD)obs(for Ds) = (KH/KD)D~ (kJ2 ('PI3 (65) 
S 

Thus, (kJ2 = 1.071 (1-035 per deuterium) and (k$ = 1.166 (1.052 per 
deuterium). The P-isotope effect for the migration indicates a large degree 
of carbon-oxygen bond formation in the transition state. 

B 
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TABLE 18. Observed isotope effects for 
the Baeyer-Villiger oxidation of 

ketones452 

PhCD2COCH3 (D2) 0.932 O W 4  
PhCH2COCD3 (D3) 0-921 f 0006 
PhCDzCOD3 (D5) 0.858 0.006 

F. Elimination Mechanisms for Alcohol Oxidations 

1. General considerations 

Carbonyl-forming eliminations may be considered as reactions in- 
volving either proton (equation 66) or hydride transfer (equation 67). 

I 

+ \  

/ / 
E-H-b-oG - BH + C=O + X- 

\ 

/ / 
a\c-w-x - H - +  c=o+x+ (67) 

Both mechanisms may also proceed via a cyclic transition state. In this 
section the reactions will be classified and discussed according to their 
mechanism. Radical oxidation processes are also briefly considered. 

A previous volume in this series453 dealt in detail with oxidation 
mechanisms and in 1973 a book was devoted to oxidation4s4. 

2. Cyclic proton transfer processes 

Typical of this reaction type are the therrrA eliminations of nitronate 
esters and oxidation involving sulphonium salt intermediates. The latter 
are of great synthetic utility and are discussed in detail. 

showed that alcohols are oxidized by the addition 
product from N-chlorosuccinimide and dimethyl sulphide (120, Scheme 
45). The decomposition of the sulphonium salt (121) may occur by an 
Eco2 mechanism (equation 68) or a ylid mechanism (equation 69). 
Support for the latter mechanism is given ’& the formation of dimethyl 
sulphide-d5 ( DMS-d5) from DMS-d, in the reaction455b. A similar 

oxidation occurs using(CH,),SCI.Cl prepared from chlorine and dimethyl- 
sulphide. Yields are high and the reactions are rapid. 

Corey’s 

* + 
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R,CHOH I 
0 

R 

\ C=O+ (CH,),S E'=N \ C-O-S(CH,), + + 
/ -25'C R ' \H CI- 

R 

R 

SCHEME 45. 

\ 
Et,N 

The scope of the P f i t ~ n e r - M o f f a t t ~ ~ ~  oxidation has been 
In the reaction an alcohol is oxidized by a combination of dicyclohexyl- 
carbodiimide (DCC) and dimethylsulphoxide. Trifl uoroacetic acid or 
phosphoric acid are used as catalysts. Evidence for the proposed mech- 
a n i ~ m ~ ~ *  (Scheme 46) is provided by isolation of dicyclohexylurea 
containing one atom of deuterium from an oxidation using DMSO-d,, 
confirming that abstraction of an SCH, proton occurs via an intra- 
molecular mechanism459. Nuclear magnetic resonance studies in the 
absence of an alcohol indicate that the DCC-DMSO adduct (122) is 
formed in low equilibrium con~en t ra t ion~ '~ .  The reaction has recently 
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R>C=O + (CH,),S f--- 

SCHEME 46. 

been conducted using a carbodiimide linked to a cross-linked polystyrene 
matrix which simplifies product isolation460. Diphenyl ketene-p-tolylimine 
(123) and the alkynylamines 124 and 125 have been used in place of the 
diimide46 ’ . 

CH . C r  C- NEt, 

(1 249 

PhC=C-NMe, 

(1 25) 

The mechanism, illustrated for N.N-diethylaminoprop-1 -yne (124, 
Scheme 47), involves addition of dimethylsulphoxide to the alkynylamine 
fGllowed by nucleophilic addition of the alcohol to the resulting sul- 
phoxonium ion. The thermal decomposition of nib-onate esters (equation 
70) is another example of a cyclic proton transfer mechanism, but has 
not been investigated in detail. 

Corey and Fleet462 have suggested a proton transfer mechanism for the 
oxidation of alcohols by a chromium trioxide-3,5-dimethylpyrazole 
complex (126, equation 7 1). However, no corroborative evidence is 
available and a hydride transfer process cannot be discounted. The 
mechanism of the oxidation of alcohols by a similar reagent, chromium 
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H,CCrC-NEt,+ (CH,),S=O H' + H,CCH=C-NEt, 
I 
0 
I 

(124) +' (CH 3 )  2 

H+ 
7 

rH,CCH=C--NEt, 
I 

P + 
+S(CH3), - R'R2CHOS(CH3), - Products 

+ 
CH,CH2CN Et, 

c 
R' R2CHOH 

I1 
0 

SCHEME 47. 

t r i~x ide -pyr id ine~~~ ,  has not been investigated. The reagent is a powerful 
synthetic tool in the oxidation of primary alcohols to aldehydes and 
secondary alcohols to ketones. Isolation of the unstable complex is 
unnecessary464 and oxidation is normally complete within 15 min in 
methylene chloride. 

3. Non-cyclic proton transfer mechanisms 

This reaction category is exemplified by the E,,2 elimination of nitrite 
esters465 (equation 72). Hydrolysis to the alcohol and elimination to an 
alkene may compete, and Baker and his have investigated 
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R H 

I 
R 

\ 

/ 
C=O+ NO; + ROH (72) 

R-L-O-NO, 6 R  , 
R 

the effect of substituents on the competing reactions. The observation of 
significant nitrogen and hydrogen kinetic isotope effects for elimination 
from benzyl and 9-fluorenyl nitrates are consistent with the EC02 mech- 
a n i s m ~ ~ ~ ~ .  

The oxidation of secondary alcohols to ketones has also been accom- 
plished by iodobenzene dichloride in ~ y r i d i n e ~ ~ ~ .  A suggested mechanism 
(equation 73) invokes proton transfer with liberation of iodobenzene. 

R,CHOH / H  / P h  - bC 2 - R,C=O + Phl (73) + 
PhlCI, ‘0/ltc, 

Peroxides, hypocblorites, and sulphonate estexs also eliminate by 
proton transfer mechanisms but detailed studies are not available. 

4. Non-cyclic hydride transfer processes 

Few examples of this category are known. The oxidation of alcohols 
by triarylcarbonium ion (equation 74) occurs by a hydride transfer 
mechanism. This reaction also forms the basis of a convenient procedure 

(74) 
0 1 -  \ 

I / 
Ph,C+ H-C-0-H- Ph,CH -t C=O 

for removal of an acetal protecting group (Scheme 48)469. Evidence for a 
mechanism involving intermolecular hydride transfer to the triphenyl- 
carbonium ion is based on the isolation of deuterated triphenylmethane 
when a suitably deuterated substrate was used. Isotope effects are indicative 
of a rate-determining hydride transfer. 

0 

R >Q. 
/ 

0 

SCHEME 48. 
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5. Cyclic hydride transfer processes  

Cyclic hydride transfer mechanisms are exemplified by chromic 
acid oxidations and the Oppenhauer oxidation. The latter is the reverse 
of the Meerwein-Ponndorf-Verley reduction (see Section IV.D.2), and 
therefore a discussion of the chromic acid oxidation will form the major 
part of this section. 

a. Chrornic acid oxidations. 
( i )  General comments. In most of the reactions discussed above only 

limited mechanistic investigations have been made. In contrast to this, the 
oxidation of alcohols by chromic acid has been a _subject of intense investi- 
gation, and the essential features of the mechanism are now well und&-- 

ester is followed by a rate-limiting cleavage of the m-carbon-hydrogen bond 

StoOd470-472 . W' ith unhindered alcohols initial formation of a chromate 

CHOH+ H,CrO,+ H (R,CHOCrO,H,)+ (75) 
\ 

/ 

R 

R + H,O 

(76) 
R\ 

R/ \x/ No R' 
C=O + H,CrO, 

(equations 75, 76) leading to the carbonyl compound. Proton abstraction 
from the chromate ester could also occur by an intermolecular process. The 
intermediacy of chromate esters in the oxidation of simple alcohols has 
been Where the chromate ester is sterically crowded the 
decomposition to products is accelerated and ester formation may become 
rate limit ing4 7 0 .  1 

(ii) Fate of the Cr" species. The chromic acid oxidation of *alcohols 
is a two-electron oxidation in which CrIV is formed. The fate of the Cr" 
species in the reaction has recently been the source of considerable 
interest473477. The CrIV species may either reduce Cr"' to CrV (equation 
77) or alternatively, it can oxidize the alcohol in a one- or two-electron 
process (equations 78, 79). Subsequently, the Cr" species generated in 
equation (79) could then react with CrV1 as shown in equation (80) and 
the radical species generated in equation (78) would react further as shown 
by equation (81). The Crv moiety formed in all these reactions would 
function as a two-electron oxidant in converting the organic substrate 
into ketone472. The route in which Cr" was oxidized to Cr" (equation 77) 
was generally accepted until RoEek and R a d k o ~ s k y ~ ~ ~ * ~ ~ ~ . ~ ~ ~  demon- 
strated that Cr" may act as an active oxidant. In  this study Cr"' was 
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Crlv + CrVl ___* 2crV (77) 

CrlV + R,CHOH - CP + R,~OH (78) 

Crlv + R,CHOH - Cr" + R,C=O (79) 

Cr" + CrV' _I_* ~ r " '  + CrV (80) 

Crvl + R,COH ___* R,C=O + CrV (81 1 

generated from the reaction of chromium(v1) and vanadium(1v) (Scheme 
49). Cyclobutanol, a strained small-ring alcohol, is known to be oxidized 

k ,  
CrVl + V1V - CrV+ Vv 

k - 1  

Cr'" + V v  
k z  

CrV + 'Iv Rare limiting ' 

SCHEME 49. 

to a mixture of cyclobutanone and y-hydroxy butyraldehyde. RoEek 
demonstrated that in the presence of vanadium(Iv), y-hydroxybutyralde- 
hyde, the result of carbon-carbon bond cleavage, was the sole isolated 
product. In the oxidation of 1 -deuteriocyclobutanol, the y-hydroxy- 
butyraldehyde formed retained the deuterium label which was located at 
the aldehydic carbon. I-Methylcyclobutanol is oxidized by chromic acid 
but no simple oxidation products have been isolated480. However, in the 
presexe of a secondary alcohol, that is under conditions in which Cr'" 
is formed, 5-hydroxy-2-pentanone is formed from 1 -methylcyclobutanol 
in good yield476*479, offering further evidence for the importance of 
chromium(1v) in chromic acid oxidations. A mechanism consistent with 
these results is shown in Scheme 50. RoEek and Rahman4*' have extended 

Cr"' 
'C H, CH 2C H, CO R - 

(R = H or CH,) 
H OC H 2C H, C H ,CO R 

SCHEME 50. 

the study of chromium(1v) oxidation to other primary and secondary 
alcohols in order to ascertain whether cleavage reactions are limited to 
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strained alcohols. Using chromium(Iv), produced from chromium(v1) 
and vanadium(iv), isopropyl alcohol was oxidized to acetone under 
conditions in which oxidation by vanadium(v) was slow. That the reaction 
involved radical intermediates (equations 82,83) was indicated by polymer 
formation when the reaction was carried out in the presence of acryloni- 
trile or acrylamide. The possibility of bimolecular radical reactions cannot 

be discounted. A plot of the logarithm of relative rates of chromium(1v) 
oxidation of a series of primary alcohols against the Taft substituent 
constant, c*, gives a straight line (Figure 10). 

R 

CF 
0 - 

+0.2 

-0.8 

-1.8 

i - P r  
M e  
H 
MeOCH, 
CLCH, 
NC.CH, 
CL,CH 
c1,c 

-0.2 +0.8 +1.8 +2.8 
& 

FIGURE 10. The dependence of relative rate of oxidation of primary alcohols, 
RCH,OH, by chromium(1v) on the o* value of the group R4*'. 

The Taft p* value of -0.85 for primary alcohols suggests that the 
electronic requirements of the Cr" oxidation are similar to those of 
chromium(v1) oxidations. t-Butyl alcohol is unreactive toward 
chromium(1v). 

Phenyl-t-butyl carbinol (127) is known to undergo oxidative cleavage 
to b e n ~ a l d e h y d e ~ ~ ~ . ~ ' ~  (equation 84). In  the chromic acid oxidation 

C,H,CHOHC(CH,), - C,H,COC(CH,), + C,H,CHO + (CH,),COH (84) 

(1 27) 

of 2-aryl- 1 -phenylethanols, in aqueous acetic acid containing sodium 
acetate, oxidative cleavage as well as ketone formation is The 
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intermediacy of the benzyl radical is shown by trapping with oxygen. 
Plots of logarithms of reaction rates against cr for the substituent in the 
aromatic ring show good Hammettmationships with p = -0.10 & 0.02 
for ketone formation and - 1.06 5 0.04 for cleavage. Good correlations 
with u’ were also found (p’ = -0.09 for ketone formation and -0.97 
for cleavage). The p value of -0.1 for ketone formation indicates, as 
expected, that the remote substituents on the 2-aryl ring have little effect 

Cr”’ + RCHOHR‘ - Cr’”+ ketone 

Cr’V + RCHOHR’ - Cr”’ + RCHO+ ii 
CrVi + R‘ - CrV+ RlOH 

2CrV - CrV‘ + Cr’V 

SCHEME 51. 

on the rate of ketone formation. A p value of - 1.06 is not unreasonable 
for a reaction involving benzyl radicals. A consistent mechanism is shown 
in Scheme 5 I .  

C!erium(rrr) or cerium(1v) may be used to remove chromium(iv) from 
the reaction m i ~ t ~ r e ~ ~ ~ * ~ ~ ~ * ~ ~ ~ ,  and thus inhibit radical processes. 

Spectrophotometric observation of chromium(v) in the chro.mic acid 
oxidation of i ~ o p r o p a n o l ~ ’ ~ . ~ ’ ~  in 97 % acetic acid also confirms the role 
of CrIV in oxidation. If Cfv were oxidized by chromium(vI), i.e. Cr’” + 
Cr’” -, 2CrV, 2 equivalents of chromium(v) would be accompanied by 
formation of one equivalent of acetoge, whilst if CrIV functioned as an 
active oxidant, 2 equivalents of acetone to 1 equivalent of CrV would be 
formed. Rate constants for the disappearance of CrV1 and CrV, determined 
spectrophotometrically, allow a calculation of the concentration of 
acetone as a function of time for the two possible mechanisms. ‘The 
experimental acetoneltime curve corresponds closely to that calculated 
for the mechanism involving oxidation of the substrate by chroniium(1v). 

Thus evidence for an important contribution of Cr“ in oxidation 
reactions is conclusive, and has led to a significant increase in our under- 
standing of this reaction. 

(iii) Chromic acid oxidation of cyclopropanols. A carbonium ion 
intermediate has been postulated in the oxidation o&,clopropanols by 
chromic (Scheme 52).*3xidation is approximately 2000-times faster 
than with a ‘normill’ secondary alcohol and gives P-hydroxypropionalde- 
hyde. Substituents which stabilize the carbonium ion, e.g. 1-alkyl, 3,3- 
dialkyl, enhance the rate of reaction. 

B r .  
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OCr0,H 
+ H,CrO, D< R 

" O 9 L  R 

SCHEME 52. 

(iv) Chromic acid in a two component substrate system. In an oxida- 
tion of a mixture of propan-2-01 and oxalic acid in aqueous perchloric 
acid (Scheme 53) by chromium(v1) the rate was shown to exceed that for 
either of the components487. Cleavage of the C,-H occurring in the rate- 
determining step is indimted by a kH/kD effect of 5.8 using 2-deuterio-2- 
propanol. Thus the oxidation involves a direct conversion of Cr"' into 

slow 
Cr"' + Me,CO$ 2C0, - 

/' 
M e  M e  

SCHEME 53. 

Cr'' without the intervention of Cr"! and the possibility of side reactions. 
Hydroxy acids and keto acids may be used in place of oxalic acid488. 
The reaction is of potential synthetic utility. 

6. Radical mechanisms 

a. Oxidntioii by  silver carboiiute. K a k i ~ ~ ~ '  has determined the kinetic 
isotope effect for the oxidation of several alcohols by silver carbonate on 
celite4" (Table 19). Owing to difficulty in reproducibility, because of the 
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II 
0 

R ' T H R '  + RCDR' c2iy7* R'%R'+ R-CR' (85) 
I1 
0 

I OH benzene 
l 

OH or heptane 

heterogeneous nature of the reaction, mixtures of non-radioactive deutera- 
ted alcohols and radioactive protium alcohols were oxidized in the same 
vessel (equation 85). Values of kH/k, obtained by this method were of the 
same order as those obtained by Eckert and his coworkers491 for the 
oxidation ofnorbornanols. In a further the average intermolecular 
deuterium isotope effect for primary alcohols was 1-9 and for secondary 
alcohols was 3.2. However, in these initial studies the effect of adsorption 
on celite was not determined. Recently Kakis and his have 
determined intermolecular and intramolecular isotope effects in the silver 
carbonate oxidation in the absence of celite. Intermolecular kinetic isotope 
effects were then > 6  and provide a more valid criterion of the nature of 
the transition state as adsorption effects are minimized. Intramolecular 
isotope effects for oxidation of alcohols of the type RCHDOH were an 
average of 4.9 and rose to 6.5 when celite was omitted. Normally inter- 
molecular values are greater than intramolecular effects, because of a 
contribution of the secondary isotope effect to the former. The difference 
here suggests a primary effect due to H versus D adsorption, occurring 
prior to elimination. Steric effects support this hypothesis, since in cases 
where steric and conformational factors precluded the preferred orienta- 
tion of the a-hydrogen toward the absorbent surface, the reaction was 
slow. The mechanism proposed for the oxidation (Scheme 54) involves a 
reversible adsorption of the alcohol, followed by an irreversible, homolytic 
cleavage. 

- O y 0 -  0 
- O K o -  - 

0 " K O -  0 

C=O+ CO,+ H,O+ 2Ag 
\ 
/ 

SCHEME 54. 
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TABLE 19. Isotope effects k d k D  for 
oxidation of alcohols by silver 

c a r b ~ n a t e f c e l i t e ~ ~ ~  

275 

1,2,2-TriphenylethanoI 3.0 
1,2,2-Tri-p-anisylethanoI 3.1 
1,2,2-Tri-p-tolyIethanol 3.0 
1 ,2-Diphenylethanol 2.9 
1,3-Diphenyl-2-propanol 3- 1 
Benzhydrol 2.9 

b. Oxidation by I-chlorobenzotriazole. A convenient oxidant for un- 
hindered alcohols is 1 -chlorobenzotriazole 128493. An induction period 

I 
CI 

followed by a rapid reaction is taken as indicative ofa radical mechanism493 
(Scheme 55). 

BCI -i + el 

R,CHOH+ CI -HCI + R,COH 
HCI+ BCI -BH + CI, 

R ,~OH+ CI, -R,COH+ CI 
I 
CI 

R,COH -R,C=O + HCI 

s 

I 
CI , 

1 BH + HCI -BHZCI- 

(B = benzotriazol-I-yl) 

SCHEME 55. 

7 .  Miscellaneous oxidations 

a. Oxidation by N-knloscrccininrides. Some confusion exists as to whether 
oxidations by N-halosuccinimides occur by a radical or ionic mecha- 
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n i ~ m ~ ' ~ .  The fact that the reactions proceed readily in the dark offers 
support for an ionic process. 

In the oxidation of alcohols by N-bromosuccinimide (NBS) in aqueous 
systems a s l , ~  reaction between NBS and the alcohol is followed by a 
rapid reaction between the alcohol and liberated bromine""\, A first-order 
dependence on both NBS and the alcohol was also found. Mercuric salts 
inhibit the reaction presumably by complexation with Br-. Added 
bromide ion or mineral acids accelerate the reaction. 

In a study of the oxidation of alcohols by N-chlorosuccinimide496, 
while a first-order dependence on NCS was found, a zero-order dependence 
on the alcohol was determined. The lack of a primary deuterium isotope 
effect suggests the C-H bond is not cleaved in the rate-limiting step. The 
difference in reactivity of NBS and NCS can+e rationalized in terms of a 
more facile N-Br bond cleavage due to the difference in electronegativity 
between the halogens. 

b. Cupric ioiz oxidntioits. The rate law for the oxidation of cr-hydroxy- 
acetophenone by cupric acetate in buffered aqueous pyridine was deter- 
mined by Wiberg and Nigh (equation 86)497. 

- d[ Cu"] 
dt = k,[ketol][B] + k,[ketol][B][Cu"] 

At low concentrations of Cu", k ,  >> k2  and the first term in equation 86 

(129) 
L 

+ 
129 + B A k ,  [ P h C = 0  LH2-o,C~] ... 

1 3 0 +  B - [ I ]  > C d ]  ++BH 

+ & H  
J 

(130) 

PhC=O 

CH,-0 

$.- + 

(131) 

131 + Cu" fast b PhCCHO + 2C: 
I I  
0 

-0 

SCHEME 56. 
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predominates. Where k,(Cu") >> k , ,  the second term is predominant. A 
kinetic isotope effect of 7.4 and a Hammett reaction constant, p, of + 1-24 
were found, indicating a pathway in which a rate-determining proton 
removal from the a-methylene of the Cu"-ketol complex occurs (Scheme 
56). The reaction exhibits marked steric effects4", 4-hydroxy-2,2,5,5,- 
tetramethyl-3-hexanone being unaffected by the reagent. In the transition 
state 132 large groups at R and R' prevent formation of a planar confor- 

b 

Y L  

(1 32) 

mation required for maximum stability of the chelate. 2-Hydroxycyclo- 
pentanone is oxidized only slowly as the ring prevents eclipsing of C=O 
and OH in the transition state. In 2-hydroxycyclohexanone the oxidation 
is faster. 

c. Oxidatiori by ceric ions. Oxidations with ceric ions have recently been 
reviewed499. Ceric ammonium nitrate oxidizes primary alcohols to 
aldehydes, but fragmentation may occur where an incipient free radical 
would be stabilized by substituents. 

G. Acetal and Related Hydrolyses 

Since the section by Salomaa in Volume I of this series5'', reviews by 
Cordesso' and a monograph by Fifeso2 (1972) have been publishe8The 
book by Jencks ,on Catalysis in Cheinistry arid EiizymologySo3 also 
discusses this topicin some detail. Uztil recently no example ofgeneral acid 
catalysis had been reported and acetal hydrolysis was believed to proceed 
by a specific acid catalysed Al mechanism. Since the A1 mechanism has 
been discussed fully500~501~503 it will be mentioned only briefly here and 
the majority of this section will be devoted to discussion of the general acid 
catalysed processes, involving proton transfer in the rate-determining 
step. 

1 .  Mechanism of acetal hydrolysis 
In  a generalized equation for acetal hydrolysis (Scheme 57) if k 2  << k - 1 ,  

then an A1 mechanism operates. If  k 2  > k -  I ,  then the rate-limiting 
process is governed by k ,  and the reaction is designated S,2. This process 
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X+ H,O+. k1 XH+ H,O 

i H  - Products 

+ 
k- ,  

k, 

SCHEME 57. 

is unlikely as if kz  were appreciably greater than k , ,  then the rate of 
cleavage of a covalent bond would be greater than that of a diffusion- 
controlled proton loss. In the more feasible situation where k ,  == k -  
general acid catalysis is also significant and the mechanism is designated 
A-SE2. A general acid catalysed A2 processso4 in which water attacks the 
protonate& acetal is also discussed. 

In a typical energy profile (Figure 11) for hydronium-ion catalysed 
hydrolysis of an acetal (Scheme 58)502,  it can be seen that proton transfer 
would make a significant contribution to the rate if the peak height of that 

,OR’ 

OR’ 

+ 
RCH -;.----‘RCH-OR’ - RCHO A .  

‘OR’ 
- - A  

RC\H 

(133) (1 34) 

SCHEME 58. 

step is increased, or alternatively if the subsequent bond breaking energy 
requirement were lowered. That is, in order to observe general acid 

H 
$OR’ 

I=RCH, (133) 
0 R’ 

Reaction coordinate 

FIGURE 11. Hypothetical energy profile for the A-1 hydrolysis of a simple acetal. 
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catalysis, there should be a good leaving group o r  a stable carbonium ion 
intermediate if the leaving group is poor, and a weakly basic acetaIso5. 

a. The A1 mechanism. The A1 mechanism of acetal hydrolysis (Scheme 
59) has been reviewed5' '. The rate-limitingstep is regarded as the cleavage of 

H 
OR' T O R '  

/ k ,  
RCH + H,O+- RCH + H,O 

'OR 
k-7 

'OR' 

RCH=OH + R'OH 

R C H ~ O R '  + R'OH RCH /OH k - 3  . 
\ +  - k ,  

OR' 
H 

SCHEME 59. 

the C-0 bond with formation of a stabilized oxocarbonium ion and an 
alcohol ( k J .  The reaction is specific acid catalysed with the Bronsted 
coefficient, cr, equal to unity. It has been suggested that k ,  may be rate- 
determining in certain casesso5. 

b. The A2 mechanism. The first report of buffer catalysis in the hydrolysis 
of an acetal appeared in 1967'04. The observed buffer catalysis was not 
consistent with an A1 mechanism in the hydrolysis of 2-ju-methoxypheny1)- 
4,4,5,5-tetrametliyl-I ,3-dioxolane(l35). An A2 mechariism in which water 
attacks the protonated acetal (Scheme 60) in the rate-determining step was 

H M e  
M e  

Meo+(x M e  
M e  

~ e o ~ c [ ~ ~ ~  0 M e  M e  

(1 35) <OH, 

M e  M e  
I I  

Products 7 fast M e O a C y  /O-S-F-"" M e  M e  

9 H, 
SCHEME 60. 
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proposed. Supporting this proposal, substitution of a methyl group at the 
reaction centre decreases the ;ate of the reaction more than 5 0 0 - f 0 l d ~ ~ ~ .  
Water participation may be necessary in this reaction as the tetramethyl 
substituents would be expected to favour reclosure of the ring if the inter- 
mediate carbonium ion were formed. The acetal 135 is nevertheless 
hydrolysed 1000-times more slowly than the corresponding ethylene ketal 
and 40,000-times more slowly than the diethyl acetaI5O4. 

A similar A2 mechanism has been proposed by Capon and Page507 for 
the hydrolysis of isomeric 2,3-O,O-benzylidene-norbornane-exo-2-exo-3- 
diols(136,137). 

c. The A-SE2 mechanism. In the general acid catalysed A-S,2 mechanism 
(Scheme 61), proton transfer is regarded as cqntributing to the rate- 
determining step. Values of the Bronsted coefficient, a, are then less than 
unity. * 

,OR' *+.O R ' 
J 

RCH + H A  .- RCH RCH-OR' + R'OH + A- 

'OR1 "0 R ' I' 
I 

R'OH + RCHO 

SCHEME 61. 

In 2-(p-nitrophc?'-noxy)-tetrahydropyran (138), the electron-withdrawing 
nitro group lowers the basicity of the acetal and facilitates cleavage of the 

(1 38) 

C-0  bond, thus fulfilling the conditions necessary for observation of 
general acid catalysis. General acid catalysis is observed in both water and 
water-dioxan s y ~ t e m s . ' ~ ~ . ~ ~ ~ .  Values of the Bronsted coefficient a are 0.5 
for catalysis by chloroacetic, formic and acetic acids in water and 0.65 for 
dichloroacetic, chloroacetic, formic and acetic acids in 50 % water-dioxan. 
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Second-order rate constants were found to be less in D,O than water, 
again consistent with a rate-determining proton transfer. 

Since the first example of an A-SE2 mechanism of acetal hydrolysis, 
several other cases have been reported5 'O-' ". Fife and Anderson' '' have 
attempted to demonstrate general acid catalysis in a series of acetals in 
which the leaving group was poor but the intermediate carbonium ion was 
stable. In the hydrolysis reactions of benzophenone diethyl acetal, 2,2- 
(p-methoxyphenyl)-l,3-dioxolane, 2,3-diphenylcyclopropenone diethyl 
acetal, ferrocene carboxaldehyde dimethyl acetal and tropone ethylene 
ketal, general acid catalysis by weak buffer acids (Tris (H)' and H2P0,-)  
could be detected only with the latter. General acid catalysis in the 
hydrolysis of tropone diethyl acetal had previously been reported5 14. Thus 
it appears that when the leaving group is poor, the carbonium ion must be 
well stabilized before general acid catalysis may be observed. 

Benzaldehyde methyl phenyl acetals are subject to general acid catalysed 
hydrolysis5 123 I3,'but in the corresponding benzaldehyde-methyl S-phenyl 
thioacetals (139), general acid catalysis was not detected5 l9. In this sulphur 
analogue, the C-S bond is cleaved initially but, although the basicity is 
greatly reduced, the difficulty in bond breaking precludes observation of 
general acid catalysis. 

(1 39) 

In the hydrolysis of p-substituted benzaldehyde di-t-butyl acetal (140) 
bond breaking is facilitated by relief of steric strain in the ground state, 2nd 
general acid catalysis has been detected5 ". 

An A-SE2 mechanism is also proposed for th2 hydrolysis of 0,O'- 
benzylidenecatechol (141)'''. A Bronsted a value of 0-47 for catalysis by 
carboxylic acids in water is found. 
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Q K O h  0 

(141 ) 

Kankaanpera and Merilahti5” have- compared solvent effects in A 1 
and A-S,2 reactions. The rates of hydrolysis of 2-mrichyl-1,3-dioxolane 
(A1 mechanism) and 2-methyl-4-methylene-1,3-dioxolane (A-S,2 mecha- 
nism) in water-dioxan and water-dimethyl sulphoxide were determined. 
A plot of the logarithm of the relative ra;? coefficients against the mole 
fraction of dimethyl sulphoxide (Figure 13 shows that the rat@; for both 
the A1 and A-S,2 reaction pass through minimum where the mole fraction 
of DMSO is about 0-6. A similar plot is obtained when dioxan is used as 
solvent. 

The same authors521 have emphasized the need to consider the influence 
of specific salt effects in experiments to detect general acid catalysis. 
DMSO-water, rather than the commonly used 
preferred system for preparing buffer solutions 
effects are minimized. 

d. pH-independent hydrolysis. pH-independent 
phenoxytetrahydr~pyran~~~*~~~, benzaldehyde 

dioxan-water, is the 
in which specific salt 

hydrolysis of p-nitro- 
S-(2,4-dinitrophenyl) 

P 

‘0 0.2 0.4 0.6 0.8 1.0 
Mole fraction aprotic solvent / H,O 
(--a --, dioxan /H,O; -0-, DMSO/H,O) 

FIGURE 12. The effect of solvent on logarithm of rate coefficients for A-1 hydrolysis 
of 2-methyl- 1,3-dioxolane and A-S,2 hydrolysis of 2-methyl-4-methylene- 1,3- 

dioxolane at 25 OC5’0. 
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methyl thioaceta15 19, and tropone diethyl aceta15 l4 have been reported. 
With p-nitrophenoxy tetrahydropyran the pH independent reaction is 
observed in both 50% aqueous dioxan and water from pH 4 to alkaline 
pH, and for tropon; diethyl acetal at pH values greater than 10. In all 
these reactions isotope effects which are approximately 1 are found, 
indicating that water is not acting as a general acid. An uncatalysed 
ionization is therefore proposed and is reasonable since there is a good 
leaving group and a relativeiy stable carbonium ion intermediate. 

A different mechanism is proposed for the pH independent hydrolysis 
of 0,O’-benzylidene-catechol (Scheme 62)5 lo  where k[H,O]/k[D,O] = 
1.61 and AS* = -21.1 cal deg-’ mol-’ at 75°C. A mechanism consistent 
with these results involves a general acid catalysed hydrolysis as shown in 
Scheme 62. 

Products 

SCHEME 62. 

2. Acetal hydrolysis in biologica! systems 

Much of the interest in acetal hydrolysis began in 1965 when the 
structure of lysozyme, the enzyme which catalyses the hydrolysis of the 
glycosidic linkages of certain polysaccharides, was elucidated5”. The 
catalytic groups are carboxyls of aspartic acid-52 (asp-52) and glutamic 
acid-35 (glu-35). Glu-35 acts as a general acid catalyst whilst asp-52 
stabilizes the positively charged intermediate (equation 87). 

/Glu- 

0- 
c-\ 

.35 

i”’ _. 5 - R  

co, 
I 
ASP-52 

co; 
I 

ASP- 52 
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In this mechanism the sugar ring is held in a strained half-chair con- 
formation and relief of strain in the transition state is suggested to facilitate 
bond cleavage. Recently Atkinson and B r u i ~ e ' ~ ~  have shown that the 
hydrolysis of 2-methoxy-3,3-dimethyloxetane 142 involves general acid 

H 3C OCH, 

catalysis, so confirming that the proposed ring strain in the lysozyme 
catalysed hydrolysis of the glycosidic bond could promote a general acid 
catalysed bond cleavage. Catalysis by the carboxyl groups in the hydrolysis 
of simple glycosides and acetals has been reviewed recently524. Studies of 
intramolecular catalysis have been used as a model for the enzyme- 
substrate system. 

3. Intramolecular general acid catalysis 

Intramolecular catalysis by carboxyl groups has been investigated with 
salicylic acid derivatives. Rate enhancements of the order of 105-109 are 
observed in comparison with corresponding compounds in which 
carboxyl participation is not possible. For compounds in which inter- 
molecular general acid catalysis is observed in the absence of a carboxyl 
substituent, intramolecular general acid catalysis has been postulated when 
the acidic substituent is present. For example the hydrolysis of 2-(0- 
carboxyphenoxy) tetrahydropyran (143)525, benzaldehyde methyl-o- 
carboxyphenylacetal and the benzaldehyde disalic~lacetal 

8 
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(145)526 hsve been studied. In the latter case the pH-rate profile is bell- 
shaped and a maximum rate enhancement of kobs,  in coinparison with the 
dimethyl ester, of 2-7 x lo9 und. Capon’” has proposed a general 
acid catalysed mechanism (147) for the hydrolysis of 2-methoxymethoxy 
bepzoic acid (146), whereas Dunn and Br~ice’’~*’~* favour specific acid 

Q 

CMe is““‘ q;: 
0 a::””‘ 0 

(147) T.S. for (148) T.S. for specific acid 
&? general acid catalysis catalysis 

catalysis of the hydrolysis of the anion 148. These mechanisms are 
kinetically indistinguishable. Recently Kraze and Kirbys2’ have deter- 

0.02 & 0-08) in this reaction and a solvent deuterium isotope effect of 1.61 
at 39°C. This data indicates that proton transfer has not occurred to a 
significant degree in the transition state. A mechanism is proposed in 
which the solvated carboxyl group is brought into plane as the negative 
charge develops o n  the leaving group oxygen. The system is then stabilized 
by delocalization of the partial negative charge on the ortho carboxyl 
group, and the hydrogen bond.,of the salicylate anion will form. The 
suitability of salicylic acid derivates as models for enzyme-substrate 
reactions is consequently questioned. 

4. Hydrolysis of ortho esters 

It is worthwhi!e considering the hydrolysis of ortho estersso1 in context 
with that of the structurally related acetals. As with the acetals, recent 
emphasis has been placed on investigation of general acid catalysed 
hydroly~es~”’. Some of the earlier observations of general acid 
c a t a l y ~ i s ’ ~ ~ * ’ ~ ~  ha ve been disputeds2 1 7 5 3 2 , 5 3 3  as the influence of specific 
salt effects were not considered. Bunton and W 0 1 f e ’ ~ ~  suggested a relatively 
basic ortho ester was necessary for general acw catalysis to be detected. 
Bronsted a-coeficienB for both the hydrolysis of ethvl o r t h ~ c a r b o n a t e ’ ~ ~  
and methyl ~ r t h o b e n z o a t e ’ ~ ~  are approximately U-7. No general acid 
catalysis could be detected in the hydrolysis of triphenyl orth~formate’~’, 
where the stabilization of the intermediate oxocarbonium ion is not great. 

mined a Bronsted a value of zero for carboxy-group catalysis (Pcarboxy - - 

d o -  
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In the hydrolysis of diethyl phenyl orthoformate (149), diphenyl ethyl 
orthoformate (150), and diphenyl ethyl orthoacetate (151) a large general 
acid catalysis is observeds3’. Bronsted a values for 149, 150 and 151 were 
0.47, 0.68 and 0.49, respectively. The value of 0.47 is lower than any 
previously recorded. In diethyl phenyl orthoformate (149) the leaving 
group is good and the intermediate carbonium ion is well stabilized. With 
150 the leaving group is the same but the intermediate carbonium ion is 
less stable and thus proton transfer is occurring to a greater extent in the 
transition state. 

H H Me 
I I I 

I 
OEt 

I 
OEt 

I 
0 Et 

Ph-0- C- OEt Ph-0-C-OPh P h-0 -C-OPh 

5. Vinyl ether hydrolysis 

several 
a. Mechanism. Vinyl ether hydrolysis has been reported recently by 

As represented by a simplified scheme (Scheme 63), 

H +  
RCH=CH-OR’ - slow R C H , C H = ~ R ~  

fast 1 n,o 

RCHO+ R’OH+ H+ 

SCHEME 63. 

the reaction is generally believed to occur by an initial rate-determining 
proton transfer to the vinyl ether double bond to give an oxycarbonium 
ion which, in aqueous solution, decomposes rapidly to products. The 
oxycarbonium ion is equivalent,to that found in acetal hydrolysis. Isotope 
effects, kH30+/kD,01,  in the range 2-5-3-1542.s44 and Bronsted CL values of 
0.5-0.7s42,s43 are consistent with a general acid catalysed process, with a 
rate-limiting proton transfer to the vinyl ether double bond. However, the 
kinetically equivalent specific acid-general base catalysed process 
(Scheme 64) cannot be ruled In  this mechanism deuterium 
exchange into unreacted material would be expected but has not been 
observed539*s4s indicating that the proton transfer is effectively irreversible. 
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[ ,H HO---H---A- 'I OR H OR 
\ /  HA ~ \ I  +./ 

A- /c-c\ 
/c=c 

\ 

I 
Products 

SCHEME 64. 

b. Electrostatic efects oii vitiyl ether- hydrolysis. The catalytic coefficients 
for the hydrolysis of ethyl vinyl ether catalysed by carboxylic acids 
containing dipolar substituents and by charged acids, show a distinct 
deviation from the Bronsted relation derived for neutral carboxylic acid 
~ a t a l y s t s ~ ~ ~ * ~ ~ ~ .  An electrostatic interaction between the catalyst and the 
developing positive charge in the substrate is invoked to explain this 
observation. The interaction would be expected in the transition state for 
the rate-determining proton transfer, where catalyst and substrate are in 
close proximity. Positively charged catalysts would then be rate retarding 
whilst those bearing negative charges would cause a rate enhancement. 
Thus in the Bronsted relation, positively charged acids fall below the 
correlation line based on neutral acids, and negatively charged species lie 
above that line. 

Hydrolyses of substituted a-methoxystyrenes yield the corresponding 
acetophenones except in the case where the ring contains an ortho 
carboxyl group, when the intermediate carbonium, ion is trapped by the 
adjacent carboxyl group (Scheme 65) with formation of 3-methoxy-3- 
methylphthalide543. The hydronium ion an'd formic acid catalysed 

SCHEME 65. 

reactions are accelerated by factors of 1 1.9 and 7.9, respectively, by ioniza- 
tion of the o-carboxyl group. These values are consistent with an electro- 
static facilitation of the general acid catalysed oxycarbonium ion formation. 
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V. ADDITION AND ELIMINATION REACTIONS 

The cleavage reactions of the carbon-nitrogen double bond are discussed 
in Chapter 10 of the Chemistry qj'the C=N and the methods of 
formation in Chapter 2 of the same volume549. In these sections the litera- 
ture to 1967 is reviewed. J e n ~ k s ' s ~ ~ '  book on Catalysis i n  Chemistry arid 
Enzymology (1969) also discusses these topics. 

INVOLVING C=M 

A. C =N Forming Reactions 

1. Mechanism 
a. General considerations. The essential features of the formation of 

phenylhydrazones, semicarbazones, thiosemicarbazones, oximes and 
Schiff bases are well u n d e r s t o ~ d ~ ~ ~ * ~ ~ ~ .  The reactions occur with a rate- 
determining addition of the nucleophile under slightly acidic conditions, 
but under neutral or basic conditions, the dehydration of the carbinol- 
amine intermediate becomes rate limiting. With strongly basic aniines, for 
example hydroxylamine and aliphatic amines, the change in rate- 
determining step is normally observed between pH 2 and 5 (Scheme 
66)55 1-553. The loss of hydroxide ion from the carbinolamine intermediate 

BfH 

.Z=0 \P- I" \6Y. 
RNH, - c-N+-R----J C-NHR 

\ 
+ ' A  / 11 P =0.25 

,c=o 
H 

\ I  
/ 

C=Y-R + H,O + B 

SCHEME 66. 

is subject to general acid catalysis and values of the Bronsted coefficient 
a(0-75) indicate that the $roton is close to oxygen in the transition 

5 3 .  Electron-withdrawing groups on the carbonyl component 
inhibit the dehydration of the carbinolamine and favour the reverse 
reaction. Consequently the pH where the change in rate-determining step 
occurs decreases as increasingly electron-withdrawing substituents are 
introduced. A pH-independent process (equation 88) is also often observed 
in the dehydration of the carbinolamine formed from strongly basic 
amines. An exception is the reaction of hydroxylamine with aromatic 
carbonyl compounds where no pH-independent process has been 
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\ ' E l  \ +  / - 
N-?-OH- N=C + O H  

/ -  / \  

f o ~ n d ~ ~ ~ * ~ ~ ~ .  Recently Amaral and coworkers556 have demonstrated a 
pH-independent process in the dehydration of the carbkolarnine formed 
from phenylhydrazine, a weakly basic amine, and substituted benzalde- 
hydes. 

For weakly basic amines (semicarbazide, phenylhydrazine, thiosemi- 
carbazide and anilines) the change in rate-determining.step with pH also 
occurs and is observed in the same, or slightly higher, pH region than for 
the more bask amines556*557.558 . Th e mechanism of reaction is esscntially 
the same as found with more basic amines but, owing to the presence of a 
less basic nitrogen, dehydration of the csrbinolamine intermediate is more 
subject to acid catalysis and a apprmches unity. Thus general acid catalysis 
of this step is less important. A base-catalysed pathway for dehydration is 
also possible as the amine becomes more and has been 
observed with hydroxylamines, semicarbazones and anilines. Transition 
states similar to the E2 and ElcB of olefin forming eliminations can be 
envisaged for the base-catalysed dehydration. These correspond to the 
concerted general base catalysis and specific base catalysis respectively, 
for the imine formation. 

A second change i n  rate-determining step should occur when the base- 
catalysed dehydration becomes fast relative to the pH-independent 
addition. Until recently no examples of this had been observed as the 
addition step is also base catalysed, and generally cannot become rate 
determining. The attack of weakly basic amines on carbonyl compounds is 
subject to general acid catalysis (a'= 0.25). Several reports confirm that 
this is true general acid catalysis (1152) rather than the kinetically equivalent 
specific acid-general base catalysed process ( ~ 3 ) ~ ~ ' .  The addition is also 
subject to base catalysis. 

(1 52) (153) 

T.S. for general acid T.S. forspecific acid- 
catalysis general base catalysis 

e In recent years several authors have discussed whether general acid-base 
catalysis of complex reactions proceeds via stepwise proton transfers or by 
a concerted mechanism, and the pb jec t  has recently been reviewed by 
J e n c k ~ ~ ~ ' .  Evidence for discrete steps rather than a concerted process is 
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based on changes in the rate-determining step not explained by bond 
forming and breaking involving carbon5,', breaks in Bronsted plots or in 
structure activity  orr relations^^'*^^^ , solvent isotope effects, and a depen- 
dence of rate on solution J e n ~ k s ~ ~ ~ * ~ ~ ~  ha s proposed a rule 
which states that concerted general acid-base catalysis of complex 
reactions in aqueous solution occurs only at sites where a large change in 
pK takes place during the reaction, and where the change in pK alters an 
unfavourable to a favourable proton transfer with respect to  the catalyst. 

Examples from the recent literature of Schiff base, hydrazone, semi- 
carbazone, and oxime formation discussed in the next sections will 
illustrate some of the features of the introduction. 

b. Foiwintioii of' nldiiniiies, ketiiniiies and Schxf bases. Mixtures of a 
primary amine salt and a base may be used to  catalyse the c/-hydrogen 
exchange reactions of aldehydes and k e t ~ n e ~ ~ ~ ~ * ~ ~ ~ * ~ ~ ~ .  An equilibrium 
mixture of imine and iminium ion is formed, the a-hydrogen b e h g  more 
acidic is then removed by the base. It has also been demonstrated that 
compounds with a primary amine group and another basic group in the 
same molecule may act as bifunctional catalysts (Scheme 67)566.567. 

I 1  + I l f l  

D ~ B - U  
I 
D 

-C-C=O+ H,NRB -C-C=NH 
If I 

/ 

I 
1 1  

-C=C-NH 

DB-R' 
SCHEME 67. 

In the dg-deuteration of acetone-d, by this mechanism, deuterium transfer 
is rapid and imine formatign is partly rate determining567. Equilibrium 
constants for the reaction of isobutyraldehyde with several amines have 
been determined568--570. The second-order rate constants for imine 
formation from isobutyraldehyde with ii-propylamine, 3-methoxypropyl- 
amine, '>-methoxyethylamine, and 2,2,2-trifluoroethylamine in aqueous 
solutions are independent of pH above pH 10, and proportional to the 
hydrogen ion concentration below pH 9570. Electron-withdrawing groups 
decrease greatly the second-order rate constants for the uncatalysed 
reaction, whereas steric effects are less important. The equilibrium constant, 
K,,, for carbinolamine formation is decreased by both electron with- 
drawing and bulky substituents. A plot of log K,, against the pK, values 
for the conjugate acids of the amines used, shows a deviation from 
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linearity. Based on the linear free-energy relationship in equation (89), 
where P is a polar reaction 

log K,, = PpK, + SE,  f B (89) 

constant, S is a steric reaction constant, E, is the Taft steric substituent 
constant, and B is the intercept, a plot of log K,, against pK, + ( S / P ) E ,  
gave a good linear correlation. Similar steric effects on equilibrium 
constants for additions to aldehydes have been reported by JencksS7'. 

The second-order rate constants for the additions of primary amines 
containing a monoprotonated tertiary amino group in the same molecule 

(H,~-R-NHMe,) to acetone are enhanced compared with rate constant 
for the addition of simple amines (primary n-alkylamines) and other 
bifunctional amines (o-methoxy-, o-dimethylamino- and 2-trimethyl- 
ammonio-n-alkylarnine~)~ 72. 

The rate enhancement is rationalized in terms of catalysis of the dehydra- 

+ 

tion of the carbinol intermediate by the fiHMe, substituent, via the 
transition state 154. Internal catalysis by phenolic groups has also been 
suggested573. Thus the rate constant for dehydration of the carbinol 
intermediate from 3-hydroxypyridine-4-carboxaldehyde and aniline is 
60-times greater than that for pyridine-4-~arboxaldehyde~~~*~~~. 

Page and J e n c k ~ ~ ~ ~  have examined reactions in which one amino 
group of a diamine acts as an internal basic catalyst for the other amino 
group. 

The equilibrium constant for the formation of iinidazolidines from 
acetone and isobutyraldehyde with ethylenediamines and N,N-dialkyl- 
ethylenediamines (Table 20) reflect the significance of steric factors676, and 
decrease with increase in size of R" (Scheme 68). 

The corresponding values for the imidazolidinium ions formed from 
monoprotonated ethylenediamines and isobutyraldehyde were 658 
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TABLE 20. Equilibrium constants for imidazoline 
formation from isobutyraldehyde and ketones in 

Scheme 686'6 

Carbonyl component Amine K 
R R' R" (mol- ' )  

H CH(CH3)2 H 2240 
H CH(CH3)2 CH3 799 

CH, CH, H 1.54 
H CH(CH,)2 C,H, 64.7 

CH, CH, CH, 0-63 

I 
R" 

SCHEME 68. 

(R" = H), 13.2 (R" = CH,), and 2.27 mo1-l (R" = C2H5), and allow a cal- 
culation of the pK of the ions. These cannot be determined by standard 
titration owing to  decomposition. The formation of imidazolidines may 
be important in the physiological action of folk acid derivatives5 77 .  

The existence of the carbinolamine intermcdiate in the reaction of 
primary amines and carbonyl compounds has been confirmed using a 
stopped-flow technique, and the equilibrium constants for carbinolamine 
formation from the reaction of pyridine-baldehyde, p-chlorobenzalde- 
hyde, and formaldehyde with primary and secondary amines have been 
measured5 78.  The results are correlated by a free-energy relationship, 
log KO = + A ,  where d is a measure of the 'sensitivity' of the carbonyl 
compound to nucleophilic attack, ;I is a measure of the ability of a com- 
pound to add to a carbonyl group, ;ie7d A is a constant for a particular 
reaction series. The rates for carbinolamine formation are too fast to  be 
studied by stopped-flow technique? 7 0 * 5 7 8 ,  but recently Diebler and 
T h ~ r n e l e y ~ ~ ~  have determined rate constants for carbinolamine formation 
from piperazine and piperazine monocation with pyridine-4-carboxalde- 
hyde using a temperature-jump study. The uncatalysed addition rate for 
piperazine (pK 9-97) is 2 -+ 3 x lo5 mol- ' sec- and for piperazine 
monocation (pK 5-80) is 65 mol- ' sec- '. The reaction of piperazine is 
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subject to general base catalysis and the reaction of piperazine mono- 
cation to  general acid catalysis. 

A ketimine 155 (Scheme 69) has been detected as an intermediate in the 
decomposition of diacetone alcohol catalysed by ~ i - p r o p y l a m i n e ~ ~ ~ ,  by 
spectral observation. The intermediate is formed rapidly and reversibly, 

H R 
/ 

O H  I II y$ t M  
CH ,-C-CH,CCH, CH ,-C-CH,-C-CH , 

I I U  
CH, + CH, 8 

c3 H, NH, (1 55) 

NHR 
I 

C H .=C-CH , 

(CH,),C=O 

0 , I  
2(CH,),C=O 

SCHEME 69. 

decomposition to products being the slow step. A solvent isotope effect 
(kH,,/kD,, = 1-8) is in agreement with the accepted mechanism of imine 
formation from strongly basic amines, involving slow hydroxide ex- 
pulsion from a carbinolamine intermediate. 

c. Sernicarhazone arid Iivdi.azoiie,for.i~intiorr. The attack of phenylhydra- 
zine and s&.iicarbazide on carbonyl compounds is subject to both specific 
and general acid catalysis, and under mildly acidic conditions is the rate- 
determining step. Under neutral or basic conditions the rate-limiting 
process is dgnydration of the carbinolamine intermediate. The dehydra&>n 
step is subject to marked specific acid catalysis and weak general acid 
catalysis’” (a 6 1.0). 

T h e  addition of phenylhydrazine to benzaldehyde and its p-chloro-, 
p-methoxy, and p-hydroxy derivatives is subject to  general acid catalysis 
by carboxylic acids and the conjugate acid of the n ~ c l e o p h i l e ~ ~ ~ .  The 
reaction of p-nitrobenzaldehyde with phenylhydrazifie, whilst catalysed 
by carboxylicaacids, is inhibited by carboxylate ions. The inhibition may 
be due to complex formation between the carbonyl substrate and the 
carboxylate ion. 
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I- 
0 
E 

FIGURE 13. The logarithms of second-order rate coefficients for substituted 
benzaldehyde phenylhydrazone formation in 20% EtOH at 25°C and ionic strength 
0.5 M as a function of pH. (--O-, p-nitrobenzaldehyde; - -O--, benzaldehyde; 

. . .  x . . .  , p-methoxybenzaldehydeS8'. 

Rate constants for catalysis by the hydrated proton, chloroacetic acid, 
acetic acid, phenylhydrazinium ion, and water correlate with CT+ sub- 
stituent constants (Figure 13). Similar results have been obtained for 
semicarbazone formation5' '. The change to rate-determining carbinol- 
amine dehydration occurs above pH 5. Between pH 5 and 9 the dehydra- 
tion is specific acid catalysed. For benzaldehyde, p-chloro-, p-methoxy-, 
and p-nitro-benzaldehyde, a pH-independent process occurs above pH 9. 
For p-nitrobenzaldehyde a specific-base-catalysed carbinolamine dehy- 
dration, similar to that reported for semicarbazone and oxime forma- 
t i ~ n ~ * ~ ,  is observed. In the carbinolamine from p-nitrobenzaldehyde, 
assistance in the dehydration step from the nitrogen unshared electron 
pair is reduced by the electron-withdrawing nitro group and the base 
catalysed reaction becomes more important. The pH-independent 
processes are the first observed with weak& basic amines. 

The kinetic a-deuterium isotope effects, k, /k , ,  for water-catalysed 
phenylhydrazone formation from p-methoxy- and p-nitro-benzaldehyde 
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are 1.276 and 1-1 63, r e ~ p e c t i v e l y ~ ~ ~ * ~ ~ ~ .  The corresponding values for the 
reaction catalysed by the hydrated proton are 1.21 and 1.13. In the water- 
catalysed semicarbazone formation k,/kH was approximately 1.3, indepen- 
dent of the nature of the substituent. Values for the same reaction catalysed 
by hydrated proton and other acids are near 1.21. The values of the kinetic 
secondary isotope effects indicate that the degree of C-N bond formation 
in the transition states is decreased by increasing substrate reactivity, 
increasing reactivity of the nucleophile, and increasing acid strength of the 
catalyst. For semicarbazone formation from benzaldehyde, where the 
carbinolamine formation step is rate determining, kD/kH decreases from 
1.31 to 1.20 as the substituent changzs from hydrogen to p-nitro. The 
extent of C-0 bond cleavage in the transition state f8r dehydration is 
therefore dependent on the s~bs t i t uen t~ '~ .  

Ortho C1, Br, NO,, NH, and CH3 substituenrs decrease the rate of 
reaction of acetophenone with semicarbazide but a methoxy substituent 
increases the rate by a factor of 3585. 

The second-order rate constants of pyruvic acid semicarbazone 
formations are highly dependent on pHSa6. In the pH ranges 0-2,3-4, and 
6-7 the rate constants show a linear dependence on the hydrated proton 
concentration. In the ranges 2-3 and 4-6 breaks occur in the pH-rate 
profile and the rate constants are insensitive to hydrated proton concentra- 
tion. RaTe-determining attack of semicarbazide on pyruvic acid below 
pH 2, and of semicarbazide on pyruvate between pH 3 and 6 are consistent 
with these results. Above pH 6 dehydration of the carbinolamine is rate 
limiting. The break in the pH-rate profile between pH 2-3 is not observed 
with pyruvic acid methyl ester semicarbazone formation (Figure 14). The 
reaction of semicarbazide with pyruvate is subject to general acid catalysis 

The reaction of 5-substituted furfurals with phcnylhydrazine is subject 
to general acid catalysis by carboxylic acids (a = 0.35)587. Acid-catalysed 
and pH-independent processes are observed in the dehydration of the 
carbinolamine. In addition, a base-catalysed dehydration is seen in the 
case of the carbinolamine from 5-nitrofurl'ural. The acid-catalysed dehy- 
dration is less sensitive to the nature of the polar substituent than is the 
pH-independent process. In contrast to previous  observation^^'^.^^^ fo r 
phenylhydrazone formation, the rate constants for the water-catalysed 
attack are less sensitive to the nature of the polar substituent than those for 
the acid-catalysed reaction. No obvious explanation was offered for this 
observation. 

The base-catalysed dehydration of carbinolamines from p-chloro- 
benzaldehyde and N-aminopyridinium chloride, p-toluenesulphonyl 

(a = 0.37). I 
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FIGURE 14. Logarithm of second-order rate coefficients for semicarbazone formation 
as a function of pH (--o--, pyruvic acid ; . . . x . . ., p y r ~ v a t e ) ~ ~ ~ .  

hydrazide, 2-methyl-3-thiosemicarbazide, thiosemicarbazide, acethydra- 
zide, ethyl carbazate, semicarbazide, phenylhydrazine-p-sulphonic acid, 
and hydrazine have been reported589. pK, values over this series vary 
from - 7.2 for N-aminopyridinium chloride to 8-26 for hydrazine. 
Electron-withdrawing groups on nitrogen decrease the equilibrium 
constants for conversion of carbinolamine into hydrazone. A consistent 
value of the Bronsted coefficient b, for general base catalysis, of 0.7 is 
found for hydrazines varying in pK, from - 7.2 to 3.44. Of the two possible 
mechanisms of carbinolamine dehydration, equation (90) represents true 
general base analysis, whereas equation (9 1) corresponds to the kinetically 

- 1  / -  fast / 

I I 3  I \  I \  (90) ~ H - N - C T O H  .- ;H+N=C + O H  B + N = C  +H,O 

H H 
I I /  -- N-C Q ’  q - H d  (91) 

/ \  
B+H-N-C-OH N=C 0 

I 1  I I L H r ) B +  

(1 56) 

indistinguishable pre-equilibrium proton abstraction from nitrogen 
followed by a general acid catalysed hydroxide elimination. True general- 
base catalysis, in which hydroxide ion is lost essentially simultaneously, is 
preferred as calculations suggest that the nitrogen anion 156 is too unstable 
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for its breakdown at a rate less than or equal to the diffusion-controlled 
limit to explain the observed reaction rate. It is, therefore, regarded as 
unnecessary to consider anion intermediates in the dehydration of 
moderately basic carbinolamines. A preassociation or spectator 
mechanism5597590*59’ in which the anion decomposition is faster than 
diffusion of BH’ away from the ion pair 157, and without direct participa- 
tion of the catalyst occurring in the transition state for the breakdown, is 
also possible. However, a value of p of 1.0 for general base catalysis would 

R’ 

(1 57) 

be expected for this mechanism. The instability of the nitrogen anion also 
rules out the possibility of a ‘one-encounter’ mechanism434 in which the 
catalyst carries a proton from nitrogen to oxygen. In a study of general 

b acid catalysis of carbinolamine dehydration in this series589, a small 
increase in a (hydrazine 0.62, thiosemicarbazide 0.73) with decreasing 
basicity of the hydrazine is found. Electron donation from nitrogen in the 
transition state is indicated by a decrease in rate caused by electron- 
withdrawing substituents on nitrogen. A more concerted than stepwise 
general-acid catalysis seems probable’ 59 .  A pH-independent process is 
observed in the dehydration of carbinolamines derived from the more 
basic amines. 

AH * for attack of semicarbazide on p-hydroxybenzaldehyde catalysed 
by H 3 0 + ,  HCOzH and H,O are all approximately 9 kcal/m$. Values of 
ASf become more negative as the acidity of the catalyst  decrease^'^^. A 
tentative conclusion from this data is that the efficiency of the catalyst for 
this reaction is reflected mainly by changes in the entropy of activation. 

d. Thiosemicarbnzone formation. Thiosemicarbazide (pK = 1-88) is a 
weaker base than is semicarbazide (pK = 3.86) and although the essential 
mechanism of thiosemicarbazone formation would be expected to be the 
same as for its oxygen analogue, several interesting differences have been 
observed. 

The change in rate-determining step for thiosemicarbazone formation 
from p-chlorobenzaldehyde occurs at pH 4593. The nucleophiligattack is 
subject to the general-acid catalysis by carboxylic acids (a = 0-25) and to 
basic catalysis. Above pH8,  concurrent with the usual dependence of 
carbinolamine dehydration on hydroxide ion concentration, a dependence 
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on the basic component of the buffer is observed, that is, the reaction is 
general-base catal ysed. Where t& dehydration step is rate determining, a 
deuterium isotope e kH20/kD20, for catalysis by tertiary amines is 
approximately $, which is suggestive of loss of proton zero-point energy 
during its removal in the transition state. 

A second change in rate-determining step with pH has been observed in 
the reaction of 2-methyl-3-thiosemicarbazide and p-chlorobenzalde- 

Apart from the usual change from rate-determining addition to rate- 
determiningcarbinolamine dehydration occurring at pH 6, a second change 
a t  pH 10 is found where attack of the nucleophile again becomes rate 
limiting. The attack is subject to general-base catalysis. A non-linear 
Bronsted plot is indicative of a stepwise mechanism of proton transfer and 
C-N bond formation (Scheme 70). The Rostulated intermediate 158 

hyde594.595 

S 
II 

( R =  H,N-C-NMe-) 

SCHEME 70. 

would break down rapidly to starting material in the absence of a base- 
catalysed Froton removal: If weaker nucleophiles than thiosemicarbazide 
are used it is likely that 158 would have too short a lifetime to exist as an 
intermediate and the reaction could be essentially concerted. 

e. Oxime formation. Hydroxylamine is classed as a strongly basic amine 
and exhibits the expected rate-determining addition to carbonyl com- 
pounds qt low pH, changing to a rate-limiting acid- and base-catalyses 
dehydration of the carbinolamine as the pH is increased. An inverse 
isotope effect (kGD/kGH) of 1.4, for hydroxide ion catalysed oxime formation 
is indicative of a specific base catalysed dehydration stepss4. 

The Hammett reaction constant p for the addition of hydroxylamine 
to a series of substituted acetophenones is 0-32596. This very small value 
is consistent with a reactant-like transition state for hydroxylamine 
addition. 

Two breaks in the acid region of the pHZrate profile for the addition of 
0-methylhydroxylamine to benzaldehyde have been reported597. This 
observation is consistent with there being two changes in rate-determining 

- - 
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step in this pH region and consequently necessitates the consideration of 
three kinetically significant steps in the reaction, one of which must be a 
proton transfer process. A dual mechanism for nucleophilic attack is 
suggested in which a concerted and stepwise process occur concurrently 
(Scheme 71). At a low pH the hydronium ion catalysed addition repre- 

/ 

\ 

I '  
MeON=C 

SCHEME 71. 

sented by A is the predominant process. At a higher pH the mechanism 
proceeding via the dipolar intermediate 159 predominates. The change 
from path A to path B occurs because the rate-determining siep for path B 
at low pH is the uncatalysed attack of the amine which becomes faster 
than the hydronium ion catalysed addition of path A as the pH is increased. 
The second break in the pH-rate profile occurs at pH 4-5 representing the 
usual transition from rate-limiting attack of the nucleophile to dehydration 
of the carbinolamine. 

The a-deuterium isotope effect (kH/kD) for addition of hydroxylamine to 
kt!!ones is generally less than ~ n i t y ~ ~ ~ . ~ ~ ~ .  Exceptions are 4-t-butyl- 
cyclohexanone and cyclohexanone where values slightly greater than 
unity are found (1.04 and 1-05 respectively). In these case steric effects are 
regarded as more important than electronic factors. 

B. Addition Reactions of C=N 

While several mechanistic studies on nucleophilic additions to C=O 
compounds have been reported, relatively few studies of equilibrium 
additions to the C=N bond have been made. Of these, most effort has been 
devoted to the investigation of the hydrolysis of Scliiff bases, which will 
form the major part of this section. Additions of hydrogen cyanide, 
phenols, Grignard reagents, peracids and alcohols are mentioned only 
briefly. 
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1. Hydrolysis of C=N compounds 

Since the formation of imines has been fully discussed it is unriecessary 
to deal in detail with the reverse reaction, as, by the principle of micro- 
scopic reversibility, the same transition state must be involved. Therefore, 
a reaction which is subject to general-acid catalysis in the forward direction 
should be subject to specific-acid catalysis and general-base catalysis in the 
reverse process (Scheme 72). General features of the hydrolysis mechanism 
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H H 
\.= \ T’r \ I n - -  
/ /  \ / d l  I 

O:-C=N H - b A m  0-C-N-H A 

H H 

SCHEME 12. 

are: (i) as the pH of the solution is lowered the rate-determining step for 
hydrolysis changes from nucleophilic attack to carbinolamine decomposi- 
tion; (ii) decreasing the basicity of the component causes a decrease in the 
reactivity of the imine under basic conditions, but increases it under acidic 
conditions; (iii) protonated iinines (i.ei. the conjugate acids) are more 
reactive to nucleophilic attack than are the corresponding free bases. 

In this section a few‘examples from the recent literature are discussed. 
An inverse secondary isotope effect (k,/k, = 1-22) is found for the attack 
of hydroxide ion on protonated N-benzylidene-1,l-dimethylethylamine 
and its 3-bromo- and 4-methoxy de r i~a t ives ’~~ .  The isotope effect was 
independent of the nature of the substituent and its high value indicates 
that C-0 bond formation in the transition state is almost complete. The 
first-order rate constants for the pH-independent hydrolysis of a series of 
substituted N-benzylideneanilines are insensitive to the nature of the 
polar substituent in either ring of the m o l e ~ u l e ~ ~ ~ ~ ~ ~ ~ ,  owing to the 
opposing effect of a polar substituent on substrate protonation and 
hydroxide ion attack. The second-order rate constants for the corres- 
ponding base-catalysed reaction increase as electron-withdrawing sub- 
stituents are introduced. With the exception of Schiff bases derived from 
p-nitrobenzaldehyde ( p  = 1-9), values of p for alkaline hydrolysis of 
N-substituted benzylideneanilines are large (c. 2.7) and independent of the 
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polar substituent on benzaldehyde, indicating adduct-like transition 
states for Schiff base hydrolysis. 

In the hydrolysis of hydroxy and methoxy derivatives of N-benzylidene- 
2-aminopropane, it is important to take into account the tautomeric 
equilibrium (equation 92) when deriving an expression for the observed 

R 
I R 

I 

rate of hydrolysis of the or-tho and porn hydroxy derivatives6". A similar 
consideration is necessary in studies of the hydrolysis of salicylideneani- 
lines6". No internal catalysis by the ionized hydroxy group in the hydroly- 
sis of salicylideneanilines has been observed602. The ortho h ydroxy group 
decreases the rate of hydrolysis between pH 8 and 9. 

The hydrolysis of salicylideneanilines is faster in borate buffers than in 
phosphate buffers at the same pH602,603. A similar catalysis by borate is 
found in the hydrolysis of phenyl s a l i ~ y l a t e ~ ~ ~ * ~ ' ~ .  The structure 160 for 
the borate complex from salicylideneanilines is the most probable. 

'0 -B--OH 

I 
OH 

The nitrogen-boron bond formation then facilitates nucleophilic attack 
on the carbon-nitrogen double bond. Formation of the complex with boric 
acid is very rapid. In the alkaline region, the reaction rate is proportional 
to the concentration of the undissociated Schiff base, and in neutral 
solution the rate-determining step is the reaction of the complex with 
water or decomposition of the adduct formed. 
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Hoffmann has investigated the effect of -M substituents on the rate of 
hydrolysis of salicylideneanilines606. Deviations from a correlation of 
log k to CT or 0-, in both acid and alkali, were found, indicating a chang 
rate-limiting step. 

2. Addition of alcohols 

In an investigation of the base-catalysed addition of alcohols to substi- 
tuted benzylideneanilines, an inexplicable rate decrease in the order 
n-BuOH > EtOH > MeOH > s-BuOH > t-BuOH > i-PrOH is 
observed607. For the addition of methanol the equilibrium constant and 
rate constant are increased by electron-withdrawing substituents in either 
of the aromatic rings, showing correlation with CT+ and cry respectively. 
The observed correlationW the equilibrium constant with CT+ for the 
substituent on the anilino ring has not been observed previously. A 
plausible mechanism for the addition of methanol (Scheme 73) involves a 
rate-limiting attack by methoxide ion. 

\ slow I - MeOH I 
/ I I 

MeO- + C=N- MeO-C-N- MeO-C-NH- 

+ MeO- 

SCHEME 73. 

the acid-catalysed reaction, where a rapid solvolysis to Unlik niline 
and a benzaldehyde di.methylaceta1 occurs, no solvolysis is observed in 
alkaline methanol. ~ 

3. Mechanism of addition of thiols t o  C=N 

Hydrogen sulphide adds to ketimines in ether at low temperatures to 
yield gem-dithiols (equation 93). 
F 

R R SH 
\ /  

C=N-R' + R'NH, (93) 
\ 

R / R %H 

e . 
Schiff bases react with thiols to give aminothioethers (Scheme 74), 

which may react further to give a disulphide and the reduced Schiff 
base608. 9 
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R S H  
ArCH=NAr + ArCH(SR)NHAr 5 ArCH,NHAr + RSSR 

SCHEME 74. 

A synthetically useful olefin synthesis is based on the addition of 
hydrogen sulphide to a hydraz~ne"~' .  A synthesis of bicyclobutylidene 
(Scheme 75) has been developed using this method6 lo .  No  detailed 
mechanistic studies have been made. 

H H  

SCHEME 75. 

4. Addition of phenols to  Schiff bases 

Whereas phenol does not react with N-benzylideneanilines, a facile 
addition to N-(2-pyridylmethylene)-aniline (161) is observed6 ' ' (equation 
94). Since ortho- and para-nitrobenzylidene anilines are unreactive under 

fi Phenol CH-NHC,H, (94) 
- N  

these conditions, an effect other than the electron-withdrawing ability of 
the*pyridine nucleus is indicated. The mechanism proposed suggests the 
formation of a hydrozen bond between the phenol and the pyridine 
nitrogen atom (162). Support for this concept is provided by the failure of 
methyl salicylate and ortho-hydroxyacetophenone to  react with the Schiff 
base. * 
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5. Addition of HCN to C=N compounds  
HCN adds to imines, Schiff bases, hydrazones, oximes and other similar 

compounds (equation 95). Hydrolysis of the product from imines and 
Schiff bases offers a synthetic approach to amino acids. More recently 
Schiff bases from optically active benzylamines and aliphatic aldehydes 
have been treated with HCN. Hydrolysis and hydrogenolysis of the 
resulting a-cyanoamines gives optically active amino acids6' 2-614. Optical 
yields vary from 22-90%, although it seems probable that the higher 
yields614 may have arisen by a fractionation during purification of the 
product. 
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\ 

/ I  
C=N-+ HCN - C-NH- 

\ 

/ 
CN 

(95) 

Ogata and K a ~ a s a k i ~ ' ~ , ~ ' ~  have reported the addition of HCN to 
benzylideneanilines. 

6. Addition of Grignard reagents  to ox imes  

Arylalkyl oximes react with Grignard reagents to yield aziridines 
(Scheme 76) The reaction is siinilar in many respects to the Neber 

R" 

y? R"MgX 
Ar-C- C HR' 

I 
R " 

SCHEME 76. 

P h C y- C H 
/ 

NH 

(1 63) 

rearrangement6 ''. Support for the azirine intermediate has been provided 
by the isolation of styrenimine (163), when lithium aluminium hydride is 
added to the reaction mixture of ethylmagnesium bromide and aceto- 
phenone oxime6'*. Azirine formation is stereospecific in toluene, with 
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ring formation occurring with the group syn to the hydroxy group, but in 
tetrahydrofuran a mixture of two possible products are found‘”. 
Addition of the Grignard reagent to the azirine takes place from the least 
hindered face of the molecule‘ ”. 

7. Reduction of C=N compounds 

Imines, hydrazones and Schiff bases are reduced by LiAIH,, NaBH, or 
by hydrogenation. Iminium salts are also reduced by LiAlH,. Oximes are 
reduced to amines though recently the LiAIH, reduction of oximes has 
been developed as a useful synthesis of aziridines. A review on this subject 
has appeared recently620. 

8. Peracid oxidation of imines 

Two mechanisms have been proposed for oxazirane formation from 
imines (equations 96, 97). Negative p values for substituted imines and a 

cEN’ + RCOOH 
\ 
/ O  

___, 

/ 
R 

\ \ \ 
C=N- ___* C-NH- - C z N ’  + RCOOH (97) 

/ / I  / o  
0,COR 

significant acid catalysis have been cited as evidence for the one-step 
mechanism (equation 96)621. The two-step mechanism (equation 97) is 
analogous to the Baeyer-Villiger oxidation of a carbonyl group, while the 
one-step process is equivalent to epoxide formation from alkenes. The 
two-step mechanism is favoured by Ogata and his coworkers for the 
oxidation of benzylidene t-butylamines with perbenzoic acid622. The 
reaction is accelerated by carboxylic acids and by alcohols, but is retarded 
by the addition of an excess of some alcohols. No explanation is obvious. 
Substituent effects on the imine varied with the reaction conditions and 
were negligible in the presence of ethanol. Nitrones are also formed in the 

4 
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addition of peracids to  cyclic and acyclic imines622*623 . N ormally, 
oxazirane formation is predominant but nitrone formation (equation 98) 
is significant in aprotic solvents, and for imines bearing electron-donating 
substituents. This reaction represents the attack of the nitrogen lone-pair 
electrons on the peracid oxygen. 

\ \ 

/ / I  
C=N-+ PhCOOOH C=&- + PhCOOH 

0- 

The oxidation of 2-substituted cyclohexanone oximes by peroxytri- 
fluoroacetic acid gives predominantly the cis-2-substituted-nitrocyclo- 
h e ~ a n e s ~ ~ ~ .  Protonation of a iiitronate intermediate (164) from the less 
hindered face of the molecule can be used to rationalize this result 
(equation 99). 

CA 0- 
I4 H 

.->l[r._co/ .' , +No2 (99) 

7 R R 
(1 64) 

VI. THIOCARBONYL ADDITIONS AND 
ELI M I NATIONS 

A. Eliminations giving C=S 

Although the term p-elimination is m m a l l y  associated with elimina- 
tions giving rise to alkenes, the same mechanism in certain cases is 
applicable t o  reactions yielding carbon-heteroatom double bonds. In this 
seclion, eliminations leading to thiocarbonyls are briefly discussed. A 
review of routes to thiocarbonyl compounds is a ~ a i l a 6 l e ~ ' ~ .  

The disulphide linkage may be cleaved by three main pathways in- 
volving nucleophilic reagents (e.g., metal alkoxides). A direct nucleophilic 
attack on sulphur (equation 100) leads to formation of a sulphenic acid 
derivative, while base promoted removal of a proton beta to the disulphide 
linkage favours olefin formation (equation 10 1). Thiocarbonyl compounds 
may arise if removal of the a-proton is preferred (equation 102). The 

nucleophilic attack on sulphur is dominant for reagents such as CN, SCN 
and RS-, whereas the elimination mechanisms are promoted by more 

s 

m 
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basic nucleophiles such as hydroxide and alkoxide ions. The formation of 
a thiocarbonyl compound will obviously be encouraged by preventing 
alkene formation (i.e., substrates lacking P-hydrogens) and where the 
acidity of the a-hydrogen is high. Thus, when diphenylmethyl disulphides 
are treated with sodium isopropoxide (equation 103), the yield of the 
corresponding thione varied from 86-52% at 20"C, depending on the 
nature of the substituents X and Z626.627 . In creased yields were obtained 

RSSR + R'O- - RS- + RSOR' (1 00) 

RSS(CO,),R' + R"O- - RSSCH,~HR' + WOH 

I .  
RSS- + R'CH=CH, 

RSSCH,R' + R"O- RSSIZHR' + R"OH 

I c 
RS- + R'CH=S 

- 
S 

+ 

with increasing electron-withdrawing ability of both X and Z. The main 
competing reaction was SN2 displacement at  sulphur icf. equation 100). 
Contrary to expectations of E2/SN2 behaviour, the yield of the thiobenzo-, 
phenone decreased with increasing reaction temperature. A kinetic 
deuterium isotope effect, k,/k,, for the decomposition of or-biphenyl-4-yl- 
benzyl-4-tolyl disulphide and its a-deutero analogue at 30 "C was 6.1, and 
is near the maximum of 6.6 predicted for intermediate proton transfer 
between carbon and oxygen. This high value is not consistent with a 
reversible carbanion mechanism and this is additionally ruled out by the 
lack of isotopic exchal'lge with labelled solvent627. The Hammett reaction 
constants pz and px for the thiocarbonyl elimination from ZC6H4(Ph)- 
CHSSC6H4X, for a limited number of substrates of 4 and 2, respectively, 
are indicative of a transition state with considerable carbanion character. 
Despite the extended cleavage of the C-H and S - S  bonds, the authors 
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proposed a transition state with little double-bond character (165). 
Delocalization of the developing negative charge on the central carbon 
atom would normally be expected but may not occur in this case due to 
the poor effectiveness of the sulphur 3p orbitals in forming n-bonds. 

In the thiocarbonyl eliminagon from diphpylmethylthiocyanates 
(equation 104), a Hammett reaction constant of 3.5 at 20 “C and a primary 
deuterium isotope effect of 3.0 ( Z  = p-Ph) have been determined6’*. These 
data indicate a concerted elimination involving a transition state with 
considerable carbanion character, similar to the E2 eliminations of 
2-arylethyl derivatives with bases. Elimination from the unsubstituted 
thiocyanate occurs 300-times faster than the elimination from the corres- 
ponding disulphide. This difference may arise because of the greater 
acidity of the cr-hydrogen in the thiocyanate as CN is more electron with- 
drawing than the SPh group. 
3 

ZC6H4\ /H 

(1 04) 
i-PrONa C=S + HCN 

/ /c\ i-PrOH 

C6H6 SCN C6H5 

Block6” has devised a method for generating sulphenic acids and a 
thiocarbonyl compound is formed simultaneously. The unstable sulphenic 
acid can be trapped by methyl acetylenecurboxylate (Scheme 77, cf. 
sulphoxide pyrolysis, Section II.H.2). 

H 
/ 

-RSOH + S=C 
\ \ 

I 
HCECCOOMe I 

SCHEME 77. 
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The flash thermolysis of ally1 sulphides has been used to prepare thio- 
c a r b o n ~ l s ~ ~ ~  (equation 105). The resulting thiones are labile under the 
thermolysis conditions. 

'C=S + H,C=CHCH, 
/ 

B. Addition Reactions of C=s 

Relatively few mechanistic studies of this type of addition have been 
reported. The oxidation of thiobenzophenones with perbenzoic acid has 
been examined631 and also the 1,3-cyc~o-additions of benzonitrile N -  
oxides with t h i ~ c a r b o n y l s ~ ~ ~ .  Organolithium additions to thiobenzo- 
phenoneP3 3-6 36 occur by thiophilic addition to give an organolithium 
compound rather than a thiolatc. However, in the reaction of prenyl 
lithium (166) with adamantanethione637, the initial product (167) under- 
goes a [2,3]-sigmatropic rearrangement leading to formation of a c-c 
rather than a C-S bond (Scheme 78). The substrate was chosen because it 
is non-enolizable and stable. Reduction is generally a competing process in 
the reaction of alkyl lithiums with thiocarbonyl compounds. 

SCHEME 78. 

The higher polarizability of the c=s bond than the C=O group is 
often invoked to explain the diffgrence in reactivity, but the exact mecha- 
nism is unclear. 

Diazomethane adds to C=s compounds to yield t h i a d i a z ~ l i n e s ~ ~ ~ - ~ ~ '  
by a 1,3-dipolar addition (equations 106, 107). Whilst 168 and 169 give 
regiospecifically the d 3- 1,3,4-thiadimolines (170, 171), the cycloaddition 
of diazomethane with adamantanethione gives a mixture of the A3-1,3,4- 
thiadiazoline (172) and the ~~-1,2,3-thiadiazoline (173). The product ratio 
is very dependent on the solvent640, the proportion of 173 increasing with 
solvent polarity (e.g., ether 20 %, methanol 78 %). 
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0 0 

Ally1 Grignard reagents (174) add to thioketones to give P,y-unsaturated 
t h i o l ~ ( 1 7 5 ) ~ ~ ~  (equation 108). The product may be cyclized to give sub- 
sti tuted thiol anes (176). 

R,C=S + R'CH=CHCH,MgBr - R,C(SH)CH CH=CHR' (108) a 
(1 74) (1 75)  

R' 
I 
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1. INTRODUCTION 

This review includes a discussion of the anodic and cathodic chemistry 
of the X=Y bond, i.e. 1, where I can include the various combinations 
shown. The emphasis of the chapter is upon the electrochemical be h a .v i o u r 

of the isolated functional group as  opposed to other chemistry i t  may 
exhibit when conjugated to other functional groups. Hence. for example. 
the electrochemical reduction and oxidation of the carbon-carbon 
double bond is discussed, including effects upon this chemistry of attached 
functional groups, but the electrolytic hydrodimerization of activated 
olefins’ is not reviewed since this reaction may more properly be con- 
sidered as a reaction of the extended coiijugated n-system of the activated 
olefin, and at any rate has been adequately reviewed elsewhere’. The 
distinction is somewhat difficult to apply rigorously : benzophenone is 
easier to reduce than acetophenone. which in turn is easier to reduce than 
acetone3, thus demonstrating that a conjugative effect of iin aromatic 
nucleus does operate upon the e!ectrochemical behaviour of the carbonyl 
group. Nevertheless. all three ketones undergo electrochemical reaction 
at the carbonyl group, hence all three are discussed herein. 

II. GENERAL CONSIDERATIONS 

The initial step in a true electrochemical reduction of any double bond 
consists of addition of an electron to the lowest unfilled molecular orbital 
(LUMO) of the double bond. This definition excludes, therefore. such 
processes as the electrochemical reduction of acetylenes to cis olefins at a 
nickel cathode in acid4; such processes are probably more accurately 
represented as catalytic hydrogenations using electrochemica41 y genehted 
hydrogen than as direct electrochemical reductions. Conversely, the 
first step in a &ect electrochemical oxidation involves abstraction of an 
electron from a non-bonding molecular orbital, or the highest occupied 
molecular orbital ( H O M O )  of the substrate, though again a number of 
anodic oxidations actually involve electrochemical generation of ;1 

reagent, e.g. CIO2’, Pb02’. etc.. and subsequent chemistry 
involving this reagent. The primary emphasis of this review will be upon 
direct electrochemical reactions initiated by electron transfer to or frorn 
the electroactive species. 
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Much of the electrochemical behaviour of simple. doubly-bonded 
systems follows directly from the fact lhat reduction and oxidatiotl 
involve electron injection into the LUMO and electron removal from the 
HOMO, respectively. Thus olefins become more readily reduced when 
electron-withdra\ying, and more readily oxidized when electron-supplying, 
groups are attached to the double bond. 

Because the electronegativity of the atom attached to carbon increases 
as one proceeds across the following series, one would expect that re- 
duction would become easier as one proceeds from 2 to 4. It appears that 

/ 
R,C=N R,C=O 

a: (3) (4) 

this is indeed the case : olefins are not electrochemically reducible* under 
conditions where imines (3)9 and carbonyl compounds" are. e.g. in 
ethanol or water containing a tetra-alkylammonium salt its supporting 
electrolyte. (Actually. another factor is also operating in such solvents: 
trialkylimines and dialkyl ketones are not electrochemically reducible in  
dipolar aprotic soivents' '. suggesting that their reducibility in  protic 
solvents is associated with the hydrogen-bonding ability of the solvent.) 

The initial pro&ct of electron transfer to a substance of structure such 
as 1 4  is a radical anion. which may be represented. for 1. as 

X-CR,, NR. 0 

Since electronegativity increases in the order C. N. 0. structure 5a 
should becom: ii relatively more important conri tbutor to the resonance 
hybrid as one proceeds through radical anions in the series 2-4. With 
olefins. of course Sa and 5b are equivalent: the point is moot. since 
radical anions of olefins unsLibstitLlted by activating groups such :is 
carbonyl. nitro. cyano. etc. cannot be generated a t  potentials accessible 
in organic solvents. The unslmred electron of the radical anion of r.P-' 
unsaturated ketones appears. from e.s.r. spectroscopy. lo be located far 

The radical anions of carbony1 compounds (kctyls) are more accurutely 
described by structure 5a than Sb. and much of their chemistry follo\vs 

0.4 : 

more on the p than the y-carbon". % 
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directly from this feature. Hence reactions of ketyls with electrophiles 
should take place at oxygen, and radical reactions should occur a t  carbon. 
These expectations are fulfilled in practice: protonation, for example, 
occurs a t  oxygen, and ketyls dimerize at carbon to produce, after s a s e -  
quent protonation uic-diols (pinacols) (6)13 (equation 1). Structure 5b 

0- OH 
I I 

! I 
-0 OH 

( 6 )  

2R,tO- - R,CCR, - R,CCR, (1 ) 

should be a more important contributor (though not the major one) in 
imine radical anions, and indeed reaction with electrophiles can apparently 
take place at either nitrogen or carbon. Protonation appears to  occur on 
nitrogen’ but reaction with carbon dioxide takes place at  carbon 
(equation 2).14 

C,H,CH=NC,H, 2 e -  , C,H,CHNC,H, 2H+ , C,H,CHNHC,H, (2) 
CO, I I 

co, - CO,H 

Compounds of type X=Y exhibit well-defined changes in electro- 
chemical behaviour as the proton donor characteristics of the medium 
are changed. In alkaline media or aprotic organic solvents radical anions 
(7) are moderately stable, though slow dimerization may occur. In such 
solvents it is generally possible to introduce a second electron, generating 
a dianion (8). Because of electron repulsion in the dianion it is generally 
produced only at a potential E 2  negative of that (E,)  necessary to produce 
7 (Scheme I)” .  Under conditions of moderate proton availability (or 

t 

x=y e-  , XY? e- i -Y‘-  2H+ , HX;YH 
E, 

(1 ) ( 7 )  (8) ( 9 )  

I H i  .c 
XYH* 2 XYH- H+ , 9 

€3 

(1 0 )  

SCHEME 1 .  

where 7 is very basic”). e.g. neutral protic media or aprotic organic 
solvents containing added proton donors, 7 can be protonated to  afford a 
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neutral radical (lo), whose reduction potential E ,  is generally positiue of 
E l ,  and hence 10 is usually reduced immediately upon formation. I t  has 
generally been believed that 10 receives its electron from the electrode, 
but it now appears that 10 is reduced in homogeneous solution by another 
molecule of 7". In media of high proton availability (low pH) or where 1 
is moderately basic, the initial e1ectroche:nical step is reduction of the 
conjugate acid of 1. This reduction also generates 10 (equation 3), but 

+ 
(3) 

H+ 
1 - X=YH 2 XYH* - Dirner(s) 

E. 

(1 0 )  

a 
since it occtirs at a potential (E4) which can be positive of E,, 10 is usually 
sufficiently long-lived to undergo reactions, e.g. dimerization, not observed 
when it is generated in media of low proton availability. One is able to 
exert a great deal of control over the reduction by judicious control of 
potential and proton availability: dimers can be generated by reduction 
at the potential of the first reduction step in acid or  base, and dihydro 
compounds can be generated in neutral media or  by reduction at the 
potential of the second reduction step in acid or base. The exact pH range 
over which these transitions occur will depend upon the structure of 1, of 
course, as will be seen below in the discussion of individual functional 
groups. 

The reader unfamiliar with electrochemical nomenclature and practice 
may refer to  various introductory reviews and textbooks on the subject' 9-35, 

several of which ' o-' ' are intended for the organicchemist with no previous 
exposure to electrochemistry. 

111. THE OLEFlNlC LINKAGE 

A. Reduction 

Isolated double bonds are not reducible electrochemically; the anti- 
bonding orbital of isolated olefinic bonds lies too high to  be accessible 
via a direct electron-transfer process. Isolated double bonds are, however, 
slowly reduced by solvated electrons generated by electrolysis of a 
solution of lithium chloride in methylamineZ6. Alkynes are reduced to 
alkenes at  porous platinum black2' or bright platinum28 electrodes, but 
these reactions are probably regarded as catalytic hydrogenations using 
electrochemically generated hydrogen. Alkynes can be reduced to alkenes 
in similar fashion at spongy nickel4 o r  s i l ~ e r - p a l l a d i u m ~ ~  electrodes. 
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The double bond can be reduced by direct electron transfer from the 
electrode when it is part of an extended n-system, as, for example, in 
butadiene3O, 1,3,5-hexatriene, styrene32, ~ t i l b e n e ~ ~  and some styryl- 
heterocyclic compounds34. Likewise, direct electron transfer to olefinic 
compounds bearing electron-withdrawing hbstituents, e.g. a,p- 
unsaturated esters, nitriles, and ketones is facilitated because the LUMO 
in such compounds lies considerably lower than that of an isolated olefin, 
but such activated olefins exhibit electrochemical properties which differ 
in some respects from those of simpler olefins, and has already been 
discussed elsewhere2. For this reason, the electrochemistry of activated 
olefins is not discussed in the present review. In the present context, it is 
however interesting to note that the LUMO of the highly activated olefin 
tetracyanoethylene (TCNE, 11) lies so low as to be weakly binding3’. 

\ /CN 
/c=c 

NC 

‘CN NC 

(11) 

One and even two electrons may be added to TCNE, forming the radical 
anion and dianion, respectively, at quite positive potentials. 

B. Oxidation 

Electrochemical oxidation of simple olefins is difficult but can be made 
to occur at very positive potentials, which can be reached in acetonitrile 
containing a tetraalkylammonium tetrafluoroborate or hexafluoro- 
phosphate36. Sample oxidation potentials are: ethylene [ + 2.90 V vs. 
0.01 ~-Ag+(Ag) l ,  propylene ( + 2-84 V), 2-butene (stereochemistry un- 
known) ( + 2.26 V)36. Fleischmann and Pletcher observed in fact a 
reasonably good correlation between the ionization potential of olefins 
(and also alkanes) afid their oxidation potentiai in this solvent36. Oxidstion 
of olefins at a gold anode occurs at a lower potential3’; presumably some 
sort of chemical interaction of the olefin with the gold surface facilitates 
oxidation. Similarly, it has been found that mercury(I1)-olefin complexes 
are readily oxidized to carboxylic acids38. 

Allylic substitution, presumably via an intermediate ally1 cation, 
appears to be a common pathway in the electrochemical oxidation of 
a lkene~~’.~’  (equation 4). Intramolecular analogues of this reaction have 
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x 
r roi 

X = CI, Ref. 39 
X = OCH, or OAc. Ref. 40 

(4) 

> 
(1 2) 

been reported (equations 5 and 6)41. The latter oxidation of a substituted 
norbornene to a homoallylic cation (12) may be contrasted with the 
anodic conversion of the parent compound, norbornene, to a norbornyl 

(equation 7). 

The oxidation of olefins becomes easier as they are substituted with 
electron-supplying groups (cf. the txidation potentials of ethylene, 
propylene and 2-butene abo4e). Hence phenyl substitution also lowers 
the oxidation potential of the double bond43*48. The products of oxidation 
of arylethylenes also depend upon the number of aryl groups attached to 
the double bond. In  styrene^^^.^^ and ~ t i l b e n e ~ ~  the products are derived 
from a radical cation formed by removal of one electron from the double 
bond. With polarylethylenes, particularly when the aromatic rings bear 
strong electron-supplying groups, e.g. pMe,N or p-CH,O, removal of a 
second electron to afford the dication can ~ o r n p e t e ~ ~ * ~ * .  Tetra-p-anisyl- 
ethylene dication (13) undergoes an interesting cyclization (equation 8) 
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to  a phenantlirene derivative (14)4", a reaction which may be go4erned by 
orbiyl symmetry principles". 

Ar 

(8) 

Ar 
\ 

cH30% / 

Ar Ar 
\ +  / 

b ,c-c< ___, \ /Ar 2e - 

Ar 

c=c 
/ \  

Ar Ar Ar Ar 

(1 3) 

CH,O 

(Ar = p-CH,OC,H,) (14) 

Oxidation of an olefinic bond is also rendered facile by substitution with 
electron-donating heteroatoms. e.g. N. S .  and 0. Fritsch. Weingarten and 
Wilson have tabulated oxidation potentials',"or a number of nitrogen- 
containing olefins". A reaction of potential synthetic interest reported 
by them. which may be regarded as indicative ofthe type ofelectrochemistry 
generally to be expected for electron-rich olefins, is the oxidative dimeriza- 
tion of 1 .I-bis(dimet1iylamino)-ethylene (15) t o  the butadiene derivative' 
16 (equation 9). The reaction presumably proceeds via nuclecphilic attack 

Me,N 1. / N M %  \ [Ol 
Me,N 

/ C=CH, - / C= CH CH =C, (9) 
Me," 

(1 5) 

upon the radical cation of 15. 
10). 

M~,N' NMe, 

(1 6) 

i.e. 17. by another molecule of 15 (equation 

1; 

NMe, 

Me,N / "Me, 
16 + /  - e- 

15+17 - Me,N,. 

-2v- C-CH,CH,C 

-.: 
Carbon-carbon double bonds bearing four clecti-on-supply in^ lietero- 

atoms are oxidized extremely easily. A striking example is provided by 
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terr.ctkis-(dimetliylamino)-ethylene (TDME) (18), which is as good a 
reducing agent as metallic zinc"! Reaction between 18 and TCNE (11) 

Me2N \. /NMe2 

/c=c\. 
NMe, Me,N 

(1 8 )  

resultss3 in two-electron transfer to produce the salt T D M E f '  TCNE-'. 
I t  may be shown'' that the spacing between the first and second oxidation 
potentials (A€), corresponding to stepwise formation of the radical cation 
and dication of a species. may be equated to the equilibrium constant 
Kdihp for disproportionation of the radical cation in to  dication and 
neutral starting material. viz., 

For 18. A €  = -0.14 V in acetonilrile at 25 'C, i.e. Kdilp = 2305" (Fritsch, 
Weingarten, and Wilson" report A €  = 0.12V and Kdizp = 106). Hunig 
and coworkerss5 have tabulated values of A E  and Kdisp for other electron- 
rich olefins. Chambers and coworkersSh carried out an extensive study 
of the electrochemical behaviour of tetrathioethylenes (19). whose voltam- 
metric behaviour closely resembles that of compounds such as 18. 

SR 
RS\. / 

,c=c 
\. 

RS SR 

(1 9) 

IV. THE CARBONYL GROUP 

A. Reduction 

Electrochemically the carbonyl group represents the most thoroughly 
investigated and best characterized of the double-bonded functional 
groups. Reduction occurs in both aqueous and non-aqueous solvents. 
The nature of the reduction process is largely determined by the presence 
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of proton donors. Changes in electrochemical behaviour with increasing 
pH (or added proton donors in the case of non-aqueous solvents) occur 
in a regular pattern common to most carbonyl compounds. 

1. Mechanistic considerations 

a. Diary1 ketones. Benzophenone, as a typical diary1 ketone, produces 
stable radical and anionic intermediates and serves as an  excellent model 
for the entire spectrum of electrochemical behaviour observed for carbonyl 
compounds. In the absence of proton donors electron transfer produces a 
stable radical anion and dianion. Increasing acidity leads to protonation 
of the dianion, radical anion, and finally benzophenone itself. Less fully 
arylated carbonyl compounds are reduced to more reactive intermediates 
and consequently, their electrochemical behaviour may not be as clearly 
defined as for benzophenone. 

Reduction of benzophenone (20) in liquid ammonia at - 50 "C occurs 
in two one-electron steps to produce a stable radical anion (21) and 
dianion (22)57 (equations 13 and 14). Both steps are reversible by cyclic 

voltammetry: a reoxidation peak is seen corresponding to each reduction 
peak.. Addition of ethanol shifts the reduction wave for the second step to a 
more positive potential with loss of the corresponding reoxidation peak. 
Such behaviour is typical of electron transfer followed by a rapid, irrevers- 
ible chemical reaction-in this case protonation of the dianion. 

Electrochemical behaviour of benzophenone in anhydrous dimethyl- 
formamide16, acetonitrile5*, or pyridines8 is similar to that in ammonia 
containing ethanol. Although the former solvents are often regarded as 
aprotic, cyclic voltammetric and polarographic data support a mechanisiii 
including rapid protonation of 22. Recent work by Jensen and Parker" 
suggests that the irreversible nature of the second step is a result of 
reaction of the dianion with electrophilic impurities in the solvent, and that 
reductions are indeed reversible when a small amount of a'lumina is 
added to the solvent to scavenge these impurities. If true, this discovery 
will be of considerable significance, but this preliminary report will 
require further corroboration. 
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Addition of phenol to benzophenone in pyridine increases the first 
polarographic wave at the expense of the second16. Protonation of the 
radical anion by phenol produces an electroactive radical which is 
responsible for the increased current at the first wave. 

Addition of a strong acid, e.g. benzoic acid, to a dimethylformamide 
solution of benzophenone produces a new polarographic wave anodic of 
benzophenone reduction, representing reduction of the conjugate acid of 
benzophenone6'. 

In aqueous solvents benzophenone exhibits electrochemical behaviour 
similar to that outlined for non-aqueous systems with pH reflecting relative 
proton availability. In acid (pH 5 4) benzophenone exhibits two diffusion 
controlled one-electron polarographic waves. The first is reduction of the 
protonated carbonyl to a radical (23); the second, reduction of the radical 
to a carbanion". This is analogous to behaviour in dimethylformamide 
containing benzoic acid. Controlled potential electrolysis at the first 
wave gave quantitative yield of benzpinacolone (24) from radical coupling 
and subsequent acid-catalysed rearrangement of the initially formed 
benzpinacol (equation 15). 

OH 
I 

(C,H,),C=OH -t -A, (C,H,), *CoH 23 (C,H,),C-C(C,H,), 

(23) OH 
I 

(24) 

In neutral or weakly alkaline solutions (4-9 < pH < 11-3), benzo- 
phenone is reduced to a radical anion which rapidly abstracts a proton 
from the solvent. The resulting radical is reduced to an anion which is also 
protonated. Large scale reduction of benzophenone at pH 8.6 produced 
benzhydrol l 6  (equation 16). This is analogous to behaviour in pyridine 
containing phenol. 

In strongly alkaline media benzophenone exhibits two one-electron 
waves. Under these conditions, the radical anion is not protonated and 
reduction to the dianion occurs at a more negative potential'6.61. This 
behaviour is analogous to that in dimethylformamide or pyridine. 
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b. Monoaryl carbonyls. Reduction of aryl alkyl ketones and aryl 
aldehydes (ArCOR, where R = alkyl or H) is similar to that of diary1 
ketones. In acid two one-electron waves correspm'. to reduction of the 
protonated compound and subsequently the neutral radica161.62. Pre- 
parative reduction at the first wave gives pinacol, usually in high 
yield2a-63*64. Reductidn at the second wave would be expected to produce 
alcohol but such results have not been reported. 

In the pH range 7.2 to 11.3, one two-electron wave is observed for 
reduction of aryl alkyl ketones. Elving and Leone reported consumption 
of 1-9 electrons/mole during controlled potential reduction of aceto- 
phenone but did not attempt to identify the product-presumably the 
alcohol62. In strongly alkaline sohtions (pH > 12) and in aprotic media 
two ongelectron waves are observed for ArCOR. Pinacols are formed 
upon reduction at the first wave. For example, reduction of benzaldehyde 
at fhe first wave in dimethylformamide affords benzoin. In the presence 
of phenol, benzyl alcohol is the product65. 

c. Alkyl cnrbotiyls. Reduction of dialkyl ketones and alkyl aldehydes 
occurs only at extremely negative potentials. Frequently reduction is not 
observed at all since the cation of the electrolyte (particularly if it is a metal 
ion) is often easier to reduce than an alkyl carbonyl. In  tetrabutyl- 
ammonium salts in 80-90% ethanol or methanol a single two-electron 
wave has been reported for a number of aliphatic ketones'oa*' and 
alcohols have been isolated from electrochemical reduction in high yields66. 
Absence of dimeric products indicates the reduction of the neutral ketyl 
radical must be much faster than dimerization presumably because of the 
extremely negative potentials involved. 

The aliphatic ketones camphor and norcamphor are reducible in 
alcoholic solvents but have been shown to be electrochemically inactive 
in dimethylformamide-tetraethylammonium bromide, eve; though 
more negative potentials are accessible in dimethylformamide' This 
suggests that reduction of ketones is facilitated through hydrogen bonding 
between protic solvents and the ca'rbonyl. Support for this argument 
comes from a polarographic investigation of reduction of saturated 
aldehydes in dimethylformamide by Kirrman and coworkers6'. Addition 
of phenol shifted the half-wave potential 0.1 V anodic and increased the 
wave height to correspond to a one-electron process. The small level of 
electroactivity (30 %) in the absence of phenol was attributed to reduction 
of a complex of the carbonyl with residuakvater in the solvent. 

d. Non-cbrljugated olefiriic nldehydes arid ketones. Polarographic 6: 
ductions of cyclic aliphatic aldehydes 25-28 and their semicarbazones 
indcate that the presence of a non-conjugated double bond facilitates 
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reduction of aldehydes 27 and 28. Half wave potentials of 27 and 28 

(25) R = CH, (27) R = CH, 
(26) R -- H (28 )  R = H 

are 0-03 and 0.02V anodic of their saturated counterparts. The senii- 
carbazones were less affected by the presence of a non-conjugated double 
bond68. 

Electron transfer to the carbonyl group of a non-conjugated olefinic 
ketone (29) produced a cyclic tertiary alcohol in a stereoselective intra- 
molecular c y ~ l o a d d i t i o n ~ ~  (equation 17). However, cyclization was found 

CH,=CH (CH .),COR 

(1 7) e -  

Dioxane-MeOH 
(29) 

R = Me, E t ,  i-Pr, n-Bu.  n-hexyl  

to occur only for olefinic ketones which might form five- or six-membered 
rings (equations 18-21).* Reduction of 30 produced cyclic alcohols 
when I? was 3 or 4, but the corresponding olefinic alcohol when I Z  was 
2 o r  

D 
0 
11 

CH,=CH (CH,),CCH, 
P 

(30) 

OH 
I 

30 (n = 2) '- b CH,=CH (CH,),CHCH, 

* Electroreductive coupling of ketones with non-activated olefins (e.g. acetone and 
I-octene) has been reported by T. Shono and M. Mitnni. Nipporr  Ktrgtrktr Krrishi. 975 (1973. 
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O H  
I 

30 (n = 5) 2 cH,=CH (CH,),CHCH, 

e. Diketones. Evans and Woodbury have reported intramolecular 
coupling of ketyl radicals generated from reduction of 32 which is itself 
a coupling product from reduction of dibenzoylmethane at the first 
polarographic wave at pH 4.270 (Scheme 2). Reduction of dibenzoyl- 

(PhCO),CH, ;i bPhCOCH,CPh 
I 

OH 

(31 1 
OH 
I 

2 31 - I 

I 
O H  

PhCOCH,CPh 

PhCOCH,CPh 

(32) 

OH OH 2 
I 1  

32 t:i b PhCCH,CPh 

PhCCH,dPh 
I 1  
OH OH 

___, 
H O  HowH OH 

Ph Ph 

SCHEME 2.  

methane at more negative potentials produces monomeric product, 
1,3-diphenyl-1,3-propanediol (33) since the rate of reduction of the 
radical (31) is much higher than the rate of dimerization at very negative 
potentials (equation 22). 

OH 
I 

31 e- b PhCOCH,CPh :i: b PhCHCH,CHPh (22) 
I I 

OH OH 

(33) 
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Reduction of 34 by controlled potential electrolysis gave products 
37-40. The mechanism outlined below suggests formation of pinacol 
intermediates by both intramolecular (35) and intermolecular (36) 
processes 7 1  (Scheme 3). 

(34) 

35 

36 

2e  - 
2n+ ’ 

___, 

L 

(35) 

OH H0 
(37) 

HO ? 
COCH, 

(39) 

SCHEME 3. 

(36) 

+ H H0 

+ 

(38) 

a 
Cyclopropanediol was reported to be formed from reduction of 2- 

methyl-2-acetylcyclohexanone at mercury in tetrahydrofuran with tri- 
butylethylammonium tetrafluoroborate as the supporting electrolyte. 
Acetic anhydride was used to trap the labile cyclopropanediol and the 
diacetate 41 was i~olated’~. 

Reduction of 42 gave a mixture of monomeric alcohol and pinacol 
with the relative amount of monomeric product increasing with increasing 
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reduction potential73 (equation 23).  This illustrates a case where dimeriza- 
tion rates are competitive with electron transfer rates. As the electrode 
potential is made more negative, the rate of electron transfer to the 
radical increases while the rate of dimerization is unchanged. 

(42) 

Benzil exhibits two one-electron polarographic waves in dimethyl- 
f ~ r m a m i d e ~ ~ .  Reduction at the first wave affords a blue material- 
assumed to be the radical anion (43) (equation 24). Furthefreduction to 
the dianion occurs at a more negative potential. Subseduent protonation 
may produce cis- or ti.aiis-stilbenedio1 (Section 1V.A.l.b). When the 
supporting electrolyte is changed from tetrabutylammonium iodide to 
lithium perchlorate a single two-electron wave is observed7'. The em-. 
signal observed with tetrabutylammonium iodide present, is no longer 
observed, in the presence of lithium ion. Philp, Layloff and ad am^^^ 
suggested that reduction of benzil in the presence of lithium salts produces 
44 (equhion 25). 

Alkali metal reduction of 0-, 111-, and p-dibenzoylbenzene was shown to 
produce the same radical anion p&ducts as electrochemical reduction 
at the potential of the first polarographic wave. Products were identified 
by e.s.r. and visible spectra. Further reduction of the p i i w  isomer produced 
a blue diamagnetic dianion. The blue material was converted to starting 
material upon ~ x i d a t i o n ~ ~ .  Reduction of the pnro isomer by lithium metal 
was thought to f o r 3  a dilithium product (45) is a process simtar to the 
electrochemical reduction of benzil in the presence of Li + . Electrochemical 
behaviour of p-dibenzoylbenzene in the presence of Li" was not investi- 
gated. 
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0 Li 

I ceH5L=(yLi - CC6H5 

(45) 
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f. Redtrctioii to Itydrocnrboiis. Aldehydes and ketones may be reduced 
to hydrocarbons in strongly acidic media at cathodes with high over- 
voltages77. Literally nothing is known about the mechanism. however, 
since attention has focused on empirical determination of experimental 
conditions to effect reduction. I t  is known that an alcohol is not an 
intermediate since alcohols may be recovered unchanged when exposed 
to these reduction  condition^^^". It  is probable that the cathode itself is 
intimately involved in the reduction process with the possible partici- 
pation of organometallic intermediates. 

g. Cnrboxylic acids. Aromatic carboxylic acids and amides are 
rehcible at very negative potentials7'. Reduction of benzoic acid was 
reported to occur at mercury and lead cathodes by electron transfer to an 
adsorbed ion pair formed from the benzoate and the cation of the electro- 
lyte7'. This reduction occurred at potentials cathodic of hydrogen 
evolution and it is not clear that this represents a true electrochemical 
reduction involving electron transfer to benzoate. 

In electrochemical reduction in the absence of hydrogen evolution, the 
initial reduction product is thought to be an aldehyde which may or may 
not be further reduced, depending on experimental conditions. If the 
aldehyde is hydrated, as would be the case for heterocyclic compounds 
no further reduction occursEo' (equation 26). In  contrast, aromatic acids 
may be reduced to alcohols since the intermediate aldehyde is not pro- 
tected by hydration". Wagenknecht8lb reported reduction of a number 

COOH CH(OH), * 
I I 

0: 

of aromatic carboxylic acids to aldehydes. It was suggested that the 
aldehyde was not further reduced because the initially formed hydrate 
lost water very slowly in solutions buffered to pH 6.  

Reduction d phthalic acid resulted in reduction of the aromatic ring 
rather than the carboxyl group. The principal product was tr.nits-l,2- 

dih ydrophthalic acids2 (equation 27). 
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2n+ 2 e -  ~ ucooH @OO" (27) 

"COOH ' C O O "  
70-76% 3-1 0% 

2. Stereochemistry 

For a series of steroidal ketones in which the carbonyl is located at 
different positions o n  the steroid nucleus, the half-wave potential increases 
as accessibility of, the carbonyl decreasesa3. Reduction of the more 
accessible carbonyl is favoured implicating orientation of the steroid at the 
electrode surface as an important feature of the reduction process. This 
steric selectivity can be used to effect selective reduction of a difunctional 
molecule. For example, in large scale reductions of 3,12-diketosteroids, 
the more accessible 3-keto group was reduced selectively and 3-hydroxy- 
1Zcholanic acid was the products4. 

Products from the reduction of a series of cyclic ketones in isopropanol 
and in H,SO,-H20-MeOH are compared in Table 1. I n  isopropanol 
the product distributions reflect the thermodynamic stabilities of the 
product isomers. In acid medium the thermodynamically unstable 
epimer predominates66". in the poorer proton donating medium. iso- 
propanol, protonation takes place after the active species has diffused 
from the electrode surface into bulk solution. Thermodynamic stability 
of the products controls the stereochemical outcome. I n  the better proton 
donating medium, the anionic species is protonated in the vicinity of the 

TABLE I .  Pro$ucts from electrochemical reduction of some cyclic ketones"" 

Reduction in Reduction in  Relative 
isopropanol H,SO,--H,O-MeOH stabilities 

Epinier ratio ( I ~ Y I J I S / C ~ S )  

3- Met hylcycl ohexanone 22/78 53/48 32/78 
4-Methylcyclohexanone 78/32 38/62 70130 
4-I-Butylcyclohexanone 85/15 48/52 7913 1 
3,3.5-Trimet hylcyclohexanone 36174 40160 
2-Methylcyclohexanone 59/42 43/58 

Epimer ratio ( c w / o / c ~ . w )  

Norcamphor 16/84 98/1 20/80 
Camphor 76/34 7 I /29 
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electrode while still oriented or absorbed at the surface and its least 
hindered side is protected by the bulk of the electrode. 

Similar results for reduction of 4-t-butylcyclohexanone and 3,3,5- 
trimethylcyclohexanone were reported by Coleman. Kobylecki. and 
Utleyh"h. In acidic media at a lead cathode, roughly equal quantities of 
axial and equatorial alcohols were formed. In a poorer proton-donating 
medium, hexaniethylphosphoramide, the more stable equatorial alcohols 
predominated. Organolead intermediates were suggested to be responsible 
for the non-thermodynamic product distribution in aqueous acid. This 
suggestion is supported by reported formation of dialkylmercury products 
from reductions at a mercury cathodeg5. Presumably similar trapping of 
an intermediate species could occur at lead. Significantly, such organo- 
mercurials are known to be more stable to protolysis than their lead 
counterparts86. On the other hand, nearly identical non-thermodynamic 
product distributions were reported by Shoni and Mitani66" for reduction 
of 4-z-butglcyclohexaiioiie and 3.3.S-~rimethylcyclohexanone in aqueous 
acid at a carbon rod electrode where organometallic intermediates 
obviously could not play any role. Formation of thermodynamically less 
favoured alcohols apparently may occur by several different pathways. 

Reduction of an unsymmetrical ketone such as ArCOR may lead to two 
diasteromeric pinacols. I)ICSO and (11. Stocker and Jenevein found that the 
rll/iiw.so product ratio from reduction of acetophenone ranges from 1 .O 
to 1.4 in acid. 2.5 to 3.2 in  alkaline media8'. and 5 to 9 in aprotic media". 
I n  acid, where pinacols arise from dinierization of neutral radicals, steric 
factors would be expected to favour formation of iiteso product. Pre- 
dominance of (11 isomer is thought to arise from favourable hydrogen 
bonding in the tll transition state (46). This postulate is supported by 

9 

studies of the electrochemical pinacolization of 2-acetylpyridine. Strong 
intramolecular hydrogen bonding in the radical (37) results i n  the pre- 
dominance of the m c ' s o  isomer. also predicted on steric grounds8". 
Likeivise electrochclnical reduction of C(,H,COCONH2 in acid affords 
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the meso pinacol exclusively, presumably due to strong intramolecular 
hydrogen bonding in the intermediateg0. 

Grimshaw and coworkers9’ have reported that reduction of 2-acetyl- 
naphthalene affords isomeric 2,3-di-(2-naphthyl)butane-2,3-diol with dl 
isomer predominating. Stereoselectivity is more apparent at pH 14 than 
at pH 3 but dl is favoured in both acid and alkali. 

In alkali, it has been suggested that pinacols arise from dimerization of 
neutral radicals with radical anions. This suggestion accounts for the 
increased preference for formation of dl pinacols in alkali since the 
hydrogen bond in the transition state leading to 50 should bestronger than 
in 46 (Scheme 4). Propiophenone and benzaldehyde exhibit behaviour 
similar to that observed for acetophenoneg2. 

ArCOR e- b AZR H+ + A~CR 
I I 
0- OH 

(48) (49) 

I H +  
R R 
I 

I I 
C-Ar - Pinacol 48 + 49-Ar-C- 

* -0, ,o 
‘H 

( 50) 

SCHEME 4. 

An exception to the generalization that the dl-pinacol predominates in 
reductions carried out in alkali occurs when the aromatic ring bears a 
phenolic hydroxylg3. Reduction of 51 produces a mixture of meso- and 
dl-pinacol but reduction of 52 affords pure rne~o-pinacol~~.  

It is interesting to note that complex formation with the electrode fias 
not been implicated in explanations of stereochemical preferences of 
radical coupling even though many metals, especially mercury, are known 
to  be excellent radical traps. 

s 
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CH 0 CHO 
I I 
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QOCH, 

OCH, b H  

Vincenz-Chodkowska and Grabowski found that benzil(53) is reduced 
electrochemically to a mixture of cis- (55) and trans- (54) stilbenediols 
(Scheme 5).  The relative proportions of stereoisomeric products are 
strongly dependent on experimental parameters which affect the strength 
of the electric field at the electrode surface such as electrode potential, 

5 

01 Ph 

Ph 

HO Ph 

HO OH 
( 5 5 )  

SCHEME 5 .  

ionic strength, temperature, and nature of the supporting electrolyte. 
The ratio of cis to trans could be varied from 1/50 to 2/1 with cis pre- 
dominating at high field strengthsg5. It is likely that field strength controls 
product stereochemistry by affecting the relative population of rotamers 
in the starting material. 

In an interesting experiment, Horner and Degnerg6 effected asymmetric 
induction through the use of an optically active supporting ele"cro1yte. 
From reduction of acetophenone in methanol containing ( -)-ephedrine 
hydrochloride, they isolated R-( + )-a-methylbenzyl alcohol of 4.2 %' 

3 
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optical purity (equation 28). When ( +)-ephedrine hydrochloride was 
used as the supporting electrolyte, S-( -)-cr-methylbenzyl alcohol was 
produced in 4.6 % optical purity. In similar acetophenone reductions 
Horner and Schnziderg7 demonstrated that the optical purity of the 

( - )-Ephedrine hvdrochlonde ( R ) -  C,H,CHCH, 
I .  

OH 

(28) 

(S)- C,H,CHCH, 
I 

OH 
( + ) -Eohedime hydrochlorvde 

C,H .COCH 

product alcohol was significantly affected by temperature and electrode 
material and solvent and to a lesser extent by acidity and reduction 
potential. Reduction of a series of aryl alkyl ketones and acetophenone- 
N-benzylimine in the presence of chiral electrolytes also afforded optically 
active productsg8. Kariv, Terni, and Gileadi reported that alkaloids 
absorbed on the electrode surface also induce asymmetric products from 
acetophenone reductiong9. These results all suggest a high degree of 
orientation of both electroactive species and inactive chiral entity. 

Further evidence of suGjace effects may be found in the effect cathode 
material may have on product stereochemistry. Reduction of 2-methyl- 
cyclohexanone forms exclusively trniis-2-methylcyclohexanol at mercury 
or platinum cathodes, but a mixture of cis and trails alcohols at nickel and 
pure cis alcohol at copper'00. 

3. Energy correlations 

Since electrochemical reduction involves transfer of an electron-to the 
lowest unfilled molecular orbital (LUMO), of the electroactive compound, 
reduction potentials might reasonably be expected to correlate with 
L U M O  values. Compounds chosen for such correlations should exhibit 
electrochemically reversible behaviour. Irreversibility leads to distortion 
of polarographic waves and measured half-wave potentials will reflect 
not only molecular energy levels but additional kinetic and thermo- 
dynamic parameters as well. Although this limitation to reversible systems 
is frequently neglected, successful correlations have been reported for a 
wide variety of organic compounds' O'. 

The success of correlations between reduction potentials of carbonyls 
and LUMO values led to use of reduction potential as a criterion for 
evaluating the validity of Coulomb and resonance integrals for sulphur. 
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A linear relationship was observed between reduction potentials rind 
LUMO values for a series of aromatic carbonyls and for their sulphur 
analogues. Consequently the resonance and Coulomb integrals for 
sulphur which had been calculated from electron densities derived from 
e.p.r. data were confirmed as reasonable values' 02. 

Loutfy and Loutfylo3 have demonstrated a linear correlation between 
half-wave potentials and 17 + TC* triplet energies for a number of carbonyl 
and thiocarbonyl compounds. For a wries of benzophenones and thio- 
benzophenones of structure 56, this relationship was used to estimate the 
energy of 11,  TC* transitions for compounds whose 11, TC* triplets could not 

(56) 
c = o . s  
R = ti. OCH,,N(CH,), 

be observed spectroscopically but whose half-wave potentials could be 
measured' 03' (Table 2). 

In a similar manner a linear correlation between E: and 1 1 .  n* triplet 
energies for aliphatic and aromatic ketones was used to estimate the 
ti .  TC* triplet energy for acetone to be 76.6 kcal/mol'03b. 

TA,BLE 2.  Reduction potentiuls and spectroscopic energies for a 
series of benzophenones and ~hiobenzophenonesL0":' 2 

X R - E ,  E-, .11+7r* 

( V )  (kcal/niol) 

0 H I .84 68.6 
0 OCH.3 2.0 I 694 
0 N(CH3)2 2.16 70.1 
S H 1.17 40.6 
S O C H  1.35 42.1 
S N(CH,)Z 1.51 43.4 

The half-wave potentials of compounds of structure 56 were also corre- 
lated with Hammett substituent constants. The reaction parameter p 
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was found to be identical for the carbonyl and the thiocarbonyl series 
(0.384)' 03a. 

B. Oxidation 

Electrochemical oxidation of C=O (and C=N) is not commonly 
observed, presumably because most solvent-electrode systems are more 
easily oxidized than the functional group. Manousek and Vo1kelo4 
reported on the anodic oxidation of aromatic aldehydes at mercury. The 
oxidation process was found to be an indirect oxidation of the aldehyde 
by HgO or the corresponding hydroxide which formed when the electrode 
itself was oxidized. 

Miller and coworkers'05 reported an interesting fragmentation upon 
electrooxidation of benzylic aldehydes and ketones at platinum in 
acetonitrile. Oxidation leads to cleavage of the C-C bond, which mimics 
ri;ass spectral fragmentation. Products of some of these oxidations are 
shown in Table 3. The oxidative process for benzoin is represented in 
Scheme 6. Product yield from this relatively simple oxidative process 

+ 
b C,H,CHOH + C,H,CO 

PH ]+ -e  
OH 

I - e -  [ 
C,H,CHCOC,H, - C6H,CHCOC,H, 

C,H,CHOH -C,H,CHO + H+ 
+ 

C,H,EO + H,O - C,H,COOH + H +  

SCHEME 6. 

(61 %) does not represent material balance indicating probable formation 
of other products by pathways not yet recognized. More complicated 
oxidative pathways are evident when one or more of the products are 
themselves oxidizable, as in the case of benzhydryl phenyl ketone. By 

+ 
(C,H,),CHCOC,H, -2e- (c,H,),~H + C,H,CO 

(C,H,),CHOH (C,H,),CO + 2H' H,O ., 
(C,H,),ZH + -  

+ 
H20 b C,H,COOH 

C6H5C0 ~ H' 

SCHEME 7.  
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analogy to the oxidation of benzoin in Scheme 6, oxidation of this ketone 
would be expected to result in formation of benzffydrol and benzoic acid. 
However, oxidation of benzhydrol occ . ~ t  1.7 V while oxidation of the 
starting material does not occur until 1-8 V. Consequently any benzhydrol 
formed will be rapidly oxidized. Scheme 7 summarizes the oxidation of 
benzhydryl' phenyl ketone. The amides generated in certain oxidations 
(Table 3) are presumably formed by a Ritter reaction between inter- 
mediate carbonium ions and the solvent, acetonitrile. 

TABLE 3. Products from electrochemical oxidation of benzylic aldehydes and 
ketones in acetonitrile'"' 

Compound V" Products 

V. THE, AZOMETHINE LINKAGE 

The electrochemical behaviour of compounds containing an azomethine 
group is quite similar to that of corresponding carbonyls although 
azomethines are generally more easily reduced than carbonyl compounds. 
As early as 1902 it was observed that solutions containing a primary 
amine and a carbonyl compound could be reduced & d e r  conditions 
where neither could be reducwl alone78. Electroactivity was correctly 
.attributed to the condensation product-an azomethine. Condensation 
has proved a dseful method for conversion of a polarographically inactive 
carbonyl to a polarographically active species' 06. 
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The electrochemical behaviour of imines R,R=NR depends on the 
degree of arylation. Completely arylated imines such as benzophenone 
anil (57) are easily reduced to relatively stable intermediates. As aryl 
groups are replaced by hydrogen or alkyl groups, ease of reduction and 
product stability both decrease. 

(c, H 5 )  .C=N C,H 

(57) 

The electrochemical behaviour of imines R,R=NR depends on the 
ketones in electrochemical behaviour. Below pH 9 two polarographic 
waves are observed for reduction of the protonated anil and of the re- 
sulting radical'. Reduction of neutral anil to N-benzhydrylaniline takes 
place in a single two-electron process above pH9'. In contrast the 
transition from reduction of protonated to reduction of neutral benzo- 
phenone takes place at $5'1 5, thus reflecting the greater basicity of imines 
over carbonyl compounds. Above pH 13 and in aprotic solvents two one- 
electron waves are observed for reduction of 57 to a stable radical anion 
and subsequently to a dianion. Cyclic voltammetry confirms the first 
wave as reversible and the e.s.r. spectrum of the radical anion may be 
observedlo7. 

Diary1 imines Ar,C=NR and ArRC=NAr undergo transition from 
reduction of protonated to reduction of neutral imine around pH 13 in 
contrast to p33 9 for triarylated imines reflecting increased basicity over 
their triarylated counterparts' 0 8 .  Polarographic behaviour of diary1 
imines in aprotic media depends on the nature of the two aryl groups. For 
example two one-electron waves are observed for imines with an extended 
aromatic system sud. as 5817 while a single one-electron wave is observed 
for 59"'. 

Q . 

(58) 
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Cyclic voltammetry and e.s.r. spectroscopy show that the lifetime of the 
radical anion formed in the initial electron transfer step is highly de- 
pendent on the nature of the aryl s u b s t i t ~ e n t s ' ~ ~ .  This is reasonable since 
the basicity of the radical anion and the rate of proton abstraction are 
influenced by the nature of the substituents. For highly resonance- 
stabilized structures, proton abstraction is slow on a polarographic time 
scale and two one-electron waves are seen. In contrast, rapid protonation 
of a less stabilized radical anion, e.g. that derived from 59, produces an 
electroactive radical which accepts a second electron and a single two- 
electron wave is seen. In some cases behaviour is intermediate between 
these extremes indicating partial protonation of the intermediate radical 
anion. 

Monoaryl and trialkyl imines have not been investigated extensively. 
A single two-electron process is observed in protic media. Controlled 
potential electrolysis yields a secondary amine. In aprotic media, trialkyl 
imines are not reducible, suggesting that as for alkyl ketones (Section 
1V.A. 1 .c) reduction in protic solvents is enhanced by hydrogen bonding to 
the solvent. Several monoaryl imines (64a and b have been investigated 
in dimethylformamide' '. A single two-electron polarographic wave 
was observed and cyclic voltammetry at high sweep rates (100V/sec) 
showed no anodic peak on scan reversal. Controlled potential coulometry 
confirmed consumption of two electrons per molecule and the corres- 
ponding secondary amines were isolated in high yields". 

Compounds of the type R,C=NX are reduced in four-electron pro- 
cesses when X is a group bound through N o r  0. The N-X bond is 
cleaved first, followed by reduction of the intermediate imine & an amine. 

Diaryl, arylalkyl and dialkyl oximes exhibit a single four-electron 
polarographic wave in acid solutions9*' lo. Controlled potential coulo- 
metry confirms a four electron reduction and the product amine may be 
isolated in good yields. The reduction has been shown to involve the 
conjugate acid of the oxime and to proceed via initial cleavage of the 
N - 0  bond to form an imine which is immediately protonated and 
reduced (equation 29). The fact that hydroxylamines are not reducible 

R,C=NOH: + 4e-  + 4H' - R,CHNH: + H,O 

at potentials where oximes are reduced to amines rules out  reduction of the 
C=N bond firstg. As added evidence, several oximes exhibit two two- 
electron polarographic waves when reduction occurs in two discrete 
steps"'. In these cases controlled potential electrolysis at the first wave 
produced the imine in good yield. Above pH 6 the wave observed in 
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acid media disappears and a new four-electron wave for reduction of the 
neutral oxime appears at more cathodic potential. In strongly alkaline 
solution the oxime conjugate base is not reducible. 

Phenylhydrazones and semicarbazones are reduced in I: single four- 
electron step in acid as demonstrated by polarography, coulometry, and 
isolation of amine from controlled potential reduction. Reduction has 
been shown to proceed via initial cleavage Gf the N-N bond of the 
conjugate acidg. O 8  (equation 30). 

+ 
R2C=NNH,X + 4e- + 4H+ - R,CHNH: + XNH, 

(30) 0 
I1 

X = C6H5.  CNH, 

Reduction of a number of immonium salts in dimethylformamide and 
acetonitrile has been reported by Andrieux and Saveant *. Immonium 
salts 60 and 61 exhibited irreversible behaviour while immonium salts 

d 

62 and 63 showed reversible behaviour and e.s.r. spectra of the product 
radicals were obtained. 

Reduction of camphor anil (Ma) and norcamphor anil (64b) may 
produce endo (65) or  exo (66) amines while reduction of 67 results in a 
new chiral centre" (equations 31 and 33). Table 4 compares the stereo- 

(64) a :  R = CH, 
b:  R = H  
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y, 
C6H5, / CHC6H5 7 6 H 5  ?SH5 

C=N - H-y-NH-C-H 
/ I 

CH, CH, CH, 

(67)  8 

359 

(32) 

chemical consequences of treatment of these imines with a variety of 
reducing agents. Based on product stereochemistry, electrochemical 
reduction of these imines at  a mercury cathode resembles dissolving 
metal reduction more closely than catalytic hydrogenation. 

The electrochemical reduction of norcamphor oxime (68a) and camphor 
oxime (68b) to the corresponding amines (equation 33) follows a very 

c 

(68)  a :  R = H 
b: R = CH, 

endo exo 

TABLE 4. Stcreochemistry of rcduction of some inlines’ ’ 
Com po it tid Mode of reduction Relative products ( ”,,) 

__---___ ___ ~ ___._ 

Bicyclic iniincs . (*.yo Amine cwlo Aniinc 
Norcamphor anil (64b) Sodiuni-ethanol 33 67 

Catalytic hydrogenatich 0 100 
Electrochemical 1-0 80 

Camphor mil (64a) Sodium -ethar,ol 0 I00 
Catalytic hydrogenation 100 0 
Elect rochemica I 0 100- 

N-r- M et h yl benzyl id i ncm met 11 yl benzylaniine (67) 
c l l  Aminc / w s o  Aniinc 

Raceniic 67 Sodi i i  ni -c t h a  no1 4 0 54 

Electrochemical 39 6 I 
Catalytic h ydrogenu t i  on 93 7 

Optical 1 y act ivc 
( - )-miinc m ’ s o  Aminc 

Optically hctive Sod i um-et h ii 11 ol 43 S X  
( - )-(N 67 Catalytic hydropintion YO I0 

Electrochemical 43 57 
p-_.._-_____----- -- - 
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different stereochemical course from the anils' l 3  (Table 5 )  and products 
from electrochemical reduction of the oximes resemble those from 
catalytic hydrogenation. 

The product differences observed here bear a striking similarity to the 
cyclic ketone reductions reported in Table 1. The electrochemical re- 
ductions of the anils were carried out in dimethylformamide while oxime 
reductions were performed in ethanol. 

TABLE 5. Stereochemistry of reduction of bicyclic oximes' l 3  

Relative products (x) 
Compound Mode of reduction exo Amine eiitlo Amine 

Norcamphor Sodium-ethanol 75 25 
oxime (68a) Lithium aluminium hydride 0 100 

Electrochemical 0 100 
Camphor Sodium+thanol 4 96 

oxime (68b) Lithium aluminium hydride 99 1 
Electrochemical 99 1 

Diary1 imines' 14.98b and immonium salts' l2 have been found to give 
uic-diamines under certain reduction conditions, but the only stereo- 
chemical information available is the report by Law that benzal-p- 
toluidine (69) affords a mixture of the dl and meso isomers of 70 upon 
reduction in neutral ethanol at a copper electrode (equation 34)' ''. 

C,H,CH=NAr '- C,H .CH N HAr (34) 
I 

(70) 
(69) C,H,CHNHAr 

m 

(Ar = p-CH,C$,) 

Scott and Jura measured the half-wave potentials of a series of 24 SchifT 
bases of the type ArCH=NAr' where Ar and Ar' represent unsubstituted 
aryl groups' '. The effect of variation of half-wave potential with struc- 
tural change is reflected very well by a linear combination of atomic 
orbitals" '. Since half-wave potentials may be viewed as free energies for 
reversible reductions, the data were recast in a Hammett o-p form with 
ur d e h e d  as the shift in half-wave potential with respect to reduction of 
benzanil. Values of u were found to correlate well with chemical reactivi- 
ties17. Bezuglyi and coworkers reported a similar correlation between o 
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substituent constants and half-wave potentials for another series of 
Schiff bases' ". 

VI. THE A 2 0  LINKAGE 

The electrochemical reduction of aromatic azo compounds has been the 
subject of several reviews".' I s .  Azobenzene is reduced to hydrazobenzene 
in the pH range 2-6 (equation 35). At pH 2 and below further reduction of 

/ 

3 
h ydrazobenzene 

C,H,N=NC,H, iE: C,H,NHNHC,H, (35) 

to aniline (equation 36) takes place, ~ U L  at a much more 

C,H,NHNHC,H, &: b 2C,H,NN, (36) 

negative potential than necessary for formation of hydrazobenzene. If 
electrolysis is carried out at low pH at a potential sufficient to reduce 
azobenzene but not hydrazobenzene, the product is benzidine, formed by 
acid-catalysed rearrangement of hydrazobenzene (equation 37). Hence 
it is possible to convert 

C, H 5N HN HC,H, 

azobenzene into hydrazobenzene, benzidine, or 

aniline by appropriate choice of pH and potential. 
The cis and trans isomers of azobenzene are reduced at approximately 

the sqme potential (c. - 0 - 6 V  vs. S.C.E. in aqueous ethanol containing 
0.1 M-tetraethylammonium perchlorate), but the reduction of the cis 
isomer appears to be irreversible, judging from the drawn-out appearance 
of the polarogram"g. The reduction of both isomers is pH dependent, 
becoming easier as the pH is lowered' 19.120. In acid, the electroactive 
species may be the conjugate acid of the azo compound (711, but this is 
not clear, since only small amounts of 71 will be present in all but the 

+ 
C, H N=N H C, H 

(71 1 

most acidic media (the pK, of 71 is -2.90 in 20% aqueous ethanol12'). 
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The electrochemical behaviour of most substituted azobenzenes 
parallels that of azobenzene itself. When one of the rings bears an electron- 
supplying heteroatom (usually -OH or -NH,), more complex behaviour 
may be observed’ 1.122. The reduction of p-aminoazobenzene (72) pro- 
vided an illustrative example (Scheme 8)lZ3.  The azo linkage undergoes 

73 

74 
2 e  2H+ - H 2 N a N H 2  

SCHEME 8. 

the usual two-electron reduction, producing hydrazo compound 73, can 
then fragment to aniline and the bis-quinone imine 74, which is im- 
mediately reduced to p-phenylenediamine. The reduction of p-hydroxy- 
azobenzene (75) proceeds in similar fashion (Scheme 9)122. 

Y 

76 

77 

- O U N H  + C,H,NH, 

(77) * 

SCHEME 9. 
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In  aprotic solvents aromatic azo compounds exhibit two one-electron 
reduction steps, corresponding to stepwise reduction to the radical anion 
(78), and dianion, respectively (equation 38)' 24. In the presence of lithium 

(38) ArN=NAr e -  ArN=NAr-o e -  b ArN-NAr 

(78) 

ion azobenzene exhibits a single two-electron Likewise, addition 
of a lithium salt to  a solution of the azobenzenide ion (78, with tetrabutyl- 
ammonium ion as counter ion) results in instantaneous disproportionation 
of the radical anion into azobenzene and the dilithio derivative of hydrazo- 
benzene (79). The driving force for the disproportionation of the radical 

'SH5\ /Li 

'SH5 

/"\ 
Li 

(79) 

anion appear.;; to be the formation of two highly, covalent nitrogen- 
lithium bonds in 79125. Similar behaviour has been observed, i t  will be 
recalled (Section IV.A), with benzil. 

In an interesting application of electrochemical principles, Iversen 
has used 79 as an  electrochemically generated base for synthetic pur- 
p o s e ~ ' ~ ~ * ' ~ ' .  Iversen and Lund electrolysed a mixture of azobenzene, 
benzyltriphenylphosphonium bromide, and benzaldehyde at a potential 
where only azobenzene is reducedlz6. Stilbene (81) was formed in 98% 
yield (Scheme 10). The key reaction here is the deprotonation of the 

9 

* C,H,N=NC,H, ::L b 79 

79 + 2C,H5CH,Pf(C,H,), - C,H,NHNHC,H, + 2C,H,CH=P(C,H,), 

(80) 

80 + C,H,CHO - (C,H,),PO + C,H,CH=CHC,H, 

(81 1 

SCHEME 10. 

phosphonium salt by 39; a Wittig reaction completes the sequence. As 
Lund and lversen pointed out, this 'electrochemical generation of 
strong base' has several features which recommend it for use in other 

0 
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base-promoted reactions : by controlling the current passed, one can 
carefully control both the total amount of base produced and also its 
rate of production, and one avoids the use of highly nucleophilic reagents 
such as phenyl lithium. Iversen has also carried out  a Stevens rearrange- 
ment of a quaternary ammonium salt using electrochemically generated 
base' 2 7 .  

Lund examined the electrochemical behaviour of 3,3-pentamethyl- 
eneazirine (82)12*. In alkali (pH = 8) 82 exhibits a single polarographic 
wave corresponding to the uptake of two electrons per molecule of 82 

;;: , ( 7 "  NH (39) 

(82) (83) 
0 

and 83 was isolated in 80% yield from a preparative electrolysis (equation 
39). In acid (pH = 6), 83 is protonated upon formation, weakening the 
N-N bond, and hence undergoes further reduction to a hydrolytically 
unstable gem-diamine (equation 40). 

The electrochemical interconversion of diazenium salts and hydrazyl 
radicals (84 F?. 85) has been accomplished in either d i r e c t i ~ n ' ~ ~ . ' ~ ~ .  

Nelsen and L a n d i ~ ' ~ ~  reported the electrochemical reduction of several 
bicyclic diazenium ions (84) while Solon and Bard'30 showed that the 
stable free radical diphenylpicrylhydrazyl (85, R = phenyl, R'  = 2,4,6- 
trinitrophenyl) is reversibly oxidized to the corresponding diazenium ion. 
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1. INTRODUCTION 

Huisgen in the early 1960's fully recognized the general concept of 1,3- 
dipolar cycloadditions. Since that time, there has been a steadily increasing 
output of papers on the subject. In order to confine the treatment of the 
reaction mechanism and chemistry of these important cycloadditions to a 
reasonable length, it is only possible to consider selected examples from 
the literature. General principles and typical reactions have been presented 
reporting references which provide a broad survey of the specific topic. 

The literature covering the reactions of hetero double bonds with 
1,3-dipoles and 1,3-dipolar cycloadditions involving carbon<arbon 
double bonds has been considered up to 1974 following a previous com- 
prehensive survey appearing in the first volume of this series'. The present 
survey also considers the 1,3-dipolar retrocycloadditions which have been 
reported in some instances. 

Owing to the theoretical importance of the allyl anion, the parent of 
all 1,3-dipoles, some space has been dedicated to the anionic cyclo- 
additions. 

1,3-Dipoles without octet stabilization, and other systems such as 
nitrous oxide, nitro compounds, azimines, azoxy compounds, nitrile 
sulphides and sulphur diimides have not been considered in this review, 
because they have been too little studied or studied in 1,3-dipolar cyclo- 
additions with triple bonds only. 

I I .  GENERAL 

A. 1,3-Dipoles 

Although 1,3-dipolar cycloadditions have been known for a long time, 
the reaction was not rationalized until the early sixties'. 

The 1,3-dipole a=b-c or a r b - c  is a system isoelectronic with the allyl 
or propargyl anion which has four a-z electrons distributed on three adjacent 
atoms. This can react with a multiple bond system d=e, called dipolaro- 
phile, to give five-membered cyclic compounds the reaction being 
symbolized 3 + 2 -+ 52 .  

+ =  + =  

+ 
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The ground state of a 1,3-dipole in valence bond theory can be described 
by resonance structures, e.g. 1-5 and 6-9 for formonitrile oxide and ozone 
respectively. The term 1,3-dipole derives from structures 4, 5, 8, 9 which, 
together with carbenic structure 3, should hardly contribute to the stabili- 
zation of the compounds. (c 

(6) (7 )  ( 8 )  (9) (1 0 )  

The non-classical structure 10, derived from Linnett's bond theory, has 
been considered to be the representation in unique form of the electronic 
structure of the molecule3. A singlet biradical structure was recently 
proposed for diazomethane, ozone and methylene peroxide3". 

The a, b, c components of the dipole are generally C, N, and 0; less 
common are 1,3-dipoles containing second row elements (see Table 1). 

TABLE 1. 1,3-Dipoles with octet stabilization 

Structure Name . 
1,3-Dipoles with art orthogonal double h o d  (pl.opargyl-alleripl uriioii type) 

Nitrile oxides 

Nitrile sulphides 

lN-N-i/- + I&=N=c + /  Diazo compounds 
7 \ 

1NSiN-B- - - N=N=N- - 
+ =  - - +  

Azides 

+ -  r +  
INEN-~I - N=N=O> Nitrous oxide - 
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TABLE 1 .  1,3-Dipoles with octet stabilization (conrinued) 

Structure Name 

1,3-Dipoles without an orthogorial double bond (ally1 anion type) 

I I 
N N 

C - c  c 
/ -\ /- \ 

\ /+\& \-/+\  / 

I I 
N N 

\ //+\=/ \ - /+\- 

/ -\ /- 
C N - C  N- 

I I 

+ I 

0 0 
\ /-\-/ / c c -  C 
/ -\ /- \ 

+ + 

Azomethine ylides 

Azomethine imines 

Nitrones (azomethine oxicks) 

Azimines 

Azoxy compounds 

Nitro compounds 

Carbonyl ylides 

Carbonyl imines" 

Carbonyl oxides 

Nitroso imines" 

6 i; 
-/-\- - /-\o, Nitroso oxides" -N - UI - -g / 



374 Giorgio Bianchi, Carlo De Micheli and Rerno Gandolfi 

TABLE I .  1,3-Dipoles with octet stabilization (COI?fb?Ued) 

Structure Name 

1,3-Dipoles wirkoirt ari orthogonal double boritl 

Ozone 

Thiocarbonyl ylides 

Thiocarbonyl imines 

6 2 
-//-\- - /-\- 

--N e---B N- , Sulphur diirnides 

Thiosulphinyl amine 

1,3-Dipoles not yet discovered. 

For the sake of classification, 1,3-dipoles may be divided into two main 
categories: 1,3-dipoles with and 1,3-dipoles without octet stabilization' 
(the latter not discussed in this chapter). The former dipoles are further 
divisible into two classes: 1.3-dipoles with and without an orthogonal double 
bond to the allyl anion system, these two corresponding to 1,3-dipoles with 
and without a double bond iri the sextet form in Huisgen's classification. The 
geometry of the two classes of dipoles is different, since the orthogonal n 
bond causes the 1,3-dipoles of the first class to be linear (e.g., diazoalkanes, 
nitrile oxides), whilst the other dipoles are characterized by being bent, 
even in the ground state (e.g., azomethine ylides, nitrones, ozone). 

The uses of molecuiar orbital theory, and in particular the knowledge 
of energy values of frontier orbitals [highest occupied (HOMO) and lowest 
unoccupied (LUMO)], their coefficients and symmetry properties, are of 
great importance for the perturbation approach to reactivity and regio- 
chemistry of 1,3-dipolar cycloadditions"-' 

The molecular orbital features of allyl anion (a), azomethine ylide (b) 
and formonitrile oxide (c )  are shown in Figure 1'. 

By considering a plane perpendicular to the plane of the three carbon 
atoms of the allyl anion [Figure l(a)] and bisecting the system, it can be 
seen that orbitals t,hl and t,h3 are symmetric (S) while t,h2 is anti-symmetric 

. 
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FIGURE 1 .  CND0/2 x frontier orbital energies of (a) ally1 anion, (b) azomethine 
ylide, and (c) formonitrile oxide (approximate scale). 

(A). The same considerations hold for the azomethine ylide [Figure I(b)] 
whereas in the case of formonitrile oxide [Figure I(c)] there is only sym- 
metry as far as sign of the wavefunction is concerned (consider sizes of the 
lobes). 

The presence of heteroatoms (more electronegative than carbon) in the 
1,3-dipoles causes a lowering of the orbital enerpies which are, in the 
case of the azomethine ylide, all lower than th’bse of the allyl parent 
system. However, the geometry of a system can reverse this effect, e.g. 
formonitrile oxide which has its L U M O  at a higher energy level than that 
of the allyl anion. The high energy value of the LUMO of the formonitrile 
oxide is mainly due to its shorter bonds and to the linearity of the molecule 
which cause a greater antibonding interaction between positions 1 and 2 
and a weaker bonding interaction between positions 1 and 3 respectively. 

An important point for linear 1,3-dipoles is that calculations show that 
bending causes only small changes in thcgmergies and coefficients of HO 
and LU  orbital^^.'^. As far as the effect of substituents on the 1,3-dipoles 
is concerned, they affect the molecular orbital picture in a manner similar 
to that reported for the dipolarophiles (see Section 1I.B). The orbital energy 
levels and the sizes of lobes are modified according to coefficient values 
for the unsubstituted term. 

Although the energy values for HO and LU orbitals and their coefficients 
can be calculated theoretically by a number of different methods, they are 
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not readily obtainable from experimental data. For a few 173-dipoles, 
however, the LU orbital energy has been derived from electron affinity 
whose the negative value is taken. The HO orbital energy has been 
calculated from the photoelectron spectra of the compounds. According to 
Koopman’s theorem13, the first vertical ionization potential (IP,,) is the 
negative value of the orbital energy. Frontier orbital energies of repre- 
sentative 1,3-dipoles are reported in Table 2. Calculated values have been 
corrected on the basis of experimental data4*’. 

TABLE 2. Energy levels of frontier orbitals for some 1,3-dipoles 

Energy (eV) PhN, CH,N, PhCHN(Me)O PhCNO PhCNNPh (NC),COC(CN), 

LUMO - 0.2 1.8” - 0.4 -1 - 0.5 - 1.1 
HOMO -9.5 -9  - 8  - 10 - 7.5 -9 

Value for N L U M O .  L U M O  and N H M O  are  lying in the plane of the molecule. 

Calculations carried out on several non-substituted 1,3-dipolar systems 
show that the size of coefficients on the two ends a (neutral) and c (anionic) 
are different for all dipoles with the exception of the bent ones having 

As indicated in the Table 3 the ‘anionic’ atom c has a larger coefficient 
in the HOMO whereas in the LUMO the reverse is found. However 
exceptions to this rule are known (e.g., CH,N,). It has also been reported 
that the calculated values for the nitrile ylides are in disagreement with 
experimental data (see also Section IV.A.2)4.5. Substituents on the 173-dipole 
affect the coefficient of the atoms but do not reverse the relative size 
(compare benzonitrile oxide with fulminic acid and phenylazide with 
azotidric acil) unless the parent 1,3-dipole has very similar coefficients on 
the two ends. 

Figure 2gives a more complete picture ofx electrons of two characteristic 
1,3-dipoles *i!,ith orthogonal double bond, namely formonitrile o s d e  
and nitrile ylide. As shown in the figure formonitrile oxide possesses 
two orthogonal heteroallyl anion systems. Frontier orbital energies of this 
class of 1,3-dipoles are straightforward : those possessing C,, (e.g., 
formonitrile oxide) and C,, (e.g., acetonitrile oxide) symmetry will have two 
degenerate HOMO’S and LUMO’s each, while those of C, (e.g., phenyl 
azide) and C,, (e.g., diazomethane) symmetry will not present a couple of 
degenerate frontier orbitals but two single frontier orbitals each with very 
close orbitals called NHOMO (next to HOMO) and NLUMO (next to 
LUMO) respectively4. 

C,, symmetry4*’. -a 
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4 e  4 e  

FIGURE 2. n-Orbitals of formonitrile oxide and a nitrile ylide. 

6. Dipolarophiles 

Double bonds acting as dipolarophiles are alwzys cQmposed of first- 
and second-row elements. The most widely studied are: C=C, C=N, 
C=O, C=S, C=P, N=N, N=S, N=O, N=P, and N=B. 

The energy levels and the coefficients of the frontier orbitals of the 
dipolarophile are properties of the whole molecule and depend principally 
onvthe nature of the atoms involved and the substituents on the double 
bond (see Figure 3)4*7-i4. 

__\- T I CH2=CH2 
X R R Z 

-X 

ge 

FIGURE 3. Estimated 71 frontier orbital energies and coefficients for dipolarophiles 
(>z = OR, NR, etc.: R = alkyl: R’ = CH=CH,, Ph, etc.: X = 0. N etc., Z = CO,R, 

CHO. etc.). 
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If the frontier orbitals of ethylene are taken as a model for C=C 
systems it is possible to  make two general points. Firstly the substituents 
o n  the double bond change the energy content of the orbitals, and secondly 
the coefficients on the two carbons of the double bond are modified. 
Introduction of an electron-donating group (x, R) in the ethylene raises 
the energy levels of both L U M O  and H O M O  by nearly the same shift; 
the opposite is observed when the substituent is electron withdrawing by 
inductive effect only. Conjugating substituents (R') compress the frontier 
orbital separation by raising HOMO and lowering LUMO energies. A 
group, both electron-withdrawing and -conjugating ( Z )  lowers much less 
HOMO than L U M O  energy. Electron-releasing groups (alkyl, OR, 
NR,) give rise to a larger ,&coefficient in HOMO, whereas the ratio of the 
coefficients is the reverse in LUMO (a > p),  as is to  be expected on 
inductive grounds' ' * 1 6 .  For alkyl groups the two coefficients are nearly 
identical in the L U M 0 4 * '  . Electron-wit.bdrawing groups have exactly 
the opposite effect from that of donor groups if they interact only induc- 
tively (e.g., CCI,). Conjugating (-CH=CH,, Ph) and conjugating and 
electron-withdrawing substituents such as CHO, C 0 2 R ,  CN in the 
ethylenic dipolarophile give rise to larger coefficients in p than in c1 

position in H O  (actually quite small differences for the cases of conjugating 
electron-withdrawing group) as well as in LU orbitals. The coefficients of 
polysubstituted dipolarophiles represent the sum of the individual effects 
of the substituents. 

When the double bond is made up of one carbon and one heteroatom, 
or of two heteroatoms, the levels of the frontier orbitals are lowered (see 
Figure 3) in comparison with those of ethylene. This is due to the higher 
electronegativity of heteroatoms. Furthermore the coefficients on the two 
atoms are different, the heteroatom having the larger coefficient in the 
HOMO and conversely the smaller in the LUMO. 

The ratio of the coefficients is related to the difference in electronegativity 
of the two elements, therefore a larger ratio will result for ketones than for 
thioketones. 

C. Stereospecificit y 

The cycloaddition of 1,3-dipoles with alkenes is strictly a stereospecific 
reaction : cis addition occurs with retention of the stereochemistry of the 
olefin in the final adduct. For kinetically controlled cycloadditions no 
exceptions to this rule are known at present, even though a scrupulous 
search for a mixture of adducts has been carried out for several 1,3-dipoles, 
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including diphenyl nitrile imine ''-" , benzonitrile diazo- 
methane22-23, 4-nitrophenyl a ~ i d e ~ ~ ,  azomethine ylide 1125, azomethine 
imines 1226 and 1327-28, 3,4-dihydroisoquinoline-N-o~ide~~, tetracyano- 
carbonyl ylide3' and benzonitrile dimeth~lmethylide~ 

'IN1 
I 

I t  is worth poin ing out the stereospecificity observed in the reac ions 
( 1)24 and (2)3' in which the possibility of discrete intermediates, e.g. the 
zwitterions 14 and 15, can be seriously considered. 

Those cases where stereospecificity has not been observed were due to 
the primary adduct being transformed into the more stable stereoisomer 
under the reaction conditions' '. 

All these experimental results, together with the fact that zwitterionic 
intermediates of the type 16 and spin-paired diradicals of the type 17 can 
lose their stereochemistry, allowed Huisgen to propose a concerted process 
for the 1,3-dipolar c y c l ~ a d d i t i o n s ~ ~ - ~ ~ .  The two new Q bonds are formed 
simultaneously (at the same time) but not necessarily in a synchronous 
manner (at the same time and rate). The unequal progress of bond forma- 
tion in the transition state together with the fact that one addend acts as 

Me, ,OPr-n 

H X H 

OPr-n 
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M e  

Me 

+ -/ 
-\ 

Ph-CEN-C 

(I 

Me0,C C0,Me 

H H 

4-; 
H XH C0,Me 

Ph 

C02Me H 
I -/ 

Me M e  -\ 
H-C-C 

C0,Me 

Ph$ Me \ M e  

H 

(1 5 )  N 

CO, M e  
M e  M e  

electron donor and the other as electron accept&- leads to partial charges, 
e.g. 18. This picture corresponds to a 'bondingly-concerted' cyclo- 

//"-: /b..\ 
/b-z a a;" . .cSk 

'd-e.6+ 

(bond a-d is more 
developed than c-e) 

\ 
d-6 a\ +. 

d-e 

(1 6 )  (1 7 )  (1 8 )  

addition34. The plot of bond indices versus reaction coordinates for 
synchronous-concerted and simultaneous-concerted cycloadditions are 
shown in Figure 434. 

React ion coordinate 
*. 

FIGURE 4. Plots of bond indices for two new bonds formed for (a) synchronous 
and (b) simultaneous concerted cycloadditions. 
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Huisgen suggested that the reaction is also ‘energetically-concerted’ 
with only one maximum in the reaction profile (Figure 5)32*34. 

P 
W c 
W 

1 - 
Reaction coordinate 

FIGURE 5 .  Plots of energies for energetically-concerted (heavy line) and energetically- 
non-concerted (dashed line) cycloadditions. 

The ‘simuflaneous-concerted’ model with unequal bond formation in 
the transition state for 1,3-dipolar cycloadditions has recegtly found a 
theoretical basis in M.O. perturbation treatment (see Section 1I.I.J). 

MIND0/2 calculations suggest also that in the cycloadditions leading 
to products in which the two new single bonds are equivalent, these bonds 
will very likely be non-equivalent in the transition state which, therefore, 
is not ~ y m m e t r i c a l ~ ~ .  

In conclusion we might consider the 1,3-dipolar cycloadditions as a 
cont jpum in the mechanism from quasi-synchronous to non-concerted 
(two steps). The latter mechanism may be at work for particular double 
bond systems such as e n ~ l a t e s ~ ~ ~ .  It has been suggested in fact that cyclo- 
additions of azides with enolates (see Section IV.E.7) go to the final adducts 
through a discrete anionic intermediate. A similar mechanism is also 
plausible for cycloadditions of systems derived from ally1 anion (see 
Section 111). 

Representation of I,?-dipoles according to Linnett’s notation is that of 
a diradical, e.g. 10. On this basis, Firestone postulated the reversible 
formation of a discrete intermediate, a spin-paired diradical, for all 
1,3-dipolar cycloadditions which would explain why both monosubstituted 
alkenes with electron-withdrawing and electron-donating groups exhibit 
the same orientational preference in the reaction with 1,3-dipoles (except 
a ~ i d e s ) ~ ~ - ~ ~  (equation 3). 
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The complete stereospecificity of the reaction is hardly compatible with 
the diradical mechanism. Furthermore the rationalization of the regio- 
chemistry of 1,3-dipolar cycloadditions by M.O. perturbation approach 
(see Section 1I.J) makes Firestone’s proposal unnecessary. All of the 
Firestone’s arguments have been thoroughly refuted by H ~ i s g e n ~ ~ .  

D. Isotope Effects 

A suitable modem experimental technique to study concertedness in 
cycloadditions is the analysis of primary and secondary kinetic isotope 
effects. 

CN Ph 
/ 

NC C N  NC 

CH--  

In the study of 1,3-dipolar cycloadditions of the carbonyl ylide 20 in 
thermal equilibrium with tetracyanoethylene oxide (19) to the three 
isomeric monodeuterated styrenes, specifically labelled at the olefinic 
positions, an identical secondary isotope effect k , / k ,  0.96-0.97 was 
found3’. This identity suggests that both the new bonds have been formed 
to a comparable extent in the transition state: a simultaneous-(quasi 
synchronous-)concerted process seems to be at work. This small inverse 
isotope effect was also interpreted as signifying that the transition state is 
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more reactant-like than product-like. An analogous secondary isotope 
effect (k , /k ,  = 0.97 per deuterium) was found in the cycloaddition of 20 
with 1,1-dide~teroallene~~. It was also pointed out that the above results 
may not be inconsistent with a diradical mechanism3'. However the 
primary ''C-kinetic-isotope effect found in the reaction of specifically 
labelled ''C-phenyl-N-phenylnitrone with either cr-14C or P-l4C labelled 
styrenes (displayed on structure 21) are only in agreement with the 
concerted mechanism4'. 

E. Solvent Effects 

1,3-Dipolar cycloadditions are scarcely influenced by the nature of the 
solvent; the solvent effect on the reaction rate does not exceed the value of 
10 (see Table 4). In general, no correlation between the reaction rates and 
empirical parameters of solvent polarity was found. Two examples in 
which a fair correlation was observed are represented by cycloadditions 
(d) and (g) which, however, are characterized by opposite trends (Table 4). 

The above data do not mean that there is no solvent role in 1,3-dipolar 
cycloadditions. In fact while adducts were not isolated, or isolated in very 
low yields from the reaction ofdiazomethane with Schiff bases in anhydrous 
ether, good yields of d2-1,2,3-triazolines were obtained when the cyclo- 
addition was carried out in water-dioxane solution5 '. 

Furthermore, the influence of the solvent polarity on the ratio of the two 
possible regioisomers 22-23 24-25 has recently been reported for the 
cycloadditions of mesitonitrile oxide with ben~alacetone~ and of diazo- 
methane with thi~adamantane~'  (Table 5). 

Solvent polarity was also found ,to affect the syiz/anti ratio in the cyclo- 
addition of nitrile oxides with cis-3,4-dichlorocyclobutene53. 

The small solvent effect on reaction rate is considered to be evidence 
against a zwitterionic intermediate and consistent with a concerted 
process3'. 
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TABLE 5. Solvent effect on regioisomer ratio for cyclo- 
additions of mesitonitrile oxide with benzalacetone (at 
I8OC) and diazomethane with thioadamantane (at 

0°C)" 

Cyclohexane 13:87 87: 13" 
Benzene 21 :79 76:24 
Ether 20:80 so:20 
Methylene chloride 47: 53 58 : 42 
Acetonitrile 55:45 32:68 
Met h a 11 ol' 3?.:68 30: 70 

" A n  ethereal solution of diazoniethane was added 
to a solution of thioadamantane in the appropriate 
solvent. 

* Petrol ether. 
ET = 55.5. 

F. Activation Parameters 

Cycloadditions of several 1,3-dipoles with either C=C, C=X or X=Y 
double bonds follow second-order kinetics characterized by moderate 
activation enthalpies from 8.0 to = 17.0 kcal/mol, and large negative 
activation entropies from = - 20 to 'v - 40 e.u. (Table 6). It is noteworthy 
that in the reactions of ozone with alkenes, activation enthalpies near zero 
were found. Large negative entropies are in agreement with a concerted 
process requiring a highly-ordered transition state. 

The reaction opazides with norbornene showed an increased rate in 
passing from phenyl azide to p-nitrophenyl azide and w& accompanied 
by a diminution of AH' which is responsible for such a variation (see 
Table 6). It is therefore correct to attribute this variation to electronic 
effects which influence the3H'.  

Diazoethane is more reactive with methyl methacrylate than diazo- 
methane in spite of a larger AH'. Its higher reactivity is therefore due to 
the entropy factor. The last example suggests that caution should be used 
when explaining reactivity on the basis of electronic effects only. 

However, an almost completely satisfactory explanation for the changes 
in reaction rates based on both inductive and resonance effects of sub- 
stituents and good Hammett or Taft relationships have been encountered 
for 1.3-dipolar cycloadditions (ozone) and cycloreversions (fragmentations 
of primary ozonides) characterized by AH: values near to zero and therefore 
controlled by their AS: (see Section E.3 and F). 
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G: The Geometry of the Transition State 

According to Huisgen’s proposal, 1,3-dipole and dipolarophile approach 
each other on two parallel planes32. The n orbitals begin to interact in a 
CJ manner when the 1,3-dipole is still linear (for 1,3-dipoles with an ortho- 
gonal n bond), e.g. the ti-arzsoid-oriented complex between benzonitrile 
benzylide and dimethyl maleate 26. (We propose the use of the terms 
cisoicl and ri-crmoirf orientations for the stereochemical relationship between 
the substituent on a sp2-hybridized end-centre of a 1,3-dipole and the 
substituent on the dipolarophile which are eventually found cis and trans 
respectively in the final adduct, instead of the syti and anti convention 
previously used5*.) M.O. perturbational calculations (see Section 1I.J) on 
the system are carried out at this stage of low interaction of the two 
addends5. A rehybridization of the two systems takes place successively 
with bending of the 1,3-dipole to give via an endo-27 or ex-0-28 orientation of 
the 1,3-dipole with respect to substituents on the dipolarophile, adduct 29 
(30%). Similarly compound 30 (70%) was formed via a cisoid-oriented 
complex3 ’. However, on bending of linear 1,3-dipoles, the ally1 anion 
resonance energy is not lost. Huckel M.O. calculations indicate that for 
phenyl azide this bending process requires low energy ( -5 kcal/m01)~~. 
More recently, CND0/2 calculations indicate the energy required for the 
in-plane bending of diazomethane is =- 20.0 kcal/m01~~” and, on this basis, 
the hypothesis was formulated that the bending begins after substantial 

Giorgio Bianchi, Carlo De Micheli and Rerno Gandolfi 
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bonding takes place between 1,3-dipole and d ip~larophi le~ .  While erido 
and eso orientations have no consequences on the stereochemistry of the 
adducts from cycloadditions of 1,3-dipoles with orthogonal x-bonds, i t  
should be pointed out that bonding secondary orbital interactions 
between the 1,3-dipole central atom and substituents on the dipolarophile 
for eiido transition states can n prior-i have relevant consequences on 
enhancing reaction rates6'. 

It should also be noticed that the double bond of the product 29 
originates from the lone pair present on the nitrogen atom in 27 or 2832. 

The Huisgen proposal was supported by the experimental findings that 
mesoionic oxazolones 31 and sydndnes give cycloadditions with alkenes 
which show all the typical featurei of the 1,3-dipolar type. For these 
1,3-dipoles only an orientation complex such as 32 is possible. 

Finally it should be noted that, as one of the two bonds is forming faster 
than the other, the planes of the two interacting systems are not perfectly 
parallel. 

H. Allo wedness of 7.3-Dipolar Cycloadditions 

Woodward and Hoffmann proposed the principle of conservation of 
orbi t4  symmetry as a theoretical basis for all pericyclic reactions6 '. All 
1,3-dipolar cycloadditions were shown to occur with the 1,3-dipoles and 
al kenes approaching each other in a suprafacial-suprafacial manner (see 
top o? Figure 6). They are classified as [n4s + n's] cycloadditions in the 
Woodward-HoffmaRn notation. 

The  orbital correlation diagrams for ally1 anion-ethylene supm-supra 
thermal (ground state) cycloaddition (the prototype of 1,3-dipolar cyclo- 
additions) are also shown in Figure 6. 

In the diagram, the bonding occupied orbitals in the reactants are only 
correlated with bonding occupied orbitals of %k same symmetry in the 
product- The reaction is therefore symmetry allowed in the gsound state. 

The correlation of the n-bond of the dipolarophile with the lone pair of 
the adduct has a physical basis. As the reaction proceeds the olefin mixes 

e 
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FIGURE 6. Correlation diagram for the [x's + n2s]-cycloaddition of allyl anion 
with ethylene (symmetries, A = antisymmetric and S = symmetric, are with respect 

to the mirror plane 1 1 1 ) .  

with allyl (which has a lower energy than ethylene n) in an antibonding 
way, e.g. 33 and $3 allyl (with a higher energy than ethylene n) in a bonding 
way, e.g. 34. $, Allyl, $: allyl and n ethylene all have the same symmetry 
with respect to the mirror plane i n .  The dipole (allyl anion) contribution 
cancels at C1 and C 3  but reinforces at t,. Thus in the transition state this 
orbital is essentially half in the dipole and the other half in the dipolarophile 
as shown by 3S6 '. 
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The orbital correlation diagram for ally1 anion-butadiene supi.c1-sllpi.a 
thermal cycloaddition, [n4s 3- n4s], leads to the correlation of bonding 
orbitals of reactants with antibonding orbitals 'of preducts and therefore 
the reaction is symmetry forbidden. 

Woodward and Hoffmann also assumed that removal of molecular 
symmetry (e.g., passing from ally1 anion to benzonitrile oxide) does not 
exclude the possibility that the reaction is orbital-symmetry controlled. 

In conclusion the Woodward-Hoffmann rules state that thermal 
supi.a-.wpr.a 1,3-dipolar cycloadditions are symmetry allowed with con- 
jugated polyenes containing 417 + 2n electrons whereas they are symmetry 
forbidden with 4r~electron systems. The same rules apply to cinfarw- 
aiitai" (unknown) cycloaddition whereas the rules have to be reversed 
(al1o:ved with 4177~ electron polyenes) for . s i~pi .~--~int~w~i reactions (unknown). 
These types of cycloadditions are greatly disfavoured by steric constraints. 

1,3-Dipolar cycloadditions involving reactants in excited states have not 
yet been reported. 

A brilliant verification of the Woodward-Hoffmann rules was the 
formation of compounds by supr-ci-supra concerted I ,3-dipolar cyclo- 
additions with trienes indicated as [n4s + n6s] or 6 + 3 -, 9. 

Compounds of type 36 have been isolated, frbm the reaction of aryl- 
nitrile oxides62 or diphenylnitrile imine63*64 with tropone. whilst com- 
pounds derived froin adducts of type 37 have been forined as the sole 
adducts from the cycloadditions of diazomethane with 6,6-dimethyl- 
fulvene6' and of benzonitrile oxide with 6-dimethylaminof~1lvene respec- 
t ivel y6 '. 
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Considering that the Woodward-Hoffmann rules hold just as rigorously 
in asymmetric systems as they do in symmetric ones, Dewar pointed out 
that the ‘conservation of orbital symmetry cannot be regarded as a 
satisfactory physical basis for the Woodward-Hoffmann r~1e.s’~’. He 
proposed another approach for predicting allowedness (or disallowedness) 
of a concerted pericyclic reaction quite independent of reagent and product 
symmetry. This approach can readily be applied to 1,3-dipolar cyclo- 
additions which are often lacking in symmetry elements. According to 
Dewar’s approach the formation of multicentre MO’s by mutual inter- 
action of AO’s depends on the latter overlapping in space but it does not 
depend on the geometry of the overlap. The properties of these multi- 
centre MO’s are similar whether they are orbitals of stable molecules or of 
a transition state. 

The properties of cyclic conjugated transition states of thermal perk 
cyclic reactions can be derived from those well known for cyclic conjugated 
pol yenes. There are two topologically-distinct types of conjugated polyene 
systems: normal Huckel systems in which all AO’s of the basis set can be 
chosen so that they all overlap in phase, e.g. 38; anti-Huckel systems where 
there is at least one phase dislocation, no matter how the phases of the 
AO’s of the basis set are chosen. An example of an anti-Huckel system is 
a conjugated chain, twisted through 180” and then joined up into a ring: 
the resulting n system will have a phase dislocation, e.g. 39. 

(38) (39) 

The latter twisted x-system is cogparable to a Mobius strip68. Zimmer- 
mann, in an approach similar to that of Dewar, defines the anti-Hiickel 
system as a Mobius system6’. In general a ring is of the Huckel type if the 
number of phase dislocations is even, or of the anti-Huckel type if the 
number is odd. The Huckel systems with 4i? + 2 electrons have aromatic, 
or closed shells, and are more stable than the corresponding linear 
polyenes. Systems with 4i?x electrons, are anti-aromatic and less stable 
than the corresponding linear polyenes. Conversely anti-Huckel systems 
are aromatic with 411 electrons and anti-aromatic with 4i? + 2 electrons. 
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The Dewar and Zimmermann approaches simply state that thermal 
pericyclic reactions preferentially take place via aromatic transition states. 
As a consequence a supra-supra concerted cycloaddition of a 1,3-dipole 
with a double bond or a triene will be favoured over a dipolar or diradical 
intermediate. The delocalized MO's of transition states 40 and 41, in fact, 
have all overlaps in phase and are aromatic Huckel systems having six 
and ten electrons respectively. 

The Hiickel system with eight electrons formed by a 1,3-dipole and a 
1,3-diene, shown in the supra-supra orientation 42 is anti-aromatic and 
therefore not favoured. The other possible supra-antara orientation 43, 
a [n4s + n4a] anti-Hiickel system, is. aromatic but again disfavoured by 
steric constraints. 

According to Dewar, it should be preferable to talk of aromatic and 
anti-aromatic instead of allowed and forbidden pericyclic processes. This 
formulation expresses that anti-aromatic reactions are just as possible as 
is the existence of anti-aromatic conjugated systems. 

I. Reactivity 
s 

The dipolarophilic activity of double bonds depends to a large extent 
on the effect of substituents'.32. Conjugation with electron-withdrawing 
or electron-donating substituents has been shown to play an important 
role in reaction rates. It was observed, for instance, that additions of 
diazoalkanes and nitrile ylides were only enhanced by electron- 
withdrawing groups in the dipolarophile. On the contrary, cycloadditions 
with ozone and nitrous oxide were accelerated only by electron-donating 
substituents on the double bond. Other 1,3-dipoles, such as azides, 
azomethine imines, azomethine oxides, azomethine ylides, carbonyl ylides, 
nitrile imines and nitrile oxides showed low reactivity with common 
a1 kenes while the cycloadditions were accelerated both by electron- 
withdrawing and electron-donating substituents on the double bond. The 
original rationalization of these phenomena, which was proposed some 
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years ago32, took into account two electronic effects: (i) any type of 
conjugation enhances t k  polarizability of the double bond involved in 
the 1,3-dipolar-doaddition, (ii) concerted formation of two new CJ bonds 
does not need- to be synchronous and therefore partial charges can be 
present in the transition state. The two effects are interrelated and the 
partial charges can be stabilized to some degree by the substituents on the 
two reactants. On the basis of the above explanation it was difficult to 
account for the low reactivity found, for instance, in the reaction of nitrile 
imines with 0-dimethylaminoacrylic ester. The dimethylamino and ester 
groups, each strongly activating when present alone on a double bond, 
together resulted in no activation of the dipolarophile. Another property 
not explained by the partial charge model is the acceleration observed 
when a second group of the same nature as the first is introduced symmetri- 
cally onto the double bond. 

More recently M O  perturbation theory has been successfully used to 
explain the problem of the reactivity in the 1,3-dipolar cycloadditions4-' '. 
Second-order MO perturbation theory provides equation (4)". This 
equation was derived froni the more general expression, proposed by 
Salem70*71, for the energy gain in bond formation between centres a and c 
of the 1,3-dipole and centres d and e of the dipolarophile when they 
approach each other (see Section 1I.A). 

$A = HOMO(dipo1arophile); 

$2 = HOMO(dipo1e); 

$B = LUMO(dipolarophi1e) 

t,h3 = LUMO(dipo1e). 

Equation (4) considers the energy change occurring when the frontier 
orbitals of the 1,3-dipole and dipolarophile are interacting. E represents 
orbital energy, C and C' are atomic orbital coefficients within the molecular 
orbitals of the HOMO'S and LUMO's respectively. The rqsonance 
ihegral 1' is a function of the distance between the reacting centres and of 
the nature of the atoms involved. The resonance integral is larger for the 
formation of C-C than C-0 and C-N bonds (being y,, > yCN > Y , ~ ) ~ . ' .  

Equation (4) only considers interactions between occupied and un- 
occupied MO's as interactions between occupied MO's do not yield a net 
energy change (neglecting over&;! integrals). 

A sgematic and qualitative picture of the newly formed molecular 
orbitals arising from symmetry-allowed frontier-orbital interactions is 
shown in Figure 7. AE of equation (4) is equal to the summation of the 
two stabilizing energy terms AE, and A E , , .  
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It can easily be deduced from Figure 7 and equation (4) that the stabiliza- 
tion energy AE is inversely proportional to the orbital energy differences 
of the interacting frontier orbitals. Evaluation of the HOMO'S and 
LUMO'S only in the equation (4) is therefore justified. 

FIGURE 7. Schematic representation of the newly-formed molecular orbitals arising 
from the interaction of frontier orbitals of a 1,3-dipole and a dipolarophile. 

According to S u ~ t r n a n n ~ , ' ~ ,  and other a ~ t h o r s ~ . ~ '  1,3-dipolar cyclo- 
additions can be classified into three types (Figure 8): Type I, where the 
interaction of the HOMO dipole with LUMO dipolarophile is greatest; 
Type 11, where both frontier orbital interactions must be taken into 
account; Type 111, where the LUMO dipole, HOMO dipolarophile 
interaction is greatest. 

Oipolorophle 
LU =5 LU - LU L" 

DlPok 

HO \ HO HO I HO 

Dipolorophile 

:: f o ~ o r o p h ~ ~ e  Lu -x- L u  Dipole $ :i 

'*+ HO HO (I' 

Type I1 Type 111 Type 1 
(HO controlled) ( HO,LU controlled 1 ( L U  controlled) 

FIGURE 8. Classification of 1,3-dipolar cycloadditions. (In the original papers by 
Sustmann'.'", Type I and Type 111 were inverted.) 

. 

The above three. types have also been called more concisely HOMO,  
HOMO-LUMO and L U M O  controlled 1,3-dipolar cycloadditions 
respectively. I t  follows that the AE of equation (4) is dependent for Type I 
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mainly on the energy difference $, - t,bB, for Type 111 on t,b3 - $A and for 
Type I1 on both $, - t,bB and $3 - $A. The energy gap $ 2  - $B($3 - $A) 

in cycloadditions of Type I (Type 111) is lowered by electron-donating 
substituents on the dipole (on the dipolarophile) and electron-withdrawing 
substituents on the dipolarophile (on the dipole). This results in a stronger 
F.O. interaction. The greater interaction caused by lowering the energy 
difference of a couple of F.O. in Type I1 by both electron-withdrawing and 
electron-donating substituents on any of the two addends, overcbme the 
adverse effect due. to the raising of the other F.O. energy difference. An 
enhanced F.O. interaction obviously corresponds to a higher reaction rate. 

A quantitative correlation between reaction rates and frontier orbital 
energies can be achieved by making some approximations in equation (4). 
Holding constant the two numerators of the equation for the cyclo- 
additions of a 1,3-dipole with different dipolarophiles and assuming the 
same shifts x (positive for an increase, according to the nature of the 
substituent) in orbital energies for $A and $ B ,  Sustmann and Trill derived 
equation (5 )  from equation (4)". 

A E  = AB2[---- 1 + -1 1 

D, + x D,, - x 
(5) 

DI = Efi2.- E,, DIl = E, ,  - E,, 

I n k ,  = k A E  + k' (6) 

When one part of the sum in equation (5 )  is dominant, the other can be 
neglected in a first approximation an4 equation (5 )  will represent a hyper- 
bola. When D, and D,, are of comparable importance, the superposition of 
the two hyperbolae gives rise to a parabola-shaped curve. The logarithms 
of the rate constants for cycloadditions, assuming AS' as constant, are 
related to AE by equation (6)6. Consequently, the nearer in energy the 
frontier orbitals of addends, the higher the reaction rates. 

An example of 1,3-dipolar cycloaddition where both D, and D,, are 
important is represented by the reactions of phenyl azide and different 
dipolarophiles (Figure 9) lo.  For these reactions a parabola-shaped 
dipolarophilic activity scale with the minimum in the region of unactivated 
alkenes, has been found on plotting the logarithms of the rate constants 
for cycloadditions of phenyl a i d e  against the ionization potentials of 
substituted olefins. The variations of the IP, are taken as a measure of the 
variation either of the HOMO olefins-LUMO azide or HOMO azide- 
LUMO olefins energy differences, because the energy levels of the 1,3- 
dipole are constant and the HOMO and LUMO energies of the olefins 
shift in the same direction. The curve will therefore describe, from left to 
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IP, (ev) 

FIGURE 9. Correlation of ionization potentials of dipolarophiles with In k, values 
Tor cycloadditions of phenyl azide in CCI, or C,H, at 25°C. [Reproduced with 

permission from Sustmann and Trill, Angew. Chetn. I t i f .  Ed., 11, 838 (1972).] 

right, reactions of Type 111 LUMO-azide controlled with electron rich 
olefins, of Type J I  with unactivated olefins and of Type I HOMO-azide 
controlled with electron-poor olefins. 

A plot of In k ,  V.S. IP, of olefins with 1,3-dipoles whose cycloadditions 
fall in Type I (e.g., diazomethane, nitrile ylides) or all in Type 111 (e.g., 
ozone), should be hyperbolae, with lower reaction rates respectively for 
electron-rich and for electron-poor olefins. 

It should be appreciated how the perturbation model explains some 
peculiarities discussed at the beginning of this section, e.g. the different 
behaviour of 1,3-dipoles such as ozone, nitrile ylides and nitrile oxides. 
However a few other points have to be considered here. The energy levels 
of frontier orbitals are not always the determining factors for the reactivity 
in 1,3-dipolar cycloadditions. Benzene, for instance, with an ionization 
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potential of 9.24eV, a value similar to other fairly good dipolarophiles, 
enters only a few 173-dipolar cycloadditions. The loss of aromaticity upon 
undergoing cycloaddition should be the main cause of its low dipo:=l 3- 

philic activity. 
Another important point for the reactivity in 1,3-dipolar cyclo- 

additions is the steric element. cis-tr-ans-Isomeric alkenes react at different 
rates with the trans isomers being faster. This difference in reactivity is not 
explained by the perturbation model since the cis and train isomers 
possess very similar frontier orbital energies. H ~ i s g e n ’ * ~ ~  attributed the 
different reactivity of the two isomers to  steric compression of the two 
cis-substituents on going from reactants to transition statet. Strain relief 
in the dipolarophile is also important in enhancing reaction rates. To this 
element is attributed theTiigher reactivity of tr-aizs-cyclooctene compared 
with that of cis-cyclooctene, even though the two geometrical isomers have 
very close IP values. For instance, high ratios were found for the 1,3-dipolar 
cycloadditions of the two cyclooctenes with mesitonitrile with 
phenyl azide ( 10,460)47,74-76 and with dia~ornethane~’. Steric strain 
relief was also considered to play an important role, even though it was 
not the only cause, in the high dipolarophilic reactivity of norbornene 
with diphenylnitrile i rn i~~e’~ ,  benzonitrile d i a z ~ r n e t h a n e ~ ~ ,  
phenyl a ~ i d e ~ ~  and 3,4-dihydroisoquinoline-N-oxide74. 

J. Regioselectivit y 

The 1,3-dipolar cycloaddition between two asymmetrical reagents can be 
either regiospecific or regioselective or non-regiospecific. When the 
reaction gives exclusively (within experimental error) one of the two 
possible orientatiooal isomers, it is called regiospecific. In the case of the 
formation of both the orientational isomers in nearly equimolar amounts 
it is said to be non-regiospecific, whilst a preponderance of one isomer is 
the result of a regioselective cy~loaddition’~. 

In equation (7) the three cases are represented f9r the 1,3-dipole 
*+ - a-b-C and dipolarophile d=p. 

t Mock and coworkers [W. L. Mock, Terrcihedrott Lerrws. 475 (1972) and L. Radom, J. A. 
Pople. and W. L. Mock. Terrcrhrdrori Lctrers. 479 (1972)] advanced the proposal that a state 
of bond distortion at thc unsaturated centres of cis-disubstituted alkeiies and truiis- 
cyclooctene are responsible for their reactivity. This state is probably responsible for the 
high reactivity shown by rrtrris-cyclooctcne i n  thc reported cases and explains the 
generally-low rciictivity of cY.v-alkcms-s and cyAohexanc. 

Also. in Diels-Alder reactions rruris-alkenes a re  generally more reactive than their 
cis-isomers. 0. Einstein and N. T. Anh [Bi i l l .  Soc. Chirii. Frnricr. 2771, (197333 proposed that 
along with the steric elTsts. orbital interaction also favours the cycloadditions of rrnils over 
cis-alkenes. 

\ 
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C - a /b\ a 

+ \ 7. regiosetecwe 
d-e 

+ or non-regtospecdlc 

/b\ 

a\ /" 
d-e 

(7) 

a C 

\ /  
e-d 

\ /  
e-d 

The phenomenon of orientation in 1,3-dipolar cycloadditions has 
represented an intricate problem for a long time. In recent years, perturba- 
tion theory provided a complete rationalization of regioselectivity of 
several 1 ,3-dipole c y c l o a d d i t i ~ n s ~ - ~ , ~  '. 

According to Fukui", reactions take place in the direction which allows 
maximal frontier orbital overlapping Figure 10 shows the two possible 
orientations (a) and (b) for asymmetrical addends. 

FIGURE 10. Regioisomeric transition states. Transition state (a) is more stable than 
(b) due to better interaction of terminal coefficients. 1 

1 

Orientation (a) is more stabilized than (b) and in the transition state 
there is unequal bond formation, bond a 4  being more developed than 
bond c-e. As a rule, the favoured regioisomer will be the one formed 
through that transition state in which atoms with largest coefficients 
overlap (see equation 4). 

When one or  more heteroatoms are present in the reacting centres, the 
resonance integral ;'x:,(;ncc > ;vCN > yc0) should also be taken into account 
(see equation 4). However. when the addends are at a distance of 1.75& 
;' values become very similar so that the above rules regarding coefficients 
only hold as a reliable qualitative guide to regiois~merism~.  
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Ph-CEN-Ql +CH,=CH-CO,R ___* 
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+ -  

(44) 

(95-97%) 

+ -  
Ph-C-N-EI + CH,=CHOR - 

(45) 

(3-5%) 

Ph 

N %OR 0 

Ph 

(9) 

(47) 

The distafice of 1.75A chosen for the M.O. calculations by Houk and 
coworkers, was considered reasonable in order of taking into account the 
large negative entropy values and the high steric susceptibility of the’ 
reaction’. 

For the sake of brevity, only typical cycloadditions of benzonitrile oxide 
will be considered here, namely those with acrylic esters2‘, vinyl ethers2’ 
and enamines” which would serve as general examples (equations 8, 9, 
and 10). 

As shown in the above equations, mixtures of 3-phenyl-5- and 4-4’- 
isoxazoline carboxylates (44) and (45) were obtained from reaction (8) 
whereas reactions (9) and (10) gave rise to the formation of only one 
regioisomer, the 3-phenyl-5-substituted-d2-isoxazolines 46 and 47 respec- 
tively. Why is the reaction of benzonitrile oxide regiospecific with vinyl 
ethers and enamines and regioselective with acrylic esters? 1,3-Dipolar 
cycloadditions of benzonitrile oxide are placed in between Types I1 and 
111 in Sustmann’s classification. As shown in Figure 1 I ,  benzonitrile oxide 
is characterized by a set of atomic orbitals in which carbon possesses a 
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'J 

A 

1 
I 

FIGURE 11 .  HO. LU orbitals of methyl acrylate, benzonitrile oxide and electron-rich 
polarophiles. 

larger coefficient in t,b3 and a smaller in I,b2 compared with that of the 
oxygen atom. 

The electron-deficient double bond of acrylic esters has the larger 
coefficients at the unsubstituted carbon in both I,bA and I,bB orbitals. The 
dominant interaction is between the dipole I,!13 and the dipolarophile t,bA. 

Union of the largest coefficients on each frontier orbital leads to the 
3-phenyl-5-substituted-d2-isoxazoline 44 which is the major regioisomer 
found. However, as the coefficient s at C and 0 in t,b3 are comparable and 
the difference between the CI and /3 y-bital coefficients in $A of acrylic esters 
is not large, the formation of a small quantity of isoxazoline 45 is not 
surprising. Furthermore the interaction I,!12 - $B [first term of equation 
(4)] cannot be ignored. Despite the larger E ,  = t,b2 - $B in the denominator, 
the larger coefficients at the dipole ends and at the or- and P-carbons of 
acrylic ester increase the numerator considerably. The latter interaction 
undoubtedly favours the formation of the minor regioisomer 45. For 
electron rich dipolarophiles, e.g., vinyl ethers and enamines, the t,b3 - $A 

interaction is controlling and the orentation is unambiguous (see Figure 
11). In the latter interac&on, the carbons of the benzonitrile oxide and 
P-position of the alkenes give rise to the largest overlapping. The large 
coefficient at the alkene or-position and oxygen of benzonitrile oxide in the 
other interaction I,!12 - t,bg also favours the same cycloaddition direction. 
Hence, clearly both electron-rich and moderately electron-poor olefins 
present the same orientation preference. 

The perturbation approach applied to 1,3-dipolar cycloaddition 
involving heterodipolarophiles fully explains also the observed 
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regiochemistry. Moreover, it turned out to be the best approach in 
explaining the regiochemistry of several cycloadditions (e.g., dimerization 
of nitrile oxides and the reaction of diazomethane with SchifT bases) where 
Huisgen’s principle of ‘maximum gain of r~ bonding energy’j2 failed. 

The perturbational treatment can similarly be applied to all other cases 
of regioselectivity in 1,3-dipolar cycloadditions, provided steric and electro- 
static interactions (e.g., dipole-dipole interaction) are similar in the two 
regioisomeric transition states. 

As a corollary of this discussion, another generally accepted point about 
the electronic nature of 1,3-dipole should be revised. The idea that ‘it is 
not meaningful to assign an electrophilic end and a nucleophilic end to 
a 1,3-dip0Ie’~~ needs to be tempered. In frontier-orbital controlled cyclo- 
additions (allowing for the importance of 7, see above) the end of the 
1,3-dipole with the largest coefficient in the HOMO should be considered 
more nucleophilic, while the end with the largest coefficient in the L U M O  
will be more electrophilic. Phenylazide, for instance, has the nucleophilic 

attributes on the Ph-N- end while the other end -&EN1 behaves like 
an electrophilic centre’. 

Giorgio Bianchi. Carlo De Micheli and Remo Gandolfi 

_- 

K. Periselectivity 

Periselectivity is a term introduced by Houk and coworkersa2 which 
recognizes the possibility of the selective formation of one of the thermally- 
allowed pericyclic reaction products. 

Tropone and fulvenes are triene systems for which the thermally allowed 
[n“s + x2s]  and [x4s + x6s] cycloadditions are geometrically possible. 
Figure 12 shows the x-orbital picture of 6,6-dimethylfulvenea3. The, 
reaction of the latter compound with diazomethane, a HOMO-controlled, 
1,3-dipolar cycloaddition, gives as the only adduct a6’. This result shows 
that the interaction of the H O M O  dipole with the 2 and 6 centres of the 
LUMO in 6,6-dimethylfulvene is more important than that with the 2 and 
3 centres of the same dipolarophile. The adduct 48 s h o w  also the correct 
and expected regiochemistry. 

The nearly non-existent lobe at position 6 of H O M O  in fulvene makes 
the interaction LUMO dipole-2.6-fulvene centres much smaller than 
L U M O  dipole-2,3-fulvene centres. In fact reaction of benzonitrile oxide, a 
LUMO-controlled 1,3-dipolar cycloaddition, results in a 3 + 2 cyclo- 
addition with the formation of the regioisomer 49a (prevalent) and its 
icgioisomer 49b66. The prevalent formation of 49a see’m; in contrast with 
frontier orbital prediction of a sole L U M O  dipole-HOMO dipolarophile 
interaction. However. it should be pointed out that, due to the quite high 
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FIGURE 12. CND0/2 frontier orbitals of dimethylfulvene. 
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I 
H 

(48) (49) 

energy level of NHOMO t,hz7 the interaction LUMO benzonitrile oxid%- 
NHOMO 6,6-dimethylfulvene can be in competition and therefore favour 
regioisomer 49a. Moreover in this cycloaddition both the transition states 
leading to a 3 + 6 -+ 9 cycloaddition and to 49b are sterically disfavoured 
with respect to that giving rise to 49a. 

L. syn-anti and endo-exo Isomerism 

syn-nnti and endo-exo Isomerism represent important aspects of ?ne 
stereochemistry in 1,3-dipolar cycLoadditions which have received little 
attention up to now. 

For substituted dipolarophilic systems which have diastereotopic faces 
there are two manners of approaching the 1,3-dipole definable as syii and 
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anti orientations. In order to clarify the definition, consider the reaction of 
nitrile oxides with cis-3,4-dichlorocyclobutene to  give a mixture of anti- 
chlorine 50 andsyn-chlorine 51 adducts in which compound 51 is generally 
dominants3. The sgn or miti relationship concerns the 1,3-dipole moiety 
and the two chlorine atoms. A further example is represented by the well- 
known reaction of several 1,3-dipoles with norbornene which always gives 
rise to an unique adduct, i.e. the sterically favoured cycloadduct 52lvZ8. 
(See also azides, nitrile oxides and diazo compounds.) 

H 

According to  the above-proposed nomenclature, cycloadducts 52 will 
be indicated as syn-methylene adducts although in the literature they have 
been given the confusing name of exo-adducts. In fact the erzdo+xo 
nomenclature is more properly applied to the relative orientations of a 
bent 1,3-dipole in respect to substituents on the double bond as shown in 
equation (1 1). 

Ph H 
\ - A' 

Ph 6> H 
\ + /  C 0 , M e  

/C=N endo H 

H 
.\\' 

P h - N G c - P h  
\ H '.., 

H 

'Ph --c + 

YcozMe C 0 , M e  
Me0,C HxH 

C 0 , M e  

(53) 
(90%) 

Ph 
(54) 
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For instance, in consequence of erido and exo dispositions in the 
transition state, cycloaddition at room temperature of C-phenyl-N-phenyl 
nitrone (a ground-state bent 1,3-dipole) with a substituted dipolarophile 
such as dimethyl maleate, gives rise to the formatim of a mixture of the 
two diastereoisomeric isoxazolidines 53 and 5484. 

The kind of stereoisomerism (syn-ctnti, exo-erzdo) reported above is 
governed by secondary orbital interactions and by other elements such as 
steric effects, dipole-dipole and van der Waals-London interactions (see 
in particular diazo compounds, nitrones and nitrile oxides). 

M. 1.1-Cycloadditions of 1.3-P-Dipoles 

Among the resonance structures of nitrilium and diazonium betaines 
carbene (55) or azene (56) structures occur respectively. This suggests the 
possibility of a 1,l-cycloaddition as the first step in the 1,3-dipolar 
cycloaddition, followed by a vinyl cyclopropane-cyclopentene rearrange- 
ment (equation 12). 

‘R 
(55) 

/b=c - a  /b\c 

+ -  
aGb-E 

\ /  
d=e d- e d-e 

/a\ 
+ -  

However, in the cases of nitrile ylides, diazoalkanes and azidesa5, it has 
been demonstrated that a three-membered ring 57 is not the precursor of 
58. Thermolysis of 1-(4-nitrophenylazo)-2-phenylaziridine (59) in fact 
gives p-aitrophenyl azide Ghich has been isolated or trapped with 
norbornene. The additional product, styrene, has also been trapped with 
C-benzoyl-N-phenylnitrone. 

N=NC,H,NO,- p 

A p-NO,C,H,-N, + Ph-CHZCH, 
50-80 ‘ C  ’ 

Ph 

(59) 
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It has been reported recentlys6 that benzonitrile oxide reacts with 
arylidene isoxazolones 60 to give compounds 62 along with the two usual 
resoisomeric adducts to the exocyclic double bond. The formation of 62 
has been rationalized through a mechanism involving a primary-carbene 
addition of benzonitrile oxide giving an unstable, non-isolable compound, 
61. The yield of 62 was found to be temperature dependent, the best yields 
being obtained in boiling benzene. The intramolecular cycloaddition of 
benzonitrile allyl methyl methylide (62a) represents a recent example of 
the same type of reactions6a. 

h P ___, 
>250 nm 

Me 
+ =/ 

Ph-CGN-C, 

H /-- 

Ph 

bMe 
111. CYCLOADDITIONS OF ALLYL AND 

H ETE R 0-ALLY L A N  10 N SY STE MS86b 

Systems derived from the allyl anion have recently been reported as 
reacting with double bonds to give a 3- + 2 + 5 -  pclar cycloaddition. 
Treatment of the cyanocyclopropane 63 with lithium diisopropyl amide in 
tetrahydrofurane at - 30 "C gives the cyclopropyl anion 64 isomerizing to 
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the allyl anion 65 on electrocyclic conrotatory ring opening, and 65 
reacts with alkenes @ give (upon protonation) cyclopentane derivatives 
(equation 1 3P7 a '  

- H+ 
+H+ 

Ph r 

. . 
H' 'C N 

(63) 

phh 
. 
H' C N  

H 

H Ph 

CHR2 2 5 ' C  , 
65 + II C H R ~  R' i".. , R'+ CN .7 (13) 

Ph Ph 
(R '  = H; R2 = Ph) 65% 
(R '  = R 2  = Ph) 59% 

Similar results were reported for the 2-phenyl allyl anion88 and for 
2-acyl allyl anion derivativesss". These polar anionic cycloadditions are 
energetically favoured when an electron-withdrawing group is cross- 
conjugated with the allyl system as in the case of 2-aza-ally1 anions. In all 
these cases the negative charge is more stabilized in the final adducts, 
where it is Iocplized at the central atom, than in the allyl anions where it 
is largely localized at the two end atoms. 

X = C-CN; C-C-R; C-Ph; N 
I 1  
0 

Kauffmann and coworkers have extensively studied the cycloadditions of 
2-aza-alIyl  anion^^^^.^^-^^ 9! ~rnns,trans-l,3-Diphenyl-2-aza-allyl lithiu'm 
(66). prepared by reaction of N-benzylidenbenzylamine with lithium di- 
iso&opylarnide in tetrahydrofuran at - 30 to - 70 "C, does not react with 
cyclohexene while it reacts readily (at 0-20°C) with strained (norbor- 
nadiene) and conjugated (styrene, stilbene, dienes) double bonds to give 
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stereospecific cycloadducts (equa:ion 14)86b.89*9 1-93 . With acenaphthy- 
lene, in a kinetically controlled reaction, an equimolar mixture of endo 
and exo adducts (the latter being thermodynamically more stable) was 
obtained". The role played by the metal which is associated with 
trans, trans-1,3-diphenyl-2-aza-allyl anion is evident when considering the 
quite different yields for the reactions with trans-stilbene. For cations such 
as lithium (equation 14), sodium, and potassium the yields were 8&85 %, 
60-65 % and less than 10 % respectively86b. 

Hetero-ally1 anion 66 has been reacted with several other dipolarophiles: 
azomethynesgO, azoderivativesgO, phenyl isocyanate and phenylisothio- 
cyanate (equation 15), and dicyclohexylcarbodiimide94. All the reactions 
were completely stereospecific and gave cycloadducts in fairly good yields. 
With carbon disulphide a bis cycloadduct was obtained whilst with C 0 2  

I 
H 

92% 

Ph\ X 

H 
x = 0, 55% 
x = s, 59% 

(67 )  
50% 

the open 5dduct 67 was the result (equation 15)94. As far as regiochemistry 
is concerned, the results of cycloadditions (at 20 "C) of l,l-diphenyl-2-aza- 
ally1 lithium 68 with styrenee9 and dienesg2 to give only the sterically less 
favoured adducts are quite relevant. 68 shows an even more marked 
tendency than 66 to give open adducts as exemplified by its reaction with 
benzylidenaniline86b. 

Again 6894" and 1,2-diazaallyl 6995 react with aldehydes and ketones 
to give open adducts in fairly good yields. It has not yet been ascertained 
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\ /  

H-C-N Ph / \ ( 1 )  Ph-CH=N-Ph, 2 0 ' C  \ ( 1 1  R-CH=CH,. 20 'C 
C . .  Li . C H ,  

,/ \..../ (2)  H,O 
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CH, 

(68)  1 R =  Ph;85% 
\ /  
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O H  
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whether the final products arise from intermediate cycloadducts or not. 
69 turned out to, be less reactive than 66 and 68 towards alkenes and 

whereas it reacts with acenaphthylene (32 73" i t  was found to be unreac- 
tive towards styrene86b. This can be accounted for by the presence of a 
peripheral nitrogen atom which stabilizes the negative charge on the 
anion making it less reactive. 

Two reaction mechanisms have been proposed for the cycloadditions 
of ally1 anions and hetero-ally1 anions in order to account for the observed 
stereospecificity : (i) a one-step, 1,3-dipolar cycloaddition as depicted in 
70 or a two-step process via an intermediate of type 71. in the latter case, 
rotation around axes a and b is blocked by a strong chelate bridge either 
to the carbon-nitrogen double bond or to the nitrogen atomg2. 

Very recently a two-step anionic cycloaddition was reportedg6. 
Cycloadditions of 66 (with alkenes and azoderivatives) and of 69 (with 

alkenes) have recently been reported to be reversibleg7. 

91 % 
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Several examples of retro-cycloadditions reported in the literature can 
be considered as anionic retro-cycloadditions98-'02 , e.g. equation (16). 
Evidence for a concerted anionic retro-cycloaddition has been given for 
the transformation of 72 into 73 and nitrogen (equation 1 7) '03.  

w 
X ___* xx Li 

x = o . s  

C0,Me 
C0,Me 

p h A M e  _--._ +N, (17) phAMe Ph N* C0,Me - Ph 
C0,Me 

IV. CYCLOADDITIOMS OF 1,S-DIPOLES WITH 

. A N  ORTHOGONAL DOUBLE BOND 

A. Nitrile Ylides 

1. Synthetic approaches 

Nitrile ylides cannot be isolated but they can be generated in several ways 
in low concentrations and allowed to react with suitable dipolarophiles. 
The treatment of imidoyl chlorides 74 and 75 with triethylamine in 
benzene produces small amounts of benzonitrile 4-nitrobenzylide (76) and 
4-nitrobenzonitrile benzylide (77) respectively, which can be trapped in a 
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regiospecific reaction by benzaldehyde, a very reactive dipolarophile 

oxazolines was obtained in which the cis isomer predomir- =1Io4.  

towards nitrile ylides. In both cases a mixture of cis- and tra17s-A~- Q 

Ph 

P-O~NC,H,-C ph<yh 
0 H 

p-NO,C,H,-C=N-CH,Ph I , i- +PhCHO CH. 
CI E~,N - I room temp. 45% 

ICH- 

I (75) 

(77) Ph y$ 
H' 0 Ph 

Imidoyl chlorides i14 and 75 in benzene containing triethylamine equili- 
brated with nitr%e ylides 76 and 77 and with themselves (ratio 74:75 = 
92 : 8)' 0 5 .  With the less-reactive dipolarophile norbornene, an identical 
mixture of stereoisomeric adducts 78 and 79 (ratio 79:78 = 1-5: 1) was 
obtained either from 74 (74% yield) or from 75 (59% yield) through the 
more reactive nitrile ylide 76Io6. 

Nitrile ylides 80, which hgve recently been prepared by dehydrohalo- 
genation of the corresponding imidoyl chlorides'07, or by therrnoly- 
sis 107- 109 or p h o t ~ l y s i s ~ ~ ~ ~ ' ~ ~ ~ '  l o  of A4-1,4,2 R5 oxazaphospholines 81, 

UN@ 
. C,H,NO,-p . H  

&N * 

A S H  A C,H,NO,-P 

(78)  (79) 
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were similarly trapped by benzaldehyde to give d '-oxazolines 82 in a 
regiospecific reaction ' ' '. The regiochemistry of this cycloaddition is the 
opposite to that found for nitrile ylides 76, 77 and 85. When isonitriles 
are used as trapping agents I-azetines 83 are obtained'12.'13 through 
an interesting 3 + 1 + 4 cycloaddition, which is reversed to reactants o n  
irradiation' 14. 

(81 1 

a: R = t -Bu 
ce 

b: R = Ph 

c: R =p-MeC,H, 
d: R = p-CIC,H, 
e:  p-MeOC,H, 

N C , H l  , - C Y C ~ O  F,C F3c$I Ph (82) 

F,C N- dR 
F3C 

(83) 

The photolysis of 3-substituted 2H-azirines (both aromatic and aliphatic 
substituents) is a more versatile method to generate nitrile ylides' l5-'I8. 

Irradiation of 3-phenyl-2H-azirines 84 in  benzene i n  the presence of 
aliphatic and aromatic aldehydes give d 3-oxazolines in good yields 
through the intermediate nitrile ylides 85">! 'O 

Ph R J  Ph 

b: R'  = R 2  = Me 
C:  R'  = H; R 2  = Ph 

d: R'  = H; R 2  = M e  

Yield (%) 

trans cis 

R3 = Ph 62 
R3 = n-Pr  32 
R3 = Ph 60 

R3 = Ph 8 27 
R 3  = Et  13 32 

R 3  = Ph 9 18 
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An explanation has been proposed for the prevailing formation of 
cis- d 3-oxazolines, namely that in the transition state the linear nitrile 
ylide bends so as to minimize the steric interactions between all the 
substituents. Ph. R 2  and R3 ‘I9. 

H 
Azirines with aldehydes and acylazirines are intermediates in the 

photoisomerization of d ’-isoxazolines to d 3-oxazolines’2’ and of 
isoxazoles to oxazoles respectively’ 22-’ 24 . As far as the mechanistic aspect 
is concerned photocycloaddition of 2H-azirines proceeds through a ~ - n *  
excited singlet state (A*’): the reaction in fact is neither quenched by 
standard triplet quenchers nor sensitized by standard triplet donors. 
Moreover, the similarity of the reactivities (see Table 7 and the reactions of 
76 or of 85 with aldehydes) found in the reaction of nitrile ylides generated 
photochemically and thermally suggest that the intermediate nitrile ylides 
(NY) are electronically and vibrationally relaxed. The proposed reaction 
mechanism for 3-phenyl-2H-azirines is shown below3‘.’ ’’*l 39 . D ecay 
A* --* A, was shown to be radiationless and no fluorescence emission 
was detected. 

8 

A” A” k 1  b A, hv A0 

A” k 2  b NY 
A = azirine 

NY + D ’’ b Adduct 
NY = nitrile ylide D = dipolarophile 

It was recently noted that irradiation with polychroinatic light of \he 
2,2,3-triphenyl-2H-azirine (84e) in a matrix at - 185 “C or of the d3- 
oxazolin-5-one 86 at - 190 “C allowed the benzonitrile diphenyl methylide 

ph\rAph 250-350 nrn Ph- 

366 nrn 
N Ph - 1 8 5 ’ C  

Ph 
+ -/ +CF,CO,Me 

-C=N-C - 
-\ -~ 160 ‘ C  

Ph 

Ph “XO Ph 

(87) 

Ph 

Ph ,XO Ph 
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(85e) to be detected by U.V. spectroscopy. This was shown by e.s.r. to be in a 
singlet state. The nitrile ylide, 85e, in the presence of methyl trifluoro- 
acetate at - 160°C gives A3-oxazoline 87 regiospecifically and even at 
- 190°C reacts again with the C 0 2  trapped in the'matrix to give 86126. 
A3-oxazolin-5-ones lose C 0 2  not only photochemically' 26,1  39 but also 
thermally at high temperature to give nitrile ylides' 2 7 .  

2. Reactivity and regioselectivity of the reaction with 
carbonyl compounds 

The nitrile ylide 85b with two electron-releasing methyl groups was 
found to be more reactive than 85a or 85c towards acetone and aceto- 
phenone" 6*128,  which are less reactive dipolarophiles than aldehydes' 20. 

Furthermore, the carbonyl reactivity with nitrile ylides (85) is enhanced 
by electron-withdrawing groups as found for phenyl (or methyl) tri- 
fluoromethyl ketone, diethyl mesoxalate (R3=R4=02Et), methyl 
haloacetate, acid chlorides, acetic anhydride, acyl cyanides and ci- 

ketoesters' ' 7 *126 .128 .  As a general trend the ketonic group of a-ketoesters 
was found the sole reactive part of the molecule'28. However, the reaction 
of 85b with ethylpyruvate gave 21 % of the adduct to ketonic double bond 
and 6 %  of adduct to ester group128a. 

R3 = R 4  = Me 
R 3  = Me or Ph; R 4  = Ph, CO,R, CN 
R3 = CF,; RP = Ph, Me, M e 0  
R3 = R4 = -CO,Et 
R 3  = Ph; R 6  = CI 

R' R3 = Me; R 4  = C0,Me 

R3 = CH,CI, CHCI,; R 4  = OMe etc. 
R '  R 2  RJ and R 4  = -(CH2)5- 

(84a -d ) 

These trends in reactivity and a Taft & = 2.06 found for the reactions of 
8% with a-halosubstituted acetates have their rationale in the faci that the 
reported cycloadditions belong to the Type I, HOMO-dipole controlled 
reaction. All the &ove reactions with carbonyl compounds are regio- 
specific and give A3-oxazolines. 

As far as regiochemistry is concerned, the M.O. calculations of the 
values of the HOMO cocE&$,ts on the two carbon atoms of the nitrile' 
ylides are not reliable. This is because they vary greatly depending on the 
values of the two C-N bond lengths4. Experimentally, the problem 
has been solved by generating, photochemically, nitrile ylides 80 in 
CgH6/MeOH and 85 in methanol (or other protic solvent) and obtaining 
88' l 4  and 8912', which possess a reverse regiochemistry. Compounds 
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MeOH 

33-4096 

CF, 
F,C N- h r .  room ~emp + -/ 

R-C=N-CH 

\ 
-3 

I 
-D R-C.5 N-C 

-\ 

OMe riR N-C, H , , - C Y C ~ O  (80) c F ~  

\-- 

(84) 

88 were also obtained by generating nitrile ylides 80 by treatment ofo  
imidoyl chlorides with tertiary base in the presence of methan01''~. ~ 

I f  we assume that the addition of methanol is initiated by frontier- 
controlled protonation, this means that the greater coeficient of the 
HOMO of 80 is on the 'anionic' trisubstituted carbon, whereas it is on the 
'neutral' disubstituted carbon of 85. 

The regiospecificity %und for carbonyl compounds (aldehydes, ketones 
and esters) with the 'neutral' carbon of 85 and the anionic carbon of 80 
attacking the carbon,qf the carbonyl, which generally possesses larger 
coefficient than that of oxygen in the LUMO, is in full agreement with the 
simple F.O. perturbation approach. 

Few examples of regioselective reactions of nitrile ylides with carbonyl 
compounds are known : the reaction of 76 and 77 with diethyl mesoxalate 
and benzoyl chloride'04 and of nitrile ylides 80 with diethyl pyruvate' '. 

Finally an example in which the two reactants add in the oppos'lte 
direction (probably because of steric hindrance) was found in  the izltra- 
molecular nitrile ylide-aldehyde cycloaddition reported below' 2 8 .  
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3. Cycloadditions with C=N, C=S, N=N and N=O 
double bonds 

Giorgio Bianchi, Carlo De Micheli and Remo Gandolfi 

Azirines by themselves behave as dipolarophiles, trapping the nitrile 
ylide 85 to give the dimer 90 by a regiospecific reaction"5~116~120~130-'32. 
This happens not only in the absence of dipolarophiles but  also in the 
presence of less-reactive dipolarophiles, e.g. cis-methyl crotonate and 
unactivated olefins3 '3' ''. 

Cycloaddition of 76 with benzylidene methyiamine gives a imidazole 
derivative through dehydrogenation of the intermediate imidazoline in 
the course of the severe purification process'33. The regiochemistry of the 
two cycloadditions is reversed. 

Ph 6 4 No 2-P Ph 

76 - room Ph-CH=N-Me temp, 6 days yT 2 4 0 ' C  - 2H , yy 6H4Noz-p 

Ph Me Me / Ph 

50% 

Cycloadditions with C=S double bonds were more s t ~ d i e d ' ~ ~ , ' ~ ~  . e  Th  
regiochemistry is reversed passing from &methyl trithiocarbonate 
(equation 18) and diphenyl thioncarbonate to methyl dithioSlzoate 
(eqtiation 19) and methyl thionbenzoate respectively. The intermediate 
thiazolines aromatize readily to  the corresponding thiazoles' 33. 

N=N double bonds are also reactive: the photochemically- or 
thermally-generated nitrile ylides (80) and the photoche~nically-generated 

Ph 
s 

;-C-S-Me /I L N .  
76 , 

-MeSH:O'C b 

MeS' 'S' 
66% 
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S H C,H,NO,-p N-x -; 9) 

76 - T z G G F  Ph-C-S-Me A -  L - MeSH 

Ph S SMe Ph S Ph 

two isomers 85% 

85 react smoothly with dimethyl or diethyl azodicarboxylate to give 
1,2,4-d3-triazolines in both cases" 1*134. 

Reaction of 76 with nitroxobenzene gave benzonitrile and C-p-nitro- 
phenyl-N-phenyl nitrone through a retro- 1.3-dipolar cycloaddition of the 
non-isolable 1,2,4-oxadiazoline intermidiate 91 33. 

4. Cycloadditions with cumulated double bonds 

3-Phenyl-2H-azirines 84b and 84, in benzene on irradiation react 
smoothly with ketenes'35. isocyanates. isothiocyanates and carbodi- 
i m i d e ~ ' ~ ~ .  The bonds C=S and C=O were found more reactive than the 
cumulated C=N and C=C bonds. The reaction is regiospecific with the 
disubstituted carbon atom of the nitrile ylide attacking the central atom 
of the cumulated system which possesses largest coefficients in the 
LUMO. The higher reactivity'of the C=O than the C=C bond for 
ketene is consistent with the fact that the coefficient at oxygen in the 
LUMO is greater than that at the terminal carbon13'. 

R3 

phkt-R3 
Nxo R'  R2 

h r  - 
'\ 

c=c=o 
R '  

R3 = Ph, H 

84b. c 

P h  

NYx R' R 2  

R 3  = Ph; X = 0 
R3 = Ph: X = S 
R3 = o-ToI; X = N-Tot-O 
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The reaction of nitrile ylides 85 with CO,, representing one of the very 
few 1,3-dipolar cycloadditions of this molecule, makes possible the pre- 
paration of d3-oxazolin-5-ones from azirines 84 in good 
yields’ 1 6 v 1  17 .136 .138 .  More recently the synthetic possibilities of the 
reaction have been confirmed by the photochemical cycloadditions of 
84b and 84d to give high yields ( = 90 %) of d3-oxazolinones. Moreover 
in the case of 84c an equimolar mixture of the two regioisomeric 
orazolinones, d2- and d3-oxazolinone respectively, was ~bta ined’~’ .  

84a-d + CO, hv. Pyrex filler - 
Ph 

“\(O R’ R2 

30-80% 

5. Cycloadditions with olefins 

The niost reactive olefins were found to be those substituted with 
electron-withdrawing groups, as would be expected for HOMO-dipole- 
controlled reactions. Table 7 shows some reactivity data typical of nitrile 
ylides generated either thermally or photochemically, and demonstrates 
the low reactivity of tr.crii.s-methy1 crotonate. the additive effect of two 
substituents on the double bond. and the higher dipolarophilic activity 
of rrms- compared to the cis- 1,2-disubstituted 01efins”~. 

TABLE 7. Relative reactivities of a series of olefins towards nitrile ylides 8% and 
76 generated from 2.3-diphenyl-2N-azirine (84c) and from N-(p-nitrobenzy1)- 

benzimidoyl chloride (74) respectively 

Olefin 
~ 

2.3-Diphenyl-2H-azirine Imidoyl chloride 

Methyl crotonate 
Diphenyl azirine 
Methyl methacrylate 
Methyl acrylate 
Diethyl maleate 
Dimethyl maleate 
Dime t h y I fuma ra t e 
cis- Dicyanoetliylene 
trtiris-Dicyanoet hylene 

Y 

1 
2.5 
9 

160 
135 
166 

84.000 
2300 

189.000 

1 

10 

51 
61 
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trans-Dicyanoethylene is more reactive than cis-dicyanoethylene, 
although according to Epiotis cis-dicyanoethylene should be more 
reactive than the trcrr7.s-isomer i n  cycloaddition reactions as a consequence 
of attractive interaction between the two cyano groups which should 
increase along the reaction c ~ o r d i n a t e ' ~ ~ .  

Unactivated alkenes ( I  -octene. cyclohexene) d o  not react photo- 
chemically with azirine 84c3', whereas norbornene and styrene were 
reactive 20. 

Interestingly enough the nitrile ylide 85c reacts with 1.4-benzo- and 
1,4-naphtho-quinones only at the carbon-carbon double bond to give, 
in fairly good yields, 1,3-diphenyl-2H-isoindole-4,7-diones and 1,3- 
diphenyl-2H-benzo[j']isoindole-4,9-diones derived from initial adducts 
on oxidation by atmospheric 

Ph 
\ 

N h.v: 290-350 nm 
* 

C O H G  

H Ph 

(84c) 43% 

Formation of the less-sterically-favoured A -pyrrolines from azirine 
84b with methacrylonitrile and methyl methacrylate respectively (equation 
20) illustrate the electronic control of the regiochenii~try~ '. 

+ CH,=C 'Me /R ___+ room Vycor ht temp 9 Idier p:&Me (20 )  

M e  M e  R 
M e  M e  

(84b) R = C0,Me; CN = 59% 

A mixture of cis- and tr.ans-d'-pyrrolines was obtained in the regio- 
specific reaction of 84c with methyl acrylate and acrylonitrile (equation 

As a general rule. nitrile ylides 76 and 85 react with electron-poor 
conjugated olefins (methyl acrylate. acryloni?rile. methyl crotonate. 
methacrylonitrile and methyl m e t h a ~ r y l a t e ) ~ ' . ' ~ ~ . '  and with 
styreness.' 2 o  to give only one regioisomer. The 'neutral' carbon atom of the 

2 1 p .  

- H  
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9 

mom temp 

Ph 

Ph 

Ph "H 

Relative yields (%) ( 8 4 ~ )  

R = C0,Me 2 85 : 5 1 5  
R = CN 10 90 

1,3-dipole interacts with the P-carbon (relative to the electron-withdrawing 
or  phenyl group) of the olefin possessing the greater L U M O  coefiicient 
(see equations 20 and 21). However, the reactions of phenyl azirine (84a) 
with methyl methacrylate and methacrylonitrile (equation 22)31 and of 
84b with diethyl vinylphosphonate' 28a represent exceptions to this rule. 

Ph 

phb + CH,=C \ / Me %%iG-+N &R + N  p h > s R M e  (22) 

M e  
R rooni temp 

(84a) R = C0,Me. CN Relative yield: 60% 40% 

In sharp contrast with the above results. the cycloadditions of the 
nitrile ylides 80 with methyl acrylate give always a mixture of the two 
regioisomers 92a and 93a in good yields. and the ratio of the two products 
is very similar (92a:93a = 60:40) irrespective of whether 80 is obtained 
thermally or  photochemically'07. 

F3CQ , :;:@ 
F3C H 

H H a: R'  = C0,Me H R '  
(92) b R' = OPh (93) 

A mixture of two regioisoiners was also obtained in the reaction of 80, 
t&ermally generated from 81. with phenyl vinyl ether. I n  this case the 
A'-pyrroline 93 was dominant (for R = Ph, ratio 93b:92b = 73:27; for 
R = t-Bu, ratio 93b:92b = 88:12). 80a and n-butyl vinyl ether gave only 
93c(R = ~ - B u ) ' ~ ' .  
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Two electron-witlidrawing groups. such a s  CF,, rresent in the nitrile 
ylides 80 produce i: lowering of frontier-orbital energies: HOMO dipole- 
L U M O  dipolarophile and LU MO dipole-HOMO dipolarophile inter- 
actions for cycloadditions with both moderately electron-poor and 
electron-rich olefins are therefore important (Type I 1  cycloadditions). 
As the two frontier-orbital interactions might favour two different orienta- 
tions, the formation of two regioisomers as reported above. has here.a 
theoretical explanation. 

B. Nitrile /mines 

The earliest report on a 1,3-dipolar cycloaddition involving the nitrile 
imine system is probably the reaction of benzphenylhydrazidoyl chloride 
with ben~amidine '~ ' ,  although the formation of the intermediate 1.3- 
dipole was not formulated. The most widely studied disubstituted nitrile 
imines (96) are commonly prepared either by thermolysis of 2.5-disubsti- 
tuted tetrazoles 94' (a retro-1,3-dipolar c y ~ l o a d d i t i o n ) ' ~ ~  or by base- 
catalysed elimination of HX from hydrazidoyl halide 95a and cl-nitro- 
hydrazone 95b', or by lead tetra-acetate oxidation of aldehyde hydra- 
zones' ". 

R ' - C = N - N H R 2  
I 

X 

?(95) a: x = CI 
b. X = N O ,  

+ -  
__3 R ' - C E N - N - R 2  - 

- N, 

N=N (96) 

a: R '  = R 2  = Ph R ' - C H = N - N H R 2  
(94) 

Although nitrile imines are not isolable. their existence has been proved 
by chemical reactioi~s '"~.  The exchange of chlorine in 95a with that in 
Et3NH36C1 i n  the presence of Et,N is considered evidence for their 
existence. 

1. Cycloadditions with carbon-carbon double bonds 

Cycloaddition of 96 with alkenes is a general method for the synthesis 
of '-pyrazolines. With monosubsti tuted aryl ' "6. a1 k yl- I 81 al koxy- 
~arba lkoxy- '~ ' ,  and ~ m i n o - a l k e ~ i e s ' " ~ . ' " ~  the reaction gives 5-substituted 
d'-pyrazolines 97 in fairly good yields. 

7. 
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R ’  

R ’  = R 2  = aryl (mostly), 
I 
R 2  

(97) 
alkyl, carbalkoxy. 

The same regiochemistry was found for cycloadditions with piperilene, 
isoprene, 2-chloro-l,3-butadiene. and styrene all of which gave 5-mono- 
substituted d2-pyrazolines’ 5 0 .  

Perturbation approach explains the regioclieniistry found in 1,3-dipolar 
cycloadditions of diphenylnitrile imine5. As with the parent formonitrile 
imine (see Section II.A), in diplienylnitrile imine the coefficients should be : 
C anionic > C neutral in the H O M O  and C neutral >> C anionic in the , 

LUMO. Consequently in 1.3-dipolar cycloadditions with electron-rich 
alkenes, LUMO nitrile imine-controlled cycloadditions. the most favoured 
overlap is between the carbon of the I .3-dipole and the carbon of dipolaro- 
phile remote from the substituent, to give 5-substituted pyrazolines. For 
conjugated alkenes the p value + 0.88 found for the reaction of 96a with 
styrenes7’ seems, however, to indicate a slight prevalence of HOMO 
dipole-LUMb dipolarophile interaction, both HOMO and LUMO inter- 
actions should be at work and a mixture ofthe two regioisomers is expected. 
The formation of only 5-substituted pyrazolines is probably due to the 
greater differences in the LUMO dipole coefficient magnitudes and steric 
effects. For electron-poor alkenes, on the basis of calculated frontier orbital 
energy and coefficient values, a dominant HOMO diphenylnitrile imine- 
LUMO dipolarophile interaction should be at work and consequently a 
prevalence of 4-substituted pyrazolines due to the largest, more-favoured 
overlap between the anionic end of nitrile imine and P-carbon of the 
dipolarophile is to be expected. A possible explanation for the formation of 
5-substituted pyrazolines in the latter type of 1,3-dipolar cycloadditions, 
is that steric elements overcome electronic effects. It is in fact well 
documented that the C atom of nitrile imines is more sensitive than N to 
the steric requirements of the dipolarophile’ 8. ’46 .77 .  

Equations (23)’45. (24)’47. (25)’ . (26)14‘ and (27)15’ represent 
examples of regioselective 1.3-dipolar cycloadditions of nitrile imines. 

A logical explanation of this regioselectivity is that the coefficients 
on the two double-bond carbon atoms (with the exceptions of that in 
equation 25) have siniilar values5. 

Aromatic dipolarophiles such as furan’ 53, benzofuran’ 54  and N-methyl- 
i ~ i d o l e ’ ~ ~  react with nitrile imines to give the adducts shown opposite 
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Ph %Me. +Pl% 

(23) 

N M e  N C0,Me 

96a + Me-CH=CHCO,Me 955(, N 

- I  I 
I 

ph 36% Ph 64% 

Ph 

96a + Ph-CH=CH-C0,Me - 9% N 3 + p:sMe (24) 

N C0,Me N Ph 

I 
Ph 

1 
Ph 67% 33% 

Ph Ph 
97% 3% 

Ph 

96a + Ph-CH=CHR -* N -t '1s (26) 

N Ph N R 

Ph 
I 
Ph 

I 
(A) (B) 

R = Me(A, 72%; B. 28%); i-Pr(A, 69%; 6, 31%); MeO(A. 35%; 6, 65%) t ;  
Br(A, 85%; B, 15%)'; NO,(A, 31%; B, 69%);t 
p-MeOC,H,(A ='B);  p-O,NC,H,(A, 65%; B. 35%) 

in moderate yields. The high-lying HOMO and the largest HOMO 
coefficient at position 2 of furan leads to a dominant L U M O  dipole- 
HOMO dipolarophile interaction with the formation of 98'? 

+ These compounds are isolated as pyrazoles owing to the easy loss of CH,OH. HBr  and 
H N O z  lrom the corresponding pyrazolines. 
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96a + R-CH=C=CH, - 
R=MeCO: MeOCO 

- - 
Ph 

d 

N 5 + (27, 
‘N R \N CH, 

I I 

M e  

(99 >> 100) 
(99) 
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N-Methylindole reacts with nitrile imines to give 99 and the hydrazonic 
derivatives, 100. The latter is probably formed by a mechanism analogous 
to that reported for the reaction of terminal acetylenes with nitrile oxides 
and nitrile imines which gave a mixture of cyclic compounds, acetylenic 
oximes and arylhydrazones' 5 7 * ' 5 8 .  

Diphenylnitrile irnine has been reacted with several e n y n e ~ ' ~ ~ - l ~ '  ; 
in every case the double bond was seen to be more reactive than the 
triple bond and consequently 5-alkynyl-d2-pyrazolines 101 were formed. 

In contrast with the latter results is the finding that the cis- and t r m s -  
methoxybutenynes react with diphenyl nitrile imine to  give the two 
regioisomers 102 and 103162. in both reactions it is the terminal multiple 
bond only which enters the 1,3-dipolar cycloaddition. 

Ph 

N 9 C-C-R 
96a + H,C=CH-CIC-R - 

I 
Ph 

(101) 

Ph OMe Ph 

(102) (103) 
R 

An essential non-selectivity was shown in the reaction of diphenyl- 
nitrile ki ine with vinyl alkynyl ketones. Both double and triple bonds 
were reactive and so pyrazoles as well as pyrazolines were obtained'63. 

Interesting results have been found for the reactions of aryl substituted 
nitrile imines with cyclopropenes'64. . 

""alll4lallv,. 

PhC-N-N-Ar + -  + x- yrelds 

Ar = Ph, p-O,NC,H, 
R = H, Me 

R I 
Ar 

I 
Ar 

(704) 
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The adducts 104 display easy ring inversion, manifested by line broaden- 
ing and coalescence of the R absorption in their n.m.r. spectra at increased 
temperatures. 

Diarylnitrile imines easily react at room temperature with cyclo- 
octatetraene perispecifically to give the tricyclopyrazoline 106 probably 
through an electrocyclic ring-closure of the primary adduct 105 ; with 
compound 107 they give a mixture of three isomers 108, 109 and 110. 
The formation of the latter three isomers showed the non-selectivity of the 
cycloaddition of the 1,3-dipole towards three different bonds in the same 
molecule. Thermal behaviour of adducts 106 and 108-110, was studied; 
for instance, adduct 106 gives benzene and 1 -phenyl-3-arylpyrazole on 
heating' 6 5 .  

I 

Ph Ph 

ForAr = Ph (108):(109):(110) = 2.8:1:1 

The reactions reported so far for nitrile itnines are all examples of 
[7-r4s + n's] cycloadditions. An example of 1.3-dipolar cycloadditions 
involving the [7-r4s + n6s] electronic system is the 3 + 6 -+ 9 reaction 
of diphenylnitrile imine with 2,4,6-cycloheptatrienone (tropone) (1 11, a 
planar molecule with a C(2)-C(71 distance of about 2.55 A) to give 112 along 
with the 3 + 2 -, 5 adducts shown be lo^^^.^". The latter products were 
formed on dehydrogenation and internal hydrogen transposition of 
primary adducts. 
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37% 20% 

Ph 

Ph 

6% 5% 

Another example of addition which does not belong to the general 
classification 3 + 2 -+ 5 has been reported for the reaction of nitrile 
imines with vinyl derivatives of trivalent phosphorus' 6 6 - 1  67. The dipolaro- 
phile is represented by the P-C-C system (see equation 28) which reacts 
with the nitrile imine according to a 3 + 3 -+ 6 classification. A dipolar 
intermediate, 113, has been proposed. which is transformed into the 
phosphonium salt 114 in the presence of triethylamine hydrochloride. 

Ph-C=N-N H-Ph 
.-I 

I 
CI E1,N - + 

Ph, P- CH =C H , 

Ph Ph ' 

N 
I 
P h  

(1 13) 

Vinyl derivatives of pentavalent phosphorus, however, undergo 
1,3-dipolar cycbadditions with nitrile imines according to the classi- 
fication 3 + 2 -, 5 to give 5-sub~tituted-d'-pyrazolines'~~. 

2. Cycloaddhions wi th  hetero  double bonds 

The reactions of carbon-nitrogen double bonds with I ,3-dipoles have 
been reviewed by Anselme in  a previous volume of this series'69. Cyclo- 
additions of nitrile imines with this dipolarophilic system have been 
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shown to be always regiospecific to give 4,5-dihydro-1,2.4-triazoles (1 15) 
and 1,2,4-triazoles (116)'42*'70-3 . W ith diphenylcarbodiiinide and 96a 
bisadduct 117 was formed in good yield'74. 

R' ,* R'  

Y \ Fxy - xv ,Nb?R3 

N 

R 2  (116) 

\ 
C=N-X - 

/ 
96 + 

I 
R 3  N R3 

I 
RZ (115) 

* Ph Ph 

9 
I I 

Ph 

96a + Ph-N=C=N-Ph - XNXNX 
N N Ph 

Ph Ph 

(1 17) 

I I 

The cyclzaddition of diphenylnitrile imine with diazines gave 1.2.4- 
triazoles and the corresponding 4,5-dihydroderivatives1 ". 
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It was proposed that the mono-adduct 118 from diphenylnitrile imine 
and benzalazine, undergoes a second addition of the same 1,3-dipole to  
give 119. Compound 119 gives 120 and 121 through an elimination- 
disproportion reaction. Alternatively, the adduct 118 could give 121 by 
elimination of benzaldiinine which is then trapped by the nitrile imine to 
give 120. 

Isocyanates can react with diphenylnitrile imine to give cycloaddition 
either across the carbon-nitrogen or the carbon-oxygen double bond t o  
give 122 and 123 respectively170. 

Similarly with phenyl isothiocyanate 2,3-dihydro-5-phenylimino- l,3,4- 
thiadiazole (124) and 2,3-dihydro- 1.2.4-triazol-5-thione (125) have been 
obtained in 58% and 29% yields respectively”’. 

Ph 

(1 22) 

(R = p-O,NC,H,) 57% 

(R = Ph) 7 2% 

I 
Ph 
(1 23) 
14% 
32% 

Ph 

29% 
(125) 

8 i a rbonyl  groups of aldehydes and ketones activated by electron- 
withdrawing groups. are capable of reacting with diphenylnitrile imine 
to give 2,3-dihydro-l,3,4-oxadiazole derivatives 127’ 7’. 

Ph 

R’ \ ___* N kkR2 

N R 2  

Ph (127) 

/=O \ 
96a + 

R Z  

I 
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The reactions between diphenylnitrile imine and thioketones' 7 5 ,  

thiocarboxylic esters' 75, thioamides' 7 s ,  thiouretanes' 75 and carbon 
d i ~ u l p h i d e ' ~ ~ . '  76 are particularly facile and lead to the formation of 
several 2,3-dihydro- 1,3,4-thiadiazole derivatives. 

' I  s 
R=NMe,; OMe; OEt: SPh 

I 
Ph 

Sulphines, which contain two cumulated double bonds, react 
regiospecifically with diphenylnitrile imine to give 2,3-dihydro- 1,3,4- 
thiadiazolin-S-oxides 128' 77.1 7 8 .  

0 Ph 

Ls" ,Ar 

'A r 

I 
Ph 

(1 28) 

Ar = p-MeOC,H,. p-MeC,H,; Ar-Ar = 

Phenyl-(pheny1imino)-borane. an unusual dipolarophile, was found to 
react with diphenylnitrile imine to give 1.2.4.5-tetraphenyl- 1 -bora-2.3.5- 
triaza-d3-cyclopentene (129)' 79. 
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Hammerum and Wolkoff'so investigated the adducts from diphenyl 
nitrile imine and compounds incorporating C=C, C=O and C=S 
double bonds by mass spectrometry. The five-membered ring compounds 
decomposed, upon electron impact. by way of a retro-l,3-dipolar cyclo- 
addition. In all the studied cases, the ion corresponding to the parent 
1,3-dipole was observed. 

3. 1,S-Dipolar reactivity of nitrile imines' 

As shown by the above reported examples, nitrile imines are quite 
reactive 1,3-dipoles towards numerous dipolarophilic systems. The 
few kinetic data reported in the literature for heterodipolarophiles are 
those of benzylidene methylamine, benzaldoxime and benzaldehyde 
(li relative to styrene: 3.2, 0.060 and 0.032, r e ~ p e c t i v e l y ) ~ ~ .  On the other 
hand, there are many kinetic data on 1,3-dipolar cycloadditions of nitrile 
imines with differently substituted alkenes. Figure 13 shows the parabola 
obtained by plotting log k ,  of various reactions against the IP's ofalkenes7'. 

HC=C-CO,CH, 

/ 
/ 

/ 
/ 

I 

- 0 H,C=CH-C,H, HCSC-C6H5 

/ 

0 
I I I I I 1 

9 9.5 10 10.5 11 11-5 
IP (eV) 

FIGURE 13. Logarithms of the rate constants for cycloadditions of diphenyl nitrile 
imines (in benFene. S O T )  with ionization potentials of substituted olefins. [Repro- 

duced with permission from Bast and coworkers. Cheui. Ber., 106, 3312 (1973).] 
) 
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Common alkenes show low rate constants, while electron-donating 
as well as electron-withdrawing substituents increase the reactivity of the 
dipolarophile, electron-withdrawing substituents being more active. 

The position of cyclohexene is remarkable: it is quite far from the curve 
and its low reactivity has also been observed in other 1,3-dipolar cyclo- 
additions, e.g. with nitrile oxides and azides. 

C. Nitrile Oxides 81 

Nitrile oxides 130 are often crystalline isolable compounds, which are 
available, e.g. by dehydrogenation of aldoximines with a variety of 
oxidizing agents, by dehydrohalogenation of hydroximic acid halides and 
from nitroparaffins. - 

Nitrile oxides, on heating. either rearrange to isocyanates or dimerize 
to furoxane 131. The latter reaction is a 3 + 2 -+ 5 cycloaddition-'of the 
nitrileoxides with thecarbon-nitrogen multiple bond ofthesame 1,3-dipole. 

(1 31 1 9 

The regiocheinistry found in furoxanes is contrary to the principle of 
maximum gain in (T bond energy32. but consistent with perturbation 
theory5. 

u 

Dipole Dipolarophile 
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As shown above for acetonitrile oxide frontier orbitals +bz and + b 3 ,  
interacticm (a) and (b), in which the greatest overlaps are between C-C 
-4 N-0  respectively, favour the formation of regioisomer 131. 

I t  has been found that the rate of dimerization of nitrile oxides is 
increased by electron-withdrawing substituents and decreased by electron- 
releasing groups'81.'82. A Hammett-type relationship holding with 
p = +046 was found for the dimerization of aromatic nitrile oxides. 
Ortho-disubstituted nitrile oxides dimerize slowly (CI) or not at all (CH,) 
at room temperature due to steric hindrance.". 

1. Cycloadditions with C=C 

The 1,3-dipolar cycloadditions of nitrile oxides with olefins have been 
widely studied. Figure 14 and Table 8 show the effect of substituents o n  the 

\ 0 H2C=CH; 

i2C=CH-C \ H 

-OC,H9 

0 

68 H2C=CHCL 
CH,-CH =CH-C0,CH3 

0 
e 

(D 

43 

I 

?&5 9.5 10 105 11 

IP(eV1 

FIGURE 14. Correlation of the logarithms of the rate constants for cycloadditions 
of nitrile oxides with the ionization potentials of substituted olesns. [Reproduced 

with permission from Bast and coworkers, Chem. Bet-., 106, 3312 (1973).] 
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reactivity of nitrile oxides with a l k e n e ~ ' ~ - ' ~ ~ .  The reactivity of alkenes is 
enhanced to a similar extent both by electron-withdrawing and electron- 
donating groups. 

The positive Hammett p values found for substituted nitrile oxides (see 
Table 8) seem to be evidence for a role of acceptor on the part of nitrile 
oxide in these 1,3-dipolar cycloadditions' 84-i.. It is also worth mentioning 
that while the left side of the parabola corresponds to Type 111, LUMO- 
dipole-controlled cycloadditions, the right side is not formed by Type-I 
cycloadditions but, as indicated by the regiochemistry of the products (see 
Section II), represents Type-I1 dipolar cycloadditions where LUMO 
dipole-HOMO dipolarophile interaction is still prevalent. Reactivity of 
nitrile oxides (and other 1,3-dipoles) with electron-poor olefins is greater 
than expected from frontier-orbital interactions. This was attributed to 
Coulombic effect, i.e. to electrostatic interaction between 1,3-dipoles 
possessing excess negative charge on both terminal atoms and the centres 
of dipolarophiles lacking in electrons, owing to the presence of electron- 
withdrawing groups. 

The general trend in the reactions of mono- and 1,l-disubstituted 
olefins with nitrile oxides to give the 5-substituted- A'-isoxazolines is 
again observed (equation 29)". 

R 

(29) 

R '  

___* 
/ 

\ 
-1 RZ 

130 + H,C=C 

R2 

a 

Aixong monosubstituted alkenes only acrylic acid and its esters have 
been reported to give the two regioisomers with nitrile oxides' 8 6  (cf. 
Section 11). Regioisomers have been more commonly found in cyclo- 
additions of nitrile oxides with asymmetrically 1,2-disubstituted ethylenes 
such as m,P-unsaturated ketones' ', esters'85-' styrenes". 
i n d e n e ~ " ~ - ' ~ ~ ,  dihydronaphthalene"' and with furan and benzofura'n 19' 

(equation 30). According to the perturbational approach, two regio- 
isomers are formed since the two double-bond carbons have similar 

t The values expressing reactivity of each nitrile oxide with the three styrenes in Table 8 
[see also A, Battaglia and A. Dondoni. Ric. Sci.. 38,201 (1968)] all define a V shaped Harnmett 
relationship. Hence. it  would follow a prevalent interaction H O M O  dipole-LUMO 
dipolarophile for p-nitrostyrene (positive p )  and a LUMO dipole-HOMO dipolarophile 
for p-methoxystyrene (negative p).  This will be clearly in contrast with what is stated above 
and with the regiocheniistry found for the reactions considered. In conclusion, caution 
should be used when choosing the prevalent frontier orbital interaction on the basis of p 
values only. 
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C O M e  

RCNO + PhCH=CHCOMe - 44-90% 

+ ‘rLph 
0 Ph 0 4 O M e  

45% 55% (R = M e )  

(R = Ph) 

(R = 2,4,6-Me33,5-CI,C,) 
59% 
14% 

.. 

41 % 
86% (30) 

(R = C,H,OMe-p; R’ = Me) 
(R = Ph; R’ = i-Pr) 

78% 
49% 

22% 
51 % 

PhCNO + a-) __3 90-96% phFlxa + phra 
0 o x  N, 

X 

(X = CH,) 98% 2% 
(X = CH,CH,) 83% 17% 

(X = 0) -70% - 30% 

(X = CH,) 99% 
(X = 0) 99.5% 

1% 
0.5% 

coefficients. Alternatively, two different operating interactions, favouring 
either of the two possible orientations, can be at work. 

b (A) ( B )  (C) ( D )  (31 1 

Relative yields (%) 

R = i-Pr 18 68 1 13 
= AcO 77 1 5  3 5 
= O H  5 3  12 5 30 
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Caramella and C e l l e r i n ~ ' ~ ~  tried to evaluate and separate electronic from 
steric effects by studying the results of the cycloaddition of be&onitrile 
oxide with 3-substituted cyclopentenes. The react=, gave the two 
pairs of diastereoisomers A, C and B, D. 

The formation of the two ariti-regioisomers A, B is clearly controlled 
only by electronic effects. As equation (3 1) shows, the regiochemistry 
trend is reversed in passing from electron-donating to electron-with- 
drawing groups following the inversion of size of the frontier-orbital 
coefficients of the double bond. The preferred formation of crriti over syi  
adducts is attributable to steric requirements. The quite large amount 
of isomer D(R = OH) is attributed to the formation of a hydrogen bond 
between the hydroxyl and the benzonitrile oxide oxygen in the transition 
state. ea 

Sevq-a1 nitrile oxides react with cis-3,4-dichlorocyclobutene giving 
always a mixture of the syn and onti adducts 51 and 50 respectively (see 
Table 9)53. 

TABLE 9. Product ratios in the reaction of various nitrile oxides with cis-3.4- 
dichloro~yclobutene~~ 4 

. 
Nitrile oxide Total yield (%)" (50)  (rel. %) (51) (rel. %) 

MeCNO 69 31 69 
p-MeOC,H,CNO 90 (79)b 59 (34) 41 (66) 
PhCNO 82 (79Jb 52 (29) 48 (71) 
p-OZNC,H,CNO 84 (78)b 31 (19) 69 (81) 
2,4,6-Me3C,H,CN0 80 72.5 27.5 
2,4,6-Me3-3,5-C1,C,CNO 88 58 42 

For reactions in ether. 
Values in brackets for reaction in acetonitrile. 

The folloying main points were derive& (i) steric effect (repulsive) 
favours the formation of the anti isomer although, in the cases of cyclo- 
additions of or-tho-disubstituted nitrile oxides the percentages of syrz 
iso2ers were fairly high; (ii) in the series of pal-a-substituted benzonitrile 
oxides, the higher the dipole moment of the 1,3-dipole. the larger is the 
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percentage of the ailti isomer formed; (iii) increasing solvent polarity 
favours the syn isomer. Furthermore, a through-space bonding interaction 
shown in 132 between the non-bonding occupied orbitals of chlorine and 
the LUMO of the nitrile oxides was postulated to explain the high 
percentage of the sjw isomer. Alternatively London-van der Waals 
forces between chlorine atoms and nitrile oxide moieties might account 
for the same 

Benzonitrile oxide has been reacted with norbornene7', apobornene7' 
and norbornadiene"". The first two dipolarophiles are attacked by 
benzonitrile oxide only from the side of the methylene bridge of the 
molecules to give 133a and 133b as the sole adducts. These results have 
been attributed tentatively to the 'torsional effect' and steric hindrance by 
the 5,6-hydrogens of the two dipolarophiles. In the case of the reaction 
of benzonitrile oxide with excess norbornadiene, a mixture of the mono- 
adducts 134 and 135 is obtained in good yield. The sy-methylene adduct 
134 is the major component in the mixture, being formed in 88-90% 
yield. Adduct 135, however was M'i isolated as a pure compound. 

H 

(133) a: R = H (99%) 
b: R = M e  (34%) 

f For other possible explanations see diazoalkanes: for a discussion of the same problem 
in (he Diels-Alder reaction, see References 194 and 195. 
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Benzonitrile oxide was reported to react with 6-dimethylaminofulvene 
to give only a compound derived from a [n4s + n's] cycloaddition, and 
with 6,6-dimethyl- and 6,6-diphenylfulvene to give a mixture of regio- 
isomeric adducts to  the C,,,-C,,, double bond (see Section 11)66. 

Benzonitrile oxide and mesitonitrile oxide react slowly with tropone 
at room temperature to give 136 and a complex mixture of compounds 
derived from the non-isolated adducts 137, 138 and 139''. Cycloocta- 

N 53 
(1 36) 

a: 3.5% 
b: 0.6% 

Ar 
I 

9% 
10% 

20% 
63.5% 

O 0 Y A '  I OAN 

44% 
- 

a. Ar = Ph; b: Ar = 2,4.6-Me,C6H, 

tetraene readily reacts with nitrile oxides to give the bicyclic adduct 140 
stable at low temperatures but rearranging to 141 at temperatures exceed- 
ing 5 OCzo.l 9 7 .  Compound 141 reacts with dimethyl acetylendicarboxylate 
to give 142 which in turn is readily pyrolysed to 2.3-oxazabicyclo[3.2.0]- 
hepta-3,6-dienes (143) and dimethyl phthalate' 97. 
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A perispecific cycloaddition was found for the reaction of nitrile oxides 
with bullvalene. The 3 + 2 ---f 5 monoadducts formed were shown to be a 
mixture of two valence isomers 144 and 145l 98. 

Interconversion between the two isomers is rapid at room temperature 
on the n.m.r. scale. In the equilibrium state isomer 144 is always prevalent, 
especially when R is a bulky group. 

The mass spectra of several 3-aryl-d 2-isoxazolines have recently been 
studied. The isoxazolinic ring decomposed upon electron impact by way 
of competitive processes. Among these processes a retro- 1,3-dipolar 
cyclGlddition going through the nitrile oxide and ethylene radical ions, 
was o b s e r ~ e d ' ~ ~ ~ " ~  

2. Cycloadditions with C=O and C=S 

The cycloaddition of aromatic nitrile oxides generated in sitii from 
hydroximic acid chlorides and triethylamine in the presence of carbonyl 
compounds gives 1,3,4-dioxazole derivatives 146 which are otherwise 
difficult to  prepare". 
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A r  
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Aromatic aldehydes2" I ,  chloral2", glyoxylic esters'" I ,  a-diketones201, 
a-ketoesters2" and q u i n o n e ~ ' ~ ~ . ~ ~ ~  were found to be very reactive 
carbonyl dipolarophiles. Although carbon-carbon double bonds are 
generally more reactive than carbon-oxygen double bonds, in the case of 
o-naphthoquinone the hetero double bond was found the mcqt active. 

Less reactive aldehydes and ketones have their reactivity enhanced by 
the formation of a complex with BF3?04. 

Ar-CNO + 
R '  

\ +  
/ 

C-Q--BF3 

R2 

The higher reactivity of the carbonyl BF3 complex is attributable to a 
lower LUMO carbonyl energy compared to that of the free carbonyl 
group, which gives rise to a stronger HOMO dipole-LUMO dipolarophile 
interaction. A dipolar intermediate sush as that depicted above (path b) 
cannot be dismissed on the basis of present knowledge of the reactitm. 

The carbonyl groups of tropone62 and d i p h e n y l c y c l o p r ~ p e n o n e ~ ~ ~ "  
also react with benzonitrile oxide; in the case of the former, a non-  
concerted reaction mechanism has been postulated. 

As previously reported for d 2-isoxazolines, also 1,3,4-dioxazoles 
undergo a retro- 1,3-&polar cycloaddition upon electron i m p a ~ l " ~ ~ .  

An easy route to 1,4,2-oxathiazole derivatives is the cycloaddition of 
aromatic nitrile oxides with carbon-sulphur double ban$ of thioketones, 
dithiocarboxylic and thioncarboxylic esters, thioamides, trit hiocarbonates 
and thiocarbonic acids, to give 14720'",205. The latter compounds are 
fairly stable, but decompose o n  heating to give isothiocyanates and the 

p9- 
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carbonyl compounds corresponding to the starting thiocarbonyl dipolaro- 
philes. 

A r. 
+ -  

A -+ Ar-N=C=S + R'-C-R2 
A r - C ~ N - ~ I  

+ ___* 
I1 

R'-C-R~ 0 R 2  0 
II 

The two cumulated double bonds of carbon disulphide react with 
mesitonitrile oxide to give the spiro compound 148 which spontaneously 
decomposes to give 3-mesityl-l,4,2-oxathiazoline-5-one (149) and mesityl 
isothiocyanate206. Arylnitrile oxide reacts with thioketenes on their 
carbon-sulphur double bond to give 150207. 

, .  
Ar .# 

+ -  
Ar-CrN-Ql i- CS, - 

Ar = 2,4,6-Me3C,H, 

(1 48) 

Ar 

\ 

/ 

R' + -  
Ar-C=N-Dl+ C=C=S N 

'0 RZ 

3. Cycloadditions with C=N, N=N, N=S, S=O, N=B, 
C=P and N=P 

The carbon-nitrogen double bond of different classes of compounds 
reacts witbmSnitrile oxides to give d l -  1,2,4-oxadiazoline derivatives''. 
Equations (32)20'.209, (33)2'0. and (34)'" serve as examples of such a 
react ion. 
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R ’  

(32) 
+ \ lairly good 

Ar-CEN-ijl + C=N-RJ / yields 

R= R ’  

Ph M e  
-: 

Me - Ar-N=C=N-CH I (33) 

COPh I 

X = 0, N-R 

The less-reactive carbon-nitrogen double bond of oximes has enhanced 
reactivity when complexed with ethereal BF,’”. The reaction of the 
latter complexes of ketoximes and aldoximes with nitrile oxides represents 
the only way known for the synthesis of 4-hydroxy- 1,2,4-oxadiazolines 
151. 

The carbon-nitrogen double bond of d ’-isoxazolines’ 91 and A’- 
pyrazoline~’’~ was found to be a reactive dipolarophile towards nitrile 
oxides yielding 152 and 153 respectively. 

‘ 

R5 
I 
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Ar / C 0 z R  

//N-oCozR 
- N  - Ar-C 

\ 

k "\ + -  
Ar-Cr N-01 

+ 
ROzC-N~N-C02R VN\ CO,R N =N - CO R 

(1 54) (1 55) 

R0,C-0-N 

C-Ar 
\\ 
/ 

N=N 
/ 

\ 
Ar-C 

N-OCOR 

(1 56)  

Dimethyl and diethyl azodicarboxylates react with aryl nitrile oxides 
to give the unstable intermediate 4-aryl-A4-1,2,3,5-oxatriazoline (154) 
which undergoes ring cleavage followed by rearrangement to 155 which 
subsequently reacts with the nitrile oxide to give 156214*2 15. In some 
cases the primary cycloadducts 154 have been isolated215. 

The heterodipolarophilic system of the N-sulphinylamines reacts with 
nitrile oxides to give 2-0x0- 1,2,3,5-oxathiadiazoles 15757. Furthermore, 
nitrile oxides add to the sulphur-oxygen double bond to give 1,3,2,4- 
dioxathiazole-S-oxides 158' ". 
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The unusual heterocycle 1,3,5,2-oxadiazaboroline 160 is readily obtained 
by cycloaddition at - 25 “C of aryl nitrile oxides with boroimides 15g2 17. 

+ -  quantitative 
Ar-C=N-CJ +Ar-N=B-Ar A N 

yields 

Ar 

A concerted 1,3-dipolar cycloaddition has been proposed for the 
reaction of nitrile oxides with phosphorus ylides2’ 8 * 2 1 9  and phosphorus 
imines”’. The former dipolarophiles react with nitrile oxides to give the 
cycloadducts 161 which in some cases are isolable, the latter giving rise 
to the formation of. triphenylphosphine oxide and carbodiimides, isolated 
as disubstituted ureas, through the unstable intermediate 162. 

R’ g3 
N 
\ PPh3 C=PPh, - + -  R2\ 

R-CGN-~I  + 
/ 

RJ 0 

(1 61 1 

+ /Ph 
R-CEN-GI N 

\ + ___, 
N PPh, 

Ph-N=PPh, 

D. Diazo Compounds 

1. Structure 

The molecular structure of diazomethane, which is the most studied 
diazoalkane, has been determined by microwave spectroscopy2”. Bond 
angles and lengths are shown in formula 163. 
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G\ 

The geometrical data together with the low dipole moment2" 
(p = 1.5 D) of the molecule agree with the representation of the molecule 
by canonical structures with the charges distributed on the three positions 
of the 1,3-dipole. Theoretical calculations of charge distribution carried 
out for diazomethane and several other diazoalkanes (Table 10) show that 
the larger negative charge is on the carbon atom. 

TABLE 10. Charge distribution on various diazo compounds: 

R2 
\ 

/ 
C-N,,)-N,a 

R' 
P 

R2 R '  rlc" qN, I )n q Y 2 P  Ref. 

H H - 0.26 + 0.3 1 -0.14 4 
222 - 0.422 1 + 06825 - 0.2605 Me H 
222 H - 0.36 13 + 0.7 172 - 0.0980 Ph 
222 EtOCO H -0.4373 + 0'7347 - 0.0891 

Me Me -0.3648 + 06612 - 0.2964 222 
Ph Ph -0.3633 +07170 -0'0748 222 

q = total charge. 

2. Cycloadditions with C=C 

a. Geriernl Jeatrires. The charge distributions reported in Table 10 
for some diazo compounds confirm an earlier opinion that diazoalkanes 
add to alkenes through an initial nucleophilic attackzz3, e.g. the carbon 
of diazomethane adds to the P position of r,P-unsaturated esters to give the 
d'-pyrazoline-3-carboxylate (164). More recently, however, the formation 
of the two possible regioisomeric pyrazolines has been r e p ~ r t e d ~ ~ ~ . ~ ~ ~  
e.g. methyl p-nitrocinnamate reacts with diazomethane to give 165 and 

9 

- R'CH=CHCO,R'  
CH,N, - 
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~ - O Z ~ C S H ,  CO,Me Me0,C C, H ,NO,-P 

CH,N, iJ O,NC..H,CH;-CHC0,Mr - 92% 4 EN + E N  

N’ N 

R R 
I I 

(1 65) (1 66) 

75% R = H. M e  25% 

166. The nucleophilic character of diazoalkanes does not mean that their 
cycloadditions proceed through a completely defined dipolar inter- 
mediate. Although a two-step reaction mechanism has been invoked in 
few cases226.227 , entropy and enthalpy  value^^^^"^, solvent e f l e ~ t ” ~ . ~ ’  
and the stereospecificity found for all the reactions studied are in favour of 
a concerted mechanism. 

b. Retlctiuitj). Cycloadditions of diazoalkanes belong to Type I, where 
the most important interaction is H O M O  dipole-LUMO d i p o l a r ~ p h i l e ~ . ~ .  
Diazoalkanes therefore behave as donors and the alkenes are the ac- 
ceptors; the carbon atom of the 1,3-dipole represents the most nucleo- 
philic centre. I t  follows t h a t  cycloadditions are favoured by electron- 
releasing groups on the 1.3dipole and electron-withdrawing groups on 
the dipolarophile. In full agreement with this is the scale of reactivity 
found for several diazo compounds5: (Me),CN, > MeCHN, > 
C H z N z  >> PhzCN, > H,C20COCHN,. 

The experimental reactivity scale has further support in the first values 
for ionization potential found for diazomethane (IPV = 9.0eV) and 
dimethyldiazomethane (IPV = 7.9 eV)230. The smaller dipolarophilic ac- 
tivity of alkenes such as acenaphthylene and styrene compared with thoke 
of dimethyl fumarate and inaleic anhydride for cycloadditions with 
diphenyldiazomethane’ confirms the acceptor role of alkenes. Further 
support is found in cycloadditions of 2,2,2-trifluorodiazoethane which are 
slow with ethylene but moderately accelerated with electron-poor 
olefins and decelerated with alkyl-substituted ole fin^^^'. 

A significant feature of this reaction is the formation of two diastereo- 
isomers such as 167 and 168. These are formed through two different 
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PhCHN, 
+ 

M e 0 , C  
\ c=c 
/ \  

H C 0 , M e  

approaches of the diazoalkane to the olefin as also proposed for the 
reaction of phenyldiazomethane with methyl mesaconate to give the 
A '-pyrazolines 169 and 170 in nearly equal yieldss8. This suggests that in 
the 'cisoid complex' 171, 7r overlap on the one hand and steric effects 
between the phenyl group of the 1,3-dipole and the ester group of dipolaro- 
phile on the other are balanced. 

A mixtur5 of diastereoisomeric pyrazolines was also obtained in the 
reaction of p-methoxyphenyldiazomethane with p-methoxystyrene'26. 
In sharp contrast with the most widely accepted mechanism for 1,3-dipolar 
cycloadditions (see Section I I ) ,  this result was rationalized as being due 
to a zwitterionic intermediate leading to two epimeric final adducts. 

A kinetic study in D M F  for the cycloadditions of diazomethane with 
substituted styrenes gave a value of p = i- 1.31229 (increased reactivity 
with electron-withdrawing groups) which again should be direct evidence 
for an operating H O M O  dipole-LUMO olefin interaclyon lS4. The 
alternative frontier-orbital interaction LUMO dipole-HOMO olefin is 
probably of importance in the cycloaddition of electron-poor diazo 
compounds and electron-rich d ip~larophi les~ .  e.g. in the reaction of 
acetyldiazomethane with pyrrolidinocyclohexene to give 172232. 

A strong dependence of reactivity on pressure has recently been reported 
for reactions of diazoniethane with various dipolarophiles. Stilbenes. 
benzylidenanilines and 3-phenyl cinnamates have enhanced reaction rates 
when the reactions are carried out  under high pressure (5000  at^)^^^'. 
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c. Regio-, peri- aiid syn-anti isomerism. The regiochemistry found in 
reactions (35)233, (36)’34, and (37)234 is fully rationalized in the perturba- 
tional approach considering the data reported in Table 1 1 .  

R’ 

I \ + ‘CN, / 6 R 

R = R’= H, M e  
R = H: R’= M e  (1 74) 

R = C0,Me; CN; 
Ph: CHLCH, 

‘ CH,N, 

@: - N’ 1 Products (35) 

J 

(1 73) 

Ether 
20:c 

Fe(CO), 

R 

d N 

(175) 

I 
H 

n-Bu-0 

(37) 
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TABLE 1 I .  L U M O  coefficients ( C )  for some dipgarophiles 

Dipolarophile cm c, Ref. 

Tropone - 0.52 + 0.23 70 
Methyl acrylate -0.414 + 0.607 1 1  
Butadiene - 0.427 + 0.564 1 1  
Methoxyethylene“ - 0.720 + 0.673 11 

Coefficients of ti-butoxyethylene are similar to those of niethoxyethylene 

Table I 1 shows that the two cx$-unsaturated carbonyl compounds, 
methyl acrylate and tropone. have the absolute values of LUMO co- 

Tfficients reversed at the a,P positions. This gives rise to a stronger inter- 
action between the largest H O M O  coefficient of the ‘anionic’centre of the 
1,3-dipole with position CL of tropone and position p of methyl acrylate 
respectively. This is in agreement with the opposite regiochemistry found 
for the two reactions (see equations 35 and 36). Also worthy of note is the 
reaction of diazo compounds with complexes such as 174 to give stable 
adducts 175 with the same regiochemistry of 173 (equation 35a)235. 

The perfect correspondence between theory (which considers electronic 
factors only) and results in the case of the cycloadditions of diazornethqe 
is not always applicable to substituted diazoalkanes. Dimethyldiazo- 
methane, in fact, reacts with methyl acrylate to give 176 whilst methyl-p- 
t-butylacrylate gives 177 with a reversed regiochemistry”‘. 

:::?ye 

H C0,Me H‘ N 
(1 77) 

““xH - Me,CN, + 

The normal direction of addition to cx,P-unsaturated nitro compounds 
can also be reversed, in the case of disubstituted diazoalkanes, by 
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encumbering P-substituents. The latter results have been attributed to 
steric effects’ 36. 

The results from reactions of diazo compounds with thiete sulphone are 
difficult to account for. Both diazomethane and dimethyldiazomethane 
react with thiete sulphone to give mixtures of the two regioisomers. As 
expected the dominant pyrazolines were those resulting from attack by 
the anionic centre of the 1,3-dipole on the P-position of sulphone as was 
observed in the case of the cycloadditions of diazomethane with divinyl 
and phenyl vinyl ~ u l p h o n e ~ ~ ~ ” .  

R = H, Me Dominant 

Surprisingly, an opposite regiochemistry was observed in the regio- 
specific cycloadditions of the below reported diazoalkanes with the same 
thiete sulphone. The ‘wrong’ isomer was also dominant in the cyclo- 

R, = Ph, p-MeOC,H,, Me, Ph,  Ph, Ph  
R , =  H ,  H H I  D ,  Ph, M e  

additions of diazomethane to methyl and phenyl-P-styryl s u l p l i ~ n e s ’ ~ ~ ” .  
The reaction of diazomethane with dimethylfulvene gives the sole 

[n4s + n6s] adduct (see Section 1I.K) while reaction between diazo- 
methane and diphenylfulvene gives only a [n4s + n’s] a d d ~ c t ~ ~ .  

The different perispecificity shown by the two latter dipolarophiles is 
probably due to a prevalence of electronio and steric effects respectively. 

A further example of the interplay of electronic and steric effects is 
given by the reactions ofdiazoalkanes with cyclobutene and norbornadiene 
derivatives2 ’. 

The results shown in equation (38) were rationalized by considerins 
a secondary stabilizing interaction in the transition state between the 
empty p-orbital on the terminal nitrogen of the bent 1.3-dipole and the 
lone-pair of the chlorine The explanation illustrated by 179 is 

CrYI 
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MeCHN, + & - 75-80% 

X=CI, Br, I 

valid in this case, even though liable to criticism, but breaks dnwn for 
cycloadditions of cis-3,4-dichlorocyclobutene \vi;Ii 1,3-dipoles not having 
orthogonal double bonds, e.g. nitrones (see Section V.C.). 

The problem received further attention recently and a more sophisti- 
cated reaction mechanism was proposed implying a so-called ‘x-Q* 
effect’”’ which explains the results of equations (35) and (40). Formulae 
180 and 181 serve to clarify the manner of operation of this effect. Formula 
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181 shows that interaction between o&, and 7c orbital brings about an 
electron deficiency in the side of the Ct5)-C(6) double bond situated niiti to 
methylene. This face of the molecule, therefore, will be more easily attacked 
by those 1,3-dipoles, such as diazoalkanes, the cycloadditions of which 
belong to Type I. In addition, interaction o&, - 7c&c6 shown in 180 
allows a better dispersion of the partial negative charge arising on the 
dipolarophile in the oriented complex. 

X = H, CI 

Examples illustrating the importance of steric effects on sjvi-miri 
isomerism in the reactions of diazoalkanes are given by the sole formation 
of adducts 182237, 183240, 184241 and 185242 and those in equation (39) 
from related addends. 

3. Cycloadditions with C=N 

The reaction of the hetero-double bond C=N with diazoalkanes gives 
1,2,3-tria~d.ines~~~-~~~. These can be formed alternatively and less easily 
by cycloaddition of azides with alkenes. Cycloadditions of diazomethane 
with several Schiff bases give the triazolines 186. The regiochemistry of 
the latter compounds is in contrast with the ‘maximum CJ gain’ principle 
postulated by Huisgen3’ but in agreement with the perturbational 
approach. In the interaction H O M O  dipole-LUMO dipolarophile the 
greatest overlap is between the 1,3-dipole carbon and Schiff-base carbon’. 

J 
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Diazomethane reacts with 2-aza-1,3-butadiene 187 specifically to give 
the mono-adduct 188 and the bis-adduct 189. There is no trace of the 
pyrazoline which would be expected to arise from an attack by di- 
azomethane on the carbon-carbon double bond 

L 

4, Cycloadditions with C=O 
1 

The most documented reaction of diazoalkanes with carbonyl com- 
bwnds is that with aldehydes and ketones to give mixtures of epoxides and 
homologous carbonyl compounds247. The ester group was also found to 
be reactive248. 

The reaction mechanisms postulated are described below for the 
reaction of diazomethane with acetone. 

/ 

M e  \ [EIw] 0-N% -N, [ Me2C<: 1-195 + Me-C-El C=O + CH2N,- 
/ I1 . CH2 0 M e  

\ Me 
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The most widely accepted mechanism is that implying a nucleophilic 
attack by the diazoalkane onto the carbonyl carbon to give epoxide 195 
and 2-butanone through 190 and 193’47. Alternative pathways consider 
the formation of true cycloadducts such as 191 and 192 transforming into 
the products through the dipolar intermediates 193 and 194, re~pectively’~’. 

Reaction of ethyldiazoacetate with pentafluoronitroacetone gave a 
stable d3-1,3,4-oxadiazoline of the type 192, not isolated in the other 
reported cases, which, surprisingly, is transformed into the corresponding 
epoxide only if heated above 170 0C2so.  

p-Benzoquinones can react with diazoalkanes either at C=O or at 
C=C double bond. 

X = F, CI. Br, I, OMe, OCOMe 

Epoxides 197 were obtained when diazomethane was reacted with 
p-benzoquinones 19625 ’. The C=C double bond was found more reactive 
than the hetero double bond in the case of p-benzoquinone, tetramethyl 
benzoquinone‘ 2a, 2-amino-p-benzoquinone and some 2,5- or 2,6-disub- 
stituted benzoquinones with the formation of adducts of the type 198 
which can successively e n e r  other  reaction^'^'. The C=O double bond 
of 1,4-naphtlioquinone was also found r e a c h  with diazoalkanes to give 
e p o x i d e ~ ’ ~  ’. 

Ph Ph \ N T P h  

S’h Ph 

c=c=o - Y (1 99) 

C=&=N_I 4- 
\ 

/ / 

Ph Ph 



456 Giorgio Bianchi, Carlo De Micheli and Remo Gandolfi 

In agreement with the predicted higher reactivity of the carbon-oxygen 
compared with the carbon-carbon double bond of ketene for HOMO 
1,3-dipole controlled cycloadditions' 3 7  is the sole formation of the 1,3,4- 
oxadiazoline 199 from the reaction of diphenyldiazomethane with 
diphenylketene' 3-254. 

5. Cycloadditions with C=S 

Diazoalkanes react with carbon-sulphur double bonds to give 
1,2,3-t hiadiazoline and 1,3,4-t hiadiazoline derivatives' 5--26' as shown 
by equations (41y5 6 ,  ( 4 2 y  7,  (43)"', (44)'61. A 3-1,3,4-Thiadiazolines 
lose nitrogen og,h.eating to give t h i i ~ - a n e s ~ ~ ~ - ~ ~ ~  (equation 41). 

M e  Me, / 
M e  

Me' ' M e  M e  M e  M e  
/ \  

M e  

O M e  

Me-C-OMe + CH,N, - + Me-CH,-C-OMe (42) 

I 1  I I  
40% s 60% S 

- + CH,CN, + CH,N 
R-CH ,SO,CI b[R-CH=SO,l -[R-CH-SO,-CH~-N,] - 

(201 ) 

R = P-NO,-C,H, 
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The coefficients of carbon and sulphur in the frontier orbitals of thio- 
ketones are similar and the formation of mixtures of regioisomers in their 
1,3-dipolar cycloadditions with diazo compounds is not therefore sur- 
prising, e.g. the reaction of adamantanethione with diazomethane (see 
Section 1I.E). Sulphines are somewhat less reactive dipolarophiles than 
are thioketones. In contrast with the parent thioketone, adamantan- 
ethione S-oxide gives no reaction with diazomethane while it reacts with 
2-diazopropane to give 1,3,4-thiadiazoline- 1 -oxide 200260. 

Sulphenes were shown to be quite reactive dipolarophilic systems; 
they react with diazoalkanes to give 1,3,4-thiadiazoline-l,1 -dioxide 202 
and the unstable episulphide-1,l-dioxide 203. The authors assumed the 
dipolar intermediate 201. 

Equations (45) and (46) are examples of 1,3-dipolar cycloadditions of 
diazoalkanes with cumulated hetero double bonds. 

NHR 

___, A' (45) kN2 R-N=C=S + CH,N, 

R = alkyl, aryl acyl 

(204) Ph,P(O) and Me,P(O) 

As shown by the final adducts 204 and 205, the carbon-sulphur double 
bond is more reactive than either the carbon-nitrogen26"z66 or the 
carbon-carbon double bond262. 

E. Azides 

1. kycloadditions with alkenes 6 

The structural aspects and chemistry of azides 206 have recently been 
comprehensively r e ~ i e w e d ' ~ ~ - ~ ~ ' .  
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Azides readily undergo addition at room temperature to nor 
borneneS4v2 70 and 7,7-dimethylene norbornene derivativesz7’ on thl 
less hindered syrt-methylene side of the molecule. 7,7-DiniethylZ7’ anc 
7,7-tetramethylene norbornenez7 ’, which present steric hindrance agaim 
syn-methylene attack, do not react. Cycloaddition of phenyl a i d e  wit1 
norbornadiene (at 65 “C) gives both syn- and aizri-methylene adducts 20 
and 208 respectively (ratio 207 :208 = 1 1  : ;with 7-t-butoxynorborna 
diene 209 (at room temperature) a mixture of 211, 212 and 213 wa 
detected274. The high yield of 211 indicates that the HOMO in 209 i 
mainly localized on the anti-methylene side of the C(2)-C(3) double bonc 
This orbital state may be due to two through-space operating interactions 
the first between the oxygen sigma lone pair and the double bonc 
c~z,-ct3,275*276, the second between c&o and C(5)-C(6) double bond23 
(see 210 and 181). The former interaction raises, and the latter lowers th 
energy levels of electrons of C(2)-C(3) and c(5)-c(6) double bond 
respectively . 

H-0-Bu-1 

&? ph/N-N 

(21 1 ) 
Relative yield: 55% 

Bu-f 

(21 2) 
30% 

(21 3) 
15% 

0 
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Interestingly, oxanorbornadiene 214 reacts at room temperature with 
phenyl azide only at the tetrasubstituted double bond to give the non- 
isolable adduct 215 which then undergoes a retro-Diels-Alder reaction 
to give furan and 1 -phenyl-4,5-dicarbomethoxy- 1 ,2,3-triazole2 77. 

but hexafluoro2 7 8  

and hexamethyl -De~ar-benzene~~~,  on heating, add to aryl azides to give 
fairly good yields of syn-fluoro- or syn-methyl-d2-1,2,3-triazolines 216. 

Cyclobutenes are not very reactive towards 

R 2  
+ -  

R'- N - R 2  
\ 

R2 I k 'Ph 
R 

R' 

3,3-Dimethylcyclopropenes were found to  react smoothly with azides 
to give unstable adducts 217 which undergo a retro-1,3-dipolar cyclo- 
addition to diazoimino compounds 218280.28 '. 

Very long reaction times are required for the reactions of aryl azides at 
room temperature with unactivated linear olefins (up to some months) and 
with dienes (several days)282. The reactions are regiospecific and give 5- 
substituted-d2- 1,2,3-triazolines7 e.g. 219, 220 and 221. The less-hindered 
double bond was involved in the reaction with isoprene to give only 221282. 

Again, regiospecificity was observed with aryl azides reacting with 
tetramethylallene to give triazolines 222283. 

M e  

4 N, Bu-n N ">o N ?we?%. N 

'N \N Me I 
Ar 

I N 

Ar 

\ 
N 

N 

Ar 

\ 

A6 
I I 

(21 9 )  (220) (221 ) (222) 

*?henyl azide reacts with styrene2' as well as cis- and ?rans-P-methyl- 
styrenes"" to give only 1,5-diphenyl-d '-1,2,3-triazolines whereas p -  
nitrophenyl azide with styrene gives a mixture of the two regiois~mers '~.  
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Mixtures of the two possible regioisomers have also been evidenced in the 
reaction of aryl azides with h o m o d i e n e ~ ~ ’ ~  and in the reaction, at high 
temperatures, of azide 223 with dihydronaphthalene and 1, l-diphenyl- 
ethylene286. 

The low reactivity of unactivated double bonds make possible the 
synt.hesis of olefinic a z i d e ~ ~ * ~ * ~ ’ ~  . TI ie most investigated have been 
vinyl a z i d e ~ ~ ~ ~ , ~ ’ ~ ,  e.g. 224, which were shown to enter 1,3-dipolar cyclo- 
additions with active methylene  compound^^^^*^^ ’, acetylenic deriva- 
tives‘ 92.29 3 and a-ketophosphorus y l i d e ~ ” ~  to give N(,,-vinyltriazoles. 

A disadvantage in the synthesis of d ‘-1,2,3-triazolines is their thermal 
instability. On heating above 100 “C, most of the d’-triazolines give 
aziridines and anils thi%ugh the dipolar intermediate 225295. 

/ 

\\ 
RZ-CH2-C 

N-R’ 
+ 

N 

R ’  
(225) I 

A’-Triazolines are very unstable when R 1  is an electron-withdrawing 
group: primary cycloadducts from picryl a ~ i d e ‘ ~ . ~ ’ ~  (for an exception see 
ref. 283) cyanogen azide297.298 and sulphonyl azides’68*~gg.300 have never 
been isolated. In the latter instances, kinetic studies and the structure of 
decomposition products proved that the first reaction step is a true 
regiospecific I ,3-dipolar cycloaddition (with the exception of qtrasi- 
symmetrically substituted double bonds)”7 with the electrophilic azide 
end attacking the less-substituted carbon atom of the double bond. 
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2. Cycloadditions with enamines, vinyl ethers and 
azometh ines 

46 1 

The electron-rich double bonds of enamines2"v3' 1-305, vinyl 
, and ketene d i a l k y l k e t a l ~ ~ ~ ~  readily react with 

azides in a stereospecific and regiospecific manner to give 5-amino- and 
5-alkoxy-d2-1,2,3-triazolines (see equations 1 and 47). Enamines were 
found to be more reactive than vinyl ethers, and azides with electron- 
withdrawing substituents were more reactive than those with electron- 
releasing substituents (see Table 13)42. 

17-Butyl azide does not react with n-butyl vinyl ether even at 100 cC310. 
The two double bonds of 1-diethylaminobutadiene show quite different 

reactivity, the double bond bearing the amino group being more 
reactive3 ' 1*3  ". 

The reaction of p-nitrophenyl azide with the mixture of equilibrating 
enamines 226 and 227 (equation 47) is of interest3". 

4.2 68.30  6-308 

1226Y1Me Me 

ArN, , E12NHkN\N r Et2'yN\N - Mk) (47) 

- 
/ EtzN i t  N 

E t  / room iemp. 

I IN- 
Et N 

Ar Ar 
I ! 

~t: n : 
(227) >( 
Et,N Et Ar 

At room temperature and in benzene the tr.niis-enamine 226 was found 
to react faster than the cis isomer 227 and only the triazoline 228 was 
formed. The latter however, equilibrates quickly with epimer 229 through 
t& dipolar intermediate 230 (ratio. 228:229 = 55:45 in CHCI,). 

The carbon-nitrogen double bond of azomethines is not reactive 
towards azides.? Azomethines with an or-methylene group, however, can 
equilibrate with the tautomeric enamine form, which r e a h y  reacts with 
aryl azides in anhydrous chloroform to give 5-amino-d '- 1,2.3-triazolines 
(equation 48)31 3-3 ". 

Triazolines 231 are generally unstable: when R' is an acyl, carboalkoxy, 
or aryl group, they spontaneausly lose an aliphatic amine molecule to give 
l-aryl-1.2,3-triazoles (232); when R 1  is H or  alhyl. intermediate 231 gives 

t Note that A'-tctrazolines undergo :I retro- I .j-dipolnr cycloaddition to azides and azo- 
methines on heating or on electron impact. See T. Isida, T. Akiyama. N. Mihara. S. Kozima. 
and K. Sisida. Bitll. Chcrri. Sot.. Jtrpctri. 46. 1250 (19731. 
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rise (spontaneously or on heating) to a l-alkyl-l,2,3-triazole 233 and 
an aromatic amine. This rearrangement is catalysed by TsOH3I3v3 14. 

e 

\ /H 

2\ A, CHC’a 

R 2  R’ - AIN, C 

N 
I 1  --* II ___, 

/ 
R3 R’NH RZ 

R3 = alkyl 

R2 = alkyl, aryl 

R3 (233) 

3. Cycloadditions wi th  conjugated, electron-poor olefins 

N-Butyl azide reacts readily with excess ethyl acrylate at room tempera- 
ture (24 h) in a regiospecific manner to give the 4-carboethoxy-d2- 
triazoline 234. This compound can be isolated in the pure state but, on 
standing, reaches an equilibrium with 3-n-butylamino-2-diazopropionate 
(235). If a mixture of n-butyl azide and excess ethyl acrylate is left standing 
for a longer time, a 95% yield of 236 is 

C02Et 
CH,NHBu-n 

t, c-- Et02C 

/”\ ’ Co2Et 

+ -  CH.=CHCO,Et 
47:53 

.”? 
CH,-C=N=hj A 

- n-BuNH\ 
N 

N 

n-Bu 

\ 

N I H 
C0,Et 

: I  
(234) (235) (236) 

Similarly azides add to acrylamide3 lo, a ~ r y l o n i t r i l e ~ ~ ~ ~ ~ ~ ~ ,  methyl 
a ~ r y l a t e ~ ’ ~ - ~  l a ,  methyl crotonate and e thyl idena~etone~’~  regiospecifi- 
cally to give adducts which show base-catalysed ring opening (e.g. Et,N 
or triazoline itself) to diazo derivatives. 

Reactions of aryl azides with ethylidene and arylidenemalonic esters and 
nitriles, or-acylacrylic esters, benzylidenacetone, methyl cinnamates and 
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cinnamonitriles have been studied recently3 g-3z. All these compounds 
showed a low dipolarophilic activi d the cycloadditions were 
stereospecific and regiospecific, with nionic nitrogen of the azide 
attacking the P-position of the dipolarophile with respect to the electron- 
withdrawing group. Electron rich azides were more reactive than electron- 
poor ones. 

Dipolarophiles having two substituents with opposite electronic 
effects at the same carbon, react with azides to give mixtures of regioisomers. 
Equation (49) shows some results for phenyl azide310. Aziridine 237 is 
formed from the unstable triazoline (239). 

M e  
/ +PhN, 

CH,=C 25.t 

‘X I 
Ph 

(238) 
10’ k, 

(1 /mol sec) 

(239) (237) 

kelative yields (%) 

X = C0,Me 0.72” 25 
COMe 1 . 9 6  30 
CN 0.04 14 
CONH, 10 

75 
70  
86 
90 

aCC~,; brio solvent 

Faster reactions and higher regioselechvity were observed when the 
above mentioned dipolarophiles reacted with methyl and 11-butyl azides. 

Two regioisomers have also been detected for th’e reaction of phenyl 
azide with o - n i t r o ~ t y r e n e ~ ~ . ’ ~ ~ * ~ ~ ~ .  

4. Reactivity and regiochemistry 

‘Table 12 clearly shows that HOMO energies (-IPJ and steric strain 
relief are not the only factors affecting reaction rates in the cycloadditions 
of azides. Other elements such as steric factors and stability of the final 
adducts also play an important role. 

The influence of substituentg on phenyl residues of aryl azides on the 
*reaction rates is shown in the data of Table 13. p-Methe.j-phenyl azide, 
like phenyl azide (see Section I1.G) shows a minimum for cycloadditions 
with unactivated olefins (cf. cyclopeptene). p-Nitroplienyl azide, an 
electron-poor azide, reacts slowly with electron-poor olefins, while the 

i 
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TABLE 12. Relative rate constants (krel) for cycloadditions of phenyl azide with 
carbon-carbon double bonds at 25 "C in carbon tetrachloride" 

Dipolarophile 
Strain relieved 

( k c a l / r n ~ l ) ~ ~ ~  
k e l  IP,(eV) on hydrogenation 

0 

0 

<0.00874 9.43324 3.7b 

1.004 9.18324 - 0.39 

0.01742 9.12324 1.15 

0.34947 8.98324 - 2.58 

10142 8.97326 9.65' 

The k,,, for cis-cyclooctene was determined for reactions in chloroform. However solvent 
effects have little influence on the value of k,cl. e.g. the absolute values k, for cyclopentene 
were 1.S6 and 1-83 x lo-' I/rnol sec in CCI, and CHCI, respectively. at 25"C42.J7. 

The values refer to cyclopropene and cyclobutene respectively. 
Quite a different value (5.72) was repoiied by Allinger and Sprague, J. .4 iwr .  Cherii. SOL'., 

94, 5734 (1972). 

electron-rich benzyl azide shows very little reactivity with the electron-rich 
1 -pyrrolidino-cy~lohexene~'~~~. 

These results suggest that for p-nitrophenyl azide and generally for 
azides substituted with electron-withdrawing groups (cyanogen azide, 
tosyl azide, benzoyl azide. picryl azide) the LUMO azide-HOMO olefin 
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interaction is dominant (Type I11 cycloadditions), while for alkyl azides 
the more important interaction, except with very electron-rich dipolaro- 
philes, is HOMO azide-LUMO olefin (Type I cycloadditions). 

The Hammett p values found for substituted azides (Table 13) have a 
rationale in the perturbation approach to 1,3-dipolar c y c l ~ a d d i t i o n s ~ * ' ~ ~ .  
The positive (negative) values are considered evidence for the role of 
electron acceptor (donor) by azides through their LUMO (HOMO). 
Rate acceleration found for electron-poor (-rich) azides in the reaction 
with 1-pyrrolidinocyclohexene (rnaleic anhydride) is due to a decrease 
in LUMO energies (increase in HOMO), enhancing LUMO azide- 
HOMO olefin (HOMO azide-LUMO olefin) interaction. A large absolute 
p value is indicative of very small frontier orbital separation of two 
reacting species. 

Figure 15 shows schematically the main interactions between phenyl 
azide and some dipolarophiles giving rise either to 5- or 4-substituted 
d '-1,2,3-triazolines in full agreement with experimental data. 

h 

B 
v 

lu 

F 

-0.2 - 

f=tl-N, 

Z 
- 

h 
\N 

N- Ph 
hY 
N N-Ph 
2"' 

fix 
NTN ,N - Ph 

X=OR, NR, Y=CH=CH,, Ph Z=CN,CO, Me 

u& 15. Dominant (heavy lines) F.O. interactions for the reactions of phenyl 
azide with some classes of dipolarophiles and the resulting favoured triazolines. 
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Reactivity, regioselectivity and Hammett p values were rationalized by 
Huisgen on the basis of a non-synchronous bond formation with partial 
charge stabilization in the transition states such as 240 and 24142. 

Bond formation, in the F.0.-perturba.tiob:pproach formulation, 
should be more advanced at the sites of the,reactants having the largest 
coefficients, with an electron flow from one addend to the other. This 
picture gives theoretical support to the ‘charge separation’ model. 

5. Cycloadditions with a-ester and a-ketophosphorus 
ylides 

Carboalkoxymethylentriphenylphosphoranes are mixtures of equili- 
brating cis-242 and tram-243 isomers and can be described by the enolate 
structure 242a with minor contribution by the canonical forms 24213 and 
2 4 2 ~ ~ ’  7 .  

Ph,P Ph,P+ 0 
* \= / Ph,P+ 

c-c \ /O- c=c - 
‘OR’ 

/ 
R2 OR’ ‘OR’ R Z  

/ 
R 2  

/ \  

(242a) (242b) (242c) 

Ph,P+ /OR’ 

R ’  0- 

(243) 

\ - /C=F, c-------, etc. 

Carboalkoxymethylentriphenylphosphoranes 244 were found to react 
with a variety of azides including tosyl a ~ i d e ~ ~ ~ . ~ ~ ~ p a c y l  azidess5, azido- 
fo r rna te~~~’ ,  P-azides” and aryl azides” to give diazoacetates (245) 
and iminophosphoranes (246) as the only izolated products. The second 
step of equation (50) may be regarded as a retro- 1,3-dipolar cycloaddition. 
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R’0,C-CH=PPh, R’ -N~  , 
(244) 

\ R’ = Et, t - B u .  Ph 

- 

N 4 \ N 4 c 0 2 R ’  ,m 
N 

I 
L R2 

I 

In contrast, the first step of the reaction of acyl azides and azidoformates 
with ylide 247a resulted in a cycloaddition to the carbon-carbon double 
bond only (equation 51)55.330. The intermediate adducts 249 lose P h 3 P 0  
transforming into the N(,,-substituted triazoles (250) which in the basic 
reaction conditions isomerize to N(,,-substituted triazoles (251)331 

R’  R’ 

___+ 

(51) 

,OEt 

-Ph,PO, N 4N$ -, N h 
\ OEt \N/N 

I 
COR2 I +  COR2 

(250) (251 ) 

Competitive cycloadditions to cargon-carbon and carbon-phosphorus 
double bonds were observed in the reaction of aryl azides with the ylides 
247a, 247b and of acyl azides with 247b332. 

Acylmethylenetriphenylphosphoranes, which have a fixed cis-enolate 
structure (252)333, react with tosyl a ~ i d e ~ ~ ~ ,  aryl a ~ i d e s ~ ~ ~ ,  acyl a ~ i d e s ~ ~ ’  
and vinyl a ~ i d e s , ~ “  to give, in good yields, the triazoles 253 or 254, 
depending on the substituents, according to equation (52). The following 
order of reactivity was found for azides: R’ = acyl > p-02NC6H4- > 
C6H5- > p-CH30C6H4--; and for ylides: R ’  = Me > C6H, > p -  
O2NC6H,. LUMO azide-HOMO ylide interaction is therefore dominant 
for these cycloadditions. ‘ 
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For all these reactions a concerted cycloaddition medlanisnl, character- 
ized by a transition state with small charge imbalance, e.g. 248, is supported 

R’ A’ \N/N (52) 

Ph,P+ 
R’=COR - N 

N 

R= 

H Xo- R1 R’-N’ ’ 4N> \ 

*- 
I 
R 2  

I (252) 

(253) (254) 
R 1  = Me Ph,p-O,NC,H, 

cf 

by the small solvent effect and activation parameters f o ~ n d ~ ~ * ~ ~ ~ s ~ ~ ~ .  

6. Cycloadditions with isocyanates and isothiocyanates 

Butyl isocyanate was found to be unreactive towards azides. Alkyl 
azides (but not aryl azides) were found to react slowly with aryl iso- 
cyanates and acyl isocyanates to give 4-aryl and 4-acyl-A 2-tntrazolin- 
5-ones 255 and 256 respectively, in good yields. Both aryl and alkyl 
azides, however, readily react with sulphonyl isocyanates to give 4- 
sulphonyl-d 2-tetrazolin-5-ones 257 in excellent yields336. 

The trends in reactivity found clearly show that HOMO azide-LUMO 
isocyanate is the dominant F.O.interaction. 

(255) (256) (257) 

I?’ = n - B u ,  cyclohexyl R’ = alkyl, Ar 

I 
SnR, 

(258) 

R = n-Bu. Ph 

The reaction of alkyl azides with sulphonyl isocyanates was found 
to be reversible. At temperatures above 100°C an equilibrium is 
established between 257 and the addends. A linear Hammett correlation 
for substituted sulphonyl isocyanates was found for this retro-1,3-dipolar 
cycloaddition with a p value of + 1.4; the rate increased with increasing 
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electronegativity of the isocyanate moiety as was the case with the forward 
reaction. 

Tri-n-butyltin (at room temperature) and triphenyltin azide (at 140 "C) 
react with phenyl isothiocyanate only at the carbon-nitrogen double 
bond to give d2-tetrazoline-5-thiones 258336a. In contrast alkyl azides 
react at room temperature with arylsulphonyl isothiocyanates only at the 
carbon-sulphur double bond to give 4-alkyl-5-aryl-sulphonylimino-d 2-  

1,2,3,4-thiatriazolines in good yields336b. 

7. Dimroth reaction 

Aryl, vinyl and alkyl azides react with active methylene compounds 
under basic conditions to give 1,2,3-triazoles. Aryl and vinyl azides are of 
comparable reactivity while alkyl azides are less reactive. Two reaction 
pathways have been considered: a two-step mechanism and a concerted 
1J-dipolar cycloaddition to the delocalized ~ a r b a n i o n ' ~  '. The former 
mechanism seems more probable and is supported by recent findings on 
the reaction of glycosyl azide (259) with cyanoacetamide to give a mixture 
of the two adducts 261 and 262 in a 14-5: 1 ratio337. 

B = benzvl 

I 
N=N- CH 

BO ' 

(260) I 
-N=N 

I 
I 

- 
NC-C-CONH, 

BO 

A 
OB N)-q 

H NH, CONH, 

(261 1 
72% 
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The formation of the two diastereoisomers is undoubtedly due to the 
inversion of configuration at the carbon of the glycosyl azide bearing the 
azido group at a stage such as that depicted by the intermediate 260. 

The related reaction of sulphonyl azides with active methylene com- 
pounds to give diazo compounds has been reviewed by reg it^^^*. 

V. CYCLOADDlTlONS OF 1.3-DIPOLES WITHOUT AN 
ORTHOGONAL DOUBLE BOND 

A. Azomethine Ylides 

1. Preparation and cycloadditions with X=Y 

Dehydrohalogenation of immonium salts’ and thermolysis of the 
easily accessible a ~ i r i d i n e s ~ ~ ’  represent the two best routes to open-chain 
azomethine ylides. Since they are unstable, they are usually prepared 
in situ, in low concentrations, and trapped by th2 dipolarophile present. 
N-Benzylisoquinolinium bromide (263), for exam’ple, reacts with carbon 
disulphide in a basic medium to give the mec.Qionic cycloadduct 264 
through the intermediate azomethine ~ l i d e ~ ~ ’ .  

Aziridines, isoelectronic with the cyclopropyl anion, isomerize to azo- 
methine ylides, isoelectronic with the ally1 anion, through a conrotatory 
or disrotatory ring opening upon heating or irradiation re~pec t ive ly~~’ .  
The whole process is* described below for the two epimeric dimethyl-l- 
(4-methoxyphenyl)aziridine-2,3-dicarboxylates, 265 and 266, to 267 and 
268 respectively. 
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C, H ,O M e-p c , H ,O M e - p  

I 1 

45-AF %,*f?$CO,Me 

Me0,C H Me0,C C0,Me 

(265) (266) 

1 6.. 
C,H,O M e - p  C, H,O M e - p  

I 

Me0,C N+ I C0,Me d H N  ' C0,Me 

'ti Me0,C 

\ c4+ \ - / '/ \& C- 
\ 

H 
/ / 

H 

Azomethine ylides 267 and 268 have quite different dipolarophilic 
reactivities. In fact, 268 reacts with different dipolarophiles to give adducts 
characterized by complete sterospecificity, while 267 with dipolarophiles 
which are not particularly active gives rise to mixtures of epimeric 
c ycloadducts. 

Assuming that 1,3-dipolar cycloadditions are completely stereospecific, 
it follows that in the case of 267 isomerization to 268 is competing with the 
addition, as shown by the reactions with dimethyl azodicarboxylate 
reported 

C, H,O M e-p  C , H M e  - p  

I 

+ C0,Me 

265+  N - / 100 'C. C,H,Me 

H N-N 

/ \  
Me0,C C0,Me 

/ \  
It 94% 

N 
Me0,C C0,Me / 

93% 7% Me0,C 

C,H,O M e - p  

CO, M e  I 
/ 

N 1OO'C. C.H,Me ______, 
96% 266 + II 

N 
/ 

/ \  Me0,C 

Me0,C C0,Me 
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The differing reactivity of 267 and 268 is difficult to explain since they 
have very similar energy contents. It has been suggested, however, that the 
different stabilities of the final adducts may be responsible for these 
results343. 

Unsymmetrically-substituted aziridines react with aldehydes in a 
regiospecific f a ~ h i o n ~ ~ ~ . ~ ~ ~ .  Structures and configurations of the adducts 
have been proved with the aid of labelled reagents. Both cis- and trans- 

> + R'CHO 

HZ k 
(269) 
R2 

. . 
A? 'H 

I 
R 2  

l-alkyl-2-aryl-3-groylaziridines [(269) and (270)] react with aliphatic or 
aromatic aldehydes to give mixtures of the oxazolidines 271 and 272 
in which the epimer 271 is dominant. The identical configurations at 
positions 2 and 4 in the two oxazolidines is rationalized by the isomeriza- 
tion of cis- to trans-azomet hine ylide before the cycloaddition reactions 
occur. 

Several other unsaturated compounds have been reacted with azo- 
methine ylides to give different heterocycles. For azomethine ylides with 
suitable dipolarophiles, the following heterocycles have been synthesized: 
i m i d a ~ o l i n e s ~ ~ ~ - ~ ~ ' ,  t h i a z o l i n e ~ ~ ~ ~ . ~ ~ ~ ,  thia~ol idines~~' ,  oxazolines and 

Stable azomethine ylides incorporated into an aromatic system with 
5 or 6 atoms are accessible by a variety of syntheses. Some examples are 
reported below. 

oxazolidines344.345. 348.3 5 1.3 5 2 and triazolidines342.35 0 

Go- +/ 4, 
Me 

h,N,!,(--P h 

0 +\ Ph I 
M e  S-Ph 

(273) (274) (275) 
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The mesoionic piperazine 273 reacts with both C=C and C=O double 
bonds. The cycloadduct with formaldehyde has been transformed into the 
corresponding trioxopiperazine on catalytic reduction (equation 53)353. 

An interesting route to the tropone and benzotropone systems is that 
which goes through the cycloaddition of 274 and 275 with C=C double 
bonds (equation 54)354. 

H,/Raney NI 
273 + CH,O - 

Ph 
S-Ph 0 

- - r - . - - + I \  CH I Ag20 (J;; 
- 

CN 

274 + H,C=CHCN ___* 

CN 
(278) 

Compound (274) reacts with acrylonitrile to give the adduct 278 which 
in turn is transformed into a tropone derivative on Hoffmann elimination. 
274 has also been found to undergo a retro- 1,3-dipolar c y c l o a d d i t i ~ n ~ ~ ~  : 
when dimethyl-7-oxabicycl0[2.2.1 ]hepta-2,5-diene-2,3-dicarboxylate (214) 
is reacted with 274 in boiling tetrhhydrofuran, 279 and 280 are formed in 
nearly equal yields. Heating the adduct 279 in chlorobenzene to 130°C 
gave the thermodynamically favoured isomer 280. 

- @ = - M e  c)& C0,Me 

- 
CO, Me - C0,Me H 

Co,Me (279) (280) 
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As shown in the previous examples 273, 274 and 275 undergo 1,3- 
dipolar cycloadditions to give bicyclic compounds containing all the 
elements of the addends. In contrast, systems 276 and 277, which are 
internal anhydrides of N-acylaminoacids react with unsaturated com- 
pounds to give different types of cycloadducts on extrusion of carbon 
dioxide’. The general reaction of an azalactone with X=Y, shown in 

1.1 eq dimethyl lumarale 

A. aylene 
’ 276 

10 0 eq dimethyl furnaraie 

3. aylene 

I 
R 2  

r d H  
Me0 C 

H 

C0,Me 

(284)- 

equation ( 5 9 ,  yields the non-isolable cycloadduct 281 which decompogs 
in turn to the new non-aromatic 1,3-dipolar system 282, which is moie 
reactive than the starting azomethine ylide in cycloadditions. 

The d2-oxazolin-5-ones in their tautomeric form of oxazoliup 
5 - 0 x i d e s ~ ~ ~ * ~ ~ ’ ,  react smoothly with conjugated alkenes, e.g. 2,4-diphenyl- 
d2-oxazolin-5-one (276) with dimethyl fumarate yields either 283 or 284 
depending on the dipolarophile concentration3 ”. 

Compound 283 is formed through a prototropic tautomerism process of 
an intermediate of type 282 (R’  = Ph;R’ = H) which, in the presence 
of excess dimethylfumarate, may be trapped to give 284. 

Reaction of azomethine ylides of type 277 with cyclopropenones and 
with methylenecyclopropenes leads to 4-pyridones and 1,4-dihydro- 
N-methyl-4-methylene-pyridine derivatives respectively, according to the 
reaction mechanism described below35s”. Different behaviour is observed 

‘ 6  
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x = o ; c ’  ; s  
R 4  

\ 

when diphenylcyclopropenone reacts with some substituted azomethine 
ylides from aziridines. In this case a very close similarity in dipolarophilic 
reactivity of the carbon-carbon double bond and the carbonyl bond has 
been found. In fact, as exemplified by the two above reported equations, 

Ph C0,Me Ph 

- co Ph’ 

C,H, ,-cYCIO 0 C,H, , x y c l o  

C0,Me 

Ph‘ H* N H 

I 
C,H, ,--cycle 

0 
II 

phwc-Me N + Ph A- Ph 
2 6. H , ,-CYCIO 

I 
C,H, l-CyCIO 

COMe 
A 

% T  

the apparently closely-related 3-carbomethoxy-1-cyclohexyl-2-phenyl- 
aziridine and 3-acetyl-1-cyclohexyl-2-phenylaziridine react with 



6.  1,3-Dipolar cycloadditions involving X=Y g r o w  477 

diphenyl-cyclopropenone selectively to give a pyrroline and oxazoline 
derivative, r e s p e c t i ~ e l y ~ ~  la. 

The mesoionic oxazolones (also called munchnones) are also highly 
reactive with hetero double bonds. With ketones, aldehydes and keto 
esters the cycloaddition goes through a bicyclic primary cycloadduct 
which, after CO, elimination, rearranges to an N-acylenamine through 
electrocyclic ring cleavage359. 

A typical example is the cycloaddition of 3-methyl-2,4-diphenyI- 
oxazolium-5-olate (277) with aromatic aldehydes. 

A r. 

The relative position of the substituents on the N-acylenarnine 285 
shows the direction of the cycloaddition. Thiocarbonyl derivatives behave 
similarly to the carbonyl compounds in their cycloaddition with azo- 
methine ylides. Munchnone 277 dissolved in carbon disulphide at 30°C 
gives the stable 3-rnethyl-2,4-dipheny] thiazolium-5-thiolate (286) in 
quantitative yields360. s 

. 
The driving force of the reaction is attributed to the greater aromaticity 

of 286 compared to 277. A similar reaction sequence is followed in the 
formation of 3-methyl-2,4-diphenylthiazolium-5-olate from 277 and 
carbon oxysulphide. 

An unusual dipolarophilic reagent is involved in the reaction of 
miinchnone 277 and p-nitrobenzonitrije in xylene at 120 "C to give 
compound 287 through several steps36 '. 



478 

277 + 

Giorgio Bianchi, Carlo De Micheli and Remo Gandolfi 

. C N  0 

/ I  
'0  C,H,CN-p 

The dipolarophilic reactivity of the nitro group in the 4-nitrobenzo- 
nitrile is particularly surprising considering the presence in the molecule 
of the C-N triple bond which, as is well known, is reactive towards 
azomethine ylides. 

The N=O double bond of the nitrosobenzene also reacts with the 
azomethine ylide 277 to give the N-methyl-N'-phenyl-N-benzoyl- 
b e n ~ a m i d i n e ~ ~  '. 

The reaction of azo compounds with azomethine ylides is yet another 
example of the reactivity of this 1,3-dip0Ie~~'. 

N=N-CN 

NC\N 

277+ 6 ___* - Ph A N xc6H4c'-p Ph 

I 
CI 

C0,Me 
/ 

N 277 + 2 1 1  + 

N 
/ 

Me0,C 

C\02Mero2Me N-N 

-p"+A- N Ph 

I 
M e  

1 
M e  

(288) 

I 
M e  

The addition of 277 to 4-chlorobenzene-anti-diazocyanide is com- 
pletely selective. giving only the amine 288 as final product. 

Another complex mechanism is involved in the cycloaddition of 277 
with dimethyl azodicarboxylate. The reaction proceeds with evolution 
of CO, to give the dipolar triazole derivate 289, which supposedly trans- 
fers two carbomethoxy groups to a second molecule of the azodicarboxylic 
ester to produce 290 and 291. 



6. 1,3-Dipolar cycloadditions involving X=Y groups 479 

2. Reactivity 

A kinetic study56 of the cycloaddition of 3-methyl-2,4-diphenyl- 
oxazolium-5-oxide (277) (see Table 6 for some examples), with olefins 
and hetero multiple-bond systems, has shown that the reaction is strictly 
of the second order. Furthermore, as 1,3-dipolar cycloadditions of 
azomethine ylides with acetylenes are not faster than those of olefins, 
e.g. aromatic pyrroles are not formed faster than non-aromatic pyrrolines, 
it follows that the step from the intermediate cycloadducts to .the final 
products is not rate determinant. 

Interestingly enough, the lower reactivity of methyl crotonate 
(lo4 k2(l/mol sec) = 76.7; AH' = 11.8 and AS' = -32) compared to 
methyl acrylate, (lo4 k 2  = 26,000; AH' = 12.3 kcal/mol and ASf = 
- 19 e.u.) is mostly due to  entropic factors as a consequence of the higher 
steric requirements of the crotonate. Styrene and non-activated alkenes 
showed reactivities similar to that of the crotonate. 

6. Azomethine /mines 

1. Preparation and cycloadditions with X=Y 

Sydnones 292, prepared through cyclization of N-nitroso-a-amino 
acids, contain the cyclic azomethine imine system in an aromatic ring'*362. 

R 2  w0- 
0 - etc. 

"/ 
R2Ho 9 R 2  

\ Ac,O 
CHC0,H R'-N+ o - R~-+N 
I \ /  

(292) - ru R ' - N  
l 

N O  a: R '  = Ph; R 2  = H 
b R '  = Ph; R 2  = M e  

Since sydnone LUMO energie3 are very low, it is reasonable to  
assume that their cycloadditions are LUMO-dipole controlled. The 
electron-withdrawing carboxyl group directly attached to the carbon 
atom of the azomethine imine system of sydnones makes coefficients 
on the ends of the LUMO similar. Hence, cycloadditions with unsym- 
metrical dipolarophiles should not result in strict regi~chemistry~.'. 

In practke, for the two mast studied sydnones, 3-phenylsydnone 
(292a) and 3-phenyl-4-methylsydnone (292b), the adducts obtained by 
cycloaddition with almost all the monosubstituted a l k e n e ~ ~ ' ~ . ~ ' ~ . ~ ' ~  , are 
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those resulting from the intermediate adducts 293, while with p r ~ p e n e ~ ~ ~ ,  
a l l y l a ~ e t a t e ~ ~ ~  and a ~ r y l o n i t r i l e ~ ~ ~ ,  mixtures of the product in 294 and its 
opposite regioisomer 295 were formed. 

Product 
tH2 

292+ CH - 
I 
R3 

- Products 
iHz 

292 + CH - 
I 

R4 

The mechanism of 1,3-dipolar cycloadditions of sydnones with alkenes 
is illustrated by the reaction of 3-phenylsydnone (292a) with ethylene and 
1,l-diphenylethylene (equations 56 and 57)364,365. 

2 9 2 a U  ti C=CPh [ ph-N ,fiph 0 

N Ph 

- co, - C  H - 
ph-N\ T P h  / (57) 

N 



6. 1,3-Dipolar cycloadditions involving X=Y groups 48 1 

In equation (56) the intermediate 296 readily loses carbon dioxide to 
give the betaine 297 which in turn gives l-phenyl-d’-pyrazoline (298) 
through a thermally-allowed 1,4-suprafacial hydrogen shift. In equation 
(57) the intermediate 299 expels benzene to give the aromatic 1,3-diphenyl- 
pyrazole. 

In agreement with the above proposed reaction mechanism involving 
intermediate azomethine imines such as 297 and 299, the 3-phenylsydnone 
reacts with 1,5-cyclooctadiene to give 10-phenyl-9,lO-diazatetracyclo- 
[6,3,0,04* ,05*’ ]undecane(300).Thed ‘-pyrazoline301 was not detected367. 

292a + I 0 -=02 ’ 
[ P h - h , r n  

Ph-N yJ x 
\ /  

Sydnones react with several classes of hetero double bonds such as 
phenyl i s~cyanates~~’ ,  aldehydes and aromatic t h i~ke tones~~’ .  

Ph 

(302) 

The reactions of 3-phenylsydnone (292a) with phenyl isocyanate 
(equation 58) and 4,4‘-dimethoxythiobenzophenone (equation 59) gave 
the mesoionic 1,2,4-triazolone (302) and N-thioformylhydrazone (303), 
respectively. Arylidene-N-acetylphenylhydrazines (304) were obtained 
from the cycloaddition of 3-phenyl-4-methylsydnone (292b) with aromatic 
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p-MeOC,H, \ c=s- [ Ph-NF%CsH,OMe-p]  -"' 

p-MeOC,H, N C,H,OMe-p 

292a + 
/ 

FS C6HdoMe-p - [ P h - N k  x ](59) 

N C,H,OMe-p - 

/ \ 
p-MeOC,H, CHS 

(303) 

aldehydes (equation 60). All these cycloadditions of sydnones with hetero 
double bonds invariably showed regiospecificity. 

Oxidation of benzylbisphenylhydrazone gives rise to bisphenyl- 
amstilbene (305) which is in equilibrium with the mesoionic anhydro-l- 
'phenylimino-2,4,5-triphenyl-1,2,3-triazoliumliydroxide (306)370. The latter 
1,3-dipole reacts with carbon disulphide to give 2,4,5-triphenyl- 1,2,3- 
triazole, sulphur and phenyl isothiocyanate. 

g-- P h I 
N=N P h  

\ phx 
Ph N=N Ph N 

P h  I IN)?- P h -Resonance structures 

Ph ( 306 ) 
\ 

(305) 
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Ph 

Compound 306 reacts with ethyl acrylate, acrylonitrile, methyl crotonate, 
phenyl isocyanate and pbenyl isothiocyanate to give the related adducts in 
a regiospecific manner. 

306 

Ph 

x = o , s  R = CO,Et, CN 

From diphenyldiazomethane and 4-phenyl- 1,2,4-triazolin-3,5-dione, a 
1,3-dipolar species 307 is produced which may be trapped by a suitable 
dipolarophile to give adducts such as 308 and 3Og3’l. 

G4 

N Ph\ C=N ir, + 

NY 0 Ph’ -iYN-ph 0 

Ph,CN,+ 11 N-Ph - 
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Me0,C C0,Me 
\ /  

c=c 
/ \  

H H 

60% 
307 

COMe Ph-N=C=O I 76% 

kAYN-ph 
Ph-N 

0 0  

In the reaction of azodibenzoyl with d i~henylke tene~~’ ,  an azomethine 
imine intermediate, 3101 has also been postulated. The latter reacts with 
excess diphenylketene to give 311 and dith phenylisocyanate to give the 
adduct 31 2. 

Adduct 311 is in equilibrium with 3429 and diphenylketene through a 
retro-1,3-dipolar cycloaddition. 

0 

Ar 

(31 01 

N,N’-Disfibstituted hydrazines react with carbonyl compounds to give 
azomethine imines 314 through the intermediate 313 which is seldom 
i ~ o l a t e d ~ ’ ~ . ~  74. 
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-H,O 

I 

Azomethine imines 314 tend to dimerize to 1,2,4,5-tetrazines (315) 
which may be used to generate the dipolar species. The tetrazine 316, 
for instance, reacts smoothly with the carbon-sulphur double bond of 
carbon disulphide to give 2-p-methoxyphenyl-3,4-dimethyl-1,3,4-thio- 
diazolidine-5-thione (317) in good yield375. 

M e  5 

+ cs, 

133% 
p-MeOC,H, 

\ /"" 

p-MeOH,C, HxN-Nc / N-N, C,H,OMe-p - H 

S 

(31 7 )  

/ \ 
M e  M e  

(316) 

I 
H 

v 

Readily isolable and stable azomethine imines such as 318 are obtained 
by the reaction of pyrazolin-5-one with aldehydes and ketones. The latter 
dipoles react with alkynes3" and i s ~ c y a n a t e s ~ ~ ~ .  Cycloaddition of 318 
with phenyl isocyanate is a good'method for the synthesis. of "-substi- 
tuted-bis-carbamoyl-pyrazolidin-3-one 319. 

The intermediate azomethine imine 321 ha?- oeen postulated in the 
reaction of aldehyde 320 with N-acyl-N--alkylhydrazines to give 322 and 
3233 '. 
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u rp  Me-NH-NH-COR, 
-COR 

COR Me\ /COR 

(322) (323) 

N-Arylamino-3,4-dihydroisoquinolinium salts give the very reactive 
azomethine imines 324 on treatment with triethylamine or pyridine'. The 
reactions of the latter dipoles with suitable dipolarophiles represent facile 
routes to pyrazolidines 325', 1,2,4-triazolidin-3-ones, 1,2,3-triazolidin- 
3-thiones 326378, 1,2,4-triazolidines 327379, 1,3,4-oxadiazolidines 328380 
and 3-bora-1,2,4-triazolidines 32g3". 

(324) H 

\N/A' q / 
R T-B\R 

The cycloadditions of azomethine imines to yield 327 and 328 are 
reversible: adducts give the addends on heating. The cycloadduct of 
3,4-diliydroisoquinoline-N-phenylimine with p-nitrobenzaldehyde (328, 
Ar = Ph; R '  = p-02NC,H,,  R 2  = H), heated in the presence of phenyl 
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isocyanate gives a compound of the type 326 and liberates the aldehyde in 
good yield380. 

C. Nitrones (Azomethine Oxides)= ’’ a 

1. Structure 

Nitrones generally have’large dipole moments oriented in the direction 
of the N - 0  b ~ n d ~ ~ ” ” ~  . This indicates a high contribution of structure 
330 in the ground state of the molecule. 

R’ 81 - 
\ +/- 
/ 

C=N 

(330) 

The presence of a double bond in structure 330 may give rise to geo- 
metrical isomerism. Below are reported some examples of keto- 
n i t r ~ n e s ~ ~ ~ ~ ~ ~ ,  e.g. 331 and 332, nitronic esters38‘, e.g. 333 and aldoni- 
t r ~ n e s ~ ~ ’ ,  e.g. 334 for which the two isomers have been isolated and 
characterized by dipole-moment measurements, U.V. or  n.m.r. analysis. 

\R 3 R 2  

cis form trans form cis form trans form 

Ph 0 -  p-MeC,H, 0- 
\ + /  \ + /  

/ \  
CH,Ph Ph 

NC 0- Ph 0- 

Ph / ‘Ph N C  /C=N\ Ph p -  MeC, H, 

\ +/ C=N \ + /  

CH2Ph 
C=N /C=N\ 

(331 a) (331 b) (332a) (332b) 

H 0- N C  0- H 0- C,Me,, +/ 0- 
\ +/ \ +/ \ +/ 
/ 

C=N 
/ \  

M e  OR ‘6 M e  H 
/C=N\ 

+, 

/C=N\ 
C=N 

\OR H N C  

(333a) (333b) (334a) (334b) 

The m l t s  isomer is generally more stable than the cis isomer and the 
energy values required to convert one isomer into the other are spread 
over a large interval. The energy required to convert nitrone 331a into 
331b (A€#  = 24.6 k c a l / r n 0 1 ) ~ ~ ~  is quite different from the energy required 
for the isomerization 332b -+ 332a (A€+ = 33.6 1.4 kcal/mol, A S *  = 

- 4  4 e . ~ . ) ~ ~ ~ .  The latter value is similar to the interconversion barrier 
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found for aldonitrone (334) for which the energy required to convert the 
cis form to the trans at 147°C is AG' = 33.1 kcal/mol while the reverse 
process requires 34-6 k c a l l m 0 1 ~ ~ ~ .  The latter interconversions have been 
found to be catalysed by traces of benzoic acid; the free energies of 
activation for the catalysed processes were AG' = 23.9 and 25.4 kcal/mol 
re~pec t ive ly~~ '. 

Aldonitrones are, however, generally constituted by the sole trans form 
at room temperature. 

2. Cycloadditions with C=C 

a. Endo-exo and syn-anti isomerism. Endo-exo and syn-anti isomerism 
in 1,3-dipolar cycloadditions can be explored with the aid of both cyclic 
and open chain nitrones with definite structure. For example 5,5-dimethyl- 
A'-pyrroline-N-oxide reacts with cis-3,4-dichlorocyclobutene to give a 
mixture of the two stereoisomers 337 and 338 whose structures have been 
elucidated by n.m.r. data and confirmed by X-ray analysis390. Adducts 
337 and 338 are generated through the exo-transition states 335 and 336 
respectively, since these, for steric reasons, are more favoured than the 
corresponding endo transition states. The syn-chlorine compound is 
dominant in the reaction mixture as a result of stabilizing interactions 

0- 

among the two 1,3-dipole ends and the lone pairs of the chlorine atoms. 
Often, in accordance with the reaction scheme shown in equation (11) 
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(Section ILL), nitrones react with dipolarophiles to give mainly adducts 
derived from endo-transition state@"v391.387. The reasons invoked to 
explain this kind of endo- isomerism were based on both electronic 
and steric effects. C-Pheny phenylgitrone, possessing a rra17.s structure, 
reacts with N-phenylmaleimide to give a mixture of the diastereoisomeric 

'isoxazolidines 341 (63 %) and 342 (37%)39'. Comparable results have 
been found for some other aryl substituted nitrones and N-arylmale- 
i r n i d e ~ ~ ~ ' .  

The prevalence of diastereoisomer 341 over 342 may be rationalized 
considering the transition states. The eiido transition state 339 is favoured 
both by 7~ overlap between the two N-phenyl groups of dipole and dipolaro- 
phile and the stabilizing dipole-dipole interaction of the two addends39'. 
On the other hand adduct 342, is formed through the em-transition state 
340 in which steric requirements should be less than in 339. Better 
stabilization in the eiido transition state344 seems to operate in the reactions 
of nitronic ester 343, possessing a cis structure, with electron-poor 
dipolarophiles, e.g. dimethyl maleate, to give only the isoxazolidine 345392. 

(339! 
Ph 

(340) 
0- H '  

\ +  / 
N=C 

/ \  

(343) 

M eO C 0 , M e  - 
i- 

(344) 

Me0,C C0,Me 
a (345) 

OMe 
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The latter 1,3-dipolar cycloaddition belongs to Type I of Sustmann's 
classification, in which HOMO dipole-LUMO dipolarophile interaction 
is dominant393. The better stabilization of the erido orientation 344 may 
be attributed to the secondary bonding overlap (a) between the lobes of 
the nitrogen of the dipole and the carbon atom of the ester which is 
prevalent over the antibonding interaction (b)383. 

A further aspect in 1,3-dipolar cycloadditions of some nitronic esters 
with mono- and disubstituted alkenes is the formation of only one 
invertomer under kinetic For instance, nitrone 343 reacts 
with dimethyl maleate to give the invertomer 345 with the configuration 
at C(3! and conformation shown below. The gradual transformation of the 
x-orbitals of the two addends involves the lone pair on the nitrogen (see 
Section ILH), which as depicted in 345, is only developed on the side 
opposite to the new (r bonds392. 

H 
c / 

O M e  
(345) 

OMe 

As described previously the geometry of the transition state can be 
deduced from the structure of the final adduct, provided that the con- 
figurations of the reagents are known and are not subject to change 
during the process. O n  thecontrary, a complex situation arises in 1,3-dipolar 
cycload$.itions of nitrones which are in the trnris-form at room temperature, 
but which may equilibrate with the cis isomer at temperatures of c. 80 to 
100°C. The stereochemistry of the final products may then depend on 
different nitrone-dipolarophile complexes such as 347 and 349 or on 
transition states such as 347 and 348 with the 1,3-dipole in different 
configurations, For example the reaction of C-phenyl-N-methyl nitrone 
with norbornene gives bpth diastereoisomers 350 and 351 74. 

The most reasonable transition state leading to 350 is represented by 
347, while compound 351 can be formed n priori through two different 
transition states 348 or 349. According to the authors7", tmnsition state 

- 
Ph 81 Ph M e  

\ /  \ + /  , - 4  

H /C=N\ M e  H /c=N\,o>- 
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H 

(350) 
13% 

H 
(351 1 
87% 

348 containing the nitrone in its cis form is more probable than the 
sterically more constrained endo transition state 349. 

A cis-trans isomerization operating at room temperature, may be 
postulated in the reaction of C-benzoyl-N-phenyl nitrone with cis-3,4- 
dichlorocyclobutene to give the isoxazolidines 353, 354 and 355395. 

Compound 353 is probably formzd through the complex 352 with the 
nitrone in its cis-form. 

Ph 
I 

Ph 
I 

(352) (353) 
Relative yields: 38% 

I 

CI 

(354) 
60% 

Ph 
I 

CI 

(355) 
2% 
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b. Reactivity. Nitrones are less reactive than the electronically- 
related azoinethine ylides and azomethine imines5. The kinetic data 
available indicate that the reaction rates depend on the structure of the 
nitrones and also on electronic effects of substituents on the reactants45. 
Hence cis-nitrones have been found to be more reactive than the t r m s  
isomers which in some cases needed relatively drastic reaction conditions 
in order to enter 1,3-dipolar c y c l ~ a d d i t i o n s ~ ~ ~ .  A study45 showed that 
electron-withdrawing substituents on the nitrone enhance the reaction 
rates of the 1,3-dipole with ethyl crotonate, while reactions of C-phenyl-N- 
methylnitrone are faster with alkenes containing electron-withdrawing 
substituents (the Hammett p value for the cycloadditions of the latter 
nitrone with p-substituted styrenes is f0-77). 

All of these characteristics of the reactions of nitrones seem to favour 
their inclusion in Type I1 of Sustmann's classification. Cycloadditions 
of nitronic esters, however, as stated previously, belong to Type 1. The 
stability of the reactants strongly affects the reaction rates. When the 
1,3-dipolar system is part of an aromatic ring, its reactivity is very low: 
isoquinoline-N-oxide, for instance, was 36,000 times less reactive with 
ethyl crotonate than the related 3,4-dihydroi~oquinoline-N-oxide~~. 

c. Regioisomerisin. Nitrones react with electron-rich and moderately 
electron-poor monosubstituted olefins and 1,l-disubstituted olefins 
regiospecifically to give a mixture of the two diastereoisomeric 5-substi- 
tuted isoxazolidines (equation 61)396-400. However the reaction is 
regioselective and orientation reversed when the dipolarophile is sub- 
stituted by very effective electron-withdrawing groups4" (equation 62). 
The regiochemistry found in the cycloaddition of nitrones has been 
explained by the M O  perturbation approach allowing, however, for 

+ - L r - M e  (61) 

R 
i Ph-CH=N-Me + 

;R  I 
0 -  

R = OEt, Ph. C0,Me. CN 

+ 
___* 

0 

PhCH=N-Me + - 
R R 

I 7 
0- 

(356) (357) 

R = NO, 0% 100% 

R = S0,Ph 32% 68% 
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steric and dipole-dipole effects. For nitrone cycloadditions with electron- 
rich as well as electron-poor substituted alkenes the LUMO dipole, with a 
large coefficient on carbon, should control regioselectivity generating 
5-substituted i s o x a z ~ l i d i n e s ~ ~ ~ .  With very electron-poor alkenes, such 
as nitroethylene or phenylvinylsulphone, the, dominant and regio- 
chemistry-determining FO interaction will be HOMO dipole-LUMO 
dipolarophile, and low regioselectivity is expected due to the nearly 
identical coefficients on the ends of the 1 ,3-dipole4''. The prevalence, 
and even exclusive formation, of the regioisomer 357 in equation (62) is 
due to a favoured Coulombic or dipole-dipole interaction of the addends. 
Cycloadditions involving di- and polysubstituted alkenes generally give 
rise to a sole adduct whose regiochemistry is supposed to be controlled by 
steric or electronic effects conside&-d above381". 

Two cases in which the lack of regiospecificity is to be attributed to the 
similarity of the coefficients on the double bond of the dipolarophile 
are represented by the cycloadditions of C-phenyl-N-methyl nitrone with 
1,2-dihydronaphthalene and indene to give four adducts in each case402. 
C-Phenyl-N-methylnitrone and an excess of 1,2-dihydronaphthalene at 
100°C for 6 days gave the adducts 358, 359, 360 and 361 in 97% yield. 

(358) . (359) (360) 

Relative yields: 12% 4% 63% 

21 % 

Mixtures of regioisomers were fou;d in the intramolecular kinetially 
(76 "C) controlled cycloadditions of N-alkyl-C-6-heptenyl nitrones which 
are reversible at temperatures 

d. Retro- I ,3 -d ipo/~r  ~.?,c.lo~~~,rtlitions. I n  the case of nitrones, examples of 

~ ~ o o O c 4 0 2 : 1  
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cycloreversions have been found more frequently for reactions with or$- 
unsaturated carbonyl compounds as e.g. in the reaction of 5,5-dimethyl- 
A '-pyrroline-N-oxide with ethyl acrylate. The kinetically-controlled 
adduct 362 on heating at 100°C is ttansformed into the thermodynami- 
cally-more-stable regioisomer 363403. Further examples are given in the 
reaction of 3,4-dihydroisoquinoline-N-oxide with methyl r n e t h a ~ r y l a t e ~ ~ ~  
and of triphenyl nitrone with a c r 0 1 e i n ~ ~ ~ .  
Me 

, 20.c M e m  + p 100-c ~ 

C0,Et 98% 100% 

N+ 
I 

Me 

C0,Et 0- 

(363) 

3. Cycloadditions with isocyanates and isothiocyanates 

Cycloadditions of nitrones with isocyanates and phenyl isothiocyanate 
proceed smoothly to give 1,2,4-oxadiazolidin-5-ones and 1,2,4-oxadiazoli- 
din-5-thiones r e s p e ~ t i v e l y ~ ~ ~ * ~ ~ ~ " ,  e.g. C-phenyl-N-methylnitrone reacts 
with phenyl isocyanate and phenyl isothiocyanate to give compound 
364405. However, both C=N and C=S double bonds of arylisothio- 
cyanates are reactive while the sole C=S double bond of benzoylisothio- 
cyanate enters the c y ~ l o a d d i t i o n ~ ~  l a .  

Ph 
i * "-(ph 

0-  

PhCH=N + /  + PhN=C=X - X 4 ,N-Me 

0 
\ 

Me 
x = o , s  
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In the reaction of aromatic nitroneg with phenyl isocyanate, stable cyclo- 
adducts are not generally isolated. The cycloaddition of isoquinoline-hr- 
oxide with phenyl isocyanate gave compound 366 on expulsion of CO, 
from the intermediate 1,2,4-oxadiazolidine-5-one 365405. A unique 
srample where cycloadducts have been isolated from cycloadditions of 

8 gromatic nitrones is that of 3-picoline-N-oxide with the C=N double 
bond of phenyl isocyanate to give compounds 367 and 36S406. 

4. Cycloadditions with C=S 

Nitrones react with aliphatic thioketones to give 1,2,4-0xathiazolidine 
369 in equilibrium with starting compounds at higher temperatures as 
shown in equation (63)407. 

The in situ prepared sulphenes have been trapped with nitrones to give, 
through the intermediate cycloadduct 370, the benzoxathiazepine 371408. 

CH,SO,CI + Et,N 
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5. Cycloadditions with C=P, N=P, N=S 

Giorgio Bianchi, Carlo De Micheli and Remo Gandolfi 

Several 1 ,2,5-~5-oxazaphospholidines 372 were prepared by the 
reaction ofnitrones with the highly reactive C=P bond o f p h o s p h o r a n e ~ ~ ~ ~ .  

-l 

- 

R '  
\ 

___, 
46% 

Ph-CO 

0- R' @Ph3 

R'  R 3  

C=PPh3 ___* 
\ 

/ 
PhCH=N + /  + 

P h  
\ 

R' R 3  R'  = Me, Ph 
R '  = Ph 

R' = R 3  = H 
RZ = R3 = Me (372) 

R' = Ph R' = H: R 3  = Ph 

r 

N -0 
\ 

P h  

)Et3 

PhCO N 

- Ph 
I 

Cycloaddition of nitrones to the N=P bond proceeds smoothly to 
give an intermediate 1,3,5,2-,15-oxadiazaphospholidine system (373) 
which fragments to triethylphosphine oxide and compounds 374410. 

0- 
+ /  
\ 

PhCOCH=N 

Ph Et,O - 
iooni 

Ph-N=PEt, Temp 

+ 

(373) 

O=PEt, 
+ 

-N-CH=N-Ph 
I 
Ph 

(374) 
6. 

Compounds 376 have been isolated from the reaction of 4,5,5-trimethyl- 
d '-pyrroline-N-oxide with N-sulphinyl anilines. The proposed mech- 
anism is that of a 1,3-dipolar cycloaddition to give the intermediate 3754'1. 

II 

N+ 

0- R 
R = H; Me: CI 

Me 

I 

Q 
R 

(375) 

Me Me Me 

t5 I 

___, I 
N H  

I 

R 
(376) 
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An analogous reaction proceeds between C,N-diphenylnitrone and 
N-sulphinyl benzene sulphonamide (377) to give compound 37t141 ’. 

0- 
+ /  

P h - C H =N 
\ 

Ph + 20-36 C 

P h SO - N=S=O 

(377) 

p , t  N (h 

/N\,P 
I I  PhSO, 

0 

D. Carbon yl  Ylides 

1. Preparation and cycloadditions with C=C 

Carbonyl ylides have never been isolated even though they have been 
detected by spectroscopy. The reactive 1,3-dipolar species can be pre- 
pared in several ways: (i) through vaknce tautomerism on heating or 
irradiation of either monocyclic and polycyclic ~ x i r a n e s ’ . ~ ~ ~ . ~ ’ ~ .  . (i i)  by 
carbene addition to a carbonyl group of an aldehyde or ketone’q4l5; 
(iii) through elimination of rnolecula~ nitrogen from d3-1,3,4-oxadiazo- 
lines4’ 6*41 ’, and (iv) through chelotropic extrusion ofCO from oxetanes414. 

R ’  R 3  
\ / 

c=o + IC 
/ \ 

R ’  R 3  R 2  R“ 

/ 
\= + / 

U2 0 R4 c-o=c 
R“ 

R2/ - ‘ 
R’x=x3 

R3 

/c=O-c -\ R’ 

I 
R’ 
\ + -/ 

0 

R 3  R“ 
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The reactivity of these 1,3-dipoles has been tested on several dipolarophilic 
systems and studies on kinetic isotopic effects have been carried out for 
1,3-dipolar cycloadditions of 20 with labelled olefins (see Section 1I.D). 
Carbonyl ylide (20) has been found to be reactive towards many alkenes 
and aromatic and heteroaromatic compounds as wel130,41 '. The reaction 
has been shown to be stereospecific. With benzene, compound 20 gave the 
mono- and the bis-adducts 379 and 380 respectively. The capacity of 

CN NC 

carbonyl ylides to enter 1,3-dipolar cycloadditions with arenes is worth 
mentioning since only a few 1,3-dipoles ( e g ,  ozone, azomethine ylides4' *) 
are known to react with dipolarophiles of such low reactivity. 

Isolation of adduct 382 from the pyrylium oxide 381 (in valence- 
tautomeric equilibrium with 2,3-diphenylindenone oxide) and maleic 
anhydride, indicates a preferred ex0 (Section 1I.L) orientation of the two 
reactants. A similar stereoisomer has been obtained in the reaction of 381 
with N-phenglmaleimide whereas with dimethyl maleate the two possible 
isomers have been isolated. In the case of the reaction of 381 with sym- 
metrically ti-am-disubstituted alkenes the formation of 383 and its dia- 
stereoisomer was the rule4 l '. 

0 .  

p&*Q; \ / 

Ph 
Ph 

(381 1 
I 

101- 
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1,3-Dipolar cycloadditions of cis- and ti-ails-cyanostilbeneoxides gave 
interesting results420. 

HRcN Ph 

Ph T 

\ ,c=c /" \ 'OaMe , Ph vph + phv (65) 
Me0,C 

384+ ;13OeC.45h 

H CN H CN 
H H 

9 9% 

C0,Me C0,Me 

(386) 
5 4% 

(387) 
4 6% 

I 

\ /" CN Ph 
Me0,C 

385 + H ,c=c \ CozMe, 386 4- 387 4- 
-t Hq N(66) 

&130'C.l30h 

80% 29% 20% H Ph 

H CO,rek C0,Me 

(388) (389) 
3 2% 19% 

The formation of cycloadducts 386,387,388 and 389 is easily understood 
if it is considered that the C-C bond cleavage of the oxirane is a thermally- 
allowed conrotatory ring opening (equation 64). Carbonyl ylide 384 
adds to dimethyl fumarate to give only 386 and 387, while 385 gives 388 
and 389 as well as 386 and 387. The formation of the four tetrahydrofuran 
derivatives in the latter reaction is the proof of a reaction mechanism 
involving concurrent processes. The less stable carbonyl ylide 385 either 
reacts as such to give 388 and 389 or undergoes isomerization to the more 
stable 384 which in turn is trapped by the dipolarophile present. 
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2. Cycloadditions with C=O 

Carbonyl ylides are also reactive towards carbonyl groups. For instance, 
carbonyl ylide 381 reacts regiospecifically with cyclohexanone to give 
390; 381 was also found to be in equilibrium with its dinier which is 
tentatively represented as structure 391"*'. 

Giorgio Bianchi, Carlo De Micheli and Remo Gandolfi 

Ph 
.I 

(390) 

The ylides from 392 add to aromatic aldehydes in a regiospecific fashion 
to give a mixture of diastereoisomeric dioxolanes 3934". 

+ p-YC,H,CHO - Nc2xR NC 0 C,H,X-P 

The nature of the substituent Y affects the reaction rates and these are 
higher for electron-withdrawing groups. MO perturbational theory 
explains this difference in reactivity as due to a stronger HOMO dipole- 
LUMO dipolarophile interaction. 

Competitive reaction experiments have shown that the C=O group 
of p-nitrobenzaldehyde or of cinnamaldehyde is a more reactive dipolaro- 
phile than C=C of methyl fumarate4'2. 

E. Carbon yl  Oxides 

1. Photooxidation of diary1 diazoalkanes 

When diphenyldiazomethane was photolysed in the presence of oxygen 
only the product was the diperoxide 394. However when the photo- 
oxidation was carried out  in the presence of aldehydes as solvents, n o  
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diperoxide was isolated but 1,2,4-trioxolanes (ozonides) 395 were obtained 
in low yields and the major product was b e n ~ o p h e n o n e ~ ~ ~ .  

Ph 
h 18 \ 

/ 
C: - Ph,~-O-O* - Radical reactions Ph,CN, - 

Ph 

R'  = Me, 7.8% 
R'  = Ph. 11.8% 

The reaction involved the photolysis of the diazo compound to the 
triplet carbene which reacts with ground-state oxygen to give the diradical 
form of the carbonyl oxide (396). Most of the diradical form is consumed 
by radical reactions, however a portion reacts in the dipolar form, 397, 
which either dimerizes or, in the presence of aldehydes, gives 1,2,4- 
trioxolanes. When the photooxidation is carried out using '80-labelled 
aldehydes, the labelled oxygen is found only in the ether bridge of the 
1 ,2 ,4 - t r io~o lanes~~~ .  This synthesis of carbonyl oxides is limited to diazo 
compounds containing two aryl substituents. However, it was recently 
shown that both alkyl and aryl diazoalkanes can be converted to carbonyl 
oxides by allowing them to react with excited singlet oxygen (equation 67). 
In the presence of aldehydes, mixtures of traiis- and cis-ozonides 398 
were obtained in low yields425. 

- 
R' R' R '  

\-. + 

H 

R' = Ph, i -P r  
' (398) 
cis f trans 

These results provide a confirmation of Criegee's theory of final ozonide 
format ion42 3-425 : however this interpretation has been more recently 
cri t i ~ i z e d ~ ~ .  

2. From 1.2.3-trioxolanes (primary ozonide) 

Criezee's proposed mechanism for o ~ o n o l y s i s ~ " ~ ~ ~ ~  predicts that the 
primary ozonide, the 1,2,3-trioxolane 399, breaks in a concerted manner 
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to give the carbonyl oxide, 400, and the carbonyl compound, 401. These 
two remain associated iWd solvent cage and subsequently recombine to 
give the final oa - ide  (402) unless they are separated because of solvent 
polarity, high reaction temperature or association with other spcies. 
Variable amounts of diperoxides 403 and polymeric peroxides 404 may 
also be formed. The evidence for the Criegee mechanism includes the 

following observations: (i) when ozonolysis is carried out in a participating 
solvent, e.g. methanol, the carbonyl oxide is‘quantitatively trapped to give 
a substituted hydroperoxide, e.g. 405428*430-433 : (ii) when the ozonolysis 
is carried out in the presence of reactive foreign aldehydes, e.g. formalde- 
hyde or acetaldehyde, the corresponding ozonides, e.g. 406 are formed42s ; 
(iii) ozonolysis of phenylethylenes at temperatures between - 78 “C and 
25°C in the presence ‘80-labelled b e n ~ a l d e h y d e ~ ~ ~  as well as that of 
ethylene, propylene, cis- and trans-2-butene in the presence of “0- 
labelled formaldehyde and acetaldehyde at - 95 “C and - 126 0C435, 
lead to incorporation of the label only at the ether bridge; (iv) cross 
ozonides are formed from unsymmetrical 01efins~~’ (see equatign 69). 

The Criegee proposal contains no provision for the dependence of the 
cis/trarzs ratio of the final ozonide on the stereochemistry of the olefinic 
precursor. Recently it was shown that the cis/trons ratios of normal 
ozonides as well as that of cross ozonides are governed by geometrical 
isomerism and substituents on the double bond of the olefin429.436-441 
(equation 68438 and 69439). Th+g:’s/rraris ratio of the ozonides formed is 
also desendent on temperature, solvent, olefin concentration and fast 
or slow warm-up of reaction m i ~ t ~ & 3 ! 2 ~ ~ ~ . ~ ~ ~ * ~ ~ ~ * ~ ~ ~ - ~ ~ ~  . I n subsequent 
discussions, Bailey and coworkers considered Criegee’s mechanism valid, 
provided that some refinements were introduced438, while Murray and 

@ 
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t-Bu--CH=CH-Bu-t C,H,,. -75.c 

b 
conc. oleiln = 0 3 M + 

"H B u - t  
0 3  

Reagent 

cis 
trans 

Relative yield (%) 

7 0  
28 

30 
72 

c,n,,. -78-c 
i-Pr-CH=CH-Me , , 

conc. olefm = 0.1 M + 
03 

(69) 

i - P r A - k M e  + i-PrA*>Pr-i  + M e K - h M e  

H 0 H H 0 H H 0 H 

* Normal ozonide Cross ozonide Cross ozonide 
Reagent cisltrans ratio cisltrans ratio cisltrans ratio 

cis 45/55 65/35 46/54 
trans 46/54 32/68 34/66 

collaborators postulated that the latter ozonolysis results were not con- 
sistent with an exclusive Criegee's mechanism and that an additional 
pathway was needed, particularly in order to describe low-temperature 
reactions with high concentrations of foreign added aldehyde. They 
proposed the reaction scheme described in equation (70)429,437.44 '. 

This mechanis; requires that with "0-labelled aldehyde the label only 
enters into the peroxide bridge of the ozonide. Indeed, in the ozonolysis at 
- 122 "C (pentane, fast warm-up) of trans-diisopropyl ethylene in the 
presence of a high concentration of 180-labelled isobutyraldehyde, 60 % 
of the label is found in the ether bridge and 40% in the peroxide bridge444. 

However, more recent reports by Kuczkowski and coworkers435 
dealing with ozonolysis of cis- and trans-diisopropylethylene (in pentane 
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at - 78 "C or at - 11 1 "C with fast wsrm-up) in the presence of l80- 

enriched acetaldehyde, have proved that the enrichment interested the 
ether bridge only; this finding is in contrast with previous studies ac- 
cording to which the enrichment substantially involved the peroxy 
bridge445". 

that if the first step of Criegee's 
mechanism (formation of carbonyl oxide) is a retro-1,3-dipolar cyclo- 
addition and the second step (formation of ozonide) a 1,3-dipolar cyclo- 
addition, then a suitable model for stereochemical studies would be one 
typical of 1,3-dipolar cycloadditions. 

Recently it has been pointed 

*...........' 0 0  

o....~.;, 
Solid line: cycloaddition; dotted line: retro- 

___, C l'i 
+ . . . . . . . . . . . . 

I Ae 
d 

cycloaddi tion 

According to the above model the cleavage of 1,2,3-trioxolane should 
proceed through an initial bending of the molecule in order to obtain an 
envelope conformation in which the oxygen atom adjacent to the carbon 
going to zwitterion must begin to move markedly away from the plane 
of the ring. As a direct consequence of the two possible movements of the 
oxygen out of the plane of trioxolane, the substituent at the carbon atom 
going to zwitterion can assume either an axial or an equatorial orientation 
so as to give rise to a fi%al syn-407 or anti-408 carbonyl oxide respectively. 

H $1 
ti' (401 ) 

+ 

H 

(408) 
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The energies involved in the two transition states will be determined 
by the sum of interactions between substituents and substituents and ring. 

For the cycloaddition giving the final ozonide endo or exo transition 
states are possible. The s p  (or anti) carbonyl oxide interacts with an 
aldehyde to give through the endo transition state A(D) a trans (cis), and 
through the exo transition state B(C) a cis (trans), final ozonide as shown 
below. 

The most favoured transition states were considered those in which 
interaction between the substituent on the aldehyde and end-oxygen lone 
pairs of the 1,3-dipole is less unfavourable. Molecular models show that 
A and D are favoured over B and C. 

trans 

cis 

The hypothesis, in addition to that discussed above, that the syn-407 
and anti-408 carbon-3.1 oxides do not easily interconvert at low tempera- 
tures has allowed the stereochemical results of the ozonolysis to be 
rationalized446. 

Previous discussion was referred to liquid-phase ozonolysis. For gas- 
phase ozonolysis a different mechanism has been suggested. The initial 
ozonide undergoes an homolytic cleavage of an oxygen-oxygen bond to 
give a diradical which either undergoes a further cleavage to a carbonyl 
compound and diradical carbonyl oxide or give rise to hydrogen rear- 
ran gem en t s44 ' '. 
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0 /O\ ___, 
M e - w ' b l e  

H H 0 0-OH 
It I 

I 
H 

Me-C-C-%-Me ___* Products 

H 
'O\ / 

\ 

\. 
C-O-Oo - Products 

Y o  
' M e o & o M e e M e - C  H H \ H + Me / 

OH 0-0- 
I 1  b 

I 1  
H H  

Me-C-C-CH,. - Products 
J. 

b 

3. Direction of cleavage of unsymmetrical 1.2,3-trioxolanes 
(primary ozonides) 

The study of the factors which determine the cleavage of unsymmetrical 
ozonides [path (a) or (b) of equation 711 has been made possible by 
carrying out the ozonolysis in the presence of methanol which quantita- 
tively traps the carbonyl oxides as methoxyhydroperoxides. 

Of the two available routes [paths (a) and (b)] the preferred is t k t  which 
gives a carbonyl oxide whose suustituents are most capable of stabilizing 
a partial positive charge by inductive, hyperconjugative or mesomeric 
effects (see transition s tge  409 for path a)430-4339447 . The formation of 
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RCH=Q--hl by ozonolysis of monosubstituted ethylenes was shown to 
be governed by the inductive effect (stabilization in the order r-Bu > i-Pr 

> Et > Me > H), while the formation of R'CH=& 51 and R2CH=&( 
from tr-ans-disubstituted ethylenes is controlled by the hyperconjugative 
effect (Me > Et > n-Pr > i-Pr > t-Bu, Table 14). For cis disubstituted 

+ 

TABLE 14. Direction of cleavage of the primary ozonides of monosubstituted 
ethylenes RCH=CH2 and disubstituted trans-ethylenes R1 CH=CHR2. 

CH,CI 
CH,Br 
CH,I 
Ph 
Me 
Et 
n-Pr 
i-Pr 
t-Bu 
C J ~ O - C ~ H  I 

17 
20 
27 
60 
62 
63 
60 
64 
70 
86 

~ ~~ ~~~~ 

Me Et 56 
Me n-Pr 60 
Me i-Pr 71 
Me t-Bu 88 
Et i-Pr 65 
Et t-BU 87 
Me Ph 82 
Me p-MeOC,H, 68 

ethylenes the order was found to be t-Bu > Me > Et > n-Pr > i-Pr433. 
The ozonolysis of 1,2,3-trisubstituted olefins with alkyl or phenyl groups 
mainly gives the more substituted carbonyl oxide. 

The ratio of paths (a) and (b) has been shown to be independent of both 
solvent and The temperature independence indicates 
a nearly identical AH' value for the two paths which must, therefore, 
differ only in AS# values. 

"The values for the activation energy of this retro-cycloaddition in the 
case of l - h e ~ e n e ~ ~ ~  3nd t~ans-3-hexene~~' were -7 and 218 kcal/mol, 
respectively. 

4. Cycloaddition of carbonyl oxides t o  C=O and C=G 
double bonds 

e 
The formation of the ozonides is straightforward when the carbonyl 

compound is an aldehyde. Ketones are generally less reactive towards 
carbonyl oxide, e.g. the ozonolysis of tetramethylethylene yields only 
acetone, acetone diperoxide and polymeric peroxides426. However, ketones 
with negative substituents react readily as is shown by the high yield of 
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ozonides obtained from the ozonolysis of 1,4-dibromo-2,3-dimethyl-2- 
b ~ t e n e s ~ ~ ' .  High reactivity has been also reported for the intramolecular 
reaction of carbonyl oxides with ketones formed in the ozonolysis of cyclic 
olefins such as 1,2-dimethyl~yclopentene~~~, hexaniethyl Dewar benzene 
(equation 72)451 and o~tamethylsemibullvalene~~~. 

6 4% 6 3% 

Aromatic and aliphatic ketones in large excess were found to react with 
carbonyl oxides: ozonolysis of 2-pentene in acetone gave the ozonides 
410 and 411453 while ozonolysis of tetraphenylethylene in acetone or 
benzophenone gave ozonides 412 (74 %) and 413 (25'8/0) re~pectively'~~. 

The cycloadditions of carbonyl oxides with carbonyl compounds are 
always regiospecific. 

In general, C=C double bonds are not reactive towards carbonyl 
oxides, although a few reports have postulated the formation of an 
intermediate cycloadduct between them4' 5-457 . Th' i s  low reactivity is 
somewhat surprising for 1,3-dipoles whose cycloadditions should be 
LUMO-dipole controlled. 

F. Ozone 

Ozone reacts readily both with aliphatic and aromatic double bonds428. 
The reaction has been studied in the gas phase (to 300"C), and in solutions 
(to - 175°C) either in neutral solvents, e.g CCl,, CHCI,, ether, pentane 
or in participating solvents such as methanol. 
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The mechanism of the reaction of ozone with olefins iiivolves a stereo- 
specific cis-addition to the double bond to give the primary ozonides 

. These 1,2,3-trioxolanes are unstable and rearrange to form 
the final ozonides 415 which are sufficiently stable to be handled by gas 
chromatography. However, the primary adduct ozone-trans-di-t-butyl- 
ethylene (414, R' = R2 = t-Bu) was isolated at -75°C as a crystalline 
compound and could be reduced to a racemic diol (416, R' = R2 = t- 
B u ) ~ ' ~ .  The n.m.r. spectrum of the adduct showed a single methine proton 
absorption, consistent with its symmetrical structure459. Formation of the 

41 4 1.42 8.429 

(41 4) 
R '  = RZ = t - B u .  Et. Me ,  i -Pr  
R '  = Me;  R 2  = Et 
R '  = n-Pr;  R2 = H 
R' = Et; R 2  = H 

(41 5 )  
cis i- trans 

trioxolane 414 was also detected (at - 1 lO"C), by n.m.r. and by reduction 
to a diol, for a number of other terminal and trans-olefins (equation 
73)449*460462. The stability of the primary ozonide obtained from trans- 
olefins is much greater than that fronf'cis-olefins. The primary ozonide 
from ozone and cis-3-hexene could be detected by n.m.r. spectroscopy 
only a t  - 130"C462. 

Recent n.m.r:, U.V. and i.r. studies at very low temperatures (I - 150°C) 
have shown that  ozone forms 7~ complexes with the olefins which are in 
equilibrium with the starting c o m p o ~ n d s ~ ~ ~ . ~ ~ ~ .  

The olefin stereochemistry was retained (except in one case4643) in the 
epoxides which are sometimes the major ozonolysis products, particularly 
with 1,l-disubstituted olefins,having large s ~ b s t i t u e n t s ~ ~ ~ * ~ ~ ~ * ~ ~ ~ .  

Based on these data, a mechanism may be proposed for the reaction of 
ozone with olefins (equation 74) in which the first step involves an attrac- 
tion between O3 and the olefin to form a x complex, 417, which either 
transforms into the primary ozonide through a 1,3-dipolar cycloaddition 
(path b), or into a c complex, 418a o r b  (path a)  to give the e p ~ x i d e ~ ~ ~ .  The 
nature and the role of the 7~ complex is not yet fully clear: in fact it can either 
be a true intermediate of the epoxides and ozonides, or it can enter into a 
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R4 

(418b) 

R' k4 

side reaction and dissociation of the n: complex must occur prior to further 
ozone attack (equation 74a). 

0, Ozonides and 
epoxides Complex 

Rd 
2 

Huisgen first classified ozone-olefin reactions as 173-dipolar cyclo- 
additions and as evidence for a concerted reaction considered the following 
data for the reactions of ozone with aromatics' : (i) reaction rates are little 
influenced by solvent polarity; (ii) ozone preferentially attacks the aro- 
matic bond possessing the maximum double bond character, (iii) the 
activation parameters are similar to those of other 1,3-dipolar cyclo- 
additions ( E ,  = 13.2 and 10.7 kcal/mol and ASc = -23 and -22e.u. 
t&r benzene and mesitylene respectively)'*466. 

Ozone has very low-lying unoccupied orbitals and as a consequence 
it should show electrophilic characteristics in its l73-dipo1ar cycloaddition 
(Type 111, LUMO controlled). Excellent correlations were fwnd between 

and their 
reaction rates with ozone which are relatively small and range (in CCl, 
at 25 "C) from 0-028 to 245 I/mol sec for benzene and hexamethyl- 
benzene466. 

Less straightforward are the high second-order rate constants found 
for the reactions of ozone with olefins (TiGI. 15)467-470. 

Table 15 shows a pronounced decrease in reactivity with ethylenes when 
chlorine is substituted successively for hydrogen and an increase in 
reactivity for substitution with alkyl groups. These results have been 

the electron-donating properties of alkyl-substituted benLenes P 
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considered as evidence for the electrophilic character of ozone in its 
cycloaddition with olefins. 

No correlation, however, can be drawn between reaction rates and IP  
of the olefins in Table 15; in addition, and contrary to expectation, the 
increase in reaction rates of halogenated olefins parallels the increase in 
their IP. As a possible explanation, steric influences have been invoked 
particularly for cycloadditions with 1,l-disubstituted a l k e n e ~ " ~ ~ .  The 
possibility of a two-step process was also raised469 and this hypothesis has 
received further support from studies of the rates of the attack of ozone 
on 172-disubstituted alkyl ethylenes and on phenyl ethylenes. Two 
different mechanisms were suggested for the twq-+ypes of alkenes. In the 
first case the attack by ozone on l72-dialk7~ ethylenes (equation 75: 
R' = R 2  = Et, n-Pr, LPr, t-Bu) was found to follow an overall nucleo- 
philic trend4". In CCI, solution the kinetics are described adequately by 
Taft's equation 

logk = logk" + p * C a *  

where C o* is the sum of Taft's polar constants473 for the two substituents 
and p* = 3.75 (for trans) and p* = 2-60 (for cis) are the polar reaction 
constants. A mechanism implying very fast reversible formation of an 
intermediate complex (a 71 or o complex) by electrophilic attack of ozone 
on the olefin and a successive slow nucleophilic (rate-determining step, 
positive p )  attack by 0- end to give the trioxolane [path (a), equation 751 
was considered consistent with the above results. It was therefore argued 
that steric effects are of minor if any importance for these reactions472. 

[complex] 

R ' -C H=CH-R ' 
+ 

(75) 

R'' R2 

In the second case however, for reaction of ozone with phenyl ethylenes, 
small negative Hammett p values (-0.87, - 1.03, -0.87, -0.89 respect- 
ively for 419a, b, c, d) were f o ~ n d ~ ~ . " ' ~ .  It was proposed that the initial 
electrophilic attack of ozone on these olefins proceeds rapidly via an 
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R2  

a: R 2  = CO'Me 
H b: R' = Me 

C :  R' = Ph 
d:R2 = H 

R' 
(41 9) 

irreversible 1,3-dipolar cycloaddition to give the primary ozonide [path 
(b), equation 75]472*474F. 

The reaction rates of the two sets of ozonolyses were found to be 
scarcely affected by solvent p ~ l a r i t y ~ ~ . ~ ' ~ .  

Interestingly enough the AH' (in CCl,) for the reaction of ozone with 
cis- and train-stilbene and triphenylethylene was found to be -0, whilst 
the AS* was - 39, - 33 and - 39  e.u. respectively4'. Activation-energy 
values close to or equal to zero have also been found in the ozonolysis of 
ethylene and I-hexene in the gas phase475, and I - l ~ e x e n e ~ ~ ~  and 1-dodecene 
in the liquid phase476. These results seem to suggest that the activation 
entropy term represents the major contribution (the only one in the 
above cited examples) to the activation free energy in the reaction of 
ozone with mole fins. 

Finally the experimental basis for a mechanism of ozonolysis proposed 
recently by Story and has not been verified in subsequent 

Less is known about the reaction of oxone with hetero double bonds. 
The reaction with carbon-nitrogen double bonds has been described as 
involving an electrophilic attack by the ozone either on the carbon or on 
the nitrogen atom of the d i p o I a r ~ p h i l e ' ~ ~ * ~ ~ ~ .  An initial 1,3-dipolar 
cycloadduct has been proposed for the reaction of ozone with unhindered 
thioketones and ~ u l p h i n e s ~ ' ~ .  

G. Tbiocarbon y l  Ylides 

1. Structure 
Along with classical mesomeric structures common to the other 

1,3-dipoles (see Section II.A), thiocarbonyl ylides can be represented by 
other additional structures, e.g. 420 and 421, involving the 3d orbitals of 

Probably the planar structure 422 does not represent the correct 
geometry for the thiocarbonyl ylides, at least for certain examples486. 

t Mechanism of path (a) has been also proposed for phenylethylenes by other authors: 
E. R .  Altwicker and J .  Basila, Ttrrohedrori, 29. 1969 (1973). 
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In fact, tetrasubstituted thiocarbonyl ylides, in a planar structure 422, 
would present steric constraints. Therefore the tilted form 423, in which 
the strain is relieved by tilting of one p orbital upward and the. other 
downward by the same angle, seem more The tilted model 
423 involves some form of p-d hybridization that the cylindrical symmetry 
of d orbital might make possible486. 

2. Preparation and reactions 

These 1,3-dipoles can be obtained as reactive intermediates in the 
decomposition of A 3-1,3,4-thiadiazolines and then trapped with a suitable 
dipolarophile, as shown in equation 76487. In the absence ofa dipolarophile 
the intermediate thiocarbonyl ylide transforms into the corresponding 
episulphide, e.g. 427, through a conrotatory closure487. 

R '  

Si 

R 3  A R" 

N-C0,Et 
+ I1 

N-C0,Et 

The thiocarbonyl ylide 424 was found to be reactive with electron-poor 
dipolarophiles such as N-phenylmaleimide486, t e t r a c y a n ~ e t h y l e n e ~ ~ ~  
as well as with the C=O bond of diphenylketene4". With the latter two 
dipolarophiles, adducts 425 and 426 were obtained. Norbornadiene was 
unreactive and the only compound isolated was 427486. These results 
suggest that the reactions are HOMO-dipole controlled. 

Mesoionic 1,3-dithiol-5-ones (428) represent a good source of thio- 
carbonyl ylides. They react with several alkenes at 100°C to give the stable 
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compounds 429 which are transformed into thiophene derivatives on 
Pd/C treatment489. 1,3--;Aar cycloadditions of other mesoionic thio- 
carbonyl ylides s rh as 1,3-thiazol-4-ones have been thoroughly investi- 
gated48 9a. 

Compound 430, here represented by three canonical structures, can 
behave either as thiocarbonyl ylide (430a) or azomethine ylide (430b). 

6 

t -  BU H 

NC 
NC ,CN 

NC’ ‘CN 

‘c=c 

100% ’ 
t - B u  

Its 1,3-dipolar cycloadditions with olefinic dipolarophiles are temperature- 
dependent490: e.g. 430 reacts with fumaronitrile in toluene or xylene to give 
a mixture of adducts 431 and 432 (431 being readily convertible into 432 

10- p-  

Ph 2 A -  4. 5 R Ph /&- S R Ph ki $4 - R 
(428a) (428b) 

R = Ph; p-MeOC,H,; p-MeC,H,  
(428c) 

428 + R-’XR-+ R R Ph ’ L\ PdtC ,& 
R2 R2  Ph S R 

’0 

(429) 
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on heating), whereas only 433 is formed in benzene. Experiments on 
thermal stability and interrelation of adducts 431-433 showed the 
greater reactivity of the azomethine ylide as compared with the thio- 
carbonyl ylide system and the greater stability of adduct 431 over 4334'0. 

Giorgio Bianchi, Carlo De Micheli and  Remo Gandolfi 

Ph Ph 

M e - N S S  *------, Me-N$$ \ - M e - N S S  / 

Ph Ph Ph Ph Ph Ph 

(430a) (430b) (430c) 

Ph s 

+ Me- .WCN P h  Ph CN 

(432) 
5% 

H. Thiocarbon yf /mines 

Thiocarbonyl imines have been little studied. This 1,3-dipolar system is 
present in the compounds 434491, 435"'l and in the mesoionic 1,3,2- 
oxathiazole derivatives 436492. The latter were reported as reacting with 
olefins to give the isothiazoles (438) through the unstable cycloadducts 
437 on C 0 2  and ,hydrogen elimination4". Fluorenthione S-benzoylimide 

+ -  @\- 
+ , -  

S-N-Ts QgTS &I R,& 

(434) (435) (436) 
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436 + R2-CH=CH-R3 ~ 

R 2  = C0,Me. H 
R 3  = CO,Me, Ph 

(437) 1438) 

(440) containing the thiocarbonyl imine system is readily obtainabl-e from 
439 on treatment with Et,N at -78"C4',. Compound 440 alone, at a 

A A f i  
S-NH-COPh 

+ E1.N 

COPh 

0 

(442) 

higher temperature ( -  30 "C), undergoes an  intramolecular cyclization to 
give 1,3,4-oxathiazole (441). However when 440 is generated in the 
presence of N-isobutenylpyrrolidine or N-propenylpiperidine, 1,3-dipolar 
cycloaddition occurs to give, in the case of the former dipolarophile: 
cycloadduct 442. Regiochemistry shown by 442 is correct provided that 
these cycloadditions were LUMOdipole controlled. 

R' '@-@-a- R 

R 
R ;@-@-@-R 

LUMO HOMO 

FIGURE 16. Estimated frontier orbital coefficients of R,CSNR. 
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Inspection of Figure 16 shows that the greatest coefficient of the 
LUMOdipole is on the carbon atom; it follows (see Sections 1I.B and 1I.J) 
that the greatest interaction is between the above cited carbon atom and 
P-carbon of the enamine to give regioisomer 442493. 
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I. INTRODUCTION 

Reactions of alkenes with carbenes were first presented in The Chemistry 
of Functional Groups in a review by Cadogan and Perkins’. This article, 
which was also concerned with reactions of alkenes with free radicals, 
covered the literature through 1963. The decade which has passed since 
the appearance of Cadogan and Perkins’ review has witnessed an explosive 
surge of interest in carbene chemistry research, especially as it pertains to 
the study of reactions of carbenes with double-bonded functional groups. 
The extent to which this field has developed can be gauged in part by the 
number of review articles which have appeared since the early 1960’s. 
Comprehensive reviews and treatises which deal at least in part with this 
subject have Each of these reviews has contributed in 
turn to our understanding of carbenes as highly reactive intermediates in 
organic chemistry and to furthering the development of carbene chemistry 
as a major area of chemical research. 

The purpose of the present article is to survey critically the subject of 
carbene reactions with double-bonded functional groups, X=Y. Our 
primary concern will be with those developments which have surfaced 
since the appearance of Cadogan and Perkins’ review. In the light of the 
foregoing discussion, this in itself would appear to be a most ambitious 
undertaking, and we can only hope to proceed within a relatively limited 
framework in the space allotted to the present review. Because of the large 
number and outstanding quality of existing reviews, the present article 
attempts only to summarize the major results and the conclusions derived 
therefrom which have accrued over the past decade. To minimize duplica- 
tion of material and to increase the general utility of the present review, a 
particular attempt has been exercised to survey the carbene literature from 
1971 through April, 1974, and, whenever possible, to draw upon examples 
thereby secured from the literature current at the time of writing of this 
review. Omission of some earlier work is inevitable, and most likely 
reflects space restrictions and the author’s avowed desire to minimize 
duplication with earlier reviews. Such omissions do not necessarily reflect 
any negative judgment on the author’s part. 

II. REACTIONS WITH ALKENES (C=C) 

A. Stereochemistry of Addition to C=C as a Criterion for 
Assigning Spin State in the Reacting Carbene 

Considerable attention has been devoted in earlier reviews to the 
question of the electronic configurations of carbene  intermediate^'^.^'.^'. 
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The simplest carbene, methylene, has long been known to exist in two 
electronic configurations: the bent, singlet ( ' A , )  (la) and the more nearly 
linear, triplet ( 3 B ,  ) configuration (1b)49. 

(1 a )  (1 b) 
L HCH = c. 102' (experimental value50) L HCH = c. 136- (experimental v a l ~ e ~ ' . ~ ~ )  

Although the earliest studies of the ' A ,  and 3 B ,  states of methylene 
involved spectroscopic investigations, a chemical criterion for demonstra- 
ting the spin state of a reacting carbene species in solution or in the gas 
phase, first developed by Skell' 3-'6, has been found to be generally useful. 
Skell's Criterion argues that whereas singlet carbenes undergo concerted, 
stereospecific addition to olefins, the corresponding triplet carbene may 
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add non-stereospecifically. The classical application of Skell’s Criterion 
to the addition of methylene to cis-2-butene is illustrated in equations (1) 
and (2). 

According to Skell’s treatment, the appearance of trans-1~2-dimethyl- 
cyclopropane (along with the cis isomer) among the products of the 
reactions of the carbene with cis-2-butene is taken as primafucie evidence 
that the carbene is reacting in a triplet electronic configuration. In a gas 
phase reaction, the absence of truns-1,2-dimethylcyclopropane in the 
product mixture implicates a carbene reacting in a singlet electronic 
configuration. This conclusion is not as clear-cut for reactions carried out 
in condensed phases where solvent cage effects can be operative in triplet 
reactions leading to exclusive (or nearly exclusive) formation of products 
arising via what appears to be a cis addition process. There are a number 
of other potentially complicating factors which are inherent in Skkll’s 
Criterion; these have recently been critically as~essed’~*~ ’. Nevertheless, 
Skell’s Criterion has been extensively utilized, and over the years it has 
proved to be viable for distinguishing between singlet and triplet reacting 
carbene species. 

In this connection, it is worthwhile to note that Skell’s Criterion has 
received theoretical support through Hoffmann’s extended Hiickel 
theory calculations4M~s7-5’ . Th ese calculations substantiate Skell’s con- 
tention that singlet methylene addition to ethylene should occur in a 
concerted fashion. Interestingly, the calculations further reveal that the 
concerted addition of the singlet carbene should prefer the unsymmetrical 
transition state, 2a, the symmetrical approach (2b) being symmetry 
forbidden6’?. The complex 2a which results from addition of sing!et 
methylene to ethylene correlates with the ground state of the product 
cyclopropane. However, triplet methylene addition proceeds by way of a 
complex involving an excited methylene and ground state ethylene; this 
complex correlates with a stereochemically mobile (excited triplet) 
configuration of trimethylenes7. 

In the foregoing discussion, it is emphasized t b :  the stereochemistry 
of the addition reactions affords information concerning the electronic 
configuration of the reacting carbene (in contradistinction to affording 
information regarding the electronic configuration of the carbene in its 
ground state). It is not necessarily true that a nascent carbene is produced 
(and therefore reacts) in its ground state; in fact, the opposite is more 
generally the case. In practice, information concerning the ground state of 

t However, Anastassiou has recently demonstrated that symmetrical addition of a 
reacting, (highly energetic) linear (Dmh) singlet methylene is both symmetry allowed a?%, in 
some cases, energetically feasible; see A. G. Anastassiou, Cheni. Conmiin., 991 (1968). 
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the carbene can be obtained by first allowing the (often excited) nascent 
carbene to decay energetically through collisions with an inert medium 
prior to its undergoing the addition reaction. In the gas phase, this can be 
accomplished by adding an inert gas (such as helium, argon, xenon, nitro- 
gen, or tetrafluoromethane) in large e x c e ~ s ~ l - ~ ~ .  In solution, the high 
reactivity of singlet carbenes often renders difficult the promotion of inter- 
system crossing by inert solvents. Nevertheless, a number of investigators 
have successfully resorted to dilution techniques which employ relatively 
‘inert’ solvents such as pe r f lu~roa lkanes~~  or, with less reactive carbenes, 
hexafl uoro benzeiie65*6 ‘. 

A number of examples are presented in Table 1 which serve to illustrate 
the application of Skell’s Criterion toward determining the spin state of 
the reactive divalent carbon species in a variety of substituted methylene 
additions to ole fin^^'-'^^ . Thi s table is not intended to be exhaustive, but 
it should serve to illustrate the broad range of applicability of Skell’s 
Criterion for this purpose. 

Insofar as possible, an effort has been made to include in Table 1 only 
those addition reactions which are likely to proceed via ‘free’ carbene 
intermediates. Other types of divalent carbon species are known which 
exist in complexation with metal atoms. These species, te.rmed carbenoids, 
are not ‘free’ carbenes, but nevertheless they often lead to the formation of 
the same types of products (e.g., cyclopropanes) as are observed to result 
from the corresponding reactions of ‘free’ cabenes. Carbenoids will be 

It is well known that reactions of carbenoids with olefins result in 
stereospecific cis cyclopropanation of the olefinic substrate, and this fact 
has occasionally been used to distinguish carbenoids from ‘free’ car- 
benes”’. It should be noted, however, that not all divalent carbon species 
produced from organometallic methylene transfer reagents are carbenoids. 
As an examglt, the dihalocarbenes prepared from phenyl(trihalomethy1)- 
mercury compounds have in many instances been shown to exist as ‘free’ 
carbeneslo2. Similarly, dihalocarbenes produced from the reaction of 
strong bases with halofo%s (the Doering-Hoffmann procedurelo3) are 
likewise generally agreed to exist as ‘free’ carbene intermediates’ 03-lo5. 
Both the Doering-Hoffmann’ O3 and Seyferth’ O6 procedures afford 

dealt with at length in Section 1I.B. U 

K 



538 Alan P. Marchand 

dihalocarbenes which add in stereospecific cis fashion to olefins' 07. 
Dihalocarbenes produced by these procedures have not been included in 
Table 1. 

Some discussion of the material presented in Table 1 is warranted. It is 
clear from inspection of the data in Table 1 that a number of carbenes are 
produced from their respective precursors via non-multiplicity specific 
processes (i.e., the carbene is formed predominantly, but not exclusively, 
in one spin state or the other). This situation is often encountered (e.g., 
in the preparation of mono- and diaryl~arbenes~'). In cases where rapid 
singlet-triplet equilibration is established in the nascent carbene, it is 
possible that the carbene in one spin stat%'singlet or triplet) reacts with the 
olefinic substrate much more rapidlythan does that same carbene in the 
other spin configuration (triplet or ~inglet) '~.  In the event that the singlet 
configuration is the more reactive of the two spin states of a given carbene, 
stereospecific addition to olefins might be observed. Under such circum- 
stances, the simple, direct application of Skell's Criterion would afford 
misleading information regarding the spin state of the izosceiif carbene' 0 8 .  

A further complication arises when the carbene in question is generated 
from a diazo precursor. When a polar olefin is employed as substrate, i t  
is often the case that pyrazolines are initially formed via 1,3-dipolar 
cycloaddition of the diazo precursor to the olefin. Cyclopropane formation 
can then follow upon decomposition of the intermediate pyrazo- 
line 1 09-1 12. I 1 2a (equation 3). The ability of pyrazolines to undergo stereo- 
specific cis photodecomposition to form cyclopropanes has been noted'' '. 

The question then arises as to whether these reactions involve carbenes or 
whether one is simply studying the chemistry of photoexcited diazo 
compounds. This question can be satisfactorily answered by employing 
alternative precursors for the carbene; if the species in question is truly a 
'free' carbene, then its chemistry should be precursor independent. Often 
this is indeed found to be the case, e.g. as with arylcarbenes""."5 and 
dihalocarbenes' 02.  However, the situation is less straightforward for the 
case of carbalkoxycarbenes and biscarbalkoxycarbenes for which suitable 
precursors other than diazocompounds are sorely lacking46. Although 
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there is an impressive body of evidence which argues against the inter- 
mediacy of pyrazolines in reactions of diazoacetic or diazomalonic esters 
with simple olefins3', the exact nature of the reacting species in these 
diazoester decomposition reactions awaits clarification. 

It has been argued that it is necessary to observe the reactions of both 
the singlet and triplet states of a given carbene before the spin state of that 
carbene in a particular reaction may be regarded as having been firmly 
e ~ t a b l i s h e d ~ ~ .  However, in only a very few instances have systematic 
studies of both singlet and triplet states of a given carbene been studied. 
Among these are studies of singlet and triplet methylene6'.64*73.' ' 6 ,  

f l ~ o r e n y l i d e n e ~ ~ . ~ ~ ,  dicyanocarbene'', d iphenyl~arbene~~,  and some 
carbalkoxycarbenese8. For photochemical reactions in solution which 
produce a given carbene in an excited singlet electronic configuration, 
decay to a lower-lying triplet state (i.e., intersystem crossing) can be 
promoted by the addition of a photosensitizing agent such as benzophe- 
none. ?ti this way, both singlet and triplet states of a given carbene can be 
generated and their respective chemistries can be compared. This approach 
has been applied with some success to the study of reactions of olefins 
with carbenes produced by photodecomposition of diazoesters".' 1 7 * '  ''; 
this subject has recently been reviewed46. 

Recently, the promotion of intersystem crossing in nascent carbenes by 
'internal heavy atom' effects has been studied. The examples reported 
involved the photodecomposition of diazo compounds possessing heavy 
metal atoms adjacent to the developing carbene carbon atom. The 
diazoesters studied possessed the general structures Me3M-C(N2)- 
C0,Et (where M = Si, Ge, Sn, and Pb9') and MeHg-C(N,j-X (where 
X = CN and C02Me119-'2' ). The diazo esters having the structure 
Me3M -C(N,)-C0,Et as well as MeHgC(N,)CO,Me all afforded 
carbenes which added stereospecifically to cis-2-butene. Since the heavy 
atom, M, should promote very rapid singlet-triplet eqailibration, it  was 
concluded that the reactions observed were those of the ground state of 
the reacting carbene in questiong0*' 19-12 '  . In contrast to this result, 
MeHg-C-CN was found to add in non-stereospecific fashion to 
cis-2-butene, a result which is suggestive of a triplet ground state for 
MeHg-C-CN 1 19-1 2 1 . It was concluded that such internal heavy atom 
effe5ts might provide useful criteria when studying carbene additions to 
olefins for determining the ground state spin multiplicities of the carbenes 
in question. 

An alternativeyo Skell's Criterion for determining the spin state of a 
reacting carbene has recently been proposed by Shimizu and 
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Nishida122. 1 2 2 a  . These investigators have suggested utilizing 1,l-dicyclo- 
propylethylene (3) as substrate. They have argued that concerted addition 
of a singlet carbene (11CXY) should afford adduct 4, whereas a triplet 
carbene (It CXY) e i g h t  afford an intermediate diradical which could 
subsequently rearrange to products 5 and 6 (equations 4 and 5). ‘Shimizu’s 

a ’  (3) X- Y 

(4) 

(5) (6 1 

Criterion’ has been successfylly applied to the study of reactions of singlet 
and triplet fluorenylidens with 3122.  This approach has similarly been 
used to examine the reaction of 3 with ethyl diazoacetate in the presence 
of copper sulphate; this reaction afforded only the addition product, 
(4, X = H, Y = C02Et)123.  The generality of Shimizu’s approach remains 
yet to be fully demonstrated and exploited. However, a clear limitation of 
this method is that i t  is only useful in instances where the relative rate of 
rearrangement (to 5 or  6) in the intermediate diradical can successfully 
compete with that of ring closure to the cyclopropane, 4. 

In passing, i t  is worth noting that chemically-induced, dynamic nuclear 
polarization (CIDNP) studies have been found useful in examinins 
reactions which proceed through radical pair 
Since triplet carbenes are themselves diradical species, it might be expected 
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that C I D N P  techniques might find application in the study of reactions 
of triplet carbenes. Indeed, this approach has been found useful for studying 
triplet carbene 'insertion' reactions, (actually, abstraction-recombina- 
tion p r o c e s ~ e s ) " ~ - ' ~ ~  . However, CIDNP studies have not yet been 
routinely applied to the investigation of triplet carbene additions to 
olefins. Such an approach would appear to be capable of yielding useful 
information in this regard, and further pursuit of this application of 
C I D N P  techniques would appear to be a worthwhile effort. 

The foregoing discussion has been concerned primarily with utilizing 
carbene additions to carbonsarbon double bonds in order to distinguish 
between singlet and triplet reacting carbenes. Once it was determined that 
a given carbene could be produced in different spin states, the chemistries 
of these species could then be individually studied. Along with the contrast 
in the degree of stereospecificity of singlet vs. triplet carbene additions to 
olefins, it has become apparent that the two spin states of a given carbene 
display other, strikingly-different, features of their chemical behaviour 
tGward olefinic substrates. Although there are relatively few instances 
where both spin states of a given carbene have been studied, i t  is neverthe- 
less possible to note some generalizations regarding &e contrasting 
chemistries of singlet vs. triplet states of carbenes : 

(i) In general, singlet carbenes behave as electrophilic 
, although steric factors can influence the outcome of 

reactions of bulky carbenes with olefins' 1 7 * 1  18. 
(ii) The relative rates of addition of singlet vs. triplet carbenes to mono- 

olefins are often comparable although a rate preference for addition by 
the singlet species is sometimes observed. However, when the olefin 
substrate is a diene, there is a marked rate preference for addition by the 
triplet carbene over addition by the corresponding singlet 
speciess8-' ' 7*1  38-140. This difference in relative rates of addition probably 
reflects the fact that addition of the triplet carbene to one double bond in a 
diene affords a diradical intermediate which is stabilized by (allylic) 
resonance. No such stabilization can intervene in the (concerted) addition 
of the singlet car3enes5. In their behaviour toward dienes, triplet carbenes, 
then, display 'radical-like' character. as one might have inhitively 
expected' '. 

( i i i )  One misconception has recently received considerable qttention. 
Carbon-hydroZen 'insertion' by triplet carbenes into allylic C-H bonds 
was once widely regarded as being an important competing pathway in 
reactions of triplet carbenes with olefins. This process is now known to 
involve an abstraction-recombination process, and does not appear to be 
as important a process as was once 

species41 .8 1,135-1 37  

' 7*140;1. 
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(iv) Although a number of claims of 1,4-addition of carbenes to olefins 
have been made, there appears to be only one bonnjde example, namely the 
formation of 9,9-dicyanobicyclo[4.2.l]nona-2,4,7-triene (7) in the thermal 
reaction of dicyanocarbene with cyclooctatetraene (equation 6)I4l.  One 
might naively expect a triplet carbene to be more likely to afford 1,4- 

7 0% 18% 

addition products in its reaction with dienes than is the corresponding 
singlet species (since in the former case an intermediate diradical is 
formed which might have options available other than direct 1,2-closure). 
However, this expectation is not borne out by experiment; triplet carbene’s 
form only cyclopropanes ( 1,2-adducts) with acyclic dienes”. The subjea: 
of 1,4-additions of carbenes to X=Y will be discussed in some detailin 
Section V.B. 

B. Carbenoid Additions to OJefins 

The term ‘carbenoid’ was coined by Closs and Moss’42 in 1964 to 
describe the divalent carbon species which they generated via a-elimina- 
tion resulting from the reaction of or anolithium reagents with alkyl 
halides39. This term is now employed in a more general sense to denote a 
metal-complexed carbene as differentiated from a non-complexed (‘free’) 
carbene. Although carbenoids undergo Some reactions characteristic of 
free carbenes (such as addition to olefins), i t  is clear from studies of their 
chemistry that they are not, in fact, simple divalent carbon species (vide 
inpa). What is not clear is exactly how in, e.g. carbenoid additions to 
olefins, the metal element and its ligands ( i f  any). the divalent carbon atom, 
and the olefinic substrate might be interrelated in the transition state of 
the addition process. 

Although metal catalysts have for decade? been employed in the genera- 
tion of carbenoids from their various precursors, there have been relatively 
few critical studies aimed toward delineating the detailed mechanism of 
carbenoid addition reactions. The first important evidence to suggest that 

% 
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transition states of carbenoid reactions might indeed involve both the 
divalent carbon species and the metal catalyst was obtained through studies 

- the catalytic decomposition of diazo compounds, RR’C=N,, in the 
presence of olefins. In a number of instances when optically active, homo- 
geneous metal catalysts were employed, decomposition of the diazo 
compounds and subsequent addition of the resulting carbenoid to the 
olefinic substrate led to the formation of optically active cyclopropanes in 
low optical  yield^'^^-'^^. Some examples illustrating this phenomenon 
are shown in equations 7-9. 

Ph C0,Et 

N,CHCO,Et + PhCH=CH, rcucl bCO,, (8 )  + 8 v (9) (7) 

(Optically active catalyst) ’ 
(Optical yield 3%; refs. 144, 145) 

PhMeHC 

N,CHCO,h + PhCHZCH, b 8 + 9  ( 8 )  
(Optically active catalyst) 

(Optical yield 6%; ref. 147) z 

CHMePh 

PhMeHC 

N,CHCO,Et + (Optically active catalysti + (9) 

ob 
Optically active 1 -ethoxycarbonylcyclopropanes 
(ref. 146) 

These results have generally been interpreted as evidence for the inter- 
mediacy of a metal-bound divalent carbon atom in carbenoid additions 
to olefins. The evidence generally considered to support this contention is 
twofold. Firstly, it has been shown that in the partial asymmetric synthesis 
of l-methyl-2-phenylcyclopropane, the optical yield of the produck 
remained constant the [N-(R)-a-phenethylsalicylaldiminato]copper- 
(11)-catalysed reaction of diazomethane with tram-propenylbenzene was 
repeatedly carried out under various degrees of dilution with n - h e ~ a n e ’ ~ ~ .  
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This result effectively rules out the possibility that free carbenes are in- 
volved : the observed optical induction being due to asymmetric solvation 
by the soluble, optically active catalyst. 

Secondly, when 1 : 1 mixtures of cyclohexene and 1-methylcyclohexene 
are allowed to react with dimethyl diazomalonate in the presence of 
various soluble copper(r1) catalysts, the relative yields of the two norcarane 
adducts (10 and 11, respectively) are found to vary markedly with the type 
of catalyst empl~yed ' ' ~ .  Results obtained for this reaction carried out 
both in the absence of catalyst and in the presence of various copper(I1) 
catalysts are summarized in Table 2I5O. Note that the relative yields of 
norcaranes 10 and 11 are actually reversed in going from either the direct 
or the benzophenone-sensitized photochemical reactions to the corres- 
ponding copper(1r)-catalysed cases. These results suggest that quite 
different chemical species are involved in the uncatalysed and copper(I1)- 
catalysed reactions. Furthermore, there is considerable variation in the 
product ratio 10: 11 among the competition reactions when the ligand on 
the copper(1r) catalyst is varied. This result strongly suggests that the 
transition state of the addition reaction involves some sort of metal- 
complexed species. However, it is appropriate to introduce a caveat at this 
point: nearly all of the results which have thus far been rationalized in 
terms of carbenoid reactions involving arnetal-complexed carbene can be 
equally accounted for by assuming a metal-complexed olefin which suffers 

TABLE 2. Competitive reactions of dimethyl diazomalonate with cyclohexene and 
I-methylcyclohexene (1 : 1) in the presence of various copper(r1) catalysts'50 

(10) (11) 

Catalyst Solvent Temperature ("C) Product ratio, 10: 11 

None 
None 

None 
None 
None 
None 

90 mOl- C,5F6 

None 

Reflux 
Reflux 
Reflux 
Reflux 
Reflux 
Reflux 
35 

35 

4.90: 1 
13.82: 1 
2.29: 1 
2.73: 1 
2.96: 1 
2.58: 1 
1.00:3 

1.00:2 

" Copper(r1) a.3.a-trifluoroacetylacetonate. 
Copper(1r) hexafluoroacet ylacetonate. 
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rate-determining attack by a free (non-complexed) diazo compound. The 
resulting intermediate metal-complexed pyrazoline might then rapidly 
collapse to afford the observed reaction products' 50. This possibility has 
yet to be rigorously excluded (vide iifia). 

In general, carbenoids are less reactive species than are free carbenes; 
hence, they are generally more selective in their reactions with olefins than 
are their free carbene counterparts. This renders carbenoid reactions 
correspondingly more suitable for preparative puiposes (e.g., for methyl- 
enation) since in this case side-reaction products (such as those arising 
via carbon-hydrogen bond insertion by the divalent carbon species) are 
minimized?. Indeed, methylenation with methylene carbenoid, the 
familiar Simmons-Smith reaction44, has become a major standard method 
for methylenation of olefins. However, despite the wide-ranging synthetic 
utility of carbenoid additions to olefins, surprisingly little is known of their 
detailed mechanisms. Although Cu(o) and Cu(r) have often been utili2ed 
as catalysts in diazoester d e c ~ m p o s i t i o n s ' ~ ~ ~ ' ~ ~ ,  it is only relatively recently 
that evidence has been garnered which suggests that copper(1r) may in fact 
be the active catalytic species in these  reaction^'^ 3--' 55 . However, there 
remains some controversy regarding the question of the oxidation state of 
copper in copper-carbenoid c ~ m p l e x e s ' ~ ~ . ' ~ ~ ,  and this issue must at 
present be regarded as being unsettled. 

Various models have been postulated for the transition state of car- 
benoid-olefin addition reactions. Most investigators appear to agree that 
the carbene carbon atom, the metal atom, and the olefin are all involved in 
the final transition state leading to products, but even this most funda- 
mental point has not gone ~ n c h a l l e n g e d ' ~ ~ .  A model involving second- 
ordeP' reaction of acomplexed carbene with a complexed olefin has been 
ruled out by kinetic studies' 5 9 * 1 6 0 .  M o ~ e r ' ~ ~ ' ' ~ ~  has pictured the transition 

r \ 

t I t  has long been accepted as fact that copper carbenoids are incapable of inserting into 
aliphatic carbon-hydrogen bonds (see Kirmse, ref. 36, pp. 85-88). However. intermolecular 
insertion of the copper carbenoids derived from ethyl diazoacetate and diazoacerophenone 
into a carbon-hydrogen bond of cyclohexane has recently been achieved [see L. T. Scott 
and G. J .  DeCicco. J. .4rwr. Clicw. Soc.. 96, 332 ( I  974): for some earlier esalnples, see B. W. 
Peace and D. S. Wulfnman. Syrlrlrc.si.s, I37 ( 1  97311. 
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state for the trialkylphosphitecopper(1) chloride-catalysed addition of 
ethyl diazoacetate to olefins as 12. By contrast, Wulfman and coworkers 
?iiew these reactions as being bimolecular carbene-transfer reactions with 
attack occurring exclusively at the carbene carbon atom and not involving 
direct interaction between the copper atom [in this case, copper(11)1 and 
the olefin' 50. Wulfman's suggested transition state for the copper(i1)- 
catalysed addition of dimethyl diazomalonate to olefins is depicted by 
structure 13150. 

(1 3) 
L = ligand. X = halogen 

It is clear from the foregoing discussion that carbenoid additions to 
olefins are enormously complicated processes whose complexity has only 
recently been fully appreciated. The elucidation of the mechanism of these 
reactions offers a meaningful challenge to future generations of research 
chemists. 

Before leaving the subject of carbenoid additions to olefins, it is worth- 
while to examine some of the methods which have been utilized for the 
generation of carbenoids. The earliest studies involved generation of 
carbenoids via metal-promoted a-elimination in alkyl halides and poly- 
h a l ~ r n e t h a n e s ' ~ ~ * ~ ~ ~ - ~ ~ ~ .  In addition to copper'57, a number of other 
metals have been found to be capable of promoting diazoester decomposi- 
tions: among these are Ag+ 64. di-~.~-chloro-di-~-allyldipalladium'~~~~~~, 
and ~ r g a n o t i n ' ~ ~ ,  o r g a n ~ n i c k e l ' ~ ~ - ' ~ ~  , organoal u min i um 73 , organo- 
r h ~ d i u m ' ~ ~ ' ~  7 5 ,  and organosodium among others. Unlike 
phenyl(trihalomethy1)mercury compounds, which generally appear to 
affoid free carbenesIo2, the corresponding methylene transfer reactions of 
bis(halomethy1)mercury compounds proceed via carbenoid inter- 
mediates' 77.178.  Seyferth has suggested the transition state depicted by 14 
for the addition of bis(bromomethy1)mercury to 01efins '~~.  

I \ H-:C-H .:.' '.. / ;  ' I c ........... '(- 
I /  \ I  
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Studies of the relative reactivities of carbenoids towards olefins and the 
question of stereoselectivity of carbenoid additions to olefins will be 
considered in Sections 1I.C and 1I.D respectively. 

C. Reactivity 

It was Doering who some years ago referred to the methylene inter- 
mediate which was generated via direct photolysis of diazomethane as 
being ‘the most indiscriminate reagent in organic chemistry” 7 9 .  However, 
later investigations revealed that the unbridled reactivity of methylene can 
be modulated somewhat by successive substitution on the carbene carbon 
atom of one or both of the methylene hydrogen atoms. Functional groups 
such as haloges, aryl, OR, COR, or CO,R can stabilize the carbene by 
some combination of electronic (polar and resonance) substituent effects, 
producing a species which is somewhat more tractable than is methylene 
for synthetic purposes and for use in mechanistic studies. 

The application of relative reactivity studies to carbene and carbenoid 
additions to olefins has recently been the subject of a lengthy review by 
Moss4’. Some of the important conclusions drawn by Moss and by other 
investigators are summarized in the paragraphs which follow. 

As might be expected, steric effects and electronic effects operate, often 
in delicate balance, in both the carbene (or carbenoid) and in the olefinic 
substrate. It is often difficult to separate the relative contribution of each 
of these factors in a given situation. To aid us in assessing the relative 
contributions of each of these factors, it is worthwhile examining them in 
turn insofar as cases can be found where it is possible to isolate any one 
factor from the others. This is normally accomplished by attempting to 
vary onedactor while holding the others as constant as possible through 
a series of olefins or of carbenes. However, since variations in steric effects 
in the transition state very often manifest themselves as the result of the 
operation of subtle electronic effects, it is ciear that these two effects are 
generally interrelated to the point of reduridancy. Attempts to separate 
them artificially are $timately, therefore, doomed to failure. This is a most 
serious limitation, and it should be borne firmly in mind by  the reader as 
he evaluates the discussion which follows. 

1. Electronic effects in the carbene 

The resonanceozffects alluded to in the b e g i n h g  of this section can 
operate in one of two ways, both of which have a net stabilizing effect on 
the carb lie relative to methylene. I n  the case of electron-withdrawing 
(+ E) substituents (e.g., carbethoxyl), stabilization results from conjugative 

t 
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interaction with the lone electron pair on the carbene carbon atom (15a 
and 15b). The contribution of structure 15b might be expected to render 

.. 
:0: - 

I 
\ yc--OEt 

H 

C+ 
(1 5b) 

carbethoxycarbene somewhat more electrophilic than methylene itself; 
this has indeed been found to be the case46. 

Alternatively, lone-pair substituents, -X, can act as electron-donating 
(-E) groups. These stabilize the divalent carbon atom through conjuga- 
tion with the vacant orgital (16a and 16b). By donating electronic charge 

(1 6a) (1 6b) 

in this fashion, the substituent -X might be expected to increase the nucleo- 
philicity of the carbene relative to methylene. Indeed, carbenes displaying 
nucleophilic properties have been extensively studied ; discussion of these 
species is deferred to Section 1I.F. 

The effect of meta and para substituents in phenylcarbenes generated 
from substituted phenyldiazomethanes has been examined by Closs and 

'. The relative reactivities of these carbenes toward isobutene 
and trans-2-butene were found to vary in the order nz-CI > p-C1 > H > 
p-CH, > p-OCH,. This order parallels the expected order of increasing 
carbene stability (cf. the reduced electrophilicity of p-methoxyphenyl- 
carbene compared with phenylcarbene due to the resonance interaction 
in the former which is indicated by structures 17a and 17b). 

Relative rate studies of the type used above have been conventionally 
utilized to distinguish between carbenes and carbenoids. Free carbenes 
should show a pattern of relative reactivities which is precursor 
independent, whereas carbenoids will vary in their reactivities depending 
upon the conditions under which they are generated. This criterion works 
best when one is dealing with fairly selective carbenes or carbenoids which 
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show a wide range of relative rates of addition to the series of olefins 
studied. Indeed, it was in this way that dihalocarbenes produced from a 
variety of precursors were shown to have been generated as free carbenes 
rather than as car be no id^'^^ (cf. discussion in Section 1I.A). 

It is often difficult to assess quantitatively the electronic effects of sub- 
stituents in a carbene upon the relative reactivity of that carbene. This is 
partly due to the fact that there are two spin states for every carbene. It is 
therefore necessary to have at hand the carbene in both singlet and triplet 
spin states (or to have some idea to what extent these two forms are present 
in cases where a carbene is produced via a non-multiplicity specific 
process)?. Another complicating factor is that many carbenes show so 
little discriminating ability when reacted competitively with different 
olefins that it is difficult to assess quantitatively their selectivities (and 
hence their relative reactivities). 

Nevertheless, some unifyins concepts emerge upon examination of the 
literature. An order of increasing electrophilicities of carbenes has been 
developed by Harrison'*': :CF, < :CHF c :CH2 and :CF, c :CCI, < 
:CBr2 c :C12 < :CH2. Here, the concept of electrophilicity is seen to 
correlate with the 'freeness of a vacant p-orbital' in  the carbene: those 
carbenes having the 'freer' p-orbital are classed as being the more electro- 
philiclo4. More strongly electron-donating groups, X and Y, in a carbene 
:CXY are seen to increase the negative (nucleophilic) character of the 
carbene carbon atom and thus raise the activation energy for electrophilic 
addition to olefins4'. Since fluorine is the strongest n-donor and iodine the 
weakest n-donor in the halogen series, the order of increasing electlo- 
philicities of the dihalocarbenes emerges as suggested by Harrison' ''. 

Increasing carbene selectivity is generally encountered'with increasing 
substitution of one (or, better, both) of the methylene hydrogen atoms by 
substituents such as halogen, carbalkoxyl, aryl, and alkyl groups. 
Generally, the greatest enhancement of selectivity is arrived at when the 
methylene is d i subs t i t~ ted~ ' .  An order of reagent selectivity toward 
addition to olefins has been developed by Skell and Cholod''": 
:CH2 c :CBr, < Me,C=C=C: < :CC12 c :CFCl < :CF,. Skell also 
interpreted this as the order of decreasing electrophilicities of these 
carbenes. The reader is referred to Moss' excellent review"' for an extended 
discussion of the electronic effects of substituents, X and Y, in carbenes 
(:CXY) upon their relative reactivities. 

+The unusual reactivity of triplet carbenes toward dienes has been noted earlier (Section 
1I.A). However. it  is interesting to note in this connection that singlet and triplet biscarbo- 
methoxycarbene show strikingly similar relative reactivities toward a large number of 
monoolefinic substrates' ''.I I s .  
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Very little systematic work has been aimed at delineating the effects of 
~ b s t i t u e n t s  on the divalent carbon atom on the relative reactivities of 
carbenoid additions to olefins. Moss4' has noted that selectivities of 
carbenoid additions, unlike those of the corresponding addition reactions 
of the free arylcarbenes, do not correlate with Hammett U-values for 
para substituents in the carbenoid. 

Moser has examined the effects of or-tko, nieta and para substituents in 
the triarylphosphite ligand upon the stereoselectivity of (triary1phosphite)- 
copper(1) chloride-catalysed additions of ethyl diazoacetate to cyclo- 
h e ~ e n e ' ~ " , ' " ~  . A small negative value of Hammett p( - 0.18) was found for 
this reaction. The primary effect of substituents in the ligand was considered 
to be their ability to induce electrically changes in carbenoid-to-substrate 
bond lengths in the transition state. These effects could then, in turn, 
induce slight differences in steric crowding in the transition state, the 
extent of the crowding being slightly different for different substituents in 
the catalyst ligands. The observed differences in isomer ratios, then, were 
considered to result from these subtle differences in steric effects in the 
transition states for variously ligand-substituted carbenoid additions to 
olefins ' 44.1 45 .  

There are some known cases which allow comparison of the relative 
reactivity of a carbenoid with that of the corresponding free carbene. In 
general, the transition state for addition of a carbenoid to olefins appears 
to involve a greater degree of bond formation to the divalent carbon atom 
than is encountered in the corresponding addition reaction involving the 
free carbene. This conJlusion is supported by relative reactivity data as 
well as by observations regarding the stereoselectivity of the addition 

Interestingly, there are a large number of cases known where cis 
addition of monosubstituted carbenes and carbenoids to, e.g. cis-2-butene, 
affords predominantly the thermodynamically less-stable syiz isomer 
(equation 10)24*30.' 'I. An explanation based upon presumed steric effects 

0 

process30,41.142.161 

M e  Me M e  M e  M e ' M e  

+ :CHR ___* H 7 R H + H k H  
\ /  

H R 
H 

H /s=c\ 
H R 

syn anti 
(major product) 

encountered in the transition state for the addition process would lead to 
the opposite conclusion (i.e. that the [inti  isomer should be the major 
addition product). The observed effect might be electronic in origin, 
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involving the carbenic substituent, R, and the alkyl groups present in the 
olefin, and it clearly must be an attractive interaction. The phenomenon 
in its more generalized sense has recently been termed 'steric attraction', 
and explanations for its origin have been forthcoming' 82-1 8 7  . One picture 
recently put forward envisages the primary interaction taking place in the 
transition state of highly exothermic carbene and carbenoid additions to 
olefins as being that which involves the lowest unoccupied molecular 
orbital (LUMO) of the acceptor (divalent carbon atom) and the highest 
occupied molecular orbital (HOMO) of the donor (olefin n-orbital). The 
contrathermodynamic stereoselectivity observed in many of these 
additions is then thought to result from a secondary, attractive effect 
operating between the (lion-bonded) substituents on the divaLent carbon 
atom and those on the ~ l e f i n " ~ .  

2. Electronic effects in the olefin 

Since electrophilic attack is experienced by the carbene or carbenoid on 
the olefiniceubstrate during the addition process, it might be expected that 
the reaction would e e  facilitated by the presence of electron-donating 
substituents in the olefin. Such substituents could assist the reaction by 
increasing the nucleophilicity of the olefinic substrate. This expectation is 
borne out quantitatively by linear free energy correlations. In all cases, 
negative Hammett p-values are obtained for additions of carbenes or 

The selectivity which carbenes and carbenoids display toward highly 
alkylated olefins is well d ~ c u r n e n t e d ~ ' . ~  '. Less is known, however, about 
the electronic effects of other types of substituents in the clefinic substrate. 
In general, it appears that phenyl has a slight accelerating influence; 
carbene and carbenoid additions to styrene and a-methylstyrene generally 
proceed more rapidly than do the corresponding additions to cyclo- 
h e ~ e n e ~ ~ ~ , ~ ~ ~ * ~ ~ ~ - ~ ~ ~ .  In contrast, fluorine substitution on the olefinic 
substrate has been shown to have a dqderat ing influence on the carbene 
addition r e a ~ t i o n ' ~ ~ - ' ~ ~  . S' imilar deactivating effects have been notzd for 
I-carbalkoxy'99K.1d l-acetyl'OO substitution on the olefin. 

has emphasized a transition-state analysis approach in 
accounting for electronic substituent effects in the olefin upon reactivity. 
In this analysis, i t  is the inductive effect of the substituent which is of 
paramount importance. This contrasts with a ground-state an'hlysis of 
relative reactivities for which resonance effects would be expected to  be 
more important. The former analysis was found to Le applicable in 
rationalizing the observed trend in relative reactivities of 1-substituted 
olefins toward addition by dichlorocarbene' 99. 

h 

carbenoids to substituted olefins (Table 3188-'92 ). 

MOSS' 99.1993 
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In a number of instances, reactions of carbenes with functional groups 
which contain one or more unshared electron pairs have been shown to 
proceed via ylide intermediates (see Section II.G)46. A number of investi- 
gators have devised systems to test the coordinating (ylide-forming) ability 
of carbenes with, e.g. oxygen-containing functionalities in appropriately- 
substituted olefinic substrates-f. This was done in an effort to determine 
whether the lone-pair substituent might be capable of exerting a directive 
effect on the overall reaction of the carbene with the olefinic substrate. 
Such synergistic activity by a ketal substituent has been cited to account 
for the observed 3: l  preference for attack by dichlorocarbene on the 
central double bond of olefin 18 (equation 1 1 204-205 ). There are a number 

fi 'a 

clYc' 

of other examples where synergism of this type has been suggested to 
account for cis (or syii) stereoselectivity in carbene and carbenoid additions 
to cyclic olefins bearing oxygen-containing substituents206-' ''. 

This question has recently been reinvestigated by  MOSS^^^.^'^, who 
found no support for the concept of synergism in a series of dichloro- 
carbene additions to olefins bearing oxygen-containing substituents 

C0,ET C0,Et 

(20) (21 1 (22) (23) (24). 

(20-24). Instead, Moss rationalized his results in terms of electronic- 
substituent effects which operate on a highly-unsymmetrical transition 
state leading to the :CCI,-olefin adduct. Again, a transition state analysis 
was preferred to ground-state analysis of the addition process'99*' 99a. 

t Reactions of dichlorocarbene with benzaldehyde and with benzophenone have been 
postulated as proceeding via intermediate carbonyl ylides2"'-'"3. 
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3. Steric effects in the carbene and in the olefin 

Relatively few cases have been studied where steric hindrance of olefin 
addition, due to substituents present in the attacking carbene, could be 
unequivocally demonstrated. A better case can be made for those steric 
effects which manifest themselves in carbenoid additions to olefins. Since 
carbenoids are less reactive toward olefins than are carbenes, they proceed 
through ‘tighter’ transition states (i.e., transition states which are product- 

). Steric hindrance would be expected to be more important for 
carbenoid additions to olefins, for which there exists a greater degree of 
olefin bonding to the divalent carbon atom in the transition state, than 
for the corresponding addition process involving free carbene?’. 
Additionally, the effective steric bulk of carbenoids can be enhanced 
through solvation effects in the presence of polar solvents’ l 7  and/or by the 
proximity of the metal atom and ligands surrounding the metal to the 
three-centre addition site in the transition state217. 

The task of demonstrating the importance of steric effects of substituents 
in the olefin has proved to be much more straightforward, since addition 
reactions of a given carbene (or carbenoid) with a series of olefins of 
varying degrees of alkylation can be performed readily under identical 
environmental conditions. Steric hindrance to olefin addition can be 
demonstrated even for the case of a relatively small and reactive free 
carbene such as dichlorocarbene2’ 8 - 2 2 1  . The increased steric demand 
presented by the carbon-bromine bonds in dibromocarbene relative to the 
carbon-chlorine bonds in dichlorocarbene has been demonstrated for 
additions of these carbenes in turn to styrene and to vinylmesitylene 
(competitively)’ 93.  

The reactions of diphenylcarbene with olefins have recently been 
reinve~t igated~~.  Diphenylcarbene is known to react with olefins to give 
the normal addition products and also by radical abstraction of hydrogen 
followed by radical recombination to afford carbon-hydrogen ‘insertion’ 
products. Jones and coworkers have recently demonstrated that the 
partitioning of the reaction between these two paths is determined largely 
by steric factors >resented by substituents in the olefin. The corxjpeting 
abstraction-recombination process, observed some years ago for reactions 
of diphenylcarbene with 2 - b ~ t e n e s ~ ~ ~ ~ ’  2 ~ 2  , is unusual in that other 
triplet carbenes do not generally undergo this reaction with olefins. Jones’ 
study demonstrates that the abstraction-recombination reaction is not a n  
jnherent feature of the reactivity of triplet diphenylcarbene, but instead it 
depends as well upon the nature of the olefin with which the triplet 
diphenylcarbene reacts76. 

like2 1 5 ? 2  16 
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Steric effects of substituents in the carbene and in olefinic substrates 
upon the course of the carbene-olefin addition reaction have been dis- 
cussed extensively in recent reviews by Moss30*41. The reader is referred 
to these articles for additional examples and more extensive discussion. 

0. Stereoselectivit y : Orienting Effects of Substituents in 
the Carbene and in the Olefinic Substrate 

In the preceding section, we considered some of the factors in the 
divalent carbon species and in the substrate which affect the ability of a 
carbene or carbenoid to undergo addition to an olefin. It was concluded 
that a subtle blend of steric and electronic factors determined the reactivity 
of a given divalent carbon species toward addition to an olefin. It was also 
pointed out that quantitative evaluation of any one of these factors was 
generally not possible owing to their simultaneous action and resulting 
mutual inseparability. Similar considerations (and frustrations) apply to 
the question of the stereoselectivity of addition of carbenes and carbenoids 
to olefins. 

A divalent carbon species is considered as displaying stereoselectivity 
in its addition to an olefin when it is able to discriminate to some degree 

exo, syn exo. anti 

endo, syn endo, anti 
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between the various possible modes of cis addition which are available to 
it. We have seen that cis addition to a substituted ethylene (acyclic olefin) 
can proceed in two different ways: the cyclopropane product having the 
substituent, R, in :CHR cis to the largest number of alkyl groups in the 
olefin is termed syri, and the other product is termed anti (equation 10). 
In addition to these syn and anti modes, two additional possibilities, 
termed exo and endo, can result from carbene or carbenoid additions to 
monocyclic and bicyclic olefins (equations 12 and 13, respectively). 

In discussing matters related to reactivity in carbene-olefin addition 
reactions (preceding Section), it was occasionally relevant to discuss some 
points which actually had more direct bearing upon the question of 
stereoselectivity of carbene and carbenoid additions. However, there have 
been a number of important studies which have been concerned with this 
question, the results of which have been of significant synthetic and 
mechanistic import. Accordingly, it would appear worthwhile to examine 
in greater depth the question of stereoselectivity in cerbene-olefin 
addition reactions. Again, this subject has recently been reviewed3', and 
the paragraphs which follow only attempt to summarize some of the more 
salient and general conclusions extant. 

(i)' Interesting and synthetically useful results have been obtained from 
studies of methylenation of bicyclic systems related to norbornene. 
Reaction of norbornene with methylene carbenoid (generated via the 
Simmons-Smith or via cuprous chloride catalysed decom- 
position of d i a~omethane '~~)  affords the em-tricyclooctane as the ex- 
clusive product. Both mono- and dihalocarbenes and carbenoids similarly 
exclusively add exo to the norbornene double bond35*Z25*226. Interestingly, 
in the exo-tricyclooctane formed by addition of mono- or dihalocarbenoids 
to norbornene, the syrz halogen has been found to be thermally labile. 

r R 

:CHX I 1 H3 (and enantiorner) 

1 \:a. 
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Simultaneous loss of this halogen and stereospecific disrotatory (electro- 
cyclic) opening of the cyclopropane ring6’ provides a synthetically-useful 
entry into the bicyclo[3.2.l]oct-2-ene system (equation 14)35. Both the 
addition and the rearrangement steps occur with exo stereospeci- 

In contrast to the behaviour of norbornene, carbene and carbenoid 
additions to norbornadiene also afford some endo- as well as eso: 
monomethylenated p r o d ~ c t s ~ ~ * ~ ~ ~ .  This establishes that steric hindrance 
presented by the endo-ethano(5,6-) bridge protons in norbornene toward 
attack by the divalent carbon species is more severe than is the corres- 
ponding steric effect presented by the syn-7- proton in norbornene and 
norbornadiene. 

(ii) Perhaps the most important single concept to be developed in recent 
years which relates to the question of stereoselectivity in carbene-olefin 
addition reactions is the suggestion that the frequently-observed contra- 
thermodynamic addition of carbenes and carbenoids to alkylated olefins 
might have its origin in the ‘steric attraction’ effects which were discussed 
in the preceding section’ 83.  This theory offers a unifying concept, based 
on molecular orbital considerations, which at present offers at least a 
qualitative explanation for those cases where addition proceeds with 
predominant formation of the syn isomer (equation 10). The theory of 
steric attraction is a general onerand its applications are not restricted to 
carbene-olefin addition reactions. It is therefore anticipated that the future 
development and refinement of this theory will have a substantial impact 
upon the general theory of organic reaction mechanisms: ‘a consummation 
devoutly to be w i ~ h ’ d ’ ~ ~ ’ ~ .  

(iii) The stereoselectivities observed in a number of individual carbene 
and carbenoid additions to olefins have been rationalized. It is instructive 
to consider a few of the better understood examples. Free halocarbenes 
show almost no stereoselectivity in addition reactions with ole fin^'^.^^^. 
However, monohalocarbenoids generated from methylene halides and 
alkyllithium reagents generally afford mainly the syn-cyclopropanated 
product with alkylated acyclic’ 1 * 2 3 3 * 2 3 4  and c y ~ l i c ” ~ . ~ ~ ~  olefins. Fluoro- 
c h l o r o ~ a r b e n e ~ ~ ~  and f l~orobromocarbene’~~ both add with slight nnti- 
fluoro stereoselectivity to cyclohexene. Phenylhalocarbenes and car- 
benoids generally show syn-halo (anti-phenyl) stereoselectivity in their 
additions to olefins3’. 

Additions of carbalkoxycarbenes (produced photolytically from the 
corresponding diazoesters) to acyclic olefins afford predominantly anti 

fiCitY227-23 l. 
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products. Similarly, exo products predominate from the corresponding 
carbalkoxycarbene additions to cyclic olefiq?. The preference for anti and 
e m  Products is even more pronounced when carbalkoxycarbenoids are 

In contrast to the stereoselectivity shown by carbalkoxycarbenes and 
their corresponding carbenoids, arylcarbenes and arylcarbenoids display a 
marked preference for syn stereoselectivity in their additions to acyclic 
olefins. This preference was found to be stronger in all cases studied for 
the arylcarbenoid than for the corresponding free ~ a r b e n e ~ ~ ~ * ~ ~ ~ * ~ ~ ~ .  
However, repulsive steric effects operating in additions of arylcarbenoids 
to olefins have been noted. The synlanti ratios for additions of p-tolyl- 
carbenoids to a series of 1-alkenes, RCH=CH,, were seen to decrease 
with increasing size of the substituent RZ4l. Such differences in stereo- 
selectivity between carbene and carbenoid additions to alkylated olefins 
are now well documented for a number of different divalent carbon species. 
These observations suggest that stereoselectivity in olefin addition reactions 
may provide a criterion for distinguishing between free carbenes and 
carbenoids, much in the same way as observatiofis concerning the stereo- 
specificity of addition and relative reactivity studies in carbene-olefin addi- 
tion reactions have bekn utilized in this context (see Sections 1I.A and 1I.C). 

The stereoselectivities shown by oxycarbenoids in their additions to 
olefins appear to be quite sensitive to the (repulsive) steric effects of 
substituents in the olefin. Thus, the stereoselectivity of alkoxycarbenoid 
and aryloxycarbenoid additions depends very strongly upon the nature 
of the olefin substrate and, particularly, upon the degree (and type) of 
substitution in the olefin217,242-244. 

Bhenoxycarbenoids produced from PhOCHzX (where X = F, C1, and 
Br) with salt-free n-butyllithium were found to afford predominantly 
exo-7-phenoxynorcarane upon addition to cyclohexene. However, the 
exolendo ratio varied with the nature of the leaving group, X, being 
greatest for X = F and smallest for X = Br. Interestingly, when lithium 
bromide was added to the n-butyllithium base, the epimer ratio was found 
to be nearly independent of the nature of the leaving group, X. l3ese 
results were considered as suggesting the intermediacy of a true carbenoid 
(lithium-bound phenoxycarbene) in these  reaction^"^. In contrast to the 
behaviour of phenoxycarbenoid, its corresponding thio245*’46 and 
~ e l e n o ” ~  analogues (phenyl thiocarbene and phenylselenocarbene, respec- 
tively) display predominant endo stereoselectivity in their additions to 
cyclo hexene. 

employed30.144.145.238 
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E. ‘Foiled‘ Carbene Additions to Olefins 

There exists a plethora of examples of intramolecular additions of 
carbenes and carbenoids to 0 1 e f i n s ~ ~ ~ .  Many of these are of synthetic 
utility, offering the best available route to highly-strained, polycyclic 
systems. Some examples illustrating the synthetic applications of intra- 
molecular carbene and carbenoid additions to carbon-carbon double 
bonds appear in equations 15-19. 

( 1  5) 
LiBr. Et,O. 0 ‘ C  - ref 249 d3\,,, 

25% 

h v .  Pyrex. room temperature 

refs 250. 251 
CCHN, 

Ph/ 

H-COCHN, 

N2CH 

cu 
rel. 252 
- 

cuso, 
b 

refs. 
253.254 

1 ‘Ph 
Ph 

50% 

so 27% 

It is clear from these examples that such intramolecular carbene 
additions to carbon-carbon double bonds can be synthetically useful 
despite the high degree of internal bond strain which is often present in the 
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adducts. The question thus arises as to the limitations which steric strain 
in the products might impose upon this reaction. It is also of interest to 
consider what alternative reaction paths might be QfgPilable to the carbene 
if the culmination of its (normally preferred) intramolecular addition 
process is rendered sterically impossible. These questions have been 
considered in detail by Gleiter and HoffmannZs6. Their conclusions have 
important bearing on the question of the relative energetics of addition 
vs. carbon-hydrogen insertion processes and on the nature of stabilization 
of divalent carbon species by neighbouring carbon-carbon double bonds. 

Gleiter and Hoffmznn introduced the term ‘foiled-reaction’ methylene 
to describe the situation which develops when a carbene species attempts 
an intramolecular addition to a carbon-carbon double bond but finds the 
culmiK tion of the methylenation process to be sterically impossible256. 
Egended Hiickel calculations were performed for carbenes 25-27. It was 
concluded that non-classical stabilization (as in 25b) could occur pre- 

ferentially in the ground states but not in the first excited states of these 
carbenes. The geometry of 25b (and of analogous structures in the case of 
carbenes 26 and 27) was visualized as being somewhere between that of 
the initial, unreacted carbene (25a) and that of the final adduct (25c). 
Imqortantly, this type of stabilization requires that these carbenes exist as 
ground state singlets256. 

2.3% 0.5% 1 .O% (25a) 

(28)  1.6% 6.9% 
67% 
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Carbene 25 has been prepared, and its intramolecular reactions have 
been studied b y  Moss and coworkers2s7. The reaction products obtained 
upon pyrolysis of the lithium salt of 7-norbornenone tosylhydrazone are 
shown in equation (20). It was suggested that the ‘foiled methylene’ adduct 
(2%) might be a transient intermediate leading to the formation of product 
28 (equation 21). 

A corresponding study of carbene 26 would be of interest. However, 
this carbene has not yet been prepared%lthough an attempt at its synthesis 
has recently been reportedzs8. The corresponding saturated carbene, 
norbornan-7-ylidene, has been studied by Moss and Whittle”’. 

The intramolecular chemistry of bicyclo r3.3.1 Inon-2-en-9-ylidene (29) 
has also been explained in terms of a ‘foiled methylene’ intermediate260, 
(equation 22). The directive (‘non-classical’) influence of the double bond 

0 

L - - I  

15% 1 5% 

’ (29) 

was evidenced by the fact that the major rearranged product was 30 and 
not the isomeric compound, 31. Rearrangement of 29 to 30 must have 
involved participation of the double bond, whereas the corresponding 
rearrangement to 31 would not similarly involve the double bond (see 
equation 23). 
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I (30) 
Major 
product 

(23) 

(31 ) 

(Not observed) 

Further evidence in this regard is provided by the intramolecular 
reactions of the saturated carbene, 32, closely related to carbene 29 
(equation 24). Whereas 29 affords mainly rearranged product, its saturated 

a 
10% + 8% Trace 

analogue (32) affords mainly carbon-hydrogen insertion product. Thus, 
the rearrangement 29 --f 30 is seen to require the presence of the double 
bond in 29, and such a tendency toward rearrangement is not an inherent 
feature of the bicyclo[3.3.l]nonyl ring system260. Similar intramolecular 
behaviour is shown by the carbene pair 33 and 34 (equations 25 and 26, 
respectively)26 

NNHTs 

II 
NaOMe , 

hear 
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NaOMe , 
heat 
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&]--.a Rearrangement 

+ 1% other products 

(27) 
CH=N-!Ts :C H CHZ 

- 4 Na + 18?[4]-4 (35) 
57% +4 42% (Product ratio) 

formed in this reaction) 
(Overall yield of hydrocarbons = 13%) 

Another interesting example is provided by Freeman's study of the 
epimeric 5-norbornenyl- and 2-norbornylcarbenes (equations 27-30)262. 
The ratio of products arising via hydrogen migration to those arising via 
carbon-hydrogen insertion was found to be similar for norbornyl- and 
norbornenylcarbene intermediates possessing the same geometry (exo or 
endo). However,#the fact that carbene 35 did not suffer ring expansion 

18o'C 4 CH=N-!Ts .. 
- 

Na+ 

- Na+ .. 
180 'C 

4 j -4 CHZ +&$$(28) 

:C-H 
(37) (36) 

(Product ratio) 41% : 4% : 55% 

(Overall yield of hydrocarbons = 43%) 

(29) AH\ - bcH2 + + 1% other products 

- 

23% 76% (Product ratio) 

(Overall yield of hydrocarbons = 9%) 



575 7. Reactions of carbenes with X=Y groups 

11% 89% (Product ratio) 

(Overall yield of hydrocarbons = 14%) 

whereas the corresponding saturated carbene 36 did give some ring- 
expanded product (37) was taken as evidence that 35 might indeed possess 
some non-classical carbene character262. 

Other potentially non-classical ‘foiled methylenes’ have k c n  studied. 
Among these are bicyclo[4.2.l]nona-2,4,7-trienylidene, (38)263-265, the 
interesting bishomoconjugated carbene, 39266, and the cyclopropyl- 
carbenes 40 and 41267. In addition, the results of an elegant deuterium- 

labelling study have suggested that a tetrahedrally-symmetric intermediate, 
perhaps tetrahedrane itself, is a transient species in the intramolecular 
rearrangement of the potentially non-classical carbene 43 derived from 
bistosylhydrazone 42268 (equation 3 1). 

6 

THF 
N 

NHTs 
I 

(42) (43) l 8  
2HCECH 

It is worthwhile to assess critically the applicability of the types of 
evidence which have been put forward to support claims of non-classical 
stabilization of ‘foiled methylenes’ in the foregoing examples. Aconsistent 
picture emerges when the chemistry of a potentially non-classical carbene 
is compared with that of the corresponding fully satsrated species (vide 
slrpr-a). However, it has not been clearly established that the patterns of 
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behaviour shown by such potentially non-classical carbenes are indeed 
viable operational criteria for establishing the presence or absence of 
homoconjugative stabilization in these carbenes. Along these lines, it 
should be noted that the type of stabilization depicted in 25b would be 
expected to confer nucleophilic properties upon carbene 25 (see Section 
ll.F), whereas resonance stabilization of carbene 35 (e.g., 35b) should 
render that species electrophilic. Experimental evidence garnered from 
appropriate intermolecular carbene-olefin addition reactions which would 
have bearing on this point is sorely needed, and would be most welcome. 

Goldstein and Hoffmann have recently extended the concept of Huckel 
aromaticity to n-electron interaction topologies which involve up to four 

Here, a ribbon is defined as ‘an intact conjugated polyene 
segment’ subject to the restrictions that ‘interactions between ribbons 
occur only at their termini’, and that ‘the two termini of any ribbon 
must remain indistinguishable both in the number of their connections 
Snd in the sense (CT or n) that such connections are made’269. A further 
iestriction is that Mobius ribbons are excluded from consideration. 

The simplest type of interaction, that which occurs between the two 
termini of a single ribbon, was termed pericyclic. Pericyclic interactions 
are possible for two- and three-ribbon interactions as well (44 and 45). 
Another type of interaction is possible between two ribbons; this was 
termed spirocyclic (46). Three types of interactions are possible for three 
interacting ribbons: these are per-icyclic (43, loiigicjdic (47), and laticyclic 
(48). 

Peric yclic Spirocyclic L ongic yclic Laticyclic 

(45) 
-.is 

Goldstein and Hoffmann did not explicitly consider application of their 
treatment to the stabilization of carbene intermediates, although such an 
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extension would appear to be both possible and highly desirable. A 
detailed discussion of their treatment is beyond the scope of this review, 
and the reader is accordingly referred to their original paper for details’69. 
However, i t  is interesting to note some potential ‘foiled methylenes’ which 
are predicted to receive homoconjugative stabilization via spirocyclic, 
longicyclic, and laticyclic interactions; these are depicted in structures 
49-51, respectively. As yet, there does not appear to be any experimental 
evidence which m’ight have bearing on these predictions. 

(Receives spirocyclic 
stabilization; predict q -  3 nucleophilic properties) 

(49a) (49b) 

(Receives longicyclic 
stabilization; predict I. :... :... . . :+,‘ - 

i. . nucleophilic properties) 

(50a) (50b) 

*------, 

(51 b) (Receives laticyclic 
(513) stabilization; predict 

nucleophilic properties) 

F. Reactions of Nucleophilic Carbenes with Ole fins 

Consider the Aonocyclic, conjugated carbene, 52: for the case of 

(11 + i n )  = even integer (including zero), the monocyclic carbene 52 will 
contain an odd number of carbon atoms. I n  such cases, a planar, con- 
jugated, monocyclic system will be Huckel-aromatic (i.e. it will contain 
(411 + 2) delocalizable electrons) if it bears a positive charge. This requires 
that the carbenecarbon atom be left with anegative charge occupying an sp2 
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hybrid orbital which is orthogonal to the x-system in the ring. One would 
therefore predict that the carbene in question should show nucleophilic 
~haracter’~’. Two simple examples are shown (structures 53 and 54). 

(i.e., 52 with 
R>: - n + r n = O )  
R 

Evidexe exists in support of the prediction that carbenes 53 and 54 
should indeed be nucleophilic. Diphenylcyclopropenylidene (53, R = Ph) 
has been generated by a-elimination from the diphenylcyclopropenyl 
carbanate, 55. This carbene could be trapped successfully by dimethyl 
fumarate (an electron-poor olefin), a result consistent with the anticipated 
nucleophilic character of the carbene (equation 32)2‘ 1-274 . Interestingly, 

0 

(32) 
ii Dimethyl iumarare 

Ph KOBu-I. heprane 

# hP(o reflur 9 h 

- -N e2 

Ph 

(55) (56) 
67% 

addition of cyclohexene to this reaction produced no norcarane-type 
adducts, nor was the yield of the fumarate adduct (56) affected by the 
presence of cyclohexene2 7 3 .  Diphenylcyclopropenylidene was found to 
react with fumaronitrile, diethyl fumarate, and NJV,N’,N’-tetramethyl- 
fumaraGide, but no addition took place with trnns-stilbene, tetrachloro- 
ethylene, diphenylacetylene, or dimethyl acetylenedi~arboxylate~~ ’. 

To gain evidence regarding the spin state of the reacting carbene, an 
attempt was made to determine the stereochemistry of the addition of 
diphenylcyclopropenylidene to dimethyl maleate and fumarate. Both 
substrates gave the same adduct in this reaction; only one of the two 
possible spiropentenes was isolated, no trace of the other isomer being 
detectable. No conclusion regarding thk stereochemistry of the addition 
process could be reached since the absence of the second spiropentene 

rp 
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isomer leaves unanswered the question of the geometrical stability of the 
products under the reaction 

Cycloheptatrienylidene (54) has been prepared directly via tropone 
tosylhydrazone (equation 33)275*276 and indirectly via rearrangement of 
phenylcarbene (equation 34)277-287 . An analogous rearrangement has 
been observed for diphenylcarbenes, affording aryl-substituted cyclo- 
heptatrienylidenes (equation 35)284*288. 

EkN2 350-375 ‘C 
1-3mmHg 

100 ‘C N-xTs Diglyme ’ 
/ 

Ph 

+ Other products (35) 

ON” - 

The nucleophilic character of 54 has been investigated through a 
Hammett study of its additions to meta- and para-substituted styrenes2”. 



580 Alan P. Marchand 

Correlation of the relative rates of addition of 54 (generated photolytically 
frow the sodium salt of tropone tosylhydrazone) to these substituted 
styrenes with Harnmett ci aflorded a straight line having p = + I .05 0.05 
(correlation coefficient 0.982). The observed positive value of p demon- 
strates conclusively the nucleophilic character of cycloheptatrienylidene 
in its additions to olefins. Also consistent with this conclusion is the 
demonstrated reluctance of 54 to react with electron-rich 01efins~~’. 
Furthermore, its ability to add stereospecifically to maleinitrile suggests 
that 54 preferentially adds as a singlet species to electron-deficient 
double bonds”’. Jones has recently reported that 54 adds to cis- and 
rims- 1,3-pentadiene and to styrene; the spirocyclic adducts are thermally 
labile, and they readily rearrange via stepwise, diradical processes 
(equations 36 and 37, re~pec t ive ly)~~’ .  

+ Na 

N-ETs hs .  30 ’ C  mph 75-100‘Ct  

- 

+Na 

The reactions of 54 with 1,3-dicyanocyclooctatetraene” and with 
2,3-dicyanobicyclo[2.2.2]octatriene293 haved recently been studied (equa- 
tions 38 and 39). The former reaction was considered as proceeding with 
initial electron transfer from 54 to the substrate (path A, equation 38) 
although the possibility that the reaction might involve direct nucleophilic 
attack of carbene 54 upon 1.2-dicyanocyclooctatetraene (path B, equation 
38) could not be rigorously excluded292. The latter piocess was believed 
to proceed via initial nucleophilic attack of 54 upon the electron-poor 
2,3-double bw&n 2,3-dicyanobicyc!o[2.2.2]octatriene, although a &;ect, 
homo-1,4-addition of 54 to this substrate could not be excluded (equation 
39). 
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transfer 

CN J CN 
(54) Path B 

CN 
Six elCiiion 
~ ~ C C ~ ~ O C V C ~ I C  process 
(ddsrotatory) 

___, 
I 

NC C LtN: C 

N: 
I 1  

Benzo analogues of 54 have also been studied: these include 572s', 
5895*'94.'95, and 59955,'94. E m .  studies of carbenes 58 and 59 have revealed 
that these species have triplet ground states95. However, when produced 
via photodecomposition of the corresponding diazo precursor, carbenes 
58 and 59 have been found to add stereospecifically to 01efins~~. Such 
behaviour suggests that 58 and 59 are not nucleophilic carbenes. However. 
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58 does appear to act as a nucleophile in its addition reaction with tetra- 
~yanoethylene~’~. Formation of the methylenated adduct is believed to 
arise via a charge transfer complex in which electron transfer occurs from 
the carbene to the electron-poor ~ l e f i n ~ ~ ~ .  

Another carbocyclic carbene which is expected to show nucleophilic 
properties is 4,9-methano[ 1 llannulenylidene (60). Generation of 60 from 
the corresponding ketone 61 via its tosylhydrazone in the pxesence of 

dimethyl fumarate or styrene afforded the spirocyclopropane adducts, 62 
and 63, respectively (equation 40)296*297. It will be of interest once the 

+Na 

Ph 

Ph 

(63) 
31.2% H 
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Hammett p-value for the addition of 60 to substituted styrenes has been 
determined to compare quantitatively the nucleophilicity of 60 with that 
of cycloheptatrienylidene (54). 

Carbenes which bear lone-pair (heteroatom) substituents adjacent to 
the divalent carbon atom might also be expected to display nucleophilic 
properties. Here, stabilization of the carbene might result from resonance 
interaction of the electron-donating lone-pair substituent with the empty 
orbital of the (singlet) divalent carbon atom (64a, b and c). Although 

\ \\ \ 

/ / // 
:Y :Y + y 

(64a) (64b) ( 6 4 ~ )  

dialkoxy- and dialkylthiocarbenes have been prepared, they do not appear 
to display marked nucleophilicity toward electron-poor olefins (e.g., 
attempts to trap dimethoxycarbene have met with repeated f a i l ~ r e ~ ~ ~ - ~ ' ' ,  
and bis(methy1thiocarbene adds to ketene dimethylacetal, an electron- 
rich ~ l e f i n ~ ' ~ . ~ ' ~ ) .  However, the siloxycarbene 65 can be trapped by 
reaction with diethyl fumarate (equation 41)303. Carbene 65 cannot be 

:X + X  

c:- c:-- c:- 
:X 

trapped by more electron-rich olefins such as cyclohexene or tetramethyl- 
ethylene, nor does it react with ketene dimethylacetal or tetracyano- 
ethylene 3. 

Additional stabilization of heteroatom-substituted carbenes can be 
obtained when the delocalization extends over a conjugated, cyclic 
system. Stabilization by virtue of Hiickel aromaticity is then possible (e.g., 
equation 42). This situation (66) is analogous to the type of resonance .. + .. -. = *  

[:.): - [.x):- - [i>:- - 'Li): - 
Y Y 

X 
+ cx>: .. - @*- (42) -=. Y 
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stabilization depicted by structures 53b and 54b. Carbenes 67304*305 and 
6S306 serve as examples ofcarbenes ofthe type66 which k v e  been prepared 
and whose additions to olefinic double bonds ve been studied. Carbene 
67 (R = Et) has been found to be capable undergoing addition to 

~ y a n o e t h y l e n e ~ ~ ~ .  However, carbene 68 does not simply add to electron- 
deficient olefins to produce methylenated products. Instead, 68 adds 
in iMichael fashion to dimethyl maleate, thereby permitting isomerization 
of the olefin to dimethyl fumarate, with concomitant regeneration of the 
original carbene306. 

Another example is provided by carbene 69 which was generated by 
decarboxylation of the N-methyl betaine, 70, in aprotic solvent (equation 

60-80 'C 

Apioiic solvenl 
- co, 
Qi 

I 
CH, 

ArN:X- 

x- . 

(43) 

"=N 
\ 

Ar 

43)307. The carbene can be trapped by reaction with electrophiles such as 
aryl diazonium salts. 

Quast30s has considered the relative nucleophilicities of oxy-, thio-, and 
aminocarbenes. Among these various types of heteroatom-containing 
carbenes, the order of increasing nucleophilicities emerges as indicated in 
equation (44). 

R,N\ 
c: < / c: (44) 

\ 
/ 

RS 

c: 1 
\ 

RO 
\ 

P 

H 
c: < 

H RO /' RS R*N 
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G. Addition vs. Ylide Formation in Reactions of Carbenes 
and Carbenoids with Ole fins Bearing Heteroatomic 
Substituen ts  

It was noted earlier (Section 1I.C) that carbenes are capable of co- 
ordinating to first- and second-row electronegative (lone-pair containing) 
elements, resulting in ylide formation41*201-203~309-311 . There are a 
number of examples known where carbenoids have similarly reacted with 
lone-pair substituents to form ylides166,312-3’6 . A- interesting situation 
arises when a molecule contains both a carbon-arbon double bond and 
a heteratomic (lone-pair) substituent elsewhere in the molecule. In this 
case, a competition is established between carbene (or carbenoid) addition 
to the olefin and ylide formation with the heteratomic substituent, -X. 
The ultimate product which results from intermediate ylide formation is 
usually the C-X ‘insertion’ product, which probably arises via an 
abstraction-recombination meeanism (equation 45)46. Some examples 

/y [ + ] Abstraction + *G Recombination R-X: + :C - R-X-C -[R XCYZ]-RCXYZ 

‘Z 
(X = halogen, -OR’, (Ylide) (Dipolar or 
-NR;, or -SR‘)  diradical (45) 

which illustrate the outcome of the competition between addition and 
ylide formation for some carbene and carbenoid reactions with allylic 
systems, H2C=CH-CH2X (where - X  is a lone-pair heteroatomic 
substituent) will be presented in the ensuing discussion. 

Reaction of methylene carbenoid (generated via cuprous halide- 
catalysed decomposition of diazomethane) with allylic ethers results in 
both cyclopropane formation and apparent allyl-oxygen bond ‘inser- 
tion”66. However, the ‘insertion’ reaction was found to proceed with 
allylic inversion; the mechanism proposed for this process is depicted in 
equation (46). Cyclopropane formation and C-X ‘insertion’ accompanied 

intermediate) 

?! 
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by allylic rearrangement have also been observed for reactions of methylene 
carbenoid with allylic sulphides166 and halides3 ”. However, the corres- 
ponding reaction with allylamines does not afford the allylic rearrange- 
ment product3 16. 

Dichlorocarbene reacts with allylic sulphides to afford products derived 
via allylic rearrangement of the corresponding intermediate sulphur 
ylides, unaccompanied by the formation of methylenated products3 
However, the corresponding reaction of dichlorocarbene with allylamines 
proceeds to afford mainly the carbene-olefin addition product. No trace 
of products arising via rearrangement of the (expected) intermediate 
nitrogen ylide could be detected3 19. Dichlorocarbene also reacts with allyl 
sulphides to afford some product which arises via the allylic inversion 

Cyclopentadienylidene has been found to add to the double bond of 
allylic ethers, but to afford both addition and carbon-sulphur ‘insertion’ 
products with allyl s u l p h i d e ~ ~ ~ ~ .  Interestingly, the ‘insertion’ product, 72, 
formed in the reaction of cyclopentadienylidene with allyl ethyl sulphide 
was considered as resulting via [3,3]-sigmatropic rearrangement of the 
intermediate sulphonium ylide, 71 (equation 47). The ratios of insertion to 

route3 18,320,321 

(71) (ylide) 

+ 

CH,SEt 

d 
(72)  31% (C=C 
13% addition 

(rearranged C-S product) (47) 
’insertion’ 
product) 
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addition Products in reactions of this type were found to vary with the 
structure ofthe ally1 sulphide substrate (from a high of 4.3 for y-methylallyl 
ethyl sulphide to 1.5 for P-methylallyl methyl s ~ l p h i d e ) ~ ~ ~ .  

Recently, a number of excellent studies have examined in detail the 
reactions of carbalkoxycarbenes, biscarbalkoxycarbenes, and their cor- 
responding carbenoids with systems of the general type H2C=CK- 
CH2X323. Singlet, electrophilic biscarbomethoxycarbene, produced photo- 
lytically from dimethyl diazomalonate, interacts with the lone electron 
pair on a sulphur or oxygen atom much more rapidly than it attacks an 
olefinic 7r-bond324*325 . By comparison, the corresponding triplet carbene, 
produced via benzophenone-sensitized photodecomposition of dimethyl 
diazomalonate, prefers addition to the olefinic double bond in allyl 
sulphides and ethers rather than electrophilic attack on sulphur or oxygen 
to form the corresponding ~ l i d e ~ ~ ~ .  Biscarbomethoxycarbenoid reacts 
with allyl sulphides and ethers to afford products arising solely via initial 
attack of the carbenoid on sulphur or oxygen, respectiiiely. An exception 
to this behaviour occurred with allyl t-butyl sulphide and allyl t-butyl 
ether, where the bulky t-butyl substituent effectively hindered attack by the 
carbenoid on the h e t e r ~ a t o r n ~ ' ~ . ~ ~ ~ . ~ ~ ~ .  

Similar findings have resulted from the study of rsactions of diazo- 
methane3' 5*317, ethyl dia~oacetate~'~'~'~,~~~, and dimethyl diazomalo- 
nate3 12.3 13,327 with allyl halides. Again, the relative yields of addition 
products and C-X 'insertion' products were found to depend upon the 
mode of decomposition of the diazo compound. The results for some 
reactions of diazo compounds with allyl halides are summarized in Table 4. 
The generaJ trends previously observed for reactions of singlet and triplet 
carbenes and for reactions of carbenoids with allyl ethers and sulphides, 
also appear to hold true for the corresponding reactions with allyl halides. 

The effect of added methylene halide solvents upon the reaction of 
biscarbomethoxycarbene with allyl chloride has been studied by Ando 
and coworkers328. The added diluents had the effect of increasing the 
relative amounts of methylenated products at the expense of the carbon- 
chlorine 'insertion' product. It was suggested t,+at the diluents served to 
catalyse intersystem crossing (singlet to tripletj in the carbene. However, 
it*;hould be recognized that the methylene halide diluents employed in 
this study are not inert to b i~carbomethoxycarbene~~~,  and the im~eased 
preference for carbene-olefin addition in their presence might consequently 
&sult simply via preferential entrapment of the singlet carbene by the 
solvent 32 '. 
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H. Reactions of Unsaturated Carbenes with Ole fins 

Unsaturated carbenes are species of the type X=C: in which the divalent 
carbon atom itself is directly incorporated into an unsaturated (double- 
bonded) system. Two types of unsaturated carbenes will be discussed in 
this section : alkylidenecarbenes (R,C=C:) and alkenylidenecarbenes 
(‘vinylidenecarbenes’, R2C=C=C :)t. Alkenylidenecarbenes have been 
generated by way of base-promoted a- or y-elimination from haloallenes 
and propargyl halides, They have also been 
prepared via reaction of base with derivatives of ethynyl~arbinols~~~-~~~. 

The results of kinetic studies indicate that base promoted reactions of 
3-chloro-3-methyl--’-butyne (77) and of l-chloro-3-methyl-l,2-butadiene 
(78) proceed via the same Isobutenylidenecarbene 

CI 
I 

(H,C),C-C-CH 

(77) 

(79) was suggested as an intermediate in these reactions on the basis of 
trapping-xperiments with added olefins (equation 48)334*335. Identical 
rates of addition of 79 to various olefins were observed when the carbene 
was generated by either a- or y-elimination from 77 or 78, respectively. 
Thus, either free carbenes are involved in these reactions, or, alternatively, 
complexed carbenes (carbenoids) may be present which are complexed in 

t There has been considerable confusion in the literature regarding the question of 
nomenclature of unsaturated carbenes. Hence (H3C)2C=C: has been referred to variously 
as dimethylethylidenecarbene (one word)330, dimethylethylidene carbene (two words)33 I,  

dimethylmethylidenelgo, and as a ‘substituted ~inyl idene’~~’.  The correct name333 is based 
on the alkylidenecarbene (R,C=C:) root; thus, (H3C),C=C should correctly be termed 
isoprop??/ideriecarbene. An extension of this method of nomenclature to alkenylidenecarbenes 
would require that (H,C),C=C=C: be named isobtcteriylideriecarberte. Throughout this 
Section. nomenclature based on the above system will, whenever possible, be consistently 
employed. 



7. Reactions of carbenes with X=Y groups 59 1 

an identical manner whether generated from 77 or from 78. Of these two 
possibilities, the latter appears to be more probable on the basis of Skell’s 
observations with the related species, free C ,  and cyclopropenylidene- 
carbene (80; see Section II .I)341.  Both of the free carbenes studied by 

B 

[).=c=c: 
(80)  

Skell are non-selective reagents at 77 K, whereas 79 is a selective, electro- 
philic carbene at  c.  273 K. 

Skell’s group has succeeded in generating isopropylidenecarbene (81) 
by reaction of diatomic carbon with propylene (see Section II.I)332. 
Isopropylidenecarbene has also been generated via photofragmentation 
of 2,2-diphenyl-1-isopropylidenecyclopropane (82). The intermediate 
carbene produced by photofragmentation of 82 can be trapped by cyclo- 
hexene to afford the addition product 83, or by cyclohexane to afford the 
carbon-hydrogen insertion product, 84 (equation 49)342. 

(84) 
(C-H insertion product) 

Substituted alkylidenecarbenes have also been synhesized by base- 
promoted decomposition of N-nitrosooxazolidones (85, equation 
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50)330*343-345. A recent refinement of this procedure employs N-nitroso- 
acet ylarnino alcohols (86) for the production of alkylidenecarbenes 

NaOH. penlane (51) 
-1010 - 5 ’ C  

(equation 51)346*346”. Isopropylidenecarbene generated by the method of 
Newman and does not insert into cyclohexane carbon- 
hydrogen bonds, and it is thus a different species from the one which was 
generated photolytically by Gilbert and Butler342. It has been suggested 
that the former species may be a carbenoid whereas the latter species is 
probably the free i s~propyl idenecarbene~~~.  

Dichloromethylenecarbene (Cl,C=C:) has been keneratehvia photo- 
lytic decomposition of phenylperchlorovinylmerc&y (87). The divalent 
carbon species thus produced has been found capable of insertion into a 
carbon-hydrogen bond of cyclohexane and of addition to the double bond 
of cyclohexene (equation 52)347. An unusual solvent effect was observed 

PhHg a. CI 
\ /  hv , c=c , room temperature + 

10 h 
CI CI 

(87) 

when the decomposition of 87 was carried out in ether (THF or dioxane) 
solvents. In such cases, the principal reaction products were benzene, 
trichloroethylene, hexachlorobutadiene and metallic mercury. These 
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products were considered as resulting from a competing free radical 
process. 

Isopropylidenecarbene (generated via base-promoted decomposition of 
5,5-dimethyl-N-nitrosooxazolidone) has been reacted competitively with 
a variety of 01efins~~'. This carbene has been shown to be subject to a 
marked steric effect in its additions to highly-substituted olefins. The 
origin of this steric effect becomes evident upon examination of the transi- 
tion state for the addition process (88). In this diagram, the 2p orbitals of 

# 

(88) 
B 

the double-bonded carbons in the carbene have been omitted for clarity. 
Note the unavoidable, unfavourable non-bonded interactions between 
one of the carbene methyl groups and the substituents R3 and R4 in the 
substrate. No such difficulty is experienced for addition of carbenes of the 
type X,C=C=C: to olefins because in this case, the vacant 2p orbital on 
the divalent carbon atom is orthogonal to the plane occupied by the C-R 
bonds (89). This explanation has been offered to account for the observa- 
tion that isopropylidenecarbene shows unusually low reactivity toward 

# 

tetramethylethylene relative to c y ~ l o h e x e n e ~ ~ '  whereas Ph2C=C=C:348, 
(~-Bu),C=C=C:~~' ,  and (H3C)2C=C=C:334.335 all react considerably 
more rapidly with tetramethylethylene than wi;h cyclohexene. 

A quantitative comparison of the reactivities of isopropylidenecarbene 
and isobutenylidenecarbene toward olefins has been made possible through 
linear I= energy correlations of their respective additio'ns to para- 
substituted  styrene^'^'. The relative rates of addition of isobutenylidene- 
carbene (generated via base-promoted a-elimination on l-bromo-3- 
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methyl- 1,Zbutadiene) to styrene, p-methylstyrene, and p-chlorostyrene 
correlated with of to afford a Hammett p-value of -0.95. Jsopropylidene- 
carbene (generated via reaction of base with either 1,l-dibromo-2- 
methylpropene or 1-bromo-2-methylpropene) showed much greater 
selectivity toward addition to these styrenes than did isobutenylidene- 
carbene. For the isopropylidenecarbene additions, correlation with CT+ 

afforded an unusually large, negative Hammett p-value of -40.3. In this 
way, the relative degree of electrophilicity of these carbenes in their 
additions to substituted styrenes could be established quantitatively. 
Furthermore, the high degree of electrophilicity observed for isopropyli- 
denecarbene additions to these olefins offers strong support for the earliej . 
contention that the observed low reactivity of this carbene toward highly- 
substituted olefins must be the manifestation of a specific steric effect (as in 

In much of the work which has been aimed toward studying the chemistry 
of alkylidenecarbenes and alkenylidenecarbenes, there remains unsettled 
the question of the nature of the divalent carbon intermediates, i.e. whether 
they are free carbenes or carbenoids. This is an especially troublesome 
point when considering the chemistry of those divalent carbon species 
which are produced via base-promoted a- or y-eliminations, or via 
decomposition of heterxyclic precursors. Although the term 'carbene' has 
been used throughout this section in referring to the divalent carbon species 
thus produced, it should be noted that this has been done mainly for 
convenience and for economy of style. Thus, the uncertainty remains 
unresolved at present, and this question accordingly merits further, 
detailed consideration. 

A new method for generating unsaturated carbenes from primary vinyl 
triflates has recently been developed by Stang and ~ o w o r k e r s ~ ~ ~ . ~ ~ ~ ~ .  
Treatment of P,P-dialkylvinyl triflates (90) with KOBu-t in a v k e t y  of 

88) 3 30. 

OSiMe, 
DMF / 

\ 
RR'CH-CHO + Me,SiCI ___* RR'C=C 

H 
E1,N 

( 1  McLi. glvmc 
( 2 )  lCF,SD,),O 

/OTf 

I 
RR'C=C 

OBU-1 
RR'C=C / + RR*C+ KOBO- /  (90, -Tf = -SO,CF,) 

\ 
H 

- 2 O t o  125.C 

(53) 
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olefins afforded the corresponding methylenecyclopropanes along with 
t-butyl vinyl ethers (equation 53). The potential synthetic utility of this new 
method is indicated by the high yields of methylenecyclopropanes which 
result from the reaction of olefins with primary vinyl triflates (Table 5). 

The origin of the t-butyl vinyl ethers in this reaction has been sought 
through a study of the reaction of (H,C),C=CH-OTf (91) with KOBu-t 
in the presence of excess t-BuOD. Substantial deuterium incorporation 
was observed for the product ethe:, whereas the recovered unreacted 
triflate contained no incorporated deuterium. These results establish the 
carbene pathway shown in equation (54) for the reaction of 91 with 
KOBU-t . 

,OBu-t 

(54) KOBu-I 1-BuOD Me,C=CHOTf - [Me,C=CI * Me,C=C 

(91 1 \D 

To gain further insight into the nature of the intermediate which is 
produced in the reaction of primary vinyl triflates with KOBu-t, a study 
of the base-promoted reactions 'of E- and 2-P,P-ethylmethylvinyl triflates 
(92 and 93, respectively) with isobutylene was undertaken. Both starting 
materials afforded identical mixtures of methylenecyclopropanes and 
t-butyl vinyl ethers (94a4, equations 55 and 56). This observation is a 

OBU-t E t  OBu-t 

+ c=c \ /  

(94a) (94b) 

M e  
\ /OTf KOBU-I. - 2 0  ' C .  36 h \ /  

M e  

,c=c\H >= Et /c=c\H Me ' \H Et 

19% 7.0% 
(92) 

Me 

(94c) (94d) 

42% 32% (55) 

+ 94a + 94b + 94c + 94d (56) 
Et OTf 
\ /  KOBu-I. -20  ' C .  36 h 

Me /c=c\H >= (19%) (7.0%) (42%) (32%) 

(93) 

necessary (but not sufficient) condition for establishing the intermediacy 
of a free carbene in this reaction. In this connection, it is also of interest to 
note that the addition of isopropylidenecarbene (generated from the 
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TABLE 5. Reaction of primary vinyl triflates with olefins and KOBu-t at 0 oC350.350a. 

React ion Products (relative % yield)" 
Tritlate Olefin time (h) tert-Butyl vinyl ether Methylenecyclopropane - 

0 
1 Me,C=CHOBu-t (7%) 

24 Me,C=CHOBu-t (32 %) 

,OTf 
Ph 

HJ, , 

El. / 

1.5 Me,C=CHOBu-t 22 %) 
c=c' \ 

/' ,\ ,C=CH, 
H,C H 

OTI H,C 

c=c( 

c=c, 
El' H 

/, 
Et H 
Et /OTf 

'~ 
Et OTf 

</ 

c=c 
El,' H 

H 

€10 

\= 

0 
4 Et,C=CHOBu-r (7 %) 

4 Et,C=CHOBu-t (1 7 %) 

4 

4 

20 

EtzC=CHOBu-f (13 2) 

CHOBu-f (7%) 

(77%) 

" Uncalibrated relative areas by v.P.c.; estimated uncertainty k 2-5 %350. 
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corresponding primary vinyl triflate) to cis- and trans-2-butene and to cis- 
and trans-2-methoxy-2-butene proceeds in I@ % stereospecific cis 

. The foregoing resul tare  suggestive of a free carbene 
intermediate which reacts with olefins in a singlet electronic configuration 
in these base-promoted reactions of P,P-dialkylated primary vinyl triflates 
with olefins. 

Contrasting behaviour was observed for base-promoted reactions of 
olefins with primary vinyl triflates which bear one or two aryl substituents 
in the P position. In these cases, intramolecular rearrangements occur 
yielding substituted acetylenes to the extent of completely excluding 
methylenecyclopropanes or t-butyl vinyl ethers (equation 57). I t  was not 

fashion350.350a.350b 

KOBu-I. 0-C. 2 h  
PhMeC=CHOTf - PhC-CMe 

(1 00%) 
(57) 

(No @CMeF‘h or PhMeC=CHOBu-t) 

0 (E- or Z-) 

established whether carbenoid reactions are involved in such cases23 or 
whether free carbenes are formed which suffer intramolecular rearrange- 
ment more rapidly than they can be trapped by olefins. 

The last of the unsaturated carbenes to be considered in this section is car- 
bonylcarbene, :C=C=O, which may be regarded here as being struc- 
turally related to the alkenylidenecarbenes. Carbonylcarbene (C20) can be 
generated by photodecomposition of carbon suboxide (O=C=C=C=O) 
and the carbene thus produced reacts with simple olefins to afford 
allenes3’ 1-353.  The mechanism of allene formation in the reaction of C 2 0  
with ethylene was clarified by Mullen and Wolf3” who observed that 
photodecomposition of O=C= l4C=C=O in the presence of ethylene 
afforded allene-14C as the major product (c. 38 % yield). The 14C activity 
distribution in the allene thus produced was 92% in the central position 
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(C(,)) and 4 %  at each of the terminal positions (C(ll and C(3)). The 
mechanism proposed by Mullen and Wolf354 to account for the major 
reaction product is indicated in equation (58). This mechanism finds support 
in the observation that cyclopropylidenecarbenes are known to collapse to 
form a l l e n e ~ ~ ~ ~ .  However, an alternative mechanism involving insertion of 
C 2 0  into an ethylene carbon-hydrogen bond followed by hot-molecule 
(i.e., excited allene) isomerization was not rigorously excluded, although 
it was considered to be unlikely. 

The exact nature of the reactive intermediate could not be directly 
inferred from the foregoing results. Formation of the intermediate cyclo- 
propylidenecarbene in equation (58) via direct addition of atomic carbon 
(C(lJ to ethylene could be ruled out on thermochemical g r o ~ n d s ~ ~ ~ * ~ ~ ~ * ~ ~ ~  
and on the basis of other  consideration^^^^-^^^ . In a reinvestigation of the 
photolytic reaction of carbon suboxide ( C 3 0 2 )  with ethylene, B a y e ~ ~ ~ ~  
found that two different reactive intermediates could be generated 
depending upon the wwelength of light employed in the photodecom- 
position of C 3 0 , .  The reactive intermediate which was generated 
when C 3 0 ,  was irradiated at shorter wavelengths (240-280 nm) was found 
to be inert toward oxygen and nitric oxide; this behaviour is suggestive of 
a carbene in a singlet electronic configuration. The corresponding species 
produced upon photodecomposition of C,O, utilizing radiation of longer ,. 
wavelength (> 290 nm) reacted preferentially with oxygen (rather than 
with ethylene). Thus, allene formation could be quenched effectively by 
added oxygen when the reactive intermediate was generated from C 3 0 2  
using longer wavelength radiation. Bayes concluded that the ‘short 
wavelength intermediate’ was excited, singlet C,O(Fi’A) whereas the ‘long 
wavelength intermediate’ was a lower energy triplet C20, [probably the 
ground state, C20(x3X) ]353 .  However, Bayes was careful to point out that 
his results could also be rationalized in terms of molecular C 3 0 ,  inter- 
mediates possessing different degrees of electronic excitation. 

The chemistry of the ‘long wavelength intermediate’, C,0(%3C), has 
been the subject of additional investigations. Willis and B a y e ~ ~ ~ ~  have 
found that C 2 0  produced via photodecomposition of C 3 0 2  at 300 nm 
always adds to olefins to afford alle,nes in preference to forming the cor- 
responding acetylenes (which are thermodynamically more stable). The 
percentage of acetylenes among the products was found to be a function 
of the nature of the olefinic reactant and of the olefin pressure. The 
C , 0 ( x 3 C )  thus produced was found to be capable of isomerizing cis-2- 
butene to the trans isomer, a result in keeping with its expected triplet 
(diradical) character. Spin conservation arguments along with observations 
of specific effects which they noted when the C,O-ethylene reaction was 
carried out in the presence of other gases, led Willis and Bayes to conclude 
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that the allenes were being formed initially in triplet states in these 
C20-olefin reactions363. Additional evidence for the triplet nature of 'long 
wavelength' C 2 0  emerged from a detailed examination of its reactions 
with oxygen and with nitric 

Further evidence regarding the nature of the reactive intermediates in 
( 2 3 0 2  photolyses and regarding the mechanism of the photolytic reaction 
of C302 with olefins has been sought through relative reactivity 

. Several methods have been employed to measure the 
relative reactivities of C20 with olefins. The results obtained by Bayes 
and his  collaborator^^^^^^^^ are self-consistent, but they stand in complete 
disagreement with the results obtained by Baker, Kerr, and Trotman- 
D i ~ k e n s o n ~ ~ ~ . ~ ~ ~ .  The British group found that C 2 0  behaves as a nucleo- 
philic carbene toward substituted olefins and that both C20( j z3C)  and 
C,O(ii'A) show approximately the same reactivity toward a series of 

However, Bayes concluded that C,0(Z3C) produced via 
photolytic decomposition (300 nm) of C 3 0 2  is an electrophile, whereas 
C,O(Z'A) similarly generated using radiation of wavelength 250 nm reacts 
indiscriminately with 0 1 e f i n s ~ ~ ~ .  More recent theoretical (extended Huckel 
and INDO) calculations support the suggestion that C 2 0 ( x 3 C )  is indeed 
an electrophilic ~ a r b e n e ~ ~ ' .  Nevertheless, the discrepancy noted above 
cannot at present be regarded as having been satisfactorily resolved. 

Before leaving the subject of carbonylcarbene reactions with olefins, it 
is worthwhile to note an amusing application of this reaction to the 
synthesis of highly strained ring systems (equation 59)369. The results of 

studies3 62 .365-36  7 

(95) 
'Tetrahedrane' (33%) H 

analysis of the deuterium distribution in the products obtained from the 
reaction of C 2 0  with 3,3-dideuteriocyclopropene required that an inter- 
mediate (such as 95) possessing tetrahedral symmetry be invoked369. 

I. Reactions of Elemental Carbon and Carbynes with 
Ole fins 

It is worthwhile to consider a number of other reactive intermediates 
which bear formal resemblance to carbenes in that they possess a reactive 
carbon atom having non-bonded electrons and one (or more) low-lying, 
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empty orbitals. Species of interest to us which fall into this classification 
are the various forms of elemental carbon (C1-C,)369a and carbynes 
(RC:). Some reactions of these species with olefins will be explored in the 
discussion which follows. 

The simpleq. of the carbene analogues is atomic carbon, C, . A number 
of early studies of the reactions of C, with hydrocarbons involved genera- 
tion of the atomic carbon species by nuclear recoil processes3 70--374 . The 
C, species thus generated inserts into carbon-hydrogen bonds and adds 
to olefinic p i - b o n d ~ ~ ~ ~ . ~ ~ ’ .  However, these species are highly energetic, 
and the intermediates derived from them often suffer subsequent skeletal 
rearrangements and fragmentations, thereby obfuscating attempts to 
unravel the basic mechanism of the Cl-olefin reaction. Thus, the reaction 
of C1 (produced by nuclear recoil) with ethylene affords several products, 
among which are allene, methylacetylene, acetylene, vinylacetylene, pent- 
1-yne, and e t h ~ l a l l e n e ~ ~ ~ .  

A refinement on this approach has been to moderate the reactivity of 
C, produced by nuclear techniques through collision of the ‘hot’ carbon 
with inert gases. In this way, carbon atoms can be generated which possess 
thermal kinetic energies, and a number of ‘hot’ carbon processes may be 
suppressed?. The reaction of C ,  with ethylene has been studied in the 
solid phase (rare gas-ethylene matrices)379. Under these conditions, 
fragmentation of the resulting (lower energy) intermediates is minimized, 
and the yield of fragmentation products (such as acetylene) is diminished. 
At higher moderation, the C,H, adduct appears preferentially to afford 
allene which can be accounted for in terms of relatively low energy 
procJsses. The yield of this product is significantly higher than is the 

t Recently, a chemical method of formation of C, which involves decomposition of 
‘quadricylanilidene’ has been reported377 : 

Atomic carbon has also been formed chemically via thermal decomposition of 5-tetrazoyl- 
diazonium ~ h l o r i d e ” ~ * ~ ~ ~ :  
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corresponding yield of allene produced in a non-moderated C,-ethylene 
reaction3". Similar findings were reported for reactions of 'hot' vs. 
moderated C, with cy~lopentadiene~~' .  

Skell and his collaborators have succeeded in producing mixtures of 
ground and excited state C,-C5 species utilizing a low intensity carbon arc 
under high vacuum. The carbon vapour thereby produced was deposited 
on a surface at 77K, together with other substances with which the 
various carbon species were allowed to react. Through an analysis of the 
product mixture, the behaviour of each individual component of the 
carbon vapour could be studied341. 

Monatomic carbon was among the first of the components of carbon 
vapour to be studied extensively by Ske11381*382. Three spin states of C1 
had been recognized earlier: the (triplet) ground s$ie ('P) and the first 
two (singlet) excited states (ID and ' S ,  r e s p e ~ t i v e l y ) ~ ~ ~ .  The electronic 
configurations and excitation energies of these three electronic states of 
C, are depicted in Table 6. The reactivity of C1 in different electronic 

TABLE 6.  Electronic configurations and excitation energies of the 3P,  'D, and ' S  
states of c1383 

,Electronic state Electronic configuration Excitation energy 
-.J 

2s 2Px 2P,* 2Pz (eV) 

configurations with olefins could be conveniently studied at 77 K on an 
inert matrix. Reactions of C, in its ' S  state could be studied by depositing 
carbon vapour and olefin substrates simultaneously on the inert matrix at 
77 K384*385. If instead the olefin was introduced after the carbon vapour 
had been allowed to age for 2 min or more on the inert matrix, the reaction 
was found to involve the 3 i i g r o ~ n d )  state of C1, (sufficiqnt time having 
elapsed prior to introduction of the olefin to permit decay of C, from its 
metasdble ' S  state to its ground 

Interestingly, the different electronic states of C, afford different products 
in their reactions with 01efin.s~'~. Ground state ( 3 P )  C, reacts with two 
molecules of olefin to form spiropentanes' 38*381,  wherEas excited (IS) C1 
reacts with olefins to afford allenes as the only significant products384. By 
way of contrast, the reaction of C , (  'D) with olefins affords spiropentanes 
and other, unidentified, products, but no  a l l e n t ! ~ ~ ~ ~ .  
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The addition of C,('P) to olefins to form spiropentanes is a two-step 
process, the first step of which is a stereospecific, singlet addition to afford 
a triplet cyclopropylidene which subsequently adds non-stereospecifically 
to a second molecule of olefin. This process is shown in equation 
(60)' 3 8 ~ 3 8 1 .  Further evidence for this mechanism is provided by the results 

v 
Non-stereosoecific 

Stereospecitic 
additioi ' \  

("P) H' H H\ i i  [ addition 

I I 
I H' I 

(Triplet) 

of competition experiments whereby mixtures of olefins were allowed to 
react with C1 on a paraffin surface at 123-173 K. Analysis of the product 
mixture permitted calculation of the relative rate constants for both steps 
of the Cl(3P)-olefin addition process. Butadiene displayed low reactivity 
towards C1(3P) in the first step of the addition process. However, in the 
second step which involves (presumably triplet) cyclopropylidene as the 
reactive carbene species, butadiene displayed higher reactivity than did 
any of the monoolefins studied. It was concluded that C1(3P) reacts with 
olefins preferentially through its filled and unfilled (rather than its half- 
filled) orbitals with conservation of spin angular momentum to afford a 
triplet cyclopropylidene. This new species then reacts as a typical triplet 
carbene, i.e. it adds in non-stereospecizc fashion to the 2-butenes and it 
displays higher reactivity toward dienes than toward monoolefins' 38. 

A corresponding study of the stereochemistry of addition of C, meta- 
stable states ('D and ' S )  to cis-2-butene has been performed382. Whereas 
spiropentane formation with C, (3  P) was 100% non-stereospe~if ic~~~,  the 
corresponding additions of the C, metastable species to cis-2-butenes were 
completely stereospecific, indicating that the reacting metastable species 
is indeed in a singlet electronic c~nf igura t ion~~ ' .  Subsequent investigations 
igrolving time-delay studies indicated that the metastable species which 
adds stereospecifically to cis-2-butene to afford the corresponding spiro- 
pentane is Cl('D) (equation 61)384. The higher energy C, ( 'S )  reacts with 
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r CH, 

Stereospecific c=c ____, 
/ \  addition 

(Singlet) 
(' D) H H 

H,C\ ,CH, 

,c=c - \ 
H 

addition 

H 3 c q , c H 3  .CH, + Enantiomer (61) 

either cis- or trans-2-butene to afford exclusively the corresponding allene 
(2,3-pentadiepd in yields of 42 and 43 mol- %, respectively384. Under the 
experimental conditions, i.e. liquid nitrogen cooling and high olefin 
concentrations, Skell and Engel found that none of the intermediate singlet 
cyclopropylidene (formed from reaction of C,( 'D) with olefins) rearranged 
to allene. Hence they concluded that C,('S) is the only C, species which 
is capable of reacting with olefins to afford a l l e n e ~ ~ ~ ~ .  

A more recent study of the reaction of metastable C, species with olefins 
has been reported by Skell and coworkers385. In this study, metastable 
singlet C, atoms were found to react with olefins to afford dienes in addition 
to the allenes previously reported384. Although it is likely that C,('S) is 
solely responsible for allene C,( 'D) and/or C,('S) may 
participate in diene formation. The diene probably arises via insertion of 
singlet, metastable C, into allylic carbon-hydrogen bonds, with subse- 
quent occurrence of hydrogen migration (equation 62). Reactions of 

Allylic C-H 

insemon 
H,CCH=CH, + 41 C J l  [H--'C.-CH,CH=CH,] -"a H,C=CHC-CH 

(3%) 
Addillon 
10 c=c 

(62) H,C=CHCH=CH, 
(26%) 

I 
H,CCH=C=CH, 

(61 %) 

metastable, singlet C1 with cis- and trans-2-butenes afforded dienes in each 
case with predominant retention of stereochemistry (cis or trans respec- 
tively) about the original double bond385. 
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Interestingly, spiropentanes were not found to be significant products 
of the reaction which takes place when carbon vapour (produced in a low- 
intensity carbon arc under high vacuum) is co-condensed with olefin on a 
surface maintained at 77 K. This failure to observe the expected products 
of the C,(3P)-olefin reaction is not presently understood, and awaits further 
clarification. 

Diatomic carbon (C,) is also a constituent of carbon vapour, and its 
reactions with olefins have also been the subject of recent investiga- 

. The reaction of C2 with two molecules of propylene at 77 K 
afforded the isomeric dienes 96 and 97 in c. 5 ”/, combined yield (equation 

tions3 32.3 87a 

63); here, C, is behaving as a dicarbene. Reaction of C, with one molecule 
of propylene afforded 1-penten-4-yne (4% yield), 2-methylbutenyne (1 % 
yield), and 1-pentyne (2% yield)332. A vinylidene intermediate (98) was 
suggested by the formation of 96 and 97 from C, (equation 63). This 
intermediate could not be trapped by added 1,3-butadiene; accordingly, 
it  was suggested that 98 was reacting in a singlet electronic configuration 
with a second molecule of propylene to afford 96 and 97. 

Triatomic carbon is another major constituent of carbon vapour which, 
like C , ,  can behave as a dicarbene in its reactions with ole fin.^^^^,^^^. 
One molecule of C, can add to two olefin molecules to afford bisethano- 
a l l e n e ~ ~ ~ l . ~ ~ ~ .  When C 3  (generated via carbon arc) is de$sited on a solid 
hydrocarbon surface at 77 K and aged for 9 sec to 2 h, decay to the ground 
state occurs. Subsequent introduction of cis-2-butene results in the for- 
mation of only one bisethanoallene, 99 (i.e., that which results exclusively 
from two successive stereospecific addition processes, as indicated in 
equation 64). Simultaneous deposition of C3 and either cis- or tram-2- 
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butene on a hydrocarbon surface at 77 K results in the formation of two 
bisethanoallenes (99 and 100) via the mechanism indicated in equation 

{lc=c=c tT 

(Triplet) 

Steieospecific 
addltlon 

(99) + 

CH3 

+ Enantiomers (65) 

(65)341. The fraction of metastable (triplet) C, in carbon vapour produced 
via a carbon arc was found to increase with increasing arc voltage369a. 

Studies of reactions of singlet C, with a variety of olefins reveal that this 
species is a non-selective reagent. Relative reactivities of C,('S) ,  C,(,P), 
and singlet C, toward additions to olefins are<ompared in Table 7. 

TABLE 7. Relative rates for C,('S), C,( 'P),  ant  singlet C3 additions 
to olefins 

Relative rates 
Olefin c 1 ( IS) 384 c , ( P )  34 Singlet C3I3' 

W (1  .OO) (1  .w (1.00) 

1.81 0.6 2.2 - - 1.25 0.6 

M 0.94 0.05 0.36 

1.2 - M 4.92 

A 1.36 0.04 0.94 
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Another dicarbene, C4, has been identified as a minor constituent of 
carbon v a p o ~ r ~ ~ ~ .  Arc-generated C,  reacts with a variety of hydrogen- 
containing materials, (including cis-2-pentene) to afford ethylacetylene, 
methylallene, 1,3-butadiene, vinylacetylene, and trace amounts of diacety- 
lene388. However, no report has yet appeared which might indicate whether 
C4 is capable of forming methylenated adducts with olefins. 

Carbynes are the last of the carbene analogues to be discussed in this 
section. The simplest example, methine (:kH), can exist in two spin con- 
figurations: a doublet [(J/)rC] and a quartet C], analogous to singlet 
and triplet spin states of carbenes, respectively. Methine has been examined 
spectroscopically by Braun and his c o l l a b o r a t ~ r s ~ ~ ~ .  Occasionally, 
methine has been postulated as an intermediate in reactions of 'hot' carbon 
atoms with organic substrates. However, it is generally not clear whether 
the products of these reactions were necessarily formed via an inter- 
mediate methine or whether their chemistry can be accounted for by direct 
reaction of carbon a t o m s 3 7 0 * 3 8 7 " ~ 3 9 0 - 3 9 2 ~ ~ ~  possible exception to this 
statement may be the reaction of 'hot' l lC1 with hydrogen-ethylene 
mixtures. Of the many products of this reaction, one of them, 1-pentene, is 
difficult to rationalize in terms of C, , :CH2, or C H ,  as precursors. A 
mechanism involving methine as a precursor for 1-pentene in this reaction 
has been suggested (equation 66)393. 

* 
H,C=CH, 

[:eH +.HI ___* [H2C-CH=CH2'] H2C=CHz* [ H .C=CH CH .CH .CH,] H, , :c : 
H-abstraction 
or radical 
disproportionation 

(66) 

I 
1 -Pentene 

Carbethoxycarbyne (:C-C9,Et) has been generated conveniently by 
photolysis of diethyl mercurybisdiazoacetate [101, Hg(N2CC02- 
Et)2]394*395. Like methine396*397, carbethoxycarbyne has been shown by 
low-temperature e.s.r. studies to possess a doublet ground state3',. 
Carbethoxycarbyne (generated photolytically from 101) has been reported 
as reacting with cyclohexene to afford both carbon-hydrogen insertion 
and methylenated products (equation 67). That the addition products 
(102 and 103) did not result via hydrogen abstraction by the carbyne 
f&%wed by addition of the- resulting carbethoxycarb8e to the substrate 
was revealed by the product ratio 102/103 = 31/17394 (this result should 
be compared with the corresponding value of 102/103 = 1/1.6 which was 
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'CH,CO,Et CH,CO,Et 

] H - S n  - 6 
(38%) 

H .abstractton 

[ ,& 1 
EtO ),Et 

observed some years ago for the addition of carbethoxycarbene to cyclo- 
h e ~ e n e ~ ~ ~ ) .  In the carbyne addition to cyclohexene, preferential formation 
of the thermodynamically less stable endo isomer (102) could readily be 
accounted for*m terms of the addition-abstraction mechanism shown in 
equation (67)394. 

The stereospecificities of carbethoxycarbyne additions to cis- and trans- 
2-butenes have been Carbethoxycarbyne produced via photo- 
decomposition of the organomercury precursor 101 was found to add in 
stereospecific cis fashion to 2-butenes. This result suggests that carbethoxy- 
carbyne adds to olefins through its ground (doublet) state.. 

111. REACTIONS WITH C=X 

In Sections I11 and IV, reactions of carbenes and carbenoids with X=Y 
(where either or both X and Y are heteroatoms) will be discussed. Reactions 
of this type have been reviewed by K i r n ~ s e ~ ~ ,  whose coverage of the carbene 
literature extends through mid-1970. In the remaining sections, a brief 
survey of the major features of carbene additions to X=Y functionalities 
will be presented, with particular emphasis on those contributions which 
have appeared since the publication of the second edition36 of Kirmse's 
book. 
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A. Reactions with C=O and C=S 

Simple addition of carbenes or carbenoids to C=O and C=S would be 
expected to result in the formation of oxiranes (epoxides) and thiiranes, 
respectively. In practice, very few examples are known which invol-J.c 
direct addition of free carbenes to carbonyl and thiocarbonyl compounds, 
and these are rarely of synthetic value. A possible exception to this state- 
ment is the addition of dihalocarbenes (generated via thermolysis of 
phenyl(trihalomethy1)mercury precursors) to carbonyl groups which bear 
highly electronegative substituents (equation 68)399-401.401a. A mechanism 

(1 05) (1 06)  
a: R = R’ = CF,CI a: R = R’ = CF,CI 
b: R = R’ = CF, 
C: R = CF,, R’ = CI 

b: R = R’ = CF, 
C:  R = CF,, R’ = CI 

for this reaction which involves the formation of an intermediate carbonyl 
ylide has been suggested (equation 69)400. However, it is wise to be warned 

- 1  R R 
\ ‘\ + - \ +  
/ 

c=o-%xY- c-o-’dxy - 
/ 

R‘ [ R:/ R 

c=o + :cxy--.---, 
R’ 

\ 
C- 

\/O (69) 

x/c\Y 

that reactions of PhHgCX,Y with substrates containing lone-pair 
substituents might proceed via direct nucleophilic attack of the heteroatom 
upon the phenyl(trihalomethy1)mercury reagent. Such reactions might 
involve direct trnasfer of :CX2 from the organomercury reagent to the 
substrate; free carbenes would not necessarily be involved in such 

Other carbene additions to carbonyl groups have been reported. 
Photolysis of perfluoropropylene oxide afforded :CF2 which was found 

cases40 0,40 2-40 5 
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to be capable of addition to the carbon-oxygen double bond of 
(F,C),C=O and of (F,CCF,),C=0406. Similarly, (F,C)2C: (generated 
via pyrolysis of the corresponding diazirene) was found to add to 
F2C=0407*408. It is not clear why this reaction should be facilitated by 
the presence of strongly electron-withdrawing substituents in both the 
carbene (or carbenoidjand the substrate, 

Diphenyldiazomethane reacts with (MeO,)P(O)-C(0)-R (R = CH, 
or Ph) to afford oxiranes. The carbonyl group appears to be activated in 
this reaction by the presence of the electron-withdrawing (MeO),P(O)- 

Diazoesters undergo a number of interesting reactions with ketones4" 
and with thioketones4' '. However, many of these reactions are 
catalysed by copper or by copper salts, and they generally do not result in 
either oxirane or thiirane formation. Photolytic decomposition of diazo- 
methane (A > 320nm) in the presence of acetone affords 2,2-dimethyl- 
oxirane, along with other '. 

A rare example of addition of an unsaturated carbene to the carbonyl 
group of ketones and aldehydes has recently been reported414. Addition 
of fluorenylidenecarbene (107) to RR'C=O occurs to afford a 1 :2 adduct 
(in low yield) which is believed to result via formation of an allene oxide 
intermediate (108, equation 70). 

H A NH, 

r -l 

- 
(108, not isolated) 

C .. 
(1 07) 

R' 

(c .  1-8.3% yield) 

R R  C-0 



610 Alan P. Marchand 

The addition of :CX, (produced via carbene transfer from PhHgCX,) 
to carbon-sulphur double bonds has'received a t t e n t i ~ n ~ ' ~ . ~ ' ~ . ~ ~  '. The 
reaction of PhHgCC1,Br w i g  thiophosgene affords perchlorothiirane in 
36 % yield (equation 71)405. The corresponding reaction with CS, also 

CI, ,CI 
N,. benzene 

PhHgCCI,Br + CI,C=S 

C1,C-s 
(36%) 

affords perchlorothiirane in low yield (equation 72)415. Also, the addition 
of :CClF (generated from PhHgCC1,F) to thiobenzophenone has been 

PhHgCCI,Br + S=C=S 
-:c=s 

sP-c'z (72)  
[s=c<J - PhHgCCI,Br 

/f\ 
CI CI 

observed recently41 '. As in the case of reactions of phenyl(trihalomethy1)- 
mercury compounds with aldehydes and ketones (discussed previously), 
there is a distinct possibility that the reactions discussed above do not 
involve free carbene additions to carbon-sulphur double bonds. 

Diazo compounds have also been found to react with carbon-sulphur 
double bonds. Recent examples are shown in equations 73-76412*41 '-" '. 

(73) - S  ___, R,C=CF, R,CN, 
F2c=s (R = H or Ph) ' 

rel. 417 

FzC- 

(Not isolated) 

PhYPh c 

--Po N2wo Ph-C--5 "'t (74) c I I % c I J'I 
octane 
ref 412 - n l  
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(75) 

exo endo 
Product ratio: 65 35 

Earlier examples of the formation of thiiranes through reactions of diazo 
compounds with diarylthioketones have been reviewed by Sander4' '. 

It has been known for many years that diazo compounds can react with 
thioketones to afford a variety of products. Prominent among these are 
thiiranes and 1,3-lithiolanes. The course of such reactions has been found 
to be strongly dependent upon the nature of the diazo compound employed 
and of the thioketone substrate. Schonberg and coworkers established that 
thioketones react with diaryldiazomethanes to afford thiiranes whereas 
the corresponding reaction with either diazomethane or ethyl diazo- 
acetate produces mainly 1,3-dithioIane~~~'. A later investigation revvled 
that diazomethane also reacts with diary1 thioketones to afford the cor- 
responding 1,3-dithiolanes. However, the corresponding reaction with 
primary diazoalkanes affords thiiranes or 1,3-dithiolanes, whereas 
secondary diazoalkanes react with diary1 thioketones mainly to produce the 
corresponding t h i i r a n e ~ ~ ~  ' . 

Recently, some reactions of diazoalkanes with or,P-unsaturated thio- 
ketones have been investigated422 and both thiiranes and 1,3-dithiolanes 
are produced in these reactions. Interestingly, the relative proportion of 
these two products was found to be dependent upon three factors: the 
nature of the d i a ~ o a l k a n e ~ ~  ', the temperature of the reaction (higher 
temperatures favouring dithiolane formation), and the order of addition 
of the reactants. Interestingly, addition of the diazoalkane to the thioketone 
was found to favour dithiolane formation, whereas the inverse order of 
addition of these reagents favdured thiirane formationsz2. 

In all of these diazoalkane-thioketone reactions, it is likely that the 
initial reaction which occurs involves the undissociated diazo compound, 
affording thiadiazoline intermediates (equation 77)4' 1,418,419*422. It is 



613 Alan P. Marchand 

therefore possible that these reactions do  not involve carbenes at all. 
Additional studies which might serve to clarify this point further would be 
most welcome. 

The reaction of diazoalkanes with elemental sulphur has proved to be a 
useful synthetic method for the preparation of thiiranes (equation 

78)4237424. The reaction of PhHgCC1,Br with elemental sulphur proceeds 
similarly to afford a thiirane (equation 79)405. 

PhHgCCI,Br 4- 1 /8S, [CI,C=S] 
CIzC- 

PhHgBr + \ /cc'z (79 
S 

5. Reactions with C=N and C=P 

Several carbene and carbenoid additions to the carbon-nitrogen double 
bond of imines have been rep~rted"~.  The earliest report of reactions of 
this type was in 1959 by Fields and Sandri, who isolated 2,2-dichloro-1,3- 
diphenylaziridine from the reaction of dichlorocarbene with N-benzyl- 
ideneaniline (equation 80)426. This same reaction received further attention 
in the early 1960's427.428. 

CHCI, NaOMe 
P h C H Z N P h  PhCH-NPh 

\:/ 
/"\ 

CI CI 

(55%) 

A later investigation by Deyrup and Greenwald involved the reaction 
of N-benzylideneaniline with LiCHC1,4'9. Interestingly, only one of the 
two possible aziridine products resulted from this reaction (equation 81). 

Ph 

PhCH=NPh + LiCHCI, ( 2 )  ( 1 )  warm -70°C 10 ( N o  &? 
Ph 

Cl : \  
P h  
\ room temp. 
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A reasonable mechanism might involve stereoselective cis addition of 
lithium monochlorocarbenoid to the imine carbon-nitrogen double bond. 

Additions of phenyl(trihalomethy1)mercury-derived dihalocarbenes to 
car-bon-nitrogen double bonds have been extensively studied by Seyferth 
and coworkers. The transfer of :CX2 from PhHgCX, to C=N w A  seen 
to be facilitated by the presence of electron-withdrawing groups on the 
imine carbon atom (which served to depress the nucleophilic character of 
the imine nitr~gen)"~'. Thus, reaction of RN=CCI, (where R = phenyl, 
cyclohexyl or iso-propyl) with PhHgCClzBr afforded the corresponding 
aziridines in yields of 53 %, 29 %, and 43 %, re~pec t ive ly~~ ' .  Attempts to 
add dichlorocarbene (generated via PhHgCCI2Br) to PhCH=NPh, 
PhCH=NMe, and Me,C=NPh were all unsuccessf~l~~' .  Attempted addi- 
tion of dibromocarbene (generated via PhHgCBr,) across the carbon- 
nitrogen double bond of N-neopentylidene-t-butylamine failed4,', but 
the corresponding addition of dichlorocarbene (produced via reaction of 
chloroform with potassium r-butoxide) to this same substrate afforded the 
corresponding aziridine in low yield433. 

A recent study of the reaction of PhHgCFCl, with PhN=CCl, has 
produced the first example of :CFCI addition to a carbon-nitrogen double 
bond4I6. Fluorocarbalkoxycarbene (F-C-C0,R) generated via PhHg- 
CFXC0,R (where X = C1 or Br, and R = CH, or CH,CH,) has likewise 
been found capable of undergoing addition to the carbon-nitrogen 
double bond of PhN=CCl, to afford the corresponding aziridine 
(equation 82)434. 

Et0,C 

Benzene. 125 .C 
PhN=CCI, + PhHgCBrFC0,Et - PhHgBr + . .  . 

sr.iled wbc. 24 h . .  
N~ ( 8 2 )  

Ph 
\ 

. .  

(40-55%) 

Reactions of isocyanates with phenyl(trihalomethy1)mercury com- 
pounds have also been studied4I5. 1soc;Sranates are very much less reactive 
toward PhHgCC1,Br than are carbon-carbon double bonds (e.g., 
equations 83'06 and 844'5). However, addition of dichlorocarbene 

( 8 3 )  PhHgCC!,% 

Rul 106 
H,C=CH -+ PhHgBr+ 

'cH,-N=C=O 

H CH,-N=C=O 

(60%) 
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OCN 

c=c H + PhHgCCI,Br - PhHgBr + H )K(:.:"" O=C=N 
\ /  

/ \  
CI CI 

( 84%) 

N=C=O H 

(generated via PhHgCC1,Br) to the carbon-nitrogen double bond of 
phenyl isocyanate does occur at elevated temperatures (80°C, benzene 
solvent) and in the presence of a five-fold excess of phenyl isocyanate, 
(equation 85)415. 

PhN=C=O + PhHgCCI,Br - 

Other carben additions to th 

\ 
+ 

CI CI Ji I 
PhHgBr + :C=O + [PhN=CCI,] 

PhHgCCI,Br 

(85) 

i 
CI A CI 

(84%) 

vc c'z 

(9.2%) 

carbon-nitrogen double bond of !so- 
cyanates have also been reported. The first example of a carbene addit'ion 
to 'an isocyanate% as due to Sheehan (equatio? 86)435.43s. 

An unusual nucleophilic carbene addition to the carbon-nitrogen 
double bond of aryl isocyanates and of aryl isothiocyanates has recently 
been reported by Hoffmann and coworkers (equation 87)437. In this 
reaction, hydantoin formation (which results from the reaction of di- 
methoxycarbene with p-tolylisocyanate) occurs ll-times faster than does 
dithiohydantoin formation from the cortesponding reaction with p -  
tolylisothiocyanate. This is true regardless of the mode of generation of the 
carbene, i.e. the relative rates of eddition to p-tolylisocyanate and p -  
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PhN=C=O + :CPh, - 
Ph,CN, 

c 

-[@;; + 

I 

H 

615 

tolylisothiocyanate are the same whether dimethoxycarbene is generated 
via 109 (equation 87) or from trimethyl orthoformate. 

The reaction of phenyl(triha1omethyl)mercury compounds with carbo- 
diimides results in fragmentation in a manner analogous to that observed 

M e 0  OMe 

.. OMe 
____, ArN=C=Z / 

+- :c (2-S or 0) 
CI c&ah 140'C , E* P h  \ OMe 

(109) CI 

(Z = S or 0 )  
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for the corresponding reaction with isocyanates (equation 88)404*415. 
Other products which were observed in this reaction probably arose via 

R-N=C=N--R + PhHgCC1,Br - 
(R = i-Pr) 

CCI, 

:C=NR + RN=CCI, (88) 

(R = i-Pr, 63%) 

a complex reaction of PhHgCC1,Br with the product isonitrile. Carbodi- 
imides were found to be more reactive than RN=CCl, but less reactive 
than isonitriles toward PhHgCC1,Br. 

The reaction of azirines with diazomethane at room temperature leads 
ultimately to the formation of allyl and diphenyldiazo- 
methane440. These reactions probably involve 1,3-dipolar cycloaddition 
of the diazoalkane to the carbon-nitrogen double bond of the azirine, 
resulting in initial 1,2,3-triazoline formation. Subsequent decomposition 
of the triazoline leads to allyl azide formation. Accordingly, it is unlikely 
that carbenes are directly involved in these reactions. 

Carbene and carbenoid additions of :CCI, to azirines have recently been 
observed by Hassner and coworkers (equation 89)441. In these reactions, 

none of the azabicyclobutane which would be expected to arise via simple 
addition of :CCI, to the azirine carbon-nitrogen double bond was 
observed. 
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The reaction of carbethoxycarbenoid with N-benzylideneaniline has 
been reported as giving ethyl 3-anilinocinnamate, presumably via the 
intermediate a ~ i r i d i n e ~ ~ ~ .  However, a later study has revealed that the 
formation of ethyl 3-anilinocinnamate in this reaction probably does not 
occur via the intemediate a ~ i r i d i n e ~ ~ ~ .  The question of the reaction 
mechanism of ethyl diazoacetate with imines has recently received 
attention444. Ethyl diazoacetate reacts with enolizable imines in the 
presence of transition-metal catalysts to form small amounts of the cor- 
responding aziridine along with a number of other products. The 
corresponding reaction with non-enolizable imines generally affords both 
the corresponding aziridhe and an N-substituted ethyl 3-aminocinnamate 
(e.g., equation From a study of the reactions of ethyl diazoacetate 

PhNH \ ,CO& 

c=c 
Ph ' 'H 

Cu 8 O ' C  24 h 
PhCH=NPh + N,CHCO,Et - 

' \  a C0,l Ph 
(40%) (90) (1 5%) 

with a number of non-enolizable imines, it was concluded that the 
aziridine-forming addition step is both stereospecific and subject to 
kinetic control. 

Additions to carbon-phosphorus double bonds, although relatively 
rare, have nevertheless occasionally betn reported445. In one example, 
electrophilic attack by dihalocarbenes upon phosph&iUs ylides has been 
found to afford haloolefins (equation 91)446-"48. Interestingly, the 

Ar 

(91 1 / 

\ 
Ph,P + CI,C=C 

CO, Et 

- 

corresponding reaction of phenylchlorocarbene with Ph,P+ -?HC02Et 
afforded only ethyl trans-P-chlorocinnamate under conditions where 
cis-trans isomerization of the cinnamate ester does not occur448. The 
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R &R#- CI 

- 

relative reactivity of ylides 110, 111, and 112 toward reaction with 
dichlorocarbene followed the order shown in equation (92) (in fact, 112 was 
found to be unreactive toward dichlorocarbene). This observed reactivity 
sequence was rationalized in terms of calculated pi-electron localization 
energy differences within 110, 111, and l12446. 

Finally, a novel, base-promoted reaction of dihaloalkanes with phos- 
pholes has recently been reported (equation 93)449. A mechanism for this 

- 

(93) 

R' 

- 

+ R'CHCI, K O B u - I  

(R R AR = Ph or t-Bu) ( R ' =  H, CI or Ph) ? J R  

0 

reaction has been suggested which involves attack of R'i='CI, on the 
phosphorus atom, followed by norcaradiene formation (1 13, equation 94). 

R 
I 
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Alternatively, the norcaradiene intermediate (113) could be generated 
directly via carbene (or carbenoid) addition of R'-C-Cl to the phosphole 
carbon-phosphorus (aromatic) double bond. 

IV. REACTIONS WITH X=Y 

A. Reactions with N=N 

Although relatively rare, a few examples of carbene and carbenoid 
additions to nitrogen-nitrogen double bonds have been reported4". One 
of the earliest examples of this type of process is the thermal reaction of 
ethyl diazoacetate with diethyl azodicarboxylate, which was reported as 
giving the corresponding diaziridine (equation 95)45 '. Recently, Seyferth 

"\ /Co2Et (95) 
N,CHCO,EI - Heat IC\ Eto2C\ /Co2Et 

.!=?J. 

C0,Et 
Et0,C i-" \ 

and Shill have found that dichlorocarbene (generated either via decar- 
boxylation of sodium trichloroacetate or via thermal decomposition of 
PhHgCC1,Br) enters into reaction with diethyl a z o d i c a r b o ~ y l a t e ~ ~ ~ .  
However, instead of the expected diaziridine, an isomeric product, 
(EtO,C), -N-N=CCl, , was actually isolated. A tentative mechanism 
which may involve an intermediate 1,3,4-0xadiazoIine~~~ (1 14) could 
account for the observed course of this reaction (equation 96)452. Similar 

RO,C \ ,CO,R 

.!=Y. +:cc1, - 
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/i"-8 
RO-C i 0- 

RO- 1 
J 

(i14) 

- (RO,C);N+!=CCI, 

reactions occur between azodicarboxylate esters and PhHgCCI, Br and 
PhHgCCBr, , leading to the formation of 2-halo-1,3,4-oxadiazolin-5-ones. 

In a recent extension of the foregoing study, Seyferth and coworkers 
have investigated the reaction of azoarenes and azoxyarenes with 
PhHgCC1,Br430. With the former substrate, cleavage of the nitrogen- 
nitrogen double bond occurs, affording ArN=CCI, and an arylnitrene 
(equation 97). The reaction of PhHgCC1,Br with azoxybenzene (1  : 1) 

.3. 

Ar\ .. 

/"\ 
.?-N Ar Ar 

\ / \  \ .. 
Ar 

.N=N +:CCl, 

Ar 
* \  

CI CI 
c 

ArN=CCl, + A:": (97) 

resulted in initial deoxygenation by d i c h l ~ r o c a r b e n e ~ ~ ~  to afford the 
corresponding azoarene (equation 98). The use of excess PhHgCC1,Br 
in this reaction increased the yield of the aziridine to 35%, and no 

0- 

PhN=NPh + COCI, :cc'' * Ph-N=NPh benzene 
PhHgCCI,Br + I  

80°C 311 (6%) 

(98) 
Ph-v i r h  .. GC c'z 

CI /"\ CI [ <;: ] PhN=g:;+ PhN: 

(12%) 
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PhN=CCl, was obtained when an excess of the mercurial was so 
employed. 

The reaction of unsaturated carbenes with the nitrogen-nitrogen double 
bond in azobenzene has recently been studied4I3. A 1: 1 adduct was 
isolated, but its spectral properties did not correspond with those expected 
for the diazirine (115). It was suggested that the expected diazirine might 
have been formed, but that it may have subsequently suffered intramolecu- 
lar rearrangement (equation 99). 

C,,H, .N, (structure of final product not determined) 

Fluorenylidene has been found to add to the nitrogen-nitrogen double 
bond of N-phenylazodicarboximide to afford a 1,3-dip0le~~’. This species 
dimerizes when treated with acetic acid, and it reacts readily with a variety 
of dipolarophiles to afford [2 + 31 cycloadducts (equation 100). 

(115) 

Ph 

Me0,C-CEC-C0,Me I 

0 
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B. Reactions with N=O and N=S 
. 

There do not appear to be any examples of additions of carbenes to 
nitrogen-oxygen double bonds. The first example of carbene addition to 
a non-carbon-containing multiple bond was reported by Stoffer and 
Musser, who observed products which were probably formed by addition 
of diphenylcarbene to the nitrogen-sulphur double bond of N-sulphinyl- 
aniline (equation i O i ) 4 5  ‘. 

Ph,CN, 
PhN=CPh, + SO Other products (1 01 ) 

V. MISCELLANEOUS REACTIONS WITH X=Y 

A. 1,3-DipoIar Cycloadditions of Carbenes to  X= Y 

Under appropriate structural circumstances, carbenes (or carbenoids) 
can react as dipolar species with unsaturated substrates (‘dipolarophiles’) 
to afford heterocyclic compounds via 1,3-dipolar cycloaddition. An 
example is provided by carbalkoxycarbenes which can function in the 
manner indicated in equation (102). However, there are relatively yew bona 

QR OR 

Jide examples of 1,3-dipolar cycloadditions of carbenes or carbenoids to 
unsaturated (double-bonded) systems. Some reasons for the observed 
reluctance of. e.g. carbalkoxycarbenes, to enter into 1,3-dipolar Eyclo- 
addition reactions with unsaturated substrates have been discussed 
recent Iy4’ ’. 
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One example of this type of reaction is provided by the photolytic decom- 
position of ethyl trifluoroacetyldiazcEState, which provides a carbene 
(116) which is capable of r ng with acetone to afford a 173-dioxole 
(equation 103)458-460 . Carbene 116 also undergoes 173-dipolar cyclo- 
addition with ketene461 

/O- \ 
F3c-cx / c+  JMez 0 

I I Et0,C 

hv. acetone 

F,C-C-C-CO, Et -N, ' 
(116) 

Et0,C I O X M  Me 

A similar reaction has been observed for reactions of the carbene (117) 
derived from tetrachlorobenzen-172-diazooxide with ketones and with 
carbon disulphide (equation 104)462. Carbene 117 can also be trapped as 

hv + R,C=O - 
CI 
c@: CI 1 

hv CS, I 
cl*)R2 

CI 
CI 

(117) 

r CI 1 CI 

-cl)+oxR CI CI O R  
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a 1,3-dipole by olefins463.464 and by phenyl isocyanate465 (equation 105). 

CI c*: CI 

L 

RCH=CHR I 
CI I (105) CI 

1,3-Dipoiar cycloaddition of carbene 118 to carbon disulphide has also 
been observed (equation i06)466. 

The thermal decomposition of diazoacetophenone in the presence of 
benzonitrile has been studied by Huisgen and coworkers467. Interestingly, 
the major reaction at 145-155°C is a Wolff rearrangement of the keto- 
carbene (1 19) 1eadir.g to the formation of phenylketene. The ketene is then 
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trapped by additional ketocarbene to afford the 1,3-~ycloaddition product 
(120) and a dimeric product (121, equation 107). 

0 

WOlfl ~ [PhC=C=O] PhC-CH, II .. 
rearr. I 

145-155'C 
PhCoCHN2 PhCN, -N, ' 

120 

0 
II 

Ph--CHHC\ 
HC\c I /' 

I 
Ph 

Ph  
[ l .  31H-shift 

$Ph H 

(120) 
32% 

phy$Jh U 

- 0  -2H -0 (107) 

0 P h  0 

Ph 
/ 

B. I,4-Additions of Carbenes to Conjugated Systems 

Jones and his collaborators have recently assessed the known examples 
of 1,4-carbene additions to conjugated The number of these is 
exceedingly small : indeed, until very recently, only one bone j d e  example 
of a 1,4-carbene addition to a diene system had been reported, namely that 
which arises via reaction of dicyanocarbene with cyclooctatetraene (7, 
equation 6)141. The results of dilution studies indicated that the 1,2- 
addition product (equation 6) was formed via singlet dicyanocarbene 
addition to cyclooctatetraene, whereas the 1,4-adduct (7) arose chiefly via 
reaction of the corresponding triplet carbene with this ~ubs t ra te '~ ' .  

Mitsuhashi and Jones have recently reported a second such example468. 
2,3-Diphenylcyclopropenylidene has been found to react with tetracyclone 
to afford a product (123) which was probably formed via an intermediate 
1,4-cycloadduct (122, equation 
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KOBu-I 
0 phg<.".Me2 bvr i tcw.  rcllux8h ti-hepiene. 

H 
Ph- 

(55) 

ph>: 

Ph 

Ph 

0 

Ph p& 

Ph 

\ 
Ph phw Ph Ph 

There exist a few reports of 1,4-additions of :CXY to heteroatom- 
containing conjugated systems. In most of these cases, however, it is not 
clear whether a divalent carbon intermediate is necessarily involved in the 
addition process. Two examples of potential 1,4-carbene additions to 
conjugated diketones are shown in equations ( 109)46g and ( 1  

X x* X 0 

(X = CI or Br) 

+ ..8 Toluene 
___* 

r r l lu i  2 h 

0 
X '"R- X 
I 

(X = CI, 31%; X = Br, 51%) 
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Net 1,4-addition of carbethoxycarbenoid toa,p-unsaturated ketones has 
1 * 4 7 2  . A similar 1,4-addition of difluoro- been reported (equation I 1 

carbene to steroidal P-methoxyenones has also been reported473. 

IP-addition product (equation 1 12)474. 
Ketene has been found to react with diazoacetophenone to afford a 

Diazoalkanes react with thioacyl isocyanates to afford 1,4-cycloadducts 
(equation 1 I 3)475. Recently, 1,4-addition of methylene to a 'sulphur 

diimide' has been reported (equation 1 14)476. 

C-N=S=N-C mR a CH,N, , 
I I  ' I I  R benicnc 

O qN, 0 

0 vs=N- 
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Evidence bearing on the 'carbenoid of benzonitrile oxide has 
recently been reported by LoVecchio and coworkers478. Net 1P-addition 
of benzonitrile oxide to the arylidene double bond of 3-phenyl-4- 
aryliden-isoxazol-5-ones has been observed (equation 1 1 5)578.  

c + -  .. .. 
[Ph-C=N-+O - Ph-C-N=O] 

- 

\ 
' 0  0 Ph 

H 

ph% N ' 0  0 0 

H ph?-i: N 'i" 
ph&,P N 

N 0 

0 0 
*"?5? \ 

Seyferth and Shih have observed 1,4-addition of dichlorocarbene 
(generated via PhHgCC1,Br or PhHgCCl,) to PhC(0)-N=N-C(0)Ph 
and to Et02C-N=C(C0,Et),479. However, only simple carbon-carbon 
double bond addition by dichlorocarbene occurred when the corres- 
ponding reaction was attempted utilizing methyl acrylate or mesityl oxide 
as substrates. 

Two other novel reactions merit consideration in this section. The first 
of these is the unusual cycloaddition of methylene to thiocarbonyl com- 
pounds which leads to the formation of cyclopenta-1,3-dithiolane 
derivatives (equation 1 1 6)421.480. This reaction probably proceeds via 
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initial attack of diazomethane on the thiocarbonyl compound; accordingly, 
it is unlikely that carbene intermediates are directly involved in this 
reaction. The second reaction is the novel cycloaddition of dihalocarbenes 
to norbornadiene (which leads to the corresponding [2 + 2 + 21 cyclo- 
adducts as indicated in equation 1 17)481.481”. 

FCI,CCO,Na. diylymc 
140’C. 12 h (42%) 

F 

(50%) 

F CI 

# +&:‘+A ..._ ‘CI F + F)& ;I)& 

(36%) (34%) (1  5%) c1 F 

(7.5%) (7.5%) 

(117) 

VI. ADDENDUM 

The material presented in this section deals mainly with highlights of 
pertinent literature published between April 1974 and November 1974. 
Although coverage is necessarily not exhaustive, the references cited in 
this section should serve to indicate the directions taken by research 
current at the time of publication of this review. 

Linear free energy correlations for dihalocarbene additions to carbon- 
carbon double  bond^'^'.^^^ and carbon-nitrogen double bonds483 have 
been reported. Utilizing a dual substituent parameter equation484, Moss 
has determined the relative selectivities of free carbenes. :CXY, toward 
addition to simple alkenes. The following order of increasing relative 
electrophilic selectivities was thereby obtained: H,C-C-C1 > PhCBr > 
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PhCCI > :CCI, > :CF,'". Haminett analysis of difluorocarbene addi- 
tions to substituted styrenes in benzene at 80°C afforded p = -0.57, 
suggesting that this carbene species is indeed an electrophile. Interestingly, 
the electrophilicity of :CF, relative to :CCI, was found to be less when 
styrenes were employed as substrates than was found for the case of the 
corresponding additions to a lkylethylene~"~~.  

Recently performed kinetic studies reveal that electrophilic carbenes 
such as dichlorocarbene react more readily with carbon-nitrogen double 
bonds than with carbon-carbon double bonds'8'. The results of competi- 
tion reactions suggest that dichlorocarbene adds approximately 1.5-times 
more rapidly to benzylideneaniline than to l.l-diphenylethylene482. 

A number of carbenoid additions to olefins have recently been studied. 
The first successful methylenation involving a diphenylcarbenoid, 
c generated via treatment of diphenyldiazoniethane with zinc chloride, has 
been reported"". Reaction of this carbenoid with excess cyclopentadiene 
at 22 " C  affords 6,6-diphenylbicyclo [3.1 .O]hex-2-ene in moderate yield 
(35 %) along with benzophenone aziiie (24 %) and benzophenone (29 %). 
The latter two products were thought to be formed via reaction of the 
carbenoid (an 3-chlorozinc chloride intermediate, Ph2C(CI)ZnCI) with 
diphenyldiazomethane and with water respectively485. I n  another study, it 
was reported that decomposition of diphenyldiazomethane by copper(n) 
bromide in acetonitrile solution at 30°C likewise leads to the formation of 
benzophenone and benzophenone azine along wi th  a small aniount of 
tetra phen y le t h y 1 en e48 " . 

The acid-induced reaction of aryldiazoinethanes with olefins affords 
cyc!opropanes along with other products"3. The niethylenated products 
are formed stereospecifically in this reaction. A mechanism was formulated 
which involves slow proton transfer from the acid to the diazo compound. 
Marked variations i n  syti addition stereoselectivity with change in the 
nature of the acid or solvent employed suggested the intermediacy of a 
carbenoid (rather than a free carbene) in this reaction487. 

The first example of asymmetric induction in methylenation of olefins 
via carbene transfer from an optically-active iron complex has been 
reported487". Also, asymmetric induction in a methylenation reaction 
(70"/, enantioselective) has been* observed for the reaction of ethyl 
diazoacetate with styrene when carried out in the presence of bis-[( +)- 
camphorquinonedioxiniato]cobalt(~~) catalyst'". By way of contrast, 
Wulfman and coworkers'89 have observed that the reaction of ethyl 
diazoacetate with styrene in  the presence of a chiral catalyst. 2-phenoxy-5, 
10, 1 O-trimethyl- 1.3-dioxa-2-phosphatricyclo [5.2.1 5 . 8  04.9]-decanecop- 
per(r) iodide (124), afforded optically-inactive cyclopropanes as products 
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(equation 118). Wulfrnan’s results also stand in conflict with Moser’s 
earlier  finding^'^^.'^^ (see equation 7 and discussion in Section 1I.B). 

14 h C0,Et C0,Et 

Product ratio: 1 : 4.48 
(Optically-inactive products) 

W ~ l f m a n ~ ~ ~  has suggested that Moser’s results might be explained in 
terms of an asymmetric solvation effect as a result of Moser’s having origi- 
nally employed large quantities of chiral ligands in his study. Destruction 
of complex 124 by the diazo compound is believed to occur, and the 
resulting products of this decomposition process are thought to be specific 
solvents for the transition state in the carbme transfer 

A’ number of other carbenoid addition studies have been reported. 
These include reactions of copper v i n y l c a c b e n o i d ~ ~ ~ ~ ,  zinc iodocarbenoid 
(formed via the reaction of triethylzinc with i ~ d o f o r m ) ~ ~ ’ ,  and a-fluoro- 
car be no id^^^^. 

A particularly important paper by Moss and Pilkiewicz has appeared 
which suggests a new method for generating free carbenes (as distinguished 
from carbenoidsj via base-induced a-elimination reactions493. In this 
method, the reaction of a phenyldihalomethane or of a trihalomethane 
with potassium t-butoxide (in homogeneous solution) is carried out  in the 
presence 0: a crown ether, 1,4,7,10,13,16-hexaoxacyclooctadecane (‘18- 
crown-6’). The crown ether complexes potassium ion, effectively preventing 
it from associating with the divalent carbon species produced in this 
reaction. Tbus, identical olefin selectivities were shown by phenylbromo- 
carbenes generated either via photolysis of phenylbroniodiazirine cp via 
the reaction of phenyldibromomethane with potassium t-butoxide/l8- 
crown-6. The same r-elimination reactions wheiycarried out in the absence 
of crown ether aflorded phenylbromocarbenoid. This latter species 
demonstrated a substantially different selectivity toward olefin addition 
than was observed for the identical reaction when carried out in  the presence 
of 18-crown,6. Thus, it should now be possible to determine whether the 
divalent carbon species produced via base-induced a-elimination is a 
carbene or a carbenoid simply by observing the olefin selectivity of that 
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species in the presence and in the absence of crown ether493. It is antici- 
pated that this new method will find wide application in years to  come. 

New evidence has recently been presented which lends support to the 
suggestion of a bicyclo[4.1 .O]heptatriene intermediate in the phenyl- 
carbene-cycloheptatrien ylidene rearrangement 7--2 " (see equations 34 
and 35 and discussion in Section II.F)494-496. Semi-empirical INDO 
calculatioiis have been performed on phenylcarbene and on cyclohepta- 
t r i e n ~ l i d e n e ~ ~ ' .  The previously-observed effect of annelation upon the 
phenylcarbene-cycloheptatrienylidene equilibrium284 could be explained 
in terms of the calculated stabilizing effects of annelation (which preferen- 
tially stabilize phenylcarbene, thereby shifting the phenylcarbene- 
cycloheptatrienylidene equilibrium to the left)497. 

Seyferth and coworkers have reported a number of new reactions of 
phenyl(trihalomethy1)mercury compounds with double bonded functional 
groups. Thermolysis of phenyl( 1 -bromo- 1,2,2,2-tetrafluoroethyl)mercury 
at 155°C (24 h) affords the corresponding tetrafluoroethylidene which, 
when generated in the presegce of olefins, affords gem-fluoro(trifluoro- 
m e t h y l ) c y c l ~ p r o p a n e s ~ ~ ~ .  Phenyl(chlorobromocarbomethoxymethy1)- 
mercury and phenyl(dichlorocarbomethoxymethy1)mercury have been 
found to  be useful reagents for carbene transfer of chlorocarbomethoxy- 
~ a r b e n e ~ ~ ' .  

The reaction of phenyl(trihalomethy1)mercury compounds with azodi- 
carboxylate esters in benzene at 80°C affords compounds of the type 
(R02C),N-N=CX2, where X = C1 and/or Br500. The mechanism shown 
in equation (1 19) was postulated for the reaction of dimethylazodicarboxy- 

- 
MeOyZ 

\ I O M e  

Br 

- (MeO,C),N-N=CBr, (119) 

(1 26) 

late with phenyl(tribromomethyI)mercury. Support for this mechanism 
was obtained via isolation of the 1,3,4-oxadiazoline intermediate 125 and 
through a kinetic study of the first order, thermal rearrangement of 125 
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to the final carbony1 halide hydrazone ( 126)500. Additionally, a process 
for adding difluorocarbene (generated via reaction of sodium iodide with 
alkyl- or aryl(trifluoromethy1)mercury compounds) to olefins has been 
patented”’. 

Nikiforov and coworkers have studied a number of olefin addition 
reactions involving the carbene (128) derived from 3,5-di-r-butylbenzene- 
1P-diazooxide, (127). Pyrolysis of diazooxide 127 in the presence of either 
tr.aizs-2-butene or rrans-stilbene affords the corresponding trow adduct 
(c .  98 % stereoselective cis addition)502. Interestingly, dilution with hexa- 
fluorobenzene was reported to have no effect on the degree of cis stereo- 
selectivity of the addition reaction. This observation stands in apparent 
conflict with the results of an earlier study by Pirkle*’,%ho found that 
dilution with hexafluorobenzene markedly diminished the stereospecificity 
of photolytically-generated 128 in its addition to cis-2-butene (cf. Table I). 

The reaction of carbene 128 derived via pyrolysis of 127 with I ,3-dienes 
was found to  afford 1,4-adducts, whereas photolytically-generated 128 
afforded 1,2-adducts at the less highly substituted double bond503. It is 
likely that the 1,Cadducts resulted via a [ 1,3]-sigmatropic rearrangement 
of initially-formed 1,2-adducts (129, equation 120). The results of a CIDNP 

P, 

study of reactions of carbene 128 with halogenated solvents suggest that 
this carbene reacts in a singlet electronic configurationjo4. 

Other recent studies by Russian investigators include the addition of 

~yclopentadiene~’  3 * 5  14 ,  and to the carbon-nitrogen double bond of 

received attention5 16-’ 19. A brief carbene review by Nefedov and Ioffe 
has recently appeared520. 

dihalocarbenes to simple to acyclic dienesS1O-’ l 2  7 to 

imines483.515 . R eactions of carbalkoxycarbenes with olefins have also 
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An important study of reactions of carbethoxycarbyne with olefins has 
recently been reported521. The carbyne, produced in its doublet ground 
state via short wavelength photolysis of (N2CC02Et),Hg, displays 
chemical behaviour which bears a close resemblance to that of singlet 
c a r b e n e ~ ~ ~  

Some additional carbene addition studies merit brief mention. Additions 
of dihalocarbenes to a,P-unsaturated ketones have been reported522. The 
first example of epoxide formation via reaction of a diazoalkane with an 
ester carbonyl group has appeared523. Additions of halocarbenes to 
bicyclo[4.2.2]deca-2,4,7,9-triene have been studied524. 

Sulphinylcarbenes have been produced via low temperature decom- 
position of cx-diazolsulphoxides. Benzenesulphinylcarbene thus generated 
has been found to add to olefins in a singlet electronic configuration, 
displaying a high degree of ariri stereoselectivity in the addition process 
(the ratio of anri to SJW addition is 34:1 for addition to cyclohexene and 
> 99: 1 for addition to ~ is -2-butene)~’~ .  

The electrophilic character of cyclopentadienylidene has recently been 
demonstrated via a study of its additions to meta- and para-substituted 
styrenes. Correlation of the relative rates of addition of singlet cyclopenta- 
dienylidene (generated photolytically from diazocyclopentadiene) to 
these styrenes with Hammett 0 afforded p = -0.76 0.10; this result 
confirms the expectation that cyclopentadienylidene is indeed an electro- 
phile5”. 

A versatile procedure for the specific ‘insertion‘ of carbenes into carbon- 
carbon bonds has recently been reported527. The product of this carbene 
‘insertion’ process actually arises via a two-step process, namely addition 
of the carbene to an enamine ester, followed by hydrolysis of the resulting 
methylenated adduct. The net result is conversion of a 0-keto ester to a 
y-keto ester in which the P-carbon atom is derived from the carbene 
(equation 121)527. 
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Some years ago, it was reported that a benzocyclopropene resulted from 
the reaction of 1,4-benzoquinone N,N'-dibenzenesulphonylimine with 
diphenyldiaz~methane~~~. This reaction has recently been reinvestigated 
by two g r o ~ p s ~ ~ ~ . ~ ~ ~ ,  and the major reaction product has been identified 
as a substituted bicyclo[4.1.0]-3-heptene rather than a benzocyclopropene 
(equation 122). 

NHS0,Ph 
I 

I 

NHS0,Ph bh Ph 

NS0,Ph 
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