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Foreword 

The present volume, ‘The Chemistry of Diazonium and Diazo Groups’ is, on the 
whole, organized and presented according to the general lines described in the 
‘Preface to the Series’, printed on the following pages. 

Some difficulty arose in the presentation o’wing to the fact that while the two groups 
treated, i.e. the diazo group and the diazoniuni group, are closely related and even 
occur irk equilibrium with each other, their chemical behaviour and characteristics 
differ from each other considerably. Moreover, the material which had to be covcred 
proved to be much more extensive than originally surmised. For these reasons, 
some of the subjects had to be divided into two or more chapters; for instance, the 
synthetic applications of diazoniuni and diazo groups are treated in two separate 
chapters and even so each of thcse turned out  to be very large. Similarly, the 
syntheses of the different title compounds are discussed in three separate chapters. 

The plan of the present volume also included a chapter on ‘Biological and 
Pharmaceutical Effects’ which, however, failed to materialize. It is hoped that this 
will appear in one of the supplementary volumes to the series. 

Jerusalem, February 1977 SAUL PATAI 

V i i  



The Chemistry of Functional Groups 
Preface to the series 

The series ‘The Chemistry of Functional Groups’ is planned to cover in each volume 
all aspects of the chemistry of one of the important functional groups in organic 
chemistry. The emphasis is laid on the functional group treated and on the effects 
which i t  exerts on the chemical and physical properties, primarily in the immediate 
vicinity of the group in question, and secondarily on the behaviour of the whole 
molecule. For instance, the  volume The Chemistry of [lie Elirer Liriknge deals with 
reactions in which the C-0-C group is involved, as well as \vith the effects of the 
C-0-C group on  the reactions of nlkyl or  aryl groups connected to  the ether 
oxygen. It is the purpose of the volume to give a complete coverage of all properties 
and reactions of ethers in as far as these depend on the presence of the ether group but 
the  primary subject matter is not the whole molecule, but the C-0-C functional 
group. 

A further restriction in the treatment of the various functional groups in these 
voluines is that material included in easily and generally available secondary or 
tertiary sources, such as Chemical Reviews, Quarterly Reviews, Organic Reactions, 
various ‘Advances’ and ‘Progress’ series as well as textbooks (i.e. in  books which are 
usually found in the chemical librarics 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 riot to give an encyclopaedic 
coverage of his subject, but to concentrate on the most iniportant recent develop- 
ments 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, i t  is realized that no  plan can be dcvised for a volume that 
would give a cortiplcle coverage of the subject with t i 0  overlap betiyeen chapters, 
while at thc same time preserving the readability of the text. The Editor set himself 
the goal of attaining r~cnsotin6lc coverage with modcr.n/c overlap, with a minimum of 
cross-references between the chapters of each volume. In this manner, sufficient 
freedom is given to each author to produce readable qu3si-moiiogrnphic chapters. 

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

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

(b) One or  more chapters dealing \vith the formation of the functional group i n  
question, either from groups present in the molecule, or  by introducins the new group 
directly or  indircctlj. 

(c) Chapters describing the characterization and characteristics of the functional 
groups, i.e. a chaptcr dcaling with qualitative and quantitative nlethods of detcr- 
mination including chemical and physical methods, ultraviolet, infrdred, nuclear 
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X Preface to the series 

magnetic resonance and mass spectra: a chapter dcaling with activating and 
directive effects exerted by the group and/or a chaptcr on the basicity, acidity or 
complex-forming ability of the group (if applicable). 

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

(e) Special topics which do not f i t  any of the above sections, such as photo- 
chemistry, radiation chemistry, biochemical formations and reactions. Depending 
on the nature of each functional group treated, these special topics may include 
short monographs on related functional groups on which no  separate volume is 
planned (e.g. a chapter on ‘Thioketoncs’ is includcd in the voliime Tlie Cliemistry 
of the Curbotiyl Gt-oi/p, and a chapter on ‘Ketenes’ is included in the volume The 
Clieniistry of Alketies). In o t h a  cases certain compounds, though containing only 
the functional group of the title, niay have special features so as to bc best treated in  
a separate chaptcr, as e.g. ‘Polyethers’ in  The Chettiisrt.y of the Etlicr Litikage, or 
‘Tetraaminoethylencs’ in Tlie Chetliistry of rhe Aniirio Groicp. 

This plan entails that the breadth, dcpth and thought-provoking nature of each 
chapter will differ with the views and inclinations of the au!hor and the presentation 
will rtecessarily be somewhat uneven. Morcovcr, a serious problem is caused by 
authors who deliver their manuscript late or  not at all. In ordcr to overcome this 
problein at least to sonic cstent, i t  was dccided to publish certain volumes in several 
parts, without giving consideration to the originally planned logical order of tlie 
chapters. I f  after the appearance of the originally planned parts of n volume it  is 
found that either owing to non-delivery of chapters, or to ncw developments in the 
subject, sufficient inaterial has accumulated for publication of a supplementary 
volume, containing inaterial on related functional groups, this will be done as soon 
as  possible. 

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

The Clietriistry of Alkcries (two voliimes) 
The Clrcniistry of the Curbotiyl Groicp (two voluttics) 
The Cliettiistt-y of the Ether Linkage 
The Clictiiistry of the .4tnino Groicp 
The Clicttiistry of ~ l i c  Nitro atid Nitroso Groicp (two parts) 
The Cliettiistry of Cat.hoxylic Acids atid Esters 
The Clrcinistry of the Cnr.bori- Nitrogetr Doirble Bond 
Tlie Cliemistry of tlie Cyutio Groiip 
Tlie Clicttiistry of Attiirks 
The Cliettiistry of the Hyrlr.o.uy1 Groiip (two parts) 
Tlie Clieniistry of the Azido Groirp 
The Cliettiistry of AcyI Halides 
Tlre Cheniistry of the Carbon- Hoiog~tr  B o d  (tLc.0 parts) 
Tlie Chemistry of Qieitiotioid Cottipoiitids (two parts) 
Tlte Cliemistry of the Tliiol Groicp (two parts) 
Tlie Cheniistry of Attiiditics arid Ittiiclcitcs 
The Cliettiistry of rlie Hyclrczzo, Azo arid A i 0 . V ) ’  Grorips 
The C1rettiisfr.y of Cyatiotcs ntitl tlicir Tliio Dcricarii.c.s 
The Clicttiistry of Diazotiiiitti nticl Dia;o Groicps 
Siipplettietit A: Tlie Cliettiisrry of Double-Boritled Firrictioirnl Groirps (two pclrts) 
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The Chemistry of rlie Carbon-Carbori Tsiple B o d  
Siippletnerit B: The Cliettiistry of Acid Deriratices 

Titles in press: 

xi 

b 

Futu re  volumes planned include: 
Tlic Clicmislry of Ciiniiilcnes a r i d  Hctcr~ocirttiirlctics 
The Clieniisfry of Organonictnllic Conipoiuirls 
The  Clionistry of Sirlpliirr-cotitninirig Cot~ipoii~ids 
Sirpplenierit C: Tlie Clieniistry of Triple-bonded Fiirictiotial Croirps 
Sirpplcnient D:  Tlrr Clieniisrry of Halides arid Pseirdo-liulidcs 
Sfipplenietit E: The Clietnistry of --NH2, -OH, a d  - S H  Groirps otid their 

Dericntives 

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

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

The  Hebrew University 
Jerusalem, ISRAEL. 

SAUL PATAI 
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Kinetics and mechanisms of 
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1. INTRODUCTION 

Although diazoalkanes and  a lkane  diazonium ions are in many  cases inter- 
convertible and  thus  share a coninion reaction pathway, t hc  mechanistic aspects of 
diazoalkanc and diazonium ion formation and  reactions a r e  treated separately i n  
the  present chapter. The  main justification for  this is that the  bulk of the available 
kinetic da ta  refers to reactions of arenediazoniurn ions, no doub t  a reflection of their 
stability and  thc ease with which they can  be handled (relative to their aliphatic 
analogucs);  diazoalkancs, on the other hand ,  show several reactions (e.g. cyclo- 
addition, carbenc formation) which are unique to this functional group.  

The variety and  complexity of behaviour shown by both groups  is very great 
indeed and iiitcrpretation of their chemistry has been (and in some cascs still is) 
the  subject of rcno\vned controversies. This  has arisen since allowance was not 
al\vays rnade for competing equilibria in solution a n d  since several Darallel reactions 
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(e.g. ionic, free radical), whose relative importance can be changed by small 
variations in  solvent or reaction conditions, can occur. Because of this and the 
probability that some of the reactions lie on a mechanistic borderline, i t  is more 
satisfactory to classify the reactions according to type (e.g. replacement of nitrogen 
in arenediazonium ions) rather than making the more usual classification based on 
mechanism. 

Thus the main reaction types shown for arenediazonium ions are summarized in 
equations (1) to (4); these include replacement of nitrogen by a nucleophile (via 
phenyl cation, S s 2  or  benzyne formation), reaction of a nucleophile at the terminal 
nitrogen (including reactions with activated aromatic systems), nucleophilic aromatic 
displacements activated by the strongly electron-withdrawing diazoniuni group and 
free radical reactions (where Y -  may be a metal ion or other electron donor). 

;/- --+ Z O Y  + N ,  

/ 
,/ 

z G N = N - Y  

Diazoalkanes react with electrophiles (largely at carbon) and with nucleophiles 
(at nitrogen). Two further main reaction types (cycloaddition to unsaturated sites 
and carbene formation) are also observed (equation 5 ) .  Excellent discussions of 

E 
I 

R ~ C  - N: 

- 4'  R,C-N=N-Y 
>-* R,C-N-N 

R,C: + N, 

earlier work are available in Zollinger's' and in Smith's? texts. Of necessity in such 
a wide field of interest some areas are  dealt with either briefly (e.g. cycloadditions, 
alkanediazonium ions), o r  not at  all (e.g. carbene and carbenoid formation). In the 
latter case recent conlprehensive reviews are, ho\vcver, a ~ a i l a b l e ~ - ~ .  
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II. DlAZOTlZATlOM 

The iiiost direct routc to aliphatic or ai.oni:itic dinzonium salts is trcatinciit of the 
corrcspoilding prirnary aniincs ( I )  \ v i t l i  nitrosating agents (Schcnie 1). Although 
many reagents and conditions have becn dcscribcd for this conversion, only a 
fraction have becn subjected to a detailcd kinetic and mechanistic analysis. In many 
cases bccausc of the solvents employed or the hcterogeiieity of the medium, a 
simple kiiictic analysis is not possiblc. Howcvcr, the variety of kinetic bchaviour 
shown in  the systems so far examined is enoriiioiis and has fascinated chemists for 
many decades. Several novel  concepts now acccpted in  physical organic chemistry 
o\ve their origins to lllc chnllenge of these rcactions. 

R’N, 

(7) 

SCIiChlF. 1 

I n  spite of the complexity shown, sevcral generalizations can be made tliat 
simplify the disctission which follo\+s. Thus either the gcneration of the nitrosating 
agcnt or its attack on tlic ainine can be ratc determining. Normally the free amine 
is the reactive spccics txcn though its colicellfration may be vcry small in the  acidic 
solutioris tisecl. Finally, thc rcaction rate can be independent of aminc concciitration 
i f  formation o f  the nilrosating agent is ratc dctcrmining, and iiidcpciiclcnt o i  aminc 
striic1ure if [he  niti.os;iting agcnt (for cxamplc N O  I )  is so reactive tliat its rcaction 
with thc niiiinc is diffiision controllcd. 

The most coininion nitrosating agents (NOX) havc  S = OH (nitrous acid), OR 
(~ l lky l  or  x y l  nilri!c cslcrs), - O N 0  (nitrous iiiiliydritic tvhicli is normally foriiicd 
i,r si/rr froin nitrous acid), 1n;ilogcn (X = CI, Br,  1) togciher \\.it11 nitrosoiiium salls 
(for csniiiplc: NO-’-CIO,, NO UF;). hluch of the nicchnnistic work Iias been directcd 
towarti thc establi~liiine~it of the relative reactivities of these reagents and dcter- 
iiiining \\,liicli rca~ei i t  provides tlic niost innportant p:itIiway under ii givcn sct of 
e s pc r i m c 11 t ii 1 c o ii J i I i o i n  s . 

The diazoiiiuin ion (6 ) .  oiicc formcd, may bc stable and thus is the ‘product’ of 
rcaction. 1 io\vc\.cr, this inay be labile (for exnmplc, hetcrocyclic or aliphatic 
dinzoniuni salts undcrgo rciidy nitrogcn loss to givc 5 initially); similarly in reactions 
carricd out ;it highcr pH,  diazvliydrosides 4 (as tlicir corijtigrite bases) or diazo- 
iilkancs 7 (il’ the group I< contiiins an ionizable proton) map be formcd. This diversity 
of products, l io\ \ :c \~r .  docs iiot normally coniplicatc the SitidY of diazonium ion 
formation since conditions can be usually bc varied to riiako the subscqucnt 
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rcsctions either niarkcdly faster or s l o w r  than thc nitrosat ion stcp. Another 
valuablc tool is Ridd'sG observation that secondary amines such as !V-metliylaniline 
(8 )  which form A'-nitroso co1npour;ds (9) on reaciion with nitrosating agents often 
give [lie same kinetic pattcrn a s  the corresponding primary nrnine. This has bcen 
used to great effect to show that the rate-determining steps are similar, ruling out 
slow proton transfers in the conversion of 3 to 6. 

MeNH MeN-N=O 

0 R q- NH NO 

Although primary nitrosaniines (3) are almost invariably invoked as reaction 
intermediates on thc reaction pathbvay few examples of isolnble materials are 
available. Ho\vever, h4 uller' by carrying out the nitrosation of aniline in diethyl 
ether at  - 75 "C obtained a solution with the spectral characteristics of ,\'-nitroso- 
aniline. The nitrosamine was stable at this temperature for sever21 days. httcnipts to 
isolate primary nitrosnniines under normal diazotizntion conditions (at 0 "C in 
aqueous solution) have failed. Several hctcrocyclic primary nitrosamiiics (such as 
10) have ho\vever been described% and their stability has bccn aitributed to, i,ltcr. 
alia, the possibility of forming a strong intraniolecul~tr hydrogen bond to stabilize 
the N-H form. The nitrosamine 10 is only isolated whcn thc reaction nic.tlium is 
weakly acidic and, to date, only when the heterocyclic ring is five- rathcr than 
six-membered. 

A. Low Acidities ([H +I< 10- M) 

At low acidities the  diazotization of primary aromatic and aliphatic ainines \\.it11 
nitrous acid in aqueous solution is independent of amine conccntraiinn and the 
kinetic law is of the form (G)9. Clearly in  this case the slow step is formation of the 
reactive nitrosating species. This has been identified as nitrous anhydride formed iis 

Rate = k,b,[HNO,]' ( 6 )  

in  equation ( 7 ) ' O .  The best evidence for this coines t'roni a stiidy" i n  which the 

2 HONO 7. N,O,+ H,O (7) 

equilibriLim (7) was exarnincd indcpendcnlly by follo\\,ing the rate of incorporation 
of 180-labellcd H,O into nitrous acid. I t  \\as sI1ou.n that the ratc of formation of 
N,O, \vas the same as that of diazotization in  \veakly acidic media. 

W i t h n ni i ne s ca r r y i n g s t r o ng l y el ec I r o 11-w i t  lid ra \I: i ii g g r o ti ps , e . . p - 11 i t  r oa n i 1 i ne 
or 2,3-dinitroaniline, the nitrosation step is so slow that i t  becomcs ratc deter- 
mining even under these mildly acidic conditions and equation (S) is follo\\td12. 

Rate = k,b,[HNO,I'[ArNH,I (6) 

Again the kinetic form iniplics that thc anhydride i s  the rcactive nitrosating species 
for these aniines. 
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B. Intermediate Acidities (10- 2-10-1 M [H']) 
As the acidity of the medium is increased, the rate of diazotization of aniline 

passes through a region of intermediate order bcfore becoming proportional to 
amine concentration [whcre equation (8) is fol lo\ \~d] .  For aniline thc transition is 
complete at 0.1 M perchloric acidI3. Again the  anhydride N 2 0 3  is implicated as the 
active nitrosating species; however, the observcd rate of diazotization changes more 
slowly with acidity since the increasing concentration of the anhydride is partly 
compensated by the decrease in the reactive aminc-free base. 

At a given acidity thc stronger aniine bases (i.e. thosc with high pKan's) in general 
react more slowly sincc the lower concentration of thc free amine present is not 
altogether conipensatcd by the greater nucleophilicity of the aminel?. When allowance 
is made for the differing basicities of the aniines, then there is a direct correlation 
between the electron-donating power of metn and para substituents of aromatic 
aniines and rates of diazotization (e.g. p-chloroaniline is 3-4-fold lcss reactive than 
aniline)g. Secondary amines such as N-methylaniline are more reactive (c. 2-f0Id)~ 
than primary amines of the same pK,, the difference being similar to that observcd 
in acylation of ainineslJ* However, aliphatic amines react surprisingly slowly- 
primary and secondary aliphatic amines are less reactive than aromatic amincs 
whose pK,'s are up to 5 units lowerG. 

As an alternative to nitrous anhydride as the activc nitrosating species, Kenner 
suggested16 that in this pk1 region the second molecule of HNO, was acting+by a 
specific acid-general base mechanism by (a) protonating nitrous acid giving H,ONO, 
and (b) removal of a proton (by NO;) in the rate-controlling step [sce cquation (9)]. 

I 

ArNHNO 
sos- 

A~~;~H,No 
l3+ ArSLI,  

HONO e- H,ONO 

However, this mechanism is unlikely in view of the fact that no  other general bases 
have been found to catalyse diazotization under these conditions". 

C. Moderate Acidities (0.1-6.5 M [H+]) 
The order of reaction changes again as the acidity is increased so that the ovcrall 

rate of reaction is given by equation (10). Clearly thcre is a change in  thc nitrosating 
+ 

Rate = k,[ArNH,l[HNO,lho+k,[ArNH,IIHNO~lho (1 0) 

species since only one mole of HNO, is involved. The changeover from equation 
(8) to equation (10) is dependent on  [HNO?] but is coinplctc for aniline in 1.0 M 
[HCIO,] \vhen [ H N 0 2 ]  is less than hf.  

The first term in equation (10) is important only at relatively low acidities (11, is 
the Mamrnett acidity function) and the overall ratc is independent of acidity (because 
of compensation bettvcen increasing /I,, and decreasing frce amint: ArNH,). Thc 
separation of the t \vo terms in equarion (!O) is greatly simplified by Ridd's 
ObservationQ that k, does not vary greatly for amines which are more basic than 
p-nitroaniline and a value of lo3  XI-^ S- '  at 0 "C ( p  = 3.0) hns been uscd for k,. 

A plot of log kobs for nitrosation of aniline against [HCIO,] up  to 6.5 hi or  against 
- H o  is linear, the latter having a slope close to unity. The ionic strength must be 
maintained constant (by the addition of NaCIO,) since the addition of perchlorate 
ion itself has a po\verful catalytic effect at constant acidity, attributed to a salt 
effect Ib. 
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This kinetic evidence for the second term in equation (10) was not expected, 
a priori, since i t  implies that the protonated amine is reactive towards an electro- 
philic spccies. However, Riddo provides strong evidence that both anilinium ion 
and A'-methylaniliniuni ione d o  undergo reaction in this way. 

The most compelling evidence comes from data nieasured at constant 11, and 
[HNOJ; the observed substitilent effects are strikingly different from the well- 
established order of reactivity shown for the reaction of N203 with the free arnine. 
Thus electron-donating substituents i n  the n~eta  or  parcz position generally increase 
the observed rate of nitrosation of anilines and N-niethylanilines, which is 
inconsistent with the free aniine reacting with a highly active nitrosating species. 

The mechanism of equation (11 )  has been Froposedlo to account for these 
observations. The nitrosating species X+ initially interacts nith thc z electrons of 
the aroniatic ring. This allows removal of a proton by the weakly basic species (B) 
present at  such acidities. Substituents in the para position will largely eflect the 
initial equilibrium between the aromatic cloud and X+, while o r i h  substituents 
would also be expected to influence the proton removal, as observed. 

X +  
A 

1 

The ratio of reactivity of ArNH, and A r i H ,  touards X "  ranges from 335 to 
3 x 10'. I t  is a rg i~ed '~ ,  ho\vever, that these relatively small numbers are reasonable 
on the basis of calculations involving simplc electrostatic models. Moreover, the 
high reactivity of reagents is such that little discriinination is expected, especially 
in reactions of ArNH,. 

The active nitrosating species X+ \vhich in this acidity region reacts with either 
ArNH, or ArNH, has the stoichiometric form (Hi) (HONO) and may bc either 
nitrosonium ion (NO+)  or the hydrated form ( H 2 0 N O ) +  2 0 .  However, the position 
of the equilibrium between these (equation 12) is not accuratcly known, although 
i t  is established that NO-  is present in thc iiiore acidic solutions when [HCIO.,] 
>6.5  hi.  I t  is likely that nitrosation by both species is cxtrcmely fast and occurs 

(1 2) 

close to the ditfusion limit even for quite deactivated amines such as p-nitroanilinc". 
Thus the actual nitrosating species undergoing reaction at these high acidities is 
simply the eqiiilibriuiii-dcterinined mixture of bo th  rcngcnts prcsent under the given 
conditions. 

Thc formation of nitrosoniuiii ion (ttqtration 12) is formally similar to that of 
nitronium ion (NO:) from nitric acid at high aciditics. However, NO; is a far 
more electropliilic spccies and undergoes clectrophilic substitution at carbon 

+ 

+ 
H++HONO -2 H , ~ N O  e- H,O+NO 
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c. 1014 tinics faster than NO+ ??; moreover, in these A-SE2 reactions, deprotonation 
of the Wheland intermediate is usually rate determiningz3. 

The diazotization of some heterocyclic aniines has been examined over the region 
0.0025-5.0 hl perchloric acid‘.’. 25;  a single mechanism is operative over the entire 
region for both 2- and r)-aminopyridine, being first order in aniine, i n  acid and in 
nitrous acid. Unlike aromatic aniines, (with ph;’s < 5) 4-aminopyridine (11) is 

(11) (12) (1 3) (1 4) (1 5) 

comparable in basicity to aliphatic amines (pK,  c. 10); however, protonation 
occurs on the ring nitrogcnZs. Protonation of the amino group of the pyridiniurn 
ion 12 is not expected to occur exccpt at high acidities (pK., = -6.55). The niono- 
protonated species thereforc behavcs rather likc an aromatic ainine with a strongly 
electron-withdrawing substitucnt and reaction is tlioiight to occiir between this and 
nitrous acidium ion. The 2-amino isomer i 3  follows a siniihr kinetic lawz’, however 
the  initial dia7.oniuni ion (14) formed reacts rapidly to give 2-hydroxypyridine 15. 
The initial nitrosation step is also reversible in this case and satisfactory kinetics 
were obtained only by using a 5- or 10-fold excess of HNO?. 

D. Concentrated Acid 

In the most acidic solutions the reactive species is NO+ whose formation is 
favoured as the activity of water decreases (equation 12). At about 6 hi-percliloric 
acid there is a sharp brcak i n  a kollJ vs. [HCIO.,] plot and the observed rate, instead 
of increasing with acidity (equation lo), dccreases rapidly, following equation (1 3). 

Rate = k[ArNH:][HNOJh;’ (1 3) 

This is consistcnt with a change in the ratc-determining stcp and scveral pieces of 
evidcncc support the idea that trapping by a base of the species initially formed on 
rcaction of the protonated aniine is rate detcrniining (equation 13). Thus a large 

faj l .  
NO++ArNH,+ ArNH:NO+H+ 

(14) ArNH:NO+B - ArNHNO+BH+ 

primary isotope cnect is observed when hydrogcn is replaced by deuterium, indicating 
proton transfer in the slow stepzG. Moreover, scveral aromatic amines were round to 
react at the same rate at high acidities; this is espcctcd from equation (9) since the 
substitiient cffccts in the initial cqiiilibriurn and the proton transfer should cancel. 

Onc can rille out any change in  the nitrosating species in this region since there 
is good evidence that NOi is thc activc rcxgcnt t l i r o u g h o ~ t ~ ~ .  Presumably the change 
in ihe rate-determining step to ticprotonation of the intcrnicdiatc is a consequence 
of t \ \o factors which Kcinforce cacti other; (a) X-nitrosation can bc reversed ;it high 
acidities, and (13) thc \\.cakIy basic specics present at high acidities cnsiirc that 
17 1.0 t on I ra ns fcr froni I he ,V-ii i t rosoa n i 1 in i ti n i  ion is t tierr nod ynam ica I1 y i t  n- 
I’avourable and slow. 

R l O S  
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E. Halide /on Catalysis 

At constant ionic strength (maintained by CIO; or NO:) i t  has been shoivn2R-3? 
that the rate of nitrosation of aniline is increased by added bromide, chloride or 
iodidc ion (X-) but not by fluoride ion (equation 15). Catalysis by halide is 
particularly important at low [HNOJ, which minimizes the concentration of N203, 
a competing nitrosation pathway. 

Rate = k[ArNH,][H +][HNOJ[X-] 

In order to determine the reactive agent formed by added halide ion, Hughes and 
Ridd3" used an  elegant method, seeking conditions where the rate of formation of 
the reagent was the  slow step. This was achieved at low acidities, low [HNO,], 
and by using a reactive amine (o-cliloroaniline). Under these conditions equation 
(16) is followed (X- = Br- or I - ) ,  i.c. the nitrosation step was rapid. This establishes 
that the reactive agcnt is the nitrosyl halide NOX (formed most likely by X- attack 
on (H,ONO)+). 

Scliniid"u-:'2 calculatcd second-order rate constants for tlic reaction of aroniatic 
and aliphatic ariiincs \vith NOX, by correcting for tlic fraction of frcc amine and 
nitrosgl lialide prescnt under given conditions. I t  is clear froin these results that all 
the aromatic amiiics studied react at much the S a m  rate, c. 10' hl-'s-' ,  which is 
close to tlie expected diffusion controlled l i m i t .  h.loreo\er, both NOCl and NOBr 

Rate = k'[H+][HNO,][X-] 

react at much the same rate. \vliicli is inconsistent with halide ion expulsion in  the 
rate-detcrni in i rig stcp. I ntcrest i ngly, tlie free aliphatic am i nes again (see Sect ion 
I1.B) react more slo~vly (c. IO'-fold less than e~pccted).  

Because of the acidity dcpendcnce shown in equation (15) the rate of diazotiz a 1' ton 
by I-ICI continues to increase up lo c. 5.0 hi.  Under these conditions i t  has been 
shown that all tlie nitrous acid present is in the form of nitrosyl 

F. Non-aqueous Solvents 

Apart froni the cxtensive work of Schiiiid and his co\\,orkersR0-32 (who uscd 
methanol as solvent), little systematic study has been donc on the mechanism of 
nitrosation in non-aqueous solvents. However, solvents such as benzcnc and ether, 
and reagents such as alkyl and acyl nitriles. have been used to achieve nitrosat ion 
under mild conditions. Thc use of sonic reagents, e.g. NO'BF; requires dry organic 
solvents3:'. 3.1. However, kinetic analysis of such systems, which arc often lietero- 
geneous and involve highly associated substrates, is difiicult. 

In  methanol, H,O.NO is replaced by MeOH-NO,  which may be regarded as a 
solvated nitrosoniiirn ion or protoriated methyl nitrite. I n  the presence of I-ICI, 
equation (17) is follo\vetl, wherc fHcl is the mean activity coefficient of HCI 3.i. 3G. 

(1 7) 

Schelly3' has systcniatically wried the cliclectric constant of the niediuni by the 
addition of CCI, as a n  inert cosolvent to methanol, and measured ra!e co!istants tlp 
to 60"/, CCI, \\,hen tlic dielectric constant (D) is 15. Correction \vas made for the 
degrcc of dissociation (a) of  the ionic spccics prcscnt (c.g. a = 0 . 6 ~ - 0 . 0 1  for all 
electrolytes studied \vlicn 1) = 19). N o  di,izotiz;ition occiirs in the abscncc of added 

CI-, indicating tha t  CH3(+)H. N O  and N,O, d o  not nitrosate aniline, unlike Ilieir 

4. + 

Rate = k&,[ PhNH:][ CH,ONO][ CI -1 
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action in water. Although the active nitrosating agent is thought to be NOCl (as in 
pure methanol), shown by the rate dependence on  [NaNOJ, [CI-] and [H+l,  its 
concentration is low due to the presence of a large excess of MeOH which pushes 
the equilibrium (18) to the right. Hence decreasing the dielectric constant of the 
medium (by the addition of CCI,) actually increases the overall rate of diazotization. 

CH,OH+NOCI CH,ONO+H++CI- (1 8) 

The major effect operating is thought to be the decreasing activity of methanol 
which releases more NOCl (equation 18), although this is counteracted somewhat 
by the expected slowing of the nitrosation step with decreasing polarity of the 
medium due to (a) increased association and decrease in activity coefficients of the 
substrates, and (b) destabilization of the  polar transition state. When D < c .  15 i t  is 
suggested that tautomerization of the nitrosamine (PhNHNO + Ph-N=N-OH) 
is rate determining and this may be the slow step in aprotic media such as pure CCI,. 
Data for this solvent were obtained by extrapolation, however, because of 
precipitation of the reagents3’. 

111. R E A C T I O N S  O F  A R E N E D I A Z O N I U M  IONS 

A. Replacement of Nitrogen by Nucleophiles (Dediazoniotion) 

Three ionic pathways for the replacement of nitrogen from an arenediazonium 
ion (16) by a nucleophile Y- (also termed ded ia~on ia t ion~~)  are summarized in 
equations (19-21). Reaction (19) is analogous to the S s l  mechanism and is 

(20) (21 1 

characterizcd by a free phenyl cation (17) in the reaction pathway. Reaction (20) 
is a biniolccular nucleophilic aromatic substitution i n  which 19 can be either a 
transition state (synchronous loss of N2 with attack by Y-) or an intermediate; in  
the  latter case either thc formation or breakdown of 19 can be rate determining. 
Thc elimination-addition pathway (21) involves the formation of an aryne (21) 
followcd by thc addition of HY. Again any of the steps on this rcactioli sequence 
could conccivably be rate determining. 
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It must be remembered that these three pathways represent niechanistic extremes 
and that many reactions may be borderline and therefore have some of the 
characteristics of two pathways. Thus, for example, a strongly solvated phenyl 
cation 17 may be stabilized by Y - ;  i f  such solvation is important in stabilizing the 
formation of 17 then the transition state will have Ss2 character (19). The benzyne 
pathway (equation 21) has not been observed in aqueous solution for normal 
diazonium salts in the absence of very strong bases; benzyne formation is common 
however under different conditions and is treated scparately (see Section III.A.8). The 
distinction between mechanisms (19) and (20 )  remains an area of controversy and 
active research interest; i t  now seems certain however that path (19) is followed in 
water with most nucleophiles ( H 2 0 ,  C1-, F- and possibly Br-) whereas path (20) 
may occur when stronger nucleophiles, e.g. NCS-, are used particularly in solvents 
of lower ionizing poiver and when the arenediazonium ion has strongly electron- 
withdrawing substituents. An additional complication is that strong nucleophiles 
may react at the terminal nitrogen (see Section 1II.B) giving rise ultimately to free 
radical substitution of the aryl group; such alternative pathways must be rigorously 
excluded in any mechanistic study. 

1. Phenyl cation pathway 
Kinetic investigations by several groups have shown that the rate of decomposition 

of benzenediazonium ion in water is first order in 16 and shoivs little dependence on 
the  concentration of added n u c l e ~ p h i l e ~ ~ - ~ ~ .  Thus, for example, the rate of reaction 
in the presence of added HCI varies by less than 50% when the ratio of chloro- 
benzene to phenol formed as product changes from 0.05 to 3 O1. The simplest 
explanation for these observations (which have been confirmed when the ionic 
strengih is maintained constant while the nucleophile concentration is varicdIs) 
is the formation of the phenyl cation 17 in the rate-determining step; 17 being 
relatively unstable is not very selective, reacting \vith the nucleophile present in 
excessJA. Because of the low selectivity shotvn by 17, displacements by this mechanism 
in water do not provide an eficient route to 18 except for phenol formation (18, 
Y = OH);  alternative (catalysed) routes to 18 are ho\r.ever available (see section 
llI.D). 

S\vain, Sheats and H a r b i n ~ o n ~ ~  have presented several pieces of evidence supporting 
unirnolecular reaction of 16. Thus the rate of reaction is remarkably independent of 
solvent and nucleophile (see Table 1), e.g. there i s  a <2:< change in rate when the 
solt:er?t is changed from 80% to 105% H,SO, in spite of the 1O3-fold change in 

The entropy of activation ( i  10 e.u. at 25  "C) ~3 is close to that for the so!v3!ysis 
of r-butyl chlorideJ' but distinctly different from the large negative entropies of 
activation shown by reactions in \vhich a nioiecule of water is involved in the slow 
step. The reaction shows no solvent isotope effect ( k a , o / k ~ , o  = 0.98 2 0.01 4 s ;  

see Tablc 1) tvhich rules out any mechanism invo!ving the build-up of appreciable 
charge on oxygen in the transition state (as in equation (20), Y = OH,). 

Zollinger has demonstrated that benzenediazonium ion (16) labelled with lSN 
i n  the ?-nitrogen undergoes exchange with 14N2 i n  trifluoroethanol under 300 atnl 
nitrogen. Separate experiments dlso favour aryl cation formation in this 
1 his result is particularly interesting both because of its analogy to the 'common ion 
eflect', observed for the  solvolysis of alkyl halides via the SS 1 nlechanisnl'g, and the 
fact that this represents the first cxamplc of fixation of nitrogen at  carbon. The 
cstent of nitrogen incorporation is 2.46 +_ 0.40% at 300 ntm. Carbon monoxide gas, 
\\ h i i h  is espected to be more nucleophilic than nitrogen, \\'as also shown to react 
i t i l l 1  thc phcnyl cation; in this C ~ S C  7,2,2-trifluoroethylbenzoate was among the 
products". 

r- 
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TABLE 1. First-order rate constants for dc- 
diazonization of 0~0003-0~0015 M P h N l B F y  at 

7 5  "C'5 

Solvent 105k, (sec-I) 
- - 

0.00 1 % (0.00 1 hi) H2S0, 
0.10% (0.010 M) H n S 0 4  4.55 

4.59 

9.5% (1.0 M) H,SOI 4.12 
23% (2.7 M) H,SO,, 3.56 
50% (6 M) H2SOJ 2.68 
80% (14 hl) HZSOJ 2.13 

2.1 I 
105% (21 hl) HZSOd 2.15 
0'0001 hf-D,SO, 4.76 
0.010 hl-D,SO, 4.7 1 
1.0 Lt-DpSOJ 4.1 1 
100% CH,C02H 4.26 

96% (18 hl) f4pS0, 

100% CH,CC),H+0.13 hi-LiC1 3.71 

CH2CI, 2.20 
100% CH,CO,H+ 1.0 M-LicI 4.5 1 

3-Mct hylsulfolane 1.36 
97% Sulfolane-3% (C,H,),O I .24 
Dioxnne 1 .15  

2. Isotope effects 
A large kinetic hydrogen isotope effect ( k d k D  = 1.22) is observed for each 

hydrogen orflio to the diazonium group (equation 22)50. This indicates that a w r y  
electron-deficient species is being formed in the transition state (such as  22). This 

\Y - N .  r, 

(22) (22d 

orilro cffect is the largest secondary aromatic hydrogen isotope cfTect yet observed 
and is comparable to those observed for a-deuterium in reactions involving 
carbonium ion formation from tertiary aliphatic esters, and i s  taken as evidence for 
substantial hyperconjugativc stabilization by thc o-hydrogens of thc phenyl cation 
(see 22a). 

The nitrogen isotope cffect (replaccnient of the nitrogen attached to tlic ring in the 
diazoniuni group by Is"), measured i n  17; H,SO, at 25 "C, is also consistent u.itli 
this picture. The value obtained (1.038) is closc to the calculated value ( I  .04-1.045) 
which would be observed for complete C-N bond clcavagc in the transition 
state5*. 63.  Any smaller degree of C-N bond fission in the transition state would 
reduce the magnitude of this  isotope effect so that any mechanism that does not 
allow for this (e.g. 20 with tlic first step bcing rate detertnining) can be confidently 
ruled out. 

3. Selectivity and structure of phenyl cation 

low, comparable to that  of [he r-butyl cation (whcrx k , . ~ - / X - u , ~  - 4)  
As mcntioncd above, the selectivity o f  [lie phenyl cafioi l  intcrmcdiatc 17 is i v r y  

Thc vi~lt~es 
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reported for 17 (re1atiL.e to 5 5  M-H,O) are so:-, 1.4: CI-, 3 ;  SCN- (nitrogen), 3 ;  
SCN- (sulphur), 6 sr: Br-, 6 

The high reactivity nf tlie phenyl cation probably arises from the location of the 
electron deficiency in an orbital (sp') with high s c h a r a c t ~ r ~ ~ .  The situation is formally 
similar to vinyl cation 23. 

(23) (24) 

Evidence for the formation of these unstable cations has recently been reported 
using several systenis including clcctrophilic attack on acetylenes and solvolysis of 
vinyl halides"- 5 c .  However, theoretical calculations (using nb itiiiio met hods)s5 
indicated that the preferred structure is linear (24, favoured by 30 kcal Inol-' over 
the bent sp2 structure 23). Ring strain in the phenyl cation 17 would reduce any 
appreciable stabilization by structures analogous to 24 (similarly vinyl cation 
forination in cyclic systems is extrcmely s io \v )~~-  5:.  

A possible alternative structure for tlie (singlct) phenyl caticn 17 is a triplet or 
biradical structure favoured by some a u t I i ~ r s ~ ~ - ~ ~  to explain /ti- and p-substitucnt 
effects on the rates of phcnyl cation formation (see hov.wcr Section 111.A.4). On 
the other hand, molecular orbital calculations by Estcndcd HuckelG1 and INDOC? 
methods show that the singlet is favoured relative to the triplet by 146 kcal mol-' 
But the preferred singlet structure predicted by this method is grossly distorted 
relative to that of benzene (e.g. the C i ~ ~ - C 1 2 ~ - - C i G ,  carbons are colinear)io, which 
is surprising. 

4. Substituent effects 
The effect of nwfn  and p n ~ n  substitiients on the rate of dcdiazoniation of 16 is 

considerable (up to I05-fold rate difference) and although known for some 
has proved quite diflicult to interpret. Thus all p n m  substitucnts, including electron- 
withdrawing nitro and electron-donating alkyl, dccrease the rate of nitrogen loss; 
in the nic'in position the strongly withdrawing NO2, Br. CI groups decrease the rate 
but n i - M e 0  (\vliich is normally electron withdrawing) and nlkyl substituents increase 
the rate of reaction. 

Any attempt to correlate these data using a simple Hnmmett cquation (23) 
gives the scatter (Figure I ) ;  similar results are also obtained with any otlicr single 

k 
kII  

log- = pa 

set of substitucnt constants. This arises since both tlie starting arenediazonitlin ion 
25 and the aryl cation can be resonance stabilized by elcctron donation. but 10 
differcnt degrccs. Escellent correlations arc however obtained using Snain and 
L u p t o n ' ~ " ~  four-parameter equation (24) (see Figure 7- for a n  example). The V ~ L I C S  Of 
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9 and 9 (the field and resonance contributions to substituent effects) were previously 
determined from other reaction series and the values o f f  and  r which measure the 
sensitivity of the reaction to change in field and resonance effects calculated for the 
meta and para positions: f, = -2 .60;  fm = -2.70; r p  = -3.18; v,,, = +5.80". 
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FIGURE 1 .  Hamrnett (PO)  plot of para-substituent erects on rate of dediazonization of 16. 
CI- in 0.1 M-HCI at 25 "C 45. 
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FIGURE 2. Dual substitucnt constant ( [ F + r 2 + i )  plot of pnra-substituent effects on the 
rate of dediazonization of 16. CI- in 0.1 M-HCI at 25 T'>. 

This implies that the inductive effect of t m t o  and porn substitiients is similar but 
that the stabilization of the cation is most important for nictn substitttents \\bile for 
para substituents the most imporrant mechanism is stabilization ol' the st;irting 
benzenediazonium ion. 
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The excellent f i t  observed (Figure 2) using existing substituent constants is good 
evidence that a single mechanism (i.e. phenyl cation formation) is operative through- 
out the series. Morcover, this correlation does not involve a triplet structure for the 

, being consistent \vith singlet phenyl cation formation in  each case. 

5. Schiemann reaction 
Fluoroarenes 27 are not prcpared by the Sandmeyer reaction' (Section 1II.D.I) 

since cuprous fluoride disproportionates to copper and cupric fluoride at room 
temperature. The Schiemann reaction which involves the thermal decomposition of 
arenediazoniuni Ruoroborate ho\vever, provides an efficient route to these 

ArN:BF; Ar-FfBF, 

(26) (27) 

materials". Mechanistic studies on this reaction5' in methylene chloride at 25 "C have 
shown that ihe nucleophile involved is the BF; rather than F- and that reaction 
occurs via the rate-determining formation of a singlet aryl cation. Presumably the 
rcactivity of the latter is sufficient to overcome the low nucleophilicity of BF,. A 
secondary product noted in  CH2C!? was ArCl formation and the relative amount of 
ArF formed \\.as found to increase somewhat as(25) was increased; this was attributed 
to tighter ion-pair formation in  the niore concentrated solution. 

A 

6. Bimolecular mechanisms 
The bimolecular nucleophilic displacement of nitrogen may be considered as a 

special case of nucleophilic aromatic substitution activated by the diazoniuni group 
(sce Section Il1.C) at C(, , .  However, it is interesting to note that recent carbon-13 
n.m.r. studiesGi have shown that there is a marked upfield shift of the carbon bearing 
the -N; group, indicating significant shielding, and that this effect is enhanced when 
a substituent Y on the ring is electron releasing. This emphasizes the importance of 
the contributing structures 28a and 28b. The increased electron density at Cfll  
\\.auld, of course, tend to disfavour direct nucleophilic attack at this position. 

( 2 8 4  (28b) 

Evidence has, ho\\ever, bcen presented that the rate of dediazoniation of arene- 
diazoniuni ions increases linearly with increasing bromide and thiocyanate ion6c. 
Thc increase in rate hoivcver is quite small (and depends on a correction for the 
effect of added Na+ on the activity of water) which makes an unambiguous distinction 
bet\veen the phenyl cation and biniolecular pathways inherently difficult. Thus the 
ratc increases observed may have been due to specific medium effects (although the 
ionic strcngth was maintained constant in some s t~dies )~ ' .  Clearly these data warrant 
reinvestigation in the light of Swain's results cited earlier. There seenis also to be no 
good evidence67 for the existence of a spirocyclic diazirine cation or excited 
diazoniuni ion on the reaction pathway for nucleophilic displacement of nitrogene3. 

Straightfor\vard second-order kinetics have been observed for the heterolytic 
phenylation of a series of aromatic substrates in  2,2,2-trifluoroethanol. The sccond- 
order rate constants vary in the following direction: C6H,CF3 < C6H50CH3 < 
C6!-l,-CGH,CH, and a mechanism similar to equation (19) (Y- = C,HSX) with 
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considerable C-N bond cleavage in the transition state is proposed69. An 
alternative mechanism involving an encounter complex between the benzene- 
diazonium ion and the aryl substrate is also consistent with the experimental data. 
However, direct displacement with the aryl substrate acting as a nucleophile can be 
ruled out since the  strongly electron-withdrawing nitro group in the para position 
of the benzenediazonium ion does not increase the rate of arylation (as shown in 
other SN-Ar displacements (Section 1II.C). 

7. Nitrogen rearrangement accompanying hydrolysis 
Lewis and c o w ~ r k e r s ~ ~ - ~ ~  have demonstrated in an elegant series of experiments 

that the hydrolysis of diazoniuni salts is accompanied by a slower rearrangement in  
which the nitrogens reverse their positions (equation 25). This interesting rearrange- 
ment has attractcd considerable attention (not always in agreement73) and is now 
supported by the work of several different groups47- ’.’. 

No rearrangement occurs when the solid diazonium salt is stored for long periods. 
The extent of rezrrangenient which occurs in solution is quite small, amounting to 
just 1-67; of the rate of hydrolysis47* 7 4 s  75.  The rate of rearrangement is first order i n  
the arenediazonium ion, which rules out any mechanism involving exchange of 
nitrogen between two molecules of the arcnediazonium ion. Moreover, the extent 
of rearrangement occurs in parallel to the hydrolysis of the arenediazonium ion, 
the percentage rearranged product increasing at the same rate as other hydrolysis 

In fact the mechanism of both processes must be closely similar since the 
substituent effects on the rate of rearrangement show the same individualistic pattcrn 
as phenyl cation formation (see Section III.A.4). This is shown in Figure 3, where 

r 

log (k,/k !POCH, I )  

FIGURE 3. Relationship between rearrangement rates, k ,  (relative to that of the p-niethoxy- 
benLcnediazonium ion), and hydrolysis rates (k,) also relative to that of the p-mcthoxy 

compound (a); lower scale (O), relation between k, and Hamrnett 0. 
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a plot of the log of the relative rates of rearrangement of a series of aryl diazoniuni 
ions against the log of dediazonization rates is shown; the good correlation contrasts 
with that against the Haniiuctt u values. 

Lewis originally proposed'O that a stable spirodiazine cation 29 was the key 
intermediate in the rearrangement but later rejected this view75 since the observed 
substituent effects (expected for the transition state 30) arc clearly different from the 

(a) (30) (31 1 

migratory aptitudes described by Crani70 for phenonium ion formation. The 
rearrangement most likely involves a transition state close to the phenyl cation 32; 
recapture of nitrogen can then occur before the species are separated by solvent 33. - [o+ N 7 J  - (o>+ ll N z  

(32) (33) 

The N,-Np rearrangement takes place at  a higher rate in triRuorocthanolA7 (7.204 of 
the hydrolysis rate at  30 "C and 7.9% at 5 "C) and the possibility that i t  might occur 
via the mechanism of Scheme 2 was carefully investigatedAa. The  cyclic inter- 
mediate 35 could give rise to the isomerized diazoniuni ion 36 but rearranged 

x 
(34) 

x 

Y 

Q 
6" 

x 
(35) / 

x 
(36) 

x x 
(37) (38) 

SCHEME 2 

products 38 \vould also result on reaction with the nucleophile Y-. However, no 
such m-chloro products were detected (38, X = CI) with p-chlorobenzenediazoniunl 
ion (34, X = Cl). It is clear therefore that the p-N bcconies attached to the carbon 
vacated by the original a-N. 

Addition of aryl radicals to the terminal nitrogen has been shown to yield the 
azobenzene radical cation 39. By considering the initial reaction to be reversible, 

Ar'N:+Ar' Arl-N=N-Ar 
. +  

(39) 
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16N-scrambling (ArN: formation) can be explainedy7. However, kinetic studies argue 
against this mode of breakdown for 39 78; moreover such a radical mechanism is not 
consistent with the substituent effects observed for nitrogen reversal during 
solvolysis. 

8. Benzyne formation 
Several studies have shown that the benzyne route (equation 26) is not important 

in reactions of simple arenediazonium ions in aqueous solution at  moderate pH.  
This is most simply demonstrated by the absence of rearranged products. Thus,  for 
examplc, reaction of o-toluenediazonium chloride in water yields o-cresol but no 
m-cresol ( ~ 0 . 1 %  could be detected)35; another example is quoted in Section III.A.7. 

I 
X 

b X X 

x 
However, decomposition of benzenediazonium-2-carboxylate (40) in non-aqueous 

solution clearly leads to benzyne (41) formation since this intermediate can readily 
be trapped either as a dimer (42) or by cycloaddition to a 4-x donor (43) 7'J- 

(42) (43) 

Other o-diazonium acids which react similarly are benzenesulphinic (44) and 
benzeneboronic (45) 82.  

(44) (45) 

The formation of berizyne (41) from 40 could occur eithcr synchronously (46) or 
asynchronously (47 or 48). In aqueous solution the  formation of snlicyclic acid (49) 
also occurs presumably by reaction with the zwittcrion 47 63. Evidence is presenteds' 
that the  formation of  t h e  aryne (trapped by furan) 2nd salicylic acid (49) are foriiicd 
via a common intermediate since the ratio of final products depends 011 the water 
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CL0; 
(48) 

ace; 
(47) 

@lo 
CA 

(46) 

concentration but is independent of added furan. This is o n l y  consistent with a 
step-wise formation of benzyne involving prcliminary loss of N, to give the 
zwitterion 47 (which may be in equilibrium with 50). 

(49) (50) 

C a d ~ g a n * ~ - ~ ~ ,  Ruc1iardt9l and their coworkcrs have described another simple 
route to arynes (Scheme 3), involving acetate-induced elimination from benzene- 
diazoniuni acetate (53). The simplest route to the acetate 53 is by heterolytic fission 
of the azoacetate 52, which is formed on  rearrangement of A'-nitrosoacctanilide 51. 

N=O 
I 

Ph-N-COMe 

(51) 

1 
O A c  

1 
Ph' r 7  

Chain 
'1 

\ 

PhN; 1 
(PhAr H)' - t Ph' + N, + (PhArH)+ __f PhAr 

The azo compound 52 can also react by a competing free-radical mechanism (see 
Section III.E.I), but this route involves a chain reaction and  can be suppressed by 
the addition of suitable traps such as I.l-diphenylethylenes5. Also of interest is the 
fact that the reactions of h'-nitroso-p-chlorobenzanilides (ArN(NO)COCGH4CI-p) in 
dry carbon tetrachloride givc p-chlorobenzoic acid as a pr imnry  product, indicating 
that the abstraction of a proton as \veil as loss of nitrogen had occurredBG. 

The  formation of benzyne by acetate catalysis appears to be a concerted E2-type 
elimination (path (a), Scheme 4). Thus when 54 is labelled with deuterium in both 
positions ortho to the diazoniuni group, c. 50% is retained in the aryne 55 (which 
was trapped by anthracene a s  the adduct 57)92, contrary to an earlier reportQ3. 

19 
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4. ant l irxc i ie  

HOAc 

(56) (57) 
SCHEME 4 

Similarly there is no uptake of deutcriiim in  the product 57 when the benzene- 
diazonium ion 54 is reactcd in the presence of AcO--DOAc. This rules o u t  an  
alternative pathway (b) via the bctaine 56 ivhich is in  equilibrium with the starting 
diazonium ion 54. Hoc,ever, t h e  possibility exists that thc betaine is in fact on  the 
reaction pathway but invariably gncs on to product 55 by loss of N, rather than 
returning to benzenediazonium ion (analogous to the limiting case of the ElcB 
mechanism)". I t  is interesting that there appcars to Sc a primary isotope cffect for 
C-H removal, which would favour the conccrted E2 

B. Reaction of Nucleophiles at t h e  Terminal Nitrogen 

Arenediazonium ions may rcact with strong iiuclcophiles at 1 he tcrniinal nitrogen 
to give the azo adducts 58. The stability of the a d d m  is however critically dcpendent 
on the leaving ability of X- and on the stability of tlic radical X'. I f  X- is a good 
Icaviny group (e.g. halide ion, acetatc) thcn thc rqiiilibriuni lies largely to the side 
of the arenediazonium ion and reactions characteristic of nitrogen replacerncnt 
(aryl cation formation, benzyne formation) occur. On the other hand, i f  X- is a 
good nucleophile which can form a relativcly stablc radical on elcctron transfer 
(e.g. PhN20--)  then  homolytic cleavage leading to Ar' aiid ultimately arylation 
products may predominate (equation 27). 

Ar-N=N+X- Ar-N=N--X -- Stable product 

(58) 

(27) 

Stabilization of the adduct 58 can bc achievcd by using good nucleophilcs which 
arc relativcly poor Ica\*ing groups (c.g. carbanions such as cyanide ion or phenoxide 
ion). An  alternative method of stabilization of 58 is by conversion to a derivative 
\vhich is more resistant to loss of X - ;  tivo methods which have been observed are 
conversion to a conjugate basc (e.g. diazotate formation) or isonierization of an 
initially formcd sj'rz isomer (where the Ar and X groups arc cis to one another) to 3 

more stable atiri isonicr. 

ArN;'X A Ar' N, X' 
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The preferential formation of syri isomcrs, as the kinetically controlled product, 
has been noted in several instances \vi l l i  strong nuclcophilcs (such as -CN, SO;-,  
MeO- and HO-). Howevcr, the  oriri isomer is gcnerally niorc stable thcrmo- 
dynamically and thus the dilemma arises as  to what features stabilize thc transition 
statc leading to the less stable isonicr. Moreover with several nuclcophiles [e.g 
aromatic amines (reaction at  nitrogen or carbon) and phenosides (at carbon)] 
nrenediazoniurn ions give only anri products. 

This situation is, however, paralleled in the stereospecific reaction of nitriliuni 
ions (59) with nucleophiles (e.g. AcO-, MeO-) 9 z e  O G .  The exclusive formation of the 
Z-isomer (60) can be shown in all cases (R must howevcr be chosen so that rapid 

(61 1 
interconversion of the Z and E (61) isomcrs does not occur). Howevcr, when thc 
two isomers arc equilibrated at highcr tcmpcratiirc the E isomer is usually present 
in larger amounts at equilibrium. The exclusive formation of 60 has been attributed 
to minimalization of intcrorbital repulsion between the incoming nucleophilc and 
the forming lone pair o n  nitrogen and a& iriitio and CNDO/2 calculations support 
this picture. It is interesting that the isomer with the lone pair and group X r r n m  
to one another (i.e. 60) should also lose X- more rapidly to rcgenerate thc ion 59 
and this has been shown experimentally in one case (60 and 61, R = OCH2CH,CH3; 
Ar  = Ph; X = Cl)97. 

A similar reasoning has becn applied to the preferential formation of the s p i  
isomer 62 (which corresponds to the E isomer 60 since the elcctron pair on thc 
u nitrogen and the  nucleophile are ~ i . n n s ) ~ ~ .  With the niorc reactive nuclcophilcs an 

- 0 0  - N=N 
+1 

A r - N r N  
t -v  k-. / \  

(63) 

early transition state (with relatively little N-X bond formation in the transition 
statc) is iinplicatcd from substitilent effccts on the reacti\.ity of thc arencdiazoniuin 
ion (see below); thus the various factors which help stabilize the rimis rclative to 
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t h e  cis azo linkagc will bc less important in  the transition statc. Zollingcro8 has also 
proposed that the observation of  oti/i products (63) with sonic nucleophiles may bc 
due to a changeover froni an  'early' to 'late' transition statc (wherc the grcatcr 
stability of 63 would beconie important) and thcre is some evidence that the arene- 
diazonium ion has lost a grcater fraction of its charge in the transition state for these 
reactions. Howevcr in several instances, e.g. triazene formation and diazo coupling 
to phenolates, the initial coupling step is revcrsible. Hence the possibility arises 
that the sytr isomer is in fact formed most mpidly in all cases ( i . ~ .  k ,  > k2) but where 
the initial coupling stcp can be rapidly reverscd (i.e. k- ,  is Iargc) then thc product 
isolated is the ati/i isomer (63), since this reverts niore slowly to the starting materials 
(k-* small). 

1. Oxygen nucleophiles 

a. Hydroxide ion. One of thc most widely studied and complex reactions of 
arenediazonium ions is the deccptivcly simple combination at tlic tcrminal nitrogcn 
with hydroxide ion. The reaction was the sourcc of controversy for inany years and 
thc details of the niechanisni and even thc initial product formed are not as yet 
universally agreed. 

(i) Isomcrization of diazotates. Most of the evidcnce indicatcs that the hydroxide 
ion reaction lcads to the exclusive formation of sytz-diazotatcs (64) v v .  The rate 
constants for this reaction are quite fast (Table 7) a s  would be expcctcd for a reaction 

TABLE 2. Rate constants for t h e  rc- 
action of arcncdiazonium ions with 
hydroxidc ion in aqueous solution at 

23 "C 100 

k 
XC,H,N: +OH - - S Y ~  - X C, H, N 0 H 

p-NO, 5 4 x  lo2 
/I-CN 4.2 x 105 
/tI-CF, 1 . 6 ~  10" 
I/Z-CI 6.4 x 10' 
p-Br 2.1 x 10' 
p-CI 1.Gx 10' 
/I-co, 5 .8  x 1 0 3  
H 4.5 x 103 
p-CI-I, 1.2 x 10 '  

involving thc  combination of oppositely chargcd ionsro0. '"l .  Thc kinetic bchaviour 
clearly shows that the rate-determining step is forniation of thc diazohydroxide 
(64), the diazotate (65) being formed in a rapid subsequent equilibrium. Thesc data 

Ar OH k r  0- 
A >  \ /  K'I \ /  

ArN: + HO- N=N 4 N = N  (29) 
h -, 

(64) (65) 

give a good Harnmett plot of l o g k ,  against ordinary u values1o2 to give p = +2.61. 
The overall equilibriuni constant for diazotate formation (K = [ArN,O-I/ 
([ArN;][HO-],) is, as expectcd, niore sensitive to the nature of the aryl substituent 
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(Table 3). giving a p value of  6.58 Ion (or 6.3 from earlier work)!'!', since electron- 
withdrawing substitucnts which increase the reactivity of the diazonium ion will 
also increase the acidity constant KR.  The value of p = 6.58 is therefore composite 
but reasonable on the basis of the p values for thc individual steps (governed by 
k , ,  k - ,  and &) which have been separately determined (see below). 

TAULE 3. Equilibriuni constants for the reaction 

XC,H,N: + 2  O H -  syn-XC,H,N,O- 

in nqucous solution at 23 "c, p = 0.004-0.03 M 

h' 

X 
~ 

Buffer 

P-NO, 
p-CN 
/>I-CF, 
It?-CI 
p-Br 
p-CI 
p-COT 
H 
p-CH, 

Borate 
Borate 
Borate, bicarbonate 
Bicarbonate 
Bicarbonate, phosphate 
Bicarbonate. hydroxidc 
Bicarbonate, hydroxide 
Hydroxide 
Hydroxidc 

2.0 x 10'0 
3.9 ( 2  0.3) x lo9 
1.0 ( k O . 1 )  x 108 
1 . 9 ( 2 0 . 3 ) ~  10' 
1 . 4 ( + 0 . 3 ) ~  lo6 
6.7 ( 2 0.8) x lo5 

2 . 8 ( + _ 0 . 7 ) ~  10' 
2.2 ( f 0.7) x 10" 

1.9 ( k 0 . 3 ) ~  1 0 5  

The order of reactivity shown by arenediazoniuni ions towards various nucleophiles 
(N;> HO--CH,O->CN-)  is the siinie as that shown in a more extended series of 
nucleophiles and in various solvents (methanol, tvater, dirnethylsulphoxide, dimethy:- 
formamide) with carbonium ions as Kitchie has used this to define 
constants hr+, which are characteristic only of the nuclcophile and may be used to 
predict reactivityl0'. The invariant order of nucleophilicities is no doubt in part 
due to the absence of a leaving group in the defining reactions [as equation (29)l. 

Evidence for the presence of thc syn-diazohydroxide 64 on the  reaction pathway 
is difficult to obtain from the forward reaction (ArNz -t HO-) since at all pH's where 
the rate of formation of the diazohydroside is appreciable, the -OH group is 
ionized (i.e. p H  > p K [ , ) .  The concentration of free diazohydroxide prcsent at 
cquilibrium is therefore iicver greater than a few pcrcentlo5. For example when 
p-nitrobeiizcnediazoniun~ ion is titrated with HO-, 2 moles base are consumed but 
only a siriglc inflcction point is noted \ \ i t t i  apparent pK,,,, c. 9 4 .  When 1 mole HO- 
is used, 50:; goes to the diazotate and 500,; rcmains as the diazoniuni ionlOG. Such 
titrations are however complicated by isomerization of both the diazotate 65 and 
diazohydroxidc 61. 

When a n  arenediazonium ion is dissolved i n  alkaline solution, an initial rapid 
reaction occurs (formation of the diazotate) followxd by a slower reaction (with a 
half-life in the range of seconds to several hours at  room 10i-lOB. This 

was attributed by Lewis and Suhr" to the isonierization of thc initially formed 
syri-diazotate 65 to the _cr,i/i-diazotatc. 

Detailed studies by StErba and c o \ v o r k e r ~ ' ~ ~ ~ ~  1u8 have determined that the  rates 
of syn-nuti isonierization of a scries of diazotates follow equation (30) (k in s-l). 
Possiblc rnrchanisms of isomerization which could explain the large degree of 

(30) 

resonance iiitcraction fouriil ( 2 4 )  include rotation about thc N-N bond (66) or a 
latcral shift involving thc A'-aryl ring (67). The anri-diazotate isomer is normally 
the therniodynamically favoured isomer and hence the  stable form in  alkaline 

log k = 2.1 [u + 2.4(0- - o)] - 2.s3 
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solution. A value of 600 has been estimated as the equilibriuni constant for 4-nitro- 
benzenediazotate l l O .  However, considerably smaller values have been reported for 
or/lro-substituted benzenediazotateslO' (and in fact on this basis a proposal that the 
original structural assignments of syn- and nnri-diazotates should be reversed has 
been made!)Io7. 

-1 

- 2  

-3  

Miiller and coworkers111 have reported the isolation of a relatively stable solid 
syiz-diazotate at low temperature and deternlined its structure by X-ray crystal- 
lography; other syn-diazotates can be isolated if  the arene group does not contain 
electron-donating groups. Several alkanediazotates have been reported to have the 
syn structure112, including 1-phenylcthanediazotate 113 and niethanediazotate 
(confirmed by X-ray)Il5. These sywdiazotates are usually prepared by basic cleavage 
of N-alkyl-N-nitrosourethanes, while the anti-diazotates can also be prepared by 
nitrosation of hydra~ines"~.  '16, a method originally used by Thiele and by StollellG 
(equation 31). 

- 

- 

- 

- 

RNHNH, EtONO> NaOE! + N,O + EtOH 
\ 
\ 

N=N (31 1 
\ 
0- 

(ii) Reaction of diazotates with acid. The  back reaction (conversion of arene- 
diazotates to  arenediazoniuni ions) has been investigatcd in detail by several groups 

0 

8 
OO 

00 0 
0 0  

0 
00 

t 0 
I ,o , 

2 3 4 5 6 7 8 9  

PH 
FIGURE 4. Dcpendencc of rate of conversion of cr/r/i-benzencdiazot~ic ion 10 diazonium 

ion on pH. 

of workers. The substrate normally used in these studies is the more stable nnri- 
diazotate and the observed pH-rate profilc (see Figurc 4 for a typical example) fits 
a two-component ratc equation (32); the second term is only of importance at low 

(32) Rate = k[Diazotate.H + ] + k ' [ H  +][Diazotate.H +I  
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pH. Lewis and Hanson"' have made a careful study of the basicity and cquilibria 
involved for anti-diazotatcs and have shown that the kinetically determined pK,'s 
(from plots such as Figure 4) are consistent with estimates of diazotate pK;s deter- 
mined either spectrophotonietrically or by titration (Table 4). The p K ,  data fit the 
Hammett equation, PA:, = 7.3- p a  with p = 1.45, in agreement with other 
wOrklO". 118 

TABLE 4. pK,'s of a,iri-ArN,O-- Hf in watcr at 25.1 "C 117 

Aryl group 

PA;, 

Titration Kinetic Spectral 

7.40 
7.15 0.06 7.29 
7.1 kO.1 6.95 

6.76 
6.25 2 0.05 6.13 6.36 0.03 

4.96 
6.4 

___ 

____ 

The key questions which must be answered include the position of protonation of 
the diazotate, and whethcr the diazotate and/or the protonated species formed 
undergoes further isomerizatiori before N - 0  bond cleavage occurs to give the 
arenediazonium ion. 

The  measured rate constant k (equation 32) could represent either (a) direct loss 
of HO- from the protonated rrnri-diazotatc (kl, Scheme 5 )  or (b) rcaction via the 
syrr-diazohydroxide, with either its formation (k , )  or breakdown (k,) as rate 
determining. Evidence that such a changeover in mechanism does occur conies from 
the  data  of Lewis and Hanson"'. From Table 5 i t  is clearly secn that there is a 
minimum in a plot of log k against a (or a-) 119, since both electron-donating and 
-withdrawing substituents can aid reaction. 

TABLE 5 .  Rate constants for thc first-order and acid-catalyscd con- 
version of the conjugate acids of mli-diazotatcs to diazonium ions 

at 25.1 "C 

Diazotatc U k x lo2 (sec-l) k' ( I  niol-l scc--') 
_ _  ____ 

5.0 20.1 27 k4 
1.5 k0.I 13 * I  
0.33 2 0.01 7 +0.5 
0.23 ? 0.01 1.3  20.1 
0.48 +_ 0.0 I 

5.8 k O . 1  

0.053 t 0.00 I 
35 2 1 0.00 195 

I t  is proposed that with clectron-donating substituents in the arenediazonium 
ion, k ,  is rate dctermining; the Hamnictt p value obtained ( -  2.6)  is reasonable on 
the basis of the  valuc (+?.GI) already quoted for the back reaction bctwcen arcne- 
diazonium ions and hydroxide to givc the s).,i-diazohydroxidc (k-3). When strongly 
clectron-\rithdra\\~ing substitueiits (c.g. p-NO,, p-NC) are present then k ,  is vcry much 
reduced; the rate of r r t z f i  --i SJW isomcrization is concomitantly incrcascd so that 
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reaction occurs via the inorc rcactive s)'n isomcr. From a two-point plot against 
o-, Lewis and Hanson1*7 reported a p value of I 1.1 in this case. More extensive 
data have been presented by StErba and coworkerslO' using para-substituted 
o-nitrobenzeiiediazoni~ni ions to give p = 1.0 (with r ,  the degree of resonance 
interactionl2O, = 0.65). I t  is likely that k ,  rather than k, is rate determining under 
these conditions since such small positive p values are characteristic of isonierizations 
about the azo linkage. 

Ar Ar 
\ 
N=N 

\ 

\ 
OH 

N=N\ - Ka, 
0- 

Ar 0- Ar OH 

SCHEME 5 

At high pH (c. 8) there is a further change in mechanism as shown in the inflection 
point in the pH-rate profile for the conversion of anfi-2-nitro-4-chlorobenzene- 
diazotate to the corresponding diazonium ions (Figure 5) .  This is attributed to the 

0 

- 2  

4 6 0 10 

P H  

FIGURE 5 .  pH-ratc profile for the inversion of n~rri-3-nitro-4-clilorobenzenediazota1e i n t o  
diazonium ions'"'. 

incursion of a ratc-determining isonicrization of thc aiifi-diazotate to the syn- 
diazotate 70 (A?).  Sincc in this pH region pH > pK,,, or pK;,;, this interconversion is 
pH independent. Howcver the observed rate of forinntion of arenedinzonium ion 
decreascs again at high pH since the back reaction of ArN: and HO- becomes 
appreciable. 
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The pH profile for thc acid-catalysed reac!ion of pyridinc-2-diazotate (72) is 
broadly similar to that for other arcncdiazotates, but tlie 4-diazotatc (73) shows 

(75) 

some interesting differcncesl2'8 lZ2. Thc p H  profile . -  

equation (31)  \<,ith k = 6 x sec-I and ph;, of 
The corresponding arenediazoniuni ion cannot be isolated and the product detected 
was 2-hydrcxypyridine (74). 

for 72 (Figure 6) is correlalcd by 
diazohydroxide = 6.2 (at 25 "C). 

4 

c 
L n  

2 

1 

0 2 4 6 8- 

QH 
FIGURE 6 .  Variation of thc ratc constants for dcconiposition of pyridine-2-diazotatc (72, 

solid circles) and pyridine-4-diazotate (73, open circles) as a function of pH. 

The 4-diazotatc 73 sho\vs a distinctly different profilc. I n  t h c  p H  rcgion 7-S the 
observed rate is proportional lo I/[HO-]', while tlicre is a 'dip' in the pH-rate 
profile at c. pH 2. I n  this case an unstable intermediate \vas dctectcd in  the 'plateau' 
region (PH 4-6) and this \vas identifiecl as the corresponding pyridine-4-diazoniiim 
ion (75) by trapping cxperiments. The back reaction of 75 \ \ i t11  HO-, which could 
be deduced from these trapping experiments, was insignificant i n  this pH regioii; 
however, this becatnc kinetically important at high pH (7-5.5). The reduction in 
rate c.  pH 2 \vas attributed to protonation of the ppridyl nucleus of tlic diazo- 
hydroxide, (76). \vliich is cxpcctcd to undergo a slo\ver rate of HO- loss than tlie 
corrcsponding frec base. Tlic rcsults obtained by Bunton and cou,orkcrs*21 on this 
system d o  not require the inclusion of (or indeed rule O L I ~ )  steps involving the 
requiremcnt of s y w m / i  isonicrization before N - 0  bond cleavage; tlie initial 
material \vas assumed to be the tiiorc stablc nir/i-diazotate since thc same restilts 
were obtained when the diazotatc was prctreuted for 24 11 in  0.1 xi - [HO-]  13 ' .  

(iii) Alkanediazotatcs. The solvolysis of s~~/r-alknncdiazotates can take two routes 
(Sclieme 6). When R is a secondary alkyl group tlicn thc forination of 79 is fiivotirccl. 
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At high pH both diazoalkane (80) and carbonium ion are f o r i i i ~ d ~ ~ ~ .  Stabilization 
of the a-carbon by conjugation with a vinyl or aryl group aids diazoalkane formation. 
Deuterium-labelling experiments have established that the diazoalkane 80 once 
formed does not revert to the diazohydroxide (and thence to 79) lZ3.  

- H O -  R+ H20 + Products 

(79) 
/T> 

> R-N=N-OH H' R - N = N -0- K+ 
(77) (78) \ -'7' > R ' = N 2  

(80) 

SCHEME 6 

Alkylation of the diazotate 81 with Et,O+BF; yields the corresponding ether with 
70% net retention, and a mechanism via the formation of the ion triplet 82 has been 
proposed. In solvolysis reactions, in the presence of H20 ,  EtOH and amines, reaction 
with the solvent usually predominates over reaction with HO- within the solvent 
cage (typically by 3 : 1) so that net iizversioir of the solvolysis product is observed 
(equation 33)11?. The dcgrec of retention observed by capture of the carboniuni ion 

Ph N = N  Ph N = N  Ph N E N  
\ /  / -  \ /  \ 

H""he  C 0 -  H" C 1 O\Et - [ ~"i; --o\Et] 
Me 

(81 1 (82) 

Pt1 
\ 
C-OEt 

H ' ' 1  
Me 

formed by HO- is increased as the stability of the carbonium ion is increased; i t  
has been rationalized that thc stability of the carbonium ion ensures that the two 
reactions (cleavage of N - 0  and N-C bonds in 83) arc  inorc nearly concerted so 
that -OH is generated close to the carbonium ion125. 

J 
P I1 Ph 
/ \ 

RO-C + C-OH 
I H  H I  

Me Me 

(iv) Acid catalysis. At low p H ,  spccific acid catalysis of diazonium ion formation 
from arencdiazohydroxides is observcd (see Figures 4 to 6). General acid catalysis 
may also be observed in  this  rcgion in some instances, but this is \veak (with a 
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Bronsted cocficient o f  c. 0.2) loJ. The Hamluett p value of - 2.4 o b ~ e r v c c i ' ~ ~  
for specific acid catalysis in this region is consistent with protonation on o?cyg.cn of 

b 

Ar Ar 

(84) 

thc nnci-tliaroliydroside to givc 81, which undcrgocs losc o f  ti20 to give the arene- 
diazoniuin ion. Howver  protonation on  the azo nitrogen to give 85 might be 
expected to facilitate crrrti -:- syn isonierization (by ;I rotation pathitay). 

Ar A r  
\+ .. \ .  + 
,N = N - N-N 

\ / \  
H OH H OH 

(v) Structure of 'diazohydroxide'. The position of protonation of the ntrti- 
diazotatc (68) is unknown, although preferential oxygen protonat ion is generally 
assumed (to give 69). I n  thc absence of definitive evidence to the contrary, arguments 
have been p r e s e ~ i t e d ~ ~ ~ ~  117 that the initial 
be at nitrogen (to givc the nitrosaniinc as 

position of protonation might equally 
the predominant tautomcr). Because of 

H 
I 

\ 

(86) 

Ar -N t--f 

N=O 

restricted rotation about thc N-N bond 

H 
I 

Ar - N  
+v 

N -0- 

( 8 6 4  

in thc nitrosnmine (86:1), which is also 
observed in A'-nitroso secondary aniines12". 12'*  sIo\v s y t i - n t i f i  isomerization in  86 
(analogous to k ,  in Scheme 5) is also to be cxpected; loss of HO- could then occur 
via the diazohydrosidc tautonier. 

b. Alkoside.  In spite of the \vell-cstablisheci reaction of hydrosidc ion with 
diazonium ion to give diazoliydroxides. coupling i v i t h  other osygcn nuclcophilcs 
rarely takes a sirnplc course, possibly bccause an analogous conversion to the 
relatively stable diazotatc is not possible. The initial product formed with othcr 
oxygen nuclcophilcs oftcn undcrgoes homolytic fission to yicld itryl radicals and 
ultimately arylation and/or reduction products. 

Bunnett has 12v that treatmcnt of /~-nitrobcnzenediazonium ion ($7) 
with sodium nicthosidc in  methanol resultcd in the formation of thc reduction 
product, nitrobenzene (90), often in high yicld. Kinetic studies havc shown that an 
initial fast reaction occurs and that the tr.nti.r-di;tzonicthoxide (89) and nitrobenzene 
(90) are formed in approximately equal amounts. The Itnits isomer 89 is relativcly 
stable and \vas isolated and characterized: in  acid, 89 is slowly reconvertcd to the 
diazoniurn compound 87. Intcrestingly the relative arnoiints of 89 and 90 formcd 
Lvere independent of [iLlcO-1. This indicates that [hleO-] is riot involved i n  thc rate- 
determining stcp for the formation of these t\vo products and sug_scsts that tlicre is 
a common intcrincdiate \\hich is rapidly formcd on the rcaction pathway. This is 
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N=N 
\ (90) (89) OMe 

most likely the cis material (88). The initial formation of 88 froit: p-nitrobenzene- 
diazoniuni ion is very rapid (k,  = 3 x lo* I ~ i io l -~  sec-I at 23 "C) 130, comparable 
to the rate with hydroxide ion. The forniation of 89 and 90 initially in approximately 
equal amounts also requires that the cis-trans isomerization rate (k,) is coincidently 
similar to that for the reductive decomposition of 88 (/c3). A free-radical chain 
mechanism is suggested for the latter rather than any aryldiazene-mediated reaction 
since deuterium is not incorporated when MeOD is used in place of MeOH 12'. 

c. Phertoxide. The normal products of coupling between phenols and benzcne- 
diazoniuni ions arc the corresponding p-azo materials (93). However, several groups 
of workers have described c.s.r. and CIDNP evidence for the presence of radical 
intermediates (which, of course, may not be the major pathway for the formation 
of 93). A possible route to the electron transfer products 94 and 95 is via the covalent 

Ptl' 

uryl diazoether 92 O Y ,  formed by initial nucleophilic attack at nitrogen by the ionized 
phenol. With 2,4,6-tri-/-butylphenol the intermediate radical (analogous to 95) 
can be dctccted by e.s.r.'", \vhilc CIDNP evidence13'- 133 and thc of the 
decomposition product Ph- are consistent with the presence of aryl Jiimine radicals 
(94). Although coupling of the radical species 94 and 95 10 give 93 is possible, i t  is 
unlikely that this is a significant competing route to direct electrophilic reaction of 
the arenediazoniuni ion with phenolate'". 



12. tiinctics and nicchanisnis of reactions involving dinzonium and  diazo groups 541 

d. Acelate. The equilibrium constant for the formation of a covalent azo com- 
pound 96 from acetate and benzenediazoniuni ion lics very much to the side of the 
starting ions'". An estimate of E; as c .  lo-" (see equation 33) has been m a d P C .  
In spite of the low concentration of 96, however, this has been implicated as the 
reactive intermediate in radical formation (see Section 1II.E.I). Another important 
mode of reaction of benzenediazoniuni ions with acetate is benzyne formation, 
which is dealt with elsewhere (Section III.A.8). 

0 0 
I1 1; I1 

Ar-N:+ -0-C-CH, T= Ar-N=N-0-C-CH, 

0 
I I  

Ar' N, '0-C-CH, (34) 

e. Diclzotnte. A rcluted reaction is the coupling of arcnediazoniuni ions with 
diazotates i n  basic solution to form diazoanhydrides (97) 1 3 c - 1 3 8 .  Since the diazotate 

Ar-NN:+ArN,O- e- Ar-N=N-0-N=N-Ar 

(97) 

Ar  N,'+'ON,Ar 
(97a) (97b) 

is also a good leaving group, the equilibrium lies to the left and the main utility 
is the honiolytic decomposition to give 97a and 97b which can then give rise to 
chain initiation i n  free radical reactions'". 

2. Sulphur nucleophiles 

Arenediazoniurn ions couple with thiophenols ; the reaction occurs at nitrogen 
and involves the thiophenoxide anion (equation 35)I4O. The adducts are more stable 
than the corresponding oxygen analogues, because of the greater nucleophilicity of 
sulphur. A competing reaction is nitrogen loss to give disulphides (98) I a 1 .  A more 
common mechanism for the reaction of the less nucleophilic neutral sulphur is 

ArN;+Ar'S- - Ar-N=N-SAr'+Ar-S-Ar' (35) 

nitrogen displacement (e.g. thioureas yield S-arylthiouroniuni salts)142. The 
f ~ r n i a t i o n ' ~ ~ ,  11( and of diazosulphones (99) has been investigated. 
A p value of -!-2.40 \vas for substituents in the arenediazonium ion for 
sulphone (99) formation (in methanol), comparable to the value for reaction with 
HO- or CN-loO. The thermal decomnosition of 99 in protic, non-polar solvents 
occurs by a free radical pathway (equation 36) involving initial scission of the N-S 

(98) 
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bond. In the more polar acetonitrile, however, hctcrolysis occurs initially. Arene- 
diazoniuiii ions react with arenesulphonic acids (ArlS0,H) to give charge-transfer 
complexesg8 (this is used industrially to stabilize diazoniuni ions) rather than diazo- 
sulphonates (ArN,OSO,Ar') as was previously thoughteJ. 

ArN:+Ph-SO; ___ > Ar-N=N-SO,-Ph 

(99) 

Ar'+Ph'+N,+SO, t- [ArN=N' 'SO,Ph] 

The rcaction of arenediazonium ions with sulphite to give diazosulphonates 
(100) has been investigated by several groups of workers14G-14M. Only the sulphite 
(and not the b i s ~ l p h i t e ~ ~ ~ )  reacts in the p H  range 5-9 to give the syti adduct (100) in 
an initial fast reaction ( p  = 5.5 for the equilibrium for the formation of 100) la'. 

Ar NHSO; 
\ /  
N 
\ 
so; 

(1 02) 

Rearrangement to the more stable ntiti-sulphonatc 101 then occurs (k, - 2  x 
and this (unlike the isonierization of diazocyanates or diazotates) is 

relatively independent of the nature of Ar. I n  the presence of excess sulphite, a 
competing reaction is the formation of the hydrazine disulphonic acid (102) leading 
to reduction. The formation or the ariri isomer 101 (but not 100) is irreversible and 
the arenediazonium is not regenerated from 101 on acidification. 

sec-l) 

3. Carbon nucleophiles 

a. Cynnide ion. The coupling of cyanide ions \vi l l i  arenediazonium ions initially 
rivcs orange syn-diazocyanides (103) which rearrange to the more stable red ari/i 
Lsomers (104) lSo. Kinetic studiesloo on the initial rcaction follow equation (37) 

Ar CN Ar 
\ 1 L \  

A ~ - N N ~  + -CN _li N = N  .~ N = N  
I . ,  \ 

(103) c rd 

log k ,  = pa+2.32  (37) 

(1 04) 

with p = + 2.31. The equilibrium b c t ~ ~ e c n  103 and the s:arting diazonium and 
cyanidc ions gives a Hammctt p of 3 . 5 3  lo" (a higher value, 4.7, was given in a 
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previous Thus considerable bond formation has alrcady occurred in the 
transition state for the formation of 103. The mechanism of syn -+ arili isomeXzation 
of the diazocyanides has been studied and a lateral shift, rathcr than rotatioii 
mechanism, has been p r o p o s ~ d ' ~ ~ .  

b. Ketones and rrlrrred conipoictirls. The coupling of bcnzencdiazonium ions with 
aliphatic carbon activated by a neighbouring electron-~~ithdrawing (usually acyl or  
nitro) group is known as the Japp-Klingemann synthesis (equation 38)152-154. The 
final product is usually the niore stable hydrazone (107, 108) formed either OR 

tautomerization (RZ = H) or removal of one of the acyl groups (R2 = alkyl); 
however, the intermediate azo materials (106) are usually isolable. 

The reaction of acetylacetone (109) with substituted benzene diazonium ions 
obeys the Hanimett equation (39) ( p  = 0.1, 2OoC)'". A plot of logkob, against 
pH has a slope of - 1.0 (in the pH region c. 0), showing that the conjugate base 

110 is the reactive species. With the more reactive 2,6-dichloro-4-nitrobenzene- 
diazoniuni ion, the rate of coupling beconics independent of acidity above H o w  - 2; 
from these data and the  enol (111) content in aqueous solution, the relative 
reactivities of 110 and 111 are estimated as lo9 : 1. 

The low acidity (pK:, c. 19) and enol content (pK,r-6) lj'' of acetonc are partly 
compensated by the higher reactivity of the enolate anion, and rate constants for 
coupling with substituted benzenediazonium ions can be mcasiired in phosphate 
and borate buffers (PH 6-9). The pH dependence shows that thc enolate anion is the 
reactive species and that the second-order rate constants approach the diffusion- 
controlled limit; the Hamniett p value is low (+ 1.S9, obtained for the substituted 
benzenediazonium ions with substituents !ess electron-withdrawing than IH-CI) as  
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cxpected for such ;I reactivc s p ~ ' c i c s ~ ~ ~ .  Acetone actually reacts with 2 moles of 
diazoniuni ion iindcr thcse conditions to give the formazan 112 (thc hydrazone 113 
is the final product under acidic conditions)l". The reaction with the first mole of 
diazoniuni ion is rate determining (the observcd rate of coupling with the hydrazone 
is c. lo7 times faster than with acetone itself)'". The reactivity of arylaldehyde 

0 0- 0 
II 1:. ArN; II 

CH,-C-CH, CH,-C-CH, k ,  ' CH,-C-CH?-N=N--A, 

hydrazones towards benzenediazoniurn ion has bcen investigated independently 
(equation 4O)ls9. The initial product formed on rcaction with the neutral hydrazone 
114 is the unstable bis(ary1azo)methane (117) which tautoriierizes to  the more stablc 
forniazan 116 in acidic or basic solution. Substitucnts in Ar' have a larger effect 
than those in Ar, consistent with a transition state (115) in which most of the charge 

+ 
N=NH-Ar 
I 

I 
PhFI': + Ar-CH-N-NH-Ar '  A r - C - H  

(114) N=N-Ph 

(1 15) 

A r '  1 I-.- 
/ 

N-N N=N-Ar' 
/ / \  I 

A r -C  : H Ar -C-H  
\N=N' I 

N=N-Ph 
\ 
Ph (1 17) 

(1 16) 

is delocalized along thc hydrazone chain. The bis(ary1azo)methane (117) on treat- 
nient with strong acid can regenerate a hydrazone and arcnediazonium ion (which 
may be different from those used i l l  the initial coupling reaction). 

Somc of the rcsults for the coupling of benzenediazonium ions with various 
carbon acids are summarized in Table 6. Of particular interest is the fact that the 
slow rate of reprotonation of nitrocthane anion (attributcd to the need for extensive 
rehybridization in the transition state) is not paralleled in the reaction with benzene- 
diazonium ion. 
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TAULE 6. Rate and cquilibriurn constants for carbon acids1j5 
545 

~ ~~~~ 

Nit roethane 8.6 9 x  1 0 2  2.3  x 1o j  7.88 
Acet oacet ;1 n i I i de 10.7 8 x  lo9 5 x 1 0 6  3.06 
Acetylacetone 8.9 1 x lo9 1.2 x 105 3.45 

c. Other carbatiions. Reaction with organometallic reagents as potential sources 
of carbanions can yield azo compounds in good yield (equation 41)'j8. Rcaction 
with acetylene initially gives 118 which, on  reaction with water, gives an  arylhydrazone 
of an a-keto-aldehyde (equation 42)I6O. 

D U F  
ArN:+R,Zn - Ar-N=N-R (41 1 

R--C=C-+ArN: - R-C=C-N=N-Ar 

(W 

V 
I I  

R-C-CH=N-NH-Ar (42) 

d. Aromatic sicbstrates. Thc electrophilic benzcnediazonium ion reacts with 
activated aromatic substrates 119 to yield substitution products 121. This reaction 

has been widely studied, because of its importance in the dye industry161, and several 
of the parameters which influence reactivity are now clear. 

In general the aromatic substrate 119 must be activatcd (X = N R 2  or OR) and 
when X = OH, the reactive form of the substrate is usually the conjugate base 
(X = 0-). The control of the p H  is therefore important, especially since the 
concentration of the active diazonium ion decreases rapidly in basic solution (see 
Section 1II.B.l.a). The kinetic equation (43) is followed for coupling of benzene- 
diazonium ion to phenol, where [ P ~ O H I T  and [ P h N i h  refer to the total concen- 
trations of phenol species (PhO-+ PhOH) and diazo species (PhN', PhN20H, 

(43) Rate = - = k[PhN:][PhO-l = k,bs[PhN:1~~[PhOH]~ 

PhN,O-) in solution. The observed rate of coupling is at a maximum at c. p H  10 
and then decreases in more acidic and basic solutions. In acid, kobs is inversely 
proportional to [H+], due to the depletion of the reactive PhO-; in base kobs is 
inversely proportional to [HO-] due to the conversion of PhNz to the unreactive 
diazotate102. 

d[l21] 
dt 
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Either the initial electropliilic step (k , )  or thc subscqiient proton trznsrer (k,) can 
bc rate determining dependent on tlle substrate and the conditions used. When the 
second step (k,) is rate determining, this is readily recognized by the appearance of 
general base catalysis and a primary isotope cffect (large krr,/kn Thus 
p-nietlioxybenzcnediazonium ion reacts with I-naplitliol-4-si~lplionic acid and its 
2-deutero analogtic at thc same rate. However, wheii a more elcctrophilic reagent is 
used (p-chlorobenzenediazonium ion), kU/icu = 6.5 lti-*. m . Steric factors can also 
influence the magnitude of the isotope effect observed, and in a careful study by 
Zo l l i r~ge r~~’  steric effects on the forniation and base-catalysed breakdown of the 

Whcland intermediate 123 have been examined. The substrates used werc 2-naphthol- 
G,S-disulphonic acids and the kinctic equation follo\vcd was (44). The major influence 
of the butressing substituent R on k, u ~ s  clcctronic. the sizc of the substitucnt being 
unimportant. Tl;e ratio k , / k - ,  however \vas scnsitive to the sizc of I< and i t  was 

k k. .[B]/k-,  - d[122] -- - [Ar‘H] [ArN,+*] 2- 
dr 1 +k,[Bllk-, (44) 

concluded that the niajor efTect of increasing the size of substituents about the 
coupling site was to hindcr the approach of the base (pyridine), i.e. to reduce k,. 
Thc siiiall cfTcct on k ,  was attributed to  the formation of a relatively unhindered 
intcrnicdiatc 123 in which the electrophilic species was in a pseudo-axial position, 
while thc proton to be expelled is i n  the saiiic plane as t h e  osygcn and the peri-  
sulphonic acid. 

The magnitude of the isotope effect varies systematically with the pK: ,  of the 
catalysing base as shown i n  studies of reactive arenediazoiiiuni ions with 2-naphthol- 
5,s-disulphonii There is an apparent tiiaximutii in the plots of log ( k n / k ~ )  
against pK, ,  of the catalysing base when the difference in  p&’s of the base and inter- 
nicdiaic, akin to 123, approach zero. However, thc pKa of the intermediate is low 
(c. 1) so that rhere are fcw bases on the descending limb (pK,c  I )  becattse the effect 
of these \ w a k  b a x s  is ovcrwhelmcd by \vater itself acting as a general base. 

(i) Site of coupling. The normally prefcrrcd site of coupling is pnra to the 
activating group and large amounts of orilro substitution are only rarely observed. 
The products are ;!Is0 /ru/is about the azo linkagc, probably arising from the 
reversiblc first step i n  tlic coupling reaction which results in a highly selective 
clectrophile; base removal of the proton may also be facilitated in pnrcl attack. 

I-lo\vevcr i n  naph~linlcne derivatives, substantial amounts of ortho substitutiori 
are observed \vhen a n  01-1 group is prcseiit i n  the I-position, which can be attributed 
to intramoleculsr geiicral-base catalysis of proton removal by this group. Thus 
coupling of I-naphthol (124) \v i th  benzencdiazoniiini ion gives 2- and 4-substitutiori 
128, 127. The formation of 127 is subject to gcneral-basc catalysis, but the formati011 
of 128 is not, possibly duc to inti.ariiolecular catalysis by thc prosimate ketonic 
group (125). The relative aiiiounts of the two pi.oducts 127 and 128 can thcrefore 
be changcd by  varying the concentr aiIon;m1ure of  the gzncral base prescntlcy. 
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Deprotonation of the Wheland intcrmediatc 125 can bccomc rate detcrmining \vlicn 
electron-donating substituents are prescnt in thc naphthol substrate'".'. 

Thc position of attack by bcnzencdiazoniuni ion on 119 is also intci~csting'7u. 
At high pH (where the phenolntc anion govcrns the position of attack), 130 is thc 
major product. At lower pH,  131 is fornied, attack occurring porn to the  diiiicthyl- 
amino group. Coupling with 2-naphthol (132) occurs at ihc 1-position to the 

(121) 

I 

:= N- Ph 

(195) 

I 

exclusion of 3- or 6-substitution. This is attribulable to the highly sclcctive naturc of 
the diazoniuni ion sincc thc aromatic structurc of  t!ic tinsub.;tittitcd ring in 132 
remains relativcly undisturbed Oti ly  whcn attack occurs at ttic !-position " I .  

OH 
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TABLE 7. Harnnictt p values for the rcnction of substituted benzcnediazonium 
ions173-177 

Substl.ilt2" P lug k(,& Site 
~ ~~ ~~~ ~~~~~~~ ~ 

Phenol 4.20 4.13 
4-Methylphenul 4.27 3.02 
4- Methoxy p Iieno I 4.09 4.50 
I-Naphthol 3.15  7.50 
I-NnphtholC 4.80 - 1.90 
I-Hydroxynnphtlinlcnc-l-sulphonic acid 3.94 1.56 
?-Nil pht 11 01  3.20 0 ' 2 6 
2- H y d r ox y ria p h t ha I e iic- 6-s u 1 p h o n ic ;I c i d 3.18 4 .70  
I - I4 y d ro x y -&a mi no n n 17 ti t ha I c II c - 3 -5 11 I p h o 11 i c nc i d 4.01 2.25 

4.1 S 0.97 1 - H y d r ox y-6- p kc n y I a ni i no n ;I p h t h n lenc- 3 -s u I p h o n i c 
acid 

4 
2 
2 
4 
1 
2 
1 
1 
5 
5 

The rcncti\e specics is the conjugatc base. 
At 20 "C (p = 0.3). 
The ncutral naphthol is the reactive specics 

Curved Hanimett plots a re  obtained with the  most reactive since thc 
rate of reaction of thc bcnzcnediazoniurn ions with strongly clectron-attracting 
groups may then approach the diffusion controllcd limit (see Table 8 and  Figure 7)13:. 
Howevcr, a contributing factor in  this case might be thc inclusion of orrho- 
substituted derivatives or non-additivity of substitucnt cn'ects in those ions with 
strongly electron-withdrawing groups. 

T A U L C  9. Rate constnnts of coupling of substituted bcnzcnctliamnium 
salts \+ i t11  I-naph[holatc and its sulplio dcri\:itive at 20 'C a n d  ionic 

strcngili 0.05 

/il ( I  1 1 i O l - I  miri-I) 

Subsritiicnt Dianion of 
Con1 pou nd on d w o n i  u in 1 -naphthol- 

con) poncnt I -N a 1) ht hol ;i t c No. 4-sul nhoni c acid 
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0 0 8  16 

El7 
FIGURE 7. Hammctt plots for the coupling of substitutcd benzenediazoniiim ions with 
I-naphtholate (curve I )  and the dianion of I-naphthol-4-siilphonic acid (curve 2); for 

substituents, see Table 8137. 

Some curvature was also li9 in the reaction of substituted benzene- 
diazoniuni ions with 133 ( p  = 3.90 for a plot of log kobs vs. (J+ when data for strongly 
electron-withdrawing substituents ( X  = p - N 0 2 ,  rri-CI) are not included). For the 
strongly electron-attracting substituents i t  is proposed that H,O is not acting as a 
general base for proton removal in  the transition state (see 134). This is supported 

b + @ y  
so; s 0; 

X 

(1 33) (134) 

by the obscrvation of a positive entropy of activ2itioii ( A S  = + 17 to I S  C . U .  for 
X := p-NO,, m-CI), whereas AS is close to zero for the other substitutcd benzene- 
diazoniuni ions. HoLLever, the incursion of diffusion-controlled kinetics could also 
explain these results. 

(iii) Reactivity of substrate. Thc prcsence of siibstitueiits i n  the aryl group 
reacting with the diazoniurn ion has ;i dual efyect: c!ectron withdra\\al increases the 
concentration (at pH's below the pK,) but decreases tlic rcnctivity of the  phenolate. 
With substitilted anilines, unless studicd in  acidic solution (<  pH 4). electron 
\vithdrawal decrcascs the nuclcophilicity of tlic siibstriitc as obscrvcd for other 
aromatic subst i t  utcd reactions. 

Thc  reactivity order for bcnzene (or naphthaleiic) derivntivcs is -0- > NR,> 
N H R > O R - O H  + Mc, as cxpccted 011 the basis of thcir I - lnn in i r t t  (T constnnts; the 
ionized phcnolate is c-. 10'O-fold more rcactivc: than phcnol itsclf. n.Iiich is the reactivc 
specics only in acidic solution. Similarly I -iiaphtIioIatcs arc 7-9 orders of'magnitudc 
more reactive than tlic ncutral naphthols's". 
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The presence of two anionic groups incrcascs reactivity of the substrate, but the 
efrect is not additivelE1. Pyrroles also couple with benzenediazonium ion, and 
kinetic studies1B2 show that both the neutral pyrrole (135) and the anion 136 (at 
high p H )  are The conjugate base of 3-methyl-1-phenyl-5-pyrazolone (137) 
is also the reactive species at the 4-position in neutral solution'*'. 

The reactivity of phenolate ion with bcnzenediazoniuni ion is about an order of 
magnitude greater than that with hydroxide ion. Bunton and coworkers121 have used 
this to estimate second-order rate constants in  basic solution using a conipctition 
method. Under these conditions at pH > S the rate of formation of 139 is given by 

Ar = a ArOH 

equation (45). The major species present in this region is the diazotate 138 and since 
li--J and I?,, are known, k, can be determined by estimating the amount of azo dye 

k ,  k,[Ar'O-I 
kobs = (k - -3 [H0- ]  + k,[Ar'O-I) (K. f [H+l) (45) 

(139) fornied (spcctrophotonictrically) RS a function of [HO-] and [ArO-1. The 
results (Table 9) show that the more reactive anions react with pyridine-4-diazonium 
ion closc to the difTusion-controlled limit. 

TAULE 9. Sccond-ordcr ratc constants for a ~ o  
coupling of pyridinc-4-diazoniiini ion at  

2 5  o c  121 

Coupling agent k, ( I  mol-I ~ e c - ~ )  
~~ 

p-H ytlroxybenzoate 
o-Chlorophcnol 
Phenol 
?-Naplit hol 
u-Met hoxyphcnol 
o-h.1cthoxyphenol 
2,G-Dimethylphcnol 
1 -Naphthol 
2-Methyl-1-naphttioi 

1.3 x lo5 
1.8 x 10' 
1 . o ~  105  

1.1 x 107 
1.2 x 1 0 7  
1.2 X 10' 
2.4 x 108 
1 . 9 ~  10" 
7.2 x lo9 

(iv) Displaccnient of groups other than H+. Zollinger'"' has shown that benzene- 
diazonium ion \vill displace SO, from 3-naphthol-I-sulplionic acid (140) to give 141. 
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An initially forrncd x complex between thc substrates prccipitates from solution 
(in water). Displacement of Br- is also observed (equation 47), and this reaction is 
catalysed by thiosulphate ion, indicating that the  loss of bromine is rate dctermining. 
A change in the rate-determining step to initial attack occurs in the displacements of 
CI- and I -  since no such catalysis is observed1ms. 

SO,H 

Br N=N-Ph 

HO,S HO,S 

Other groups which can readily be expelled as cationic species 
displaced. Thus porn substitution 
preference to ortho substitution. 

R - - C H o N E . l e ,  I + 
OH 

(46) 

(47) 

may also be 
of 142 by diazotized sulphanilic acid occurs in 

H 0 3 4 3 - N :  

H O , S ~ N = N ~ N M e ,  +- RCHO (48) 

4. Nitrogen nucleophiles 

Ammonia and simple aliphatic primary ainincs couple with arencdiazoniuin 
ions to givc triazcncs (144); in the presence of excess diazoniurn salt, pcntazcncs 
(145) may be formcd. With secondary amines the  reaction stops at the triazene 
stage. Since (a) thc initial coupling product may readily tautomcrize ( to  148), and 

ArN,'X-+RNH, . Ar-N=N-NHR+Ar-N= N-N-N=N-Ar 

ArNH,+RN; 7- Ar-NH-N=N-R ArN, 

(146) (147) (148) (149) 

(b) the coupling is revcrsible, diazonium ion and amine exchange (10 forill 146 and 
147) may occur (cspecially in acid), together \\ ith isomcrization of trinzencs to form 
ring-substitiitcd products. Thc  iiitcrmcc1ia;e triazene (144, I< = 14) can readily bc 
oxidizcd to an  aryl azide (149) by using arenediazonium tribroinidcs i n  the initial 
coupling rcaction (143, X = Br;) l3 I i ;  by labelling the diazonium groap and ammonia 
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with lSN, Clusius and c o ~ o r k c r s ~ ~ ~ .  have shown that the terminal nitrogen in 
phenyl azide (149, Ar = Ph) is derived from ammonia. 

The isonierization of triazenes [o p-amino azo compounds in acid (known as the  
diazoamino rearrangement, equation 49) has long been recognized as an inter- 
molecular rearrangement. 

The reaction occiirs in a stepwise fashion, resulting in the formation of a free 
diazonium group which can be diverted and trapped by a more nucleophilic a r ~ n e ’ ~ ~ .  
The  rate of rearrangement is increased by added aromatic aniine, suggesting a 
competing pathway in which the electrophilic species is the protonated triazenelgo. 

Hydrazine can couple with 1 or 2 moles of arenediazonium ion. With aryl- 
hydrazines (150), unsubstituted on the terminal nitrogen, elimination to  give aryl 
azide and aryl ainine occurs rapidly and the intermediate tetrazene 151 is not  
isolated. Because of rapid prototropy in the intermediate 151 four products, two 

ArN:+Ar‘NHNH, - Ar-N=N-NH-NH-Ar 

(150) (1 51 1 

Ar-N=N-N-NH, ArN,+Ar’N,+ArNH,+Ar’NH, G O )  
I 
A r‘ 

(? 52) 

amines and two azides, are formed (equation lg2; labelling has established 
that when Ar = Ar’ then equal amounts of all four products are formed. 1,3-Diaryl- 
tetrazenes (152) may also be formed (in sodium acctate buffer) and have been 
characterized by the formation of arylidene With hydrazinc t h e  
major product isolated is an aryl azide, usually formed in =. 90% yield, together x i th  
a small amount of hydrazoic acid’“. 

With hydroxylarnine, reaction of arcnediazonium ion at nitrogen takes a similar 
course. The intermediate hydrosytriazene is not normally isolated’”; in base 
eliniination yields arnine 155 while at pH < 7, decomposition to the azidc 154 is 
observed’‘’C. Thc formation of N,O in  basic solution could also be the result of 
reaction of oxygen \r,ilh the conjugate base of hydroxylamine. 

HO - ,- 
A r - N t  + NH,OH [Ar-N=N-NHOH] -< ArNH-N=N--O- 

hJ 
(1 53) 

IH I + 

4, 
ArN, .+ HIO 

I 
ArNH, + N,O 

V 

(154) (1 55) 

The reaction of arenediazonium silts \vi l l i  azidc ion provides ;I gcneral niethod 
for the introduction of the azido functional group (equation 51). Kinetic studies 
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have shown that the rate of  reaction with azide ion is far faster (c. 2 x I09-fold) Ig7 
than the ratc of phenyl cation forniation and various labelling experiments (using 
lSN) havc confirmed that  a direct displacement of N2 by N; does not occur. 

(51 1 ArN: ~ Ar-N,+N2 

The principal reaction involvcd is nucleophilic attack by azide ion on the terminal 
nitrogen to give, initially, a pentazenc (equation 52). Ritchie and Wright198 have 
investigated the kinetics of this process and obtained a p value of 3.2 for substituents 
i n  the arenediazoniuni ion. However several anomalies were apparent (e.g. for 

S,- 

p-nitrobenzcncdiazonium ion, N; was found t o  react faster than HO- whereas the 
reverse is true for benzenediazonium ion) and this led to thc conclusion100 that the 
rates observed were for the subsequent decomposition of the diazoazide, and tha t  
N; reacts faster than HO- in the initial stcp in all cases. This is supported by the 
magnitude of the p value observed which is closer to that for the equilibrium 
formation of syz-diazocyanides (+ 3-53)  than that Tor the rate of reactions of 
arenediazonium ions with cyanide ion ( p  = 2.3 I )  loo. 

Careful labelling expcriments by Clusius, Huisgen, Ugi and their  colleague^^^^-^^^ 
have demonstrated that the initial reaction yields two products, the pentazene 157 
and the cyclic pentazole 158 to the extent of 70% and 30% respectively (when 
Ar = Ph). Crystallinc pentazoles have subsequently been isolated (158, 
Ar = p-EtOC,H,; electron-donating substituents stabilize the pentazole) and shown 
to decompose to aryl azide and nitrogen'O'~ :03 . The possibility that the pentazene 
157 is also the precursor of the pentazole was eliminated by Ugizo4. Loss of nitrogen 
from the pentazene 157 occurs more rapidly than from the pentazole 158, thus when 

A r - i l -  

Ar = Ph there is an initial loss of about 707; N2 at - 4 0  "C the remaining nitrogen 
(from the pcntazole) is evolved whcn thc solution is heated to c. 0 "C ? O 1 .  

Detailed stLidies on the rates of decomposition of phenylpcntazolc (158, Ar = Ph) 
in a varicty o f  solvents slio\\. ;I relatively small cffcct (X-,,bS varies less than 10-fold 
bettvcen ti-hcsanc and 1 : I riietlianol-~.vater), typical of 1,3-dipolar cyclo- 
iidditions'"~b; formation of  the pcntazolc from thc dinzoniuin ion and azitle ion is 
thought to involve a similar concerted cycloaddition. The balance between pentazolc 
and pentazene can bc varied in the initial reaction; eIectron-\\fithdra\~,iiig substitucnts 
increase the proportion of acyclic 159 product. 
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C. Nucleophilic Aromatic Substitution Activated by the  Diazonium Group 

Thc diazoniuin group is more strongly elcctron-witlidra\ving [hail the nitro or 
trimethylammonium group and its efTect is approximately equivalent to two nitro 
groups. Lewis and Johnsonco6 have determined Hamrnctt ul, and u,,, constants of 
+ 1.9 and + 1.7 for the diazonium group from the ionization of benzoic and phenyl- 
acetic acids. These values have been successfully applied to other systems, e.g. the 
ionization of hcterocyclic diazonium salts?O' ; t he  diazonium group is therefore the 
most strongly electron-attracting group known. When direct resonance interaction 
between the diazoniurn group and the substituent is possible than the effectivc 
electron-withdrawing power of the diazonium group is greatly enhanced. Thus the 
pKn of p-hydroxybenzenediazoniuni ion (161) is as low as 3.40'"', due to the 
stabilization of the conjugate base by structures such as 162. From these data and 
data for p-aniinobenzenediazonium ions a 0,' value of 3 has been calculated for the 
diazonium groupzo6* 

H O O N :  O=(==J+ N = N  

The  electron-withdrawing character of the diazoniurn group activates the aromatic 
ring towards nucleophilic attack and displacement of suitable leaving groups can 
occur from the ortho and parn positions. As leaving groups I - > B r - > C I - >  F- 
[which suggests that thc displacement of the ieaving group from the Meiscnheimcr 
complex may be rate determining (equation 5 3 ) ] ? 0 ° .  Other groups which may be 

displaccd includc nitro (as NO,) a n d  alkosy. Particularly facile displacements can 
occur when the effcct of the diazonium group is augrncnted by other electron- 
withdrawing groups ( cg .  o-NO,) and reaction can then occur in aqueous solution 
at normal diazotization tcmperatures (c .  0 "C) ?lo-  (equation 53). This however 
may lead to a multiplicity of prodiicts since the 'activating' groups may tlicmsclvcs 

OMe CI 

be displaced (equation 55). Carbon-1 3 n.ni.r.G,'  and p.m.r.  or the benzene- 
diazonium ion are consistent with this behaviour since the largest dcshielding effect 
is in the p a r ~ c  position. 
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0. Metal-catalysed Reactions 

The Sandmeyer (56, 57), Meerwein (58, 59) and related rcductions to give biaryls 
(60) and  azoarenes (61) and arencs (62) possibly share a common mcchanism when 
catalyscd by a metal 01' rnetal ion (most commonly Cu', Cu" or nietallic CU 

A r  N t  > ArX (X = CI, Br, NCS) (56) 

- ArS0,H + ArS0,CI (57) 

-- A~CH-CHY (Y = -CN, -c -R,  -Ar ' )  (58) 

0 
II 

(59) 
Ar'CH=NOH Ar, 

Ar?  
C=NOH 

- A r  

itself)213. "'. Thc existence of radical intermediates i n  these rcactions2I' (at Icast 
under most conditions) is now generally accepted, but since thcir formation is often 
rate dctcrmining, i t  is difficult to obtain information on thc rolc of various orgnno- 
coppcr complexcs \vhicli may determine the product composition. The use of radical 
traps and other methods for the selective diversion of interniediatcs is widely 
employed. 

1. Sandmeyer reaction 
T!ie rate of formation of 163 (X = CI) catalysed by cuprous chloride is first 

ordcr i n  diazonium ion and in calalyst but inversely proportional to [CI-] 2 1 4 .  The 
lattcr obscrvation is explaincd by the conversion of Cu'CI, ([lie active form of the 
catalyst) to Cu'CI:-. The  rate-determining step is probably thc initial coordination 
stcp; electron-\~ithdl.a\vin~ groups i n  Ar aid reaction. Zollingcr"J has pointed out the 
similarily of this sequence to clcctron transfer by an inner sphere niechanism, i n  

+ [Ar-N=NCICu'CI] ArN; +CICu'CI- ~ 

1 . 1  

I 
I 
V 

Ar'+N,+CuCI, i- [A r -  N =N'CICu"CI J 

\\hich one of thc ligands acts as  ;i bridgc bct\\,ecn reductant and oxidant, proposed 
by Taubc"'". Thc electroii-tr;lnsfcr sequence is also similar to the proposed 
iiiecliaiiisiii of radical formation ourlined i n  Section II1.E. 1 ; the S; I IW scqtlciicc has 
also becn proposcd for other catalylic reagents, c.g. FcCI, '21!'. The relative reactivities 



556 A. F. Hcgarty 

shown in the Sandmcyer reaction (-CN> --I > -Br> -CI) follow thc same 
sequence followed in electron transfer by thc inner spherc mechanism. 

shows that aryl radical reaction w i t h  
Cu"C1 can occur; an alternative oxidative substitution process involving electron 
transfer to Cu" may also occur and this is most likely when thc initial radical can 

Extensive work by Kochi's 

Ar'+Cu''CI, [Ar...CI...CuCI] ___ 3 ArCI+Cu'CI 

Ar'+CullCI, - ArCuCI, := ArCuCI+CI- Ar'Cu'CI; 

ArCI-kCu'CI 

form a rclatively stable carboniuni ion spccics. These ligand transfer reactions arc 
extremely fast, with rate constants close to the diffusion-controlled limit (second- 
order rate constants are 3.6 x lo8, 1 . 1  x lo9 and 4.3 x lo9 I niol-' sec-' at 25 "C for 
transfer of thiocyanate, chloride and bromide respectively)'?2. Of couri e thc stcps 
outlined in these equations can take place i n  rapid succession \vithout ,issociation 
of the complex, in which case i t  would be difficult to trap free aryl radicals in solution. 

Apparent catalysis by cupric ion or by nietallic coppcr is lcss efrective than that 
by cuprous ion and i t  scems likely that initial electron transfcr occurs to form Cu' 
as the active catalytic specics213. 

The corresponding Sandnieyer-typc reaction to form iodoarenes (equation 56, 
X = I) proceeds in the absencc of a catalyst at room temperature. This has been 
attributed to the low oxidation potential of I - ,  which allo\vs i t  to rcducc thc aryl- 
diazonium ion, leading to aryl radical specks. 

2. Biaryl and azoarene formation 
The formation of 164 and 165 catalyscd by CLI' (tctr;ikis(acetonitrile) copper(1) 

pcrchlorate in acetone, \vhich gives a homogeneous solution) involt.,es radical 
precursors and arylcopper interniediatcs. Thus using methyl iodide as a radical trap, 
p-nitroiodobenzenc was forincd from p-nitrobcnzencdiazonium ion and the yields 
of 164 and 165 were reduced to the sainc cxtcnt":'. This rulcs out the non-radical 
pathway (Scheme 7) suggestcd by Cowdrcy and Davies"'. Direct reconibinntion of 
aryl radicals to yield 164 0 2 0  is also unlikely since the rcaction order i n  Ar' would 
then be second order whercas the cstimatcd order is between onc and two. 

( A  r N .) ?CLI CI; 

CUCI; + 

7 Ar, + 2 N, + 2 CuCI, -* -+ Ar-N=N-Ar + N, + 2 CuCI, 

SCIlCXlE 7 

A comprehensive set of pathnays suggesied by Cohen"' is ouilincd in  Scllclnc S. 
The rate of formation of biaryl and azoarcne is second ordcr i l l  Cul catal;:$r: I ( > \ \ ,  
catalyst concentrations are thercfore used i n  thc SanJmeycr rwciioii t i )  iiliiiiiiiizc 
these un\\.anted side-products. High conccntrations ol' Cu' ;iIso fiivour ;izo;ircne ;is 
opposed to biaryl formation. 

Initial generation of Ar' is suggested to occtir as outlincd for thc Sandineycr 
reaction. Analogies for most of thc stcps (Scheme S) arc availablc from other sttidies, 
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e.g. Ar,Cii' reacts with ArN; to give azo compounds. However the organo-Cull 
and CLI"~  species suggested probably have short lifetimes-analogoiis complexes 
have not as yet been isolated (although organo-Cu' complexes are well known)224. 
Other observations are consistent with this scheme: Cu" favours Ar-N,-Ar 
formation by reducing Ar2Cu"'; electron-withdra\~f~ng groups in Ar-N; favour 
.4r, formation, consistent with the ArN: group acting as an oxidizing agent. 

Ar' + Cu' -- ArCu" 

Ar' + ArCu" .- Ar,Cum 

Ar,Cum ~ f Ar, + Cu' 

A r 2C u" Ar,CuUI + Ar' + N, 

cu '  

ArN; 
Ar,Cul - ---f ArCu' -+ ArN,Ar 

ArN; 
ArN,Ar + Cur 

SCHEhiE 8 

Reduction to ArH can occur when the Ar radical is trapped by a suitable hydrogen 
donor, e.g. an alcohol or ether. This pathway is also well recognized in reductions 
in the absence of metal ions (see Section 1II.G). 

3. Meerwein reaction 
Both addition and substitution products result in the catalysed arylation of un- 

saturated compounds. The reaction is first order in  Cu'CI; and ArN:, but gencrally 
independent of the 1insaiLi;ated substrate. This suggests that formation of Ar' is 
rate determining; thc further reactions (Scheme 9)225 may however occur before this 
dissociates completely into solution since attempts to trap radical species or inducc 
polymcrization have not altvays been successful. The Cu"CI, acts as an oxidizing 
agent involving either hydrogen abstraction or chloride addition. The use of an  
excess of CiillCI, is therefore advantageous in that the trapping of the radical is 
induced before polymerization can occur. Because of the similarity of the reaction 
conditions, the  us~ial  reduction products (164-166) are formed concomitantly in 
bleer\vein reaCtions?11. ??G-??L(. 
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Ar'  i- CH,=CH-Y -- > A ~ C H , - ~ H - Y  

CuCl -+ + CI- f ArCH=CH-Y Ar-CH,CHCI-Y 

-I- 

CUCl 

E. Arylation 

1. Via aryl radicals 
Using a variety of substratcs of the  general type 167 arylation of aromatic sub- 

strates can be achieved (this is known as the Gomberg-Bachmann synthesis)229. 
There is good evidence that these reactions involve a free radical chain, with the 
aryl radical (Ar') as the reactive species. 

Thus nitrobenzene is inore readily arylated (c. threefold) than benzene, which rules 
o u t  a highly electrophilic species such as Ar+ 230.  Nitrobenzene is arylated in the 
ortho and pnrn positions (with c 10% metti) and the ratio of isomers formed is similar 
to that observed when phenyl radicals from other sources (e.g the decomposition 
of benzoyl peroxide) are 232. The electrophilicity of the radical is increased by 
the  introduction of electron-withdrawing substituents (e.g. p - N O , )  but when 
Ar' = p-MeC,H; or p-MeOC,II; little electrophilic character is shown 23:1. 

The reactions however show sonie unexpected fcatures such as the absence of 
dinieric and disproportionation products (equation 63) \vhich arc normally formed 
in reactions involving phenyl radicals234. 235. Moreover, when X = CH3C02- 
acetic acid is formed rather than the expccted2J6 radical products from the 
decomposition of an acetoxy radical (CH,CO,). Most of the controversy has 
centred on possible explanations for these observations. Clearly any mcchanisni 
must provide for eficient hydrogen abstraction from 168. 

A r ' l l  
Ar-N=N-X ----+ Ar' Ar-Ar '  

(1 67) 

( X  = MeC0,--, R,N--, ArN,O-) 

The simplest route to 167 (X = OCOCH,) is by preliminary rearrangement of 
Ai-nitrosoacelanilides (usually at room tempcrature in the aromatic compound as 
solvent). The acetate (169) can also be prcparcd by direct reaction betnwn the 
diazonium ion and acctnte but this mc!hod is less satisfilctory and side-products 
may prcdominate. The initial rearrnngerncnt (equation 64) (which has been shown 
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to be iiitraniolccuIar)"~', 238 is rate determining for phenylationZJQ, so that most of 
the studies have concentrated on product analysis. Ruchardt and Freudenberg2'0 

N=O 
I - 

Ph-N-COMe -> Ph-N=N-OCOMe PhN:OCOMe (64) 

(1 69) 

proposcd that initiation of the radical reaction occurred through the formation and 
subsequent honiolysis of a diazoanhydride 170 (sec equations 65, 66). The phenyl- 
diazotate radical 171 (originally given a x-type structure241 which has subsequently 

(65) Ph-N=N-OCOMe P ---+ Ph-N=N-0- + (MeCO),O 

Ph-N=N-O' -1- N, t- Ph' 

(171) 

(66) 

been modified to G-type)9* then played the key role of hydrogen abstractor in a 
subsequent step (equation 67) to give the diazohydroxide 172. The acetic acid is 
then formed by reaction of acetate with 172 (equation 65) and the diazotate continues 
the chain process (equations 67, 68). 

Ph-N=N-OH+CH,CO; 7- Ph-N=NO-+ CH,CO,H (68) 

The presence of the irninoxy radical (171) has becn detected using e.s.r. methods 
by Cadoganss using a wide variety of solvents. Hey, Pcrkins and their 243 

have also detected the presence of nitroxide radical 173 (probably formed as out-  
lined in equation 69); however, this species is not present in all the solvents studied 
and i t  is questionable whether such a stable species would provide the rapid hydrogen 
abstractor required. 

N 0 P h -N -0' 
I I 

Ph'+Ph-N-COMe - Ph-N-COMe (69) 
(173) 

The possibility arises that in spite of the detection of 171 (and in some solvents 
173), these may not  be the principal spccies involved in chain propagation. In fact 
an alternativc and simpler chain process was also proposed by Cadogan and 



560 A.  F. Hegarty 

coworkers94 (Scheme 10) involving electron transfer between the radical 174 and 
benzenediazoniuin ion, followed by proton abstraction by acetate ion. 

Ph' + PhN: ----+ C.H. pho + Ph-N--.N' 

1 H --- '  
(1 74) 

M e C 0 ; l  

Ph' + N, 
Ph-Ph 1- MeC0,H 

Aryne and phenyl cation formation are of course competing reactions (see Section 
III.A.8) and the free-radical pathway can be suppressed by the addition of a suitable 
radical traps5. 

Only minor modifications of equations (66)-(68) are required to explain the 
formation of aryl radicals from diazoniurn ions in the prcsence of base. Again i t  is 
proposcd that the diazoanhydridc 170 is forrncd and that i t  is the active radical- 
producing 

The  absence of diinerization is explicable i n  terms of the high reactivity and low 
concentration of Ar' in solution. The short lifetime of these radical species is 
einphasizcd by the intcresting that decomposition of optically active 
2-methyl-6-nitrobiphenyl-2'-diazonium ion (in the presence of 110-) gives a n  
arylated product (175) in which there is > 80'x retention of configuration (equation 
70). 

2. Via aryl cations 
Small changes in solvent, rcactants or reaction conditions or even in the presence 

or absence of oxygen2J7 may be sufficient to change the incchanisni of a n  arylation 
reaction from free radical to ionic and iice c w s n .  Several groups of workers havc 
described conditions where the aryl cation pathway is favoured60. 218-257.  

KObayaShi'S2j3-?57 detailed work on  the decomposition of benzenediazoniuni 
tetralluoroborates shows that i n  aprotic solvents (MeCN, DMF and nitromethane), 
phenyl cations are produced which attack the aromatic substrate in the slow step; 
the partial rate factors for modcl free-radical and cationic phenylations of substituted 
benzenes were used to determine the mechanism. Ionic phenylation was also 
proposed using bcnzenediazoniiini 2,2,2-!rifluoroacetate; but in niethanol and 
pyridine, the rcaction is free radical?", Gu. 

Similar results have been reported by Zollinger's group2j1. Thus 176 in 2,3,,2- 
trifluoroetliano! (TFE) gives only  the etlicr 178 and fluorobcnzcne 177, by an ionic 
mechanism; the  rcaction is strictly first order in  176. Hoivcver, addition of even slnall 
arnoiints of pyridine decrcases the yields of 177 and 178 and increascs the amounts 
of benzene, biaryls and diazo-tars (typical homolytic products). The addition of 



Tiic radica!-j~rodiiciiis specics which is foriiicd on the additioii of methanol, 
pyridinc, .A', h'-diphciiyl IiyJroxylniii i i ic or ni I rite ions, probably  rcsirl t s  from ini t in1 
nticlcophilic ;ji!;iik at iiic icrniinnl nitrogen of ilic arciicdiazonium ion I'ollowcd by 
hoi:iolyiic clc~!..:agt. (S.ztion II1.E. 1 ) :  i n  the case of pyriclirie tlic ixdiccll spccics thus 
prociiiccd ( i79,  tci:i.ic(I ;I gcgcnradical:") is not particularly slablc an<! tlic driving 
forcc i n  this CLISC is I h G u g l i t  io be the high iiiiclcopiiilicity of pyridine itself. 

The balance bctuccn the free r;idicnl and ionic pat!i\cays can also br: shifted by 
sitbsti:ucnts in  tlic arci ic group. Hence tinder conditions v.,licIc benzencdia~oniti~ii 
ion rciicts by a poI:tr iiiccliiinisiii i n  D h4SO (a p o o r l y  nuclcophilic solvciit). p-nitro- 
benzcnedia/o!ii~iiii ion sivcs typical homolytic prol!tic:s"':'- 2.*u. This is csplicable in  
terms OK tlic rcl,itivc sl;ibiliiics of A r '  and A r :  v < I x i i  . 4 r  = Ph and p-NOIC,H., 'J)i. 

111 _=encral. in  the i!bsciicc o f  catalysts, cycliration i i i  ;iciJic solutioii occtirs via 
nryl  cation formation. partictil:irly i f  the anion involved is not ;I good rcdticing 
reagent (c.g. BF;; C1- on ilic otlicr hand may give risc to radic;il reaction)'", leu, :'*'. 
Cyclization in  basic solution is probably free r,idical i n  cIi;ir;ictzi.2'*2 (via diazo- 
anhydride formation, sec Scction l1I.E. I )  \vIici.c;is those catalysed b y  copper metal or 
cuprous ioii arc radical in  clinritcter \vhethcr tlieg arc carriccl out iii acidic o r  basic 
solutioneG3, 2 ' ; i .  These reactions ;ire thus iiicchanistically analogous to intcriiiolccular 
arylations (scc Section I l l . D . 2 ) .  

Thermal dccoiiiposition of 7--diclzoiiiui;ibenzopIicnon.: 1SO illustrates these 
points2739. I n  tlie absence o f  copper catalysts the reaction is probably ionic (cquation 
72) and the products \<'ere tluorociiout: (18 I ,  65;;) and I-li)..drosybrnzopl~ci~oiie 
(182, 357;) 2 > 7 .  Addition of ;I s i n a i l  ;iiiiotiiit of  copper had liltlc eH'ect on the prodilct 
composition or thc reaction r:itc' h u t  thc addition of cuprous oxide (or ;I large 
quant i ty o r  C'LI) incrciiscli the ixtc o f  dcco:iiposition di~:iiiiiitically a!id thc iiiajor 
projiict is the Ilirorciionc; IIIC <orii>,atioii of I - h y d r o x y b e n z o l ~ l i ~ ~ i o ~ ~  (182) IS 

10 
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virtually eliminated under these conditions and the only other product is benzo- 
phenonc (185) formed in c IOY, yield"". The intermediacy of the radical 183 (which 
cyclizes to give the more stable radical 184) is proposed. The radical intcripdiate 

& -- & ----' & 

183 can be diverted to give entirely the reduction product be zophcno c 185 in 
the presence of a suitable hydrogen source (e.g. RH = dioxan). Addition of a large 
excess (> 300-fold) of Cu(NO,), results in the formation of c. 90% 2-hydroxy- 
benzophenone (182). A possible mechnnisni involving electron transfer from t h e  

(185) 

radical to Cu(i) to give a phenyl cation can be ruled out both on the latter's instability 
and 011 the different ratios of 181 to 182 found from that obscrved in equation (72) 
above. As an alternative it  was suggested that transfer of H20T from the co- 
ordination shell of the cupric ion to thc phcnyl radical occurs; HO- was ruled out 
for this role since thc ratio of 3-hydroxybenzophcnone : Ruorenone forrned (in the 
presence of Cu,O-Cu(NO,),) was indcpendcnf of acidity ovcr the range 1.&0.01 hi. 
Similar results were obtained using ;i coppcr(1) amine complex as catalyst26i. 

A further mechanism of cyclization has bcen suggested f ronl  work involving, 
iritcr din,  electrochemical reduction266. This involves intramolecular reduction 
proceeding through an intramolecular charge-transfer complex in which electron 
transfer proceeds with simultancous release of nitrogen within the solvent cagc 
(equation 73). 

A uscful criterion was introduced by Huisgcn and Zah lcP7  to distinguish between 
radical and ionic pathways based on the very low selectivity of the phenyl cation 
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(relative to the radical). The decomposition of diazotizccl 2-(r,-aminobenzoyl)- 
naphthalcne (186) yields two products, 187 and 188, resulting from attack at the 
two sites adjacent to the acyl group. 'The ratio of 187 : 188 ho\\e\zr \.nries with the 
conditions uscd for the decomposition from 2.4 in acid solution (where a phenyl 

n 0 

R 

& N=N . ... .: , R ,a I .... . ,  R 

I 

0 0 

cation intermediate is implicated) to 9.5 in basic solution (free radical). The C L I ~ O -  
catalysed cyclization also gives a ratio of c. 9, consistent with the mechanism 
suggested abovezs9. The selectivity of thc two internicdiatcs decreascs, so that the 
ratio of 187 : 188 decreascs somewhat as tcmpernture is increased. 

Aryl group migrations related to the Pschorr cyclization have also been rcportrd 
(equation 74)2G3. Cyclization to an aliphatic side chain can also occur (equation 75); 
a radical mechanism has been proposed in this instance'G'. 

CMe, Y 
Me Me 
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Intramolecular hydride ion transfer to a plicnyl cation 190 (pi.oJt1ccLi b y  thermal 
decomposition of the diszoniuiii compound 189) can also occtli."". .l'[ic: driving 
force for this rcaction is probably t l ic foriiialioi? or' thc sIabili/ed a z x a : . b o n i t i ; n  i o n  
191. On treatment wit11 water the final products obtained arc 193 and bciizaldchydc. 

In addition l-phcnyl-2-benzylphtIialiriiide (192) is formcd and a meclianisrii involving 
cyclization of thc phenyl c;ition 190 (rather t h a n ,  S A Y ,  cyclization of 191) is r'iivoiired 
sincc 191, prepared intlepcndcntly. \\YIS shown to be stablc i n  ; i n  incrr sol\'ciit with 
respect to ring formation. I n  thc prcsence o f  Cu,O, tlic rcnction bccomcs frce 
radical and 1,5-hydrogcn atom transfur occiirs r;itIicr tlian iiytii.ide ion transfer2", 
using 194 as substrate. \Vhcn one of thc iiiethyl grotips \\.is labelled \vi l l i  ticutcrii;iil 

the surprisingly low isotope cffcct of t ' 1  \\.as obsci.vc.d f o r  hydrogen absirastion. 
This ho\vevcr was attributcd to ratc-dcteriiiiniiig rotation ;ibotit the carbonyl C-N 
bond. When both nicthyl groups where labcllcd w i t h  2 dcutcriuiiis thcii a corrcctcd 
isotope effect of 7.6 is obscrved2;', 2 7 2 .  Hydridc ion transfer to the a r y !  cation is, by 
contrast, characterized by ;I much loner primary isotope efTect ( 1  '4) ':*I. 

G. Reduction 

Reduction of diazoniuni ions t o  arencs, biaryls and  ;tzoiircnes has ;ilIe:idy been 
refcrrcd t o  in metal-ion catalysed reactions (Section 1Il.D). These are  also coiiiiiion 
by-products i n  other hoinolytic reactioiis of tlie diazoniuiii ion (Scctioii I I1.E. I ) ,  
although specific reagents have been de\.clopcd to maximize tlie yields ol' the i.etluction 
products. 

Thus hypophosphoroils acid or alcohols have bee11 iiscd to forlii ;ircIics. The 
niechanisni of reaction of  hYpOp~lOSphorolIs acid involves ;I frcc radical chain, with 
t h e  initial radical SpCCiCS bcing generated citlicr by osidation (t~.;~ces 01' oAidiziiig 
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or by nucleophilic attack by 11,PO, on the agents Iiavc a catalytic cflcc1)":'- 
dinzonium ion followcd by honiolytic clcavage (equation 76). 

ArN: +H,PO; Ar-N,OPOH, e- Ar'N,H,PO; 

Ar'+H,PO, -- ArH+H,PO; 

ArN:+H,PO; -- Ar'+N,+H,PO: 

HzPO'+H,O H,PO,+H,O+ (76) 

Both alcohols (particularly methanol) and ethers (us~.ially dioxan) have also been 
used to acliicw a n  cflicicrit rcilticiioii, b u t  tlic conditions, c.g. csclusion of 02, use of 
bun'cred solutions (siiicc aryl Cali311 formation may predoiiiinate in acid). must bc 
carefully controlled other\\ ise yiclc!s may be eri.ittic27". I n  thc presence of diosan 
citrtl D,PO, hydrogen abstriictioii (to give ArI-I) occtirs prefcrentially from the 
d i os a i i 2 7  G .  

T h c  kinetics of reduction of  ;ircncdiazcriiitiiii ions wi th  ctlicrs (equation 77) have 
bcen studied (by folloiving tlic rate of nitrogen evolution) by Ruchardt and co- 
\\.orkers';;. \\ : i t t i  p-clilorobcnzcncdiazoiiitim ion, litifl'ered at p H  45,  thcre is a 
consicicrablc induction pcriod. T l i c  iiidtictioii period c a n  be reduced by (a) an 
increase in ptl ,  (b) ihc prcsence of osygcn and (c) addition of Cu', Fe", I - .  T h e  

+ 
A r N; X - + R C H,3 R -? N, + A r H + R - C H = 0 RX - (77) 

initiation stcp(s) (cqtiations 78, 79) suggcstcd i nvo lve  clcctron transfer from diazotate 
(favoured by high p H )  or from the iiictal ions or I - .  Oxygen is siiggested to initiate 

ArN; --- P --> Ar' (78) 

RCH,OR ---> ---> RCHOR (79) 

via a n  riltcrnativc proccss involving tlic ctiicr (eqiiation 79j. A frcc-radical chain 
rcaction (ScIieiIic I I )  is also consistent \:.it11 t he  obscrviitiou that radical traps (c.g. 
BrCCI,,) iiihibil arciic forlnation. 

Ar'+RCH,OR -- ArH+RkHOR 

RtI-lOR+ArN' ArN;+RCH=hR 

ArN; --> Ar'+N, 

SCtILhIE 1 1  

Aryldiiminc (ArN,'h) for l i iat ion can t?c rtiled otit as a n  intermedintc since this 
ticcoiiiposcs \.i;i ;I carbanionic path\ray and the product would then contain 
dctiteritiiii ~,:\ril) i n  tl:c prcscncc of I>>,O, wliich \KIS not obscrvcd. The ratc of 
reduction arictl \ \ , i t11  i I i C  iiatiirc of tlic ether (1,3-diosan =- Ttl F > tiiosaii > glyme) 
and  thc ~irciicrli;\70iiiuiii ion (p-NO,C,H, > p-CIC,I-I, > I-naphthyl ;p-anisyl). 
consistciit \\.it11 cq!!alioii (7s) and Sclirmc 1 I .  

A sirxilxr nicch:iiiisiii has bce!i proposed133 for the reduction of p-plienylcne- 
I1istliazo:iiiiiii ion (195) i r l i  alcohols in aqticous acid solution which follows 
cqti';t ioii (:XI). Wic in\*c.r:;c clepcntlcncc on [tl '1 is accotinteri for by the initiation 
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mechanism (via the diazoanhydridc or clcctron transfer from the diazotate). When 
propanol-2d was uscd, a primary isotope effect ( k ~ ~ / k l >  c. 6 )  was observed in product 
formation, but not on  the  ovcrall rate; this is typical for such and 

indicates that hydrogen (deuterium) abstraction occurs at a ratc which is less than 
diffusion controlled. With ally1 alcohol thc kinetic form follo\ved and the isotope 
cffects are dinerent and product studies show considcrable polymerization (possibly 
initiatcd by a Mcerwein-type addition to the unsaturated ccntre)'". 

An interesting initiation process using irradiation has becn d c s ~ r i b e d ' ~ ~ - ~ ~ ~  
(equation 81). The method is quantitativc and removes some of the uncertainties 

H,O - e - r  

HO' (or H')+RCH,OR' ___+ 

e,+ArN,C - ---+ 

Ar'+RCH,OR' -- - ->  

RkHOR+ArN; ----+ 

Ar'+ArN; --- 3 

.+ 
ArNN-Ar+RCHOR -+ 

e;yq, HO', H', H,, H,O, (81 1 

R~HOR+H,O (or H,) (82) 

Ar'+ N, (83) 

ArH + RkHOR' (84) 

Ar'fN,+RCH=GR (85) 

A r k i  Ar  (86) 

+ 
ArN=N-Ar+RCHOR (87) 

inherent in the thcrrnal nicthods. Subsequent reactions (cquations 8 2 4 7 )  yield the 
azoarcne (the key stcp being aryl radical rcaction w i t h  the arcnediazoniuni ion", 
equation S6) and arenc by hydrogen abstraction from the cthcr (or alcohol when 
R' = H); aldehydcs arc  produccd quantitatively when alcohols arc used as reducing 
agcnts. Packcr and coworkers2qa-2s2 show t hat wit h appropriate alcohols (e.g. 
cthanol) both I ~ . ( C H , ~ H O H )  and $(eH,CH,OH) radicals are produced, but that 
only the u-radicals react with the diazoniuni ion according to cquation (85). 
Bcckwitli and Nornia11"~~ havc shown that the c.s.r. signals due to T.-radicals from 
ethanol and mcthanol quickly disappear on addition of ArN,C. The results also 
suggest that the possibility of tcriiiination by aryl radical dimerization (biaryl 
format ion) proposed by 

1 n basic sol t i t  ion (anh y d r oils niet li a no1 con t a i n i ng met h ox irlc ion) Bun ne t t and 
Takayama129 havc proposccl that reduction occurs via t \ v o  competing pathways: 
(a) ionic, in which the hydrogen on the arcnc (formed as product) c o n m  from the  
methanol - O H ,  a n d  (b) a radical chain mcchanism in which the chain carrying 
species is 'CH,O- (rather than 'CH,OI-I a s  proposed in acid). The radical 'CH,O- 
is expected to give a particularly ellicient route to Ar'; after rcaction with A r N i ,  
the Icaving group for hornolytic fission is formaldehydc. 

i s  reniotc. 
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Phenyldiazenc (196) formation has becri directly observed as a reduction product 
of iircnediazoniuni ions with sodium borohydrideca4# 3as. The diazcne 196 is rapidly 
converted to arene in the presence of basc via a mechanism involving loss of N, from 
the  diazene anion28". Thc isolation of 196 is only possible under anaerobic conditions; 
however electron-withdraiving substitucnts (e.g. NO2) stabilize 196 towards aerial 
oxidation2". 

X .= H, NO, 

I 
Y 

(1 96) 

Aryldiazene intermediates have also been proposed in thc reduction of arene- 
diazoniuin salts using stannous chloridc and related reagents; the products are the 
corresponding hydrazines (equation 8s). Reduction by bisulpliite has been 

(a81 ArNC ~ > [Ar--N=N-H] ArNHNH, 

shoWn?SYb, L'Y'J to occur via the svir diazosulphonic acid 197 (see Sectidn JII.B.7). 
The arylhydrazine sulphonic acid (198) is an intermediate and trcatincnt with acid 
yiclds the arylhydrazine 199. 

SIIC'I, 

H '  
> ArNHNH, A~N; -+ I -- Ar-NH-NH-SO,H -- 

SO;- Ar  SO,H HSO,H 

(198) (1 99) 
N=N 

(197) 

IV. S Y N T H E S I S  O F  DIAZOALKANES 

A. Nitrosation of Primary Arnines 

Direct reaction of primary aliphatic amines with nitrosating species in  acidic 
solution only yields diaroalkanes whcn the group R (in 201) is strongly elcctroii 
witlitIra\\ing (e.g. R = CO,Et, CF,, SORH, COR)'XS'. Proton loss from the diazoriium 
ion intermediate 201 to give the diazoalkane is compctitive with N, loss. Gcnerally 

RCH,NH, RCH,N: -- RCH=IJ, 

(200) (201) 

the synthcsis is only successful when an excess of acid is avoidcd (typically equimolar 
ratios of aniinc, NaNO, and HCI arc used) and thc diazoalkane is extracted into an 
organic laycr (c.g. CH,CI,) as soon as ii is formed. v.-t)inzo esters which react 
relatively slo\\,ly in  acid can he succcssfully prcparcd by this Acidic 
conditions can he avoided by tlic choice of nitrosating species (sce Section 1I.F). 
most typically by thc usc of NOCl 2!'u. \Vhcn a n  arencdiazoniunl salt has an acidic 
liydrogen thcn the corrcsponding rliazoulkanc may be formed on addition of base. 
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Equation (89) gives a11 cxitniple2'J1 and furtlicr csainplcs involving heterocyclic 
diazoniuni salts are given in Referencc 39. 

B. From N-Nitrosamides 

The most widely used niethod for the synthesis or diazoalkanes is the treatment 
of A'-nitrosaniides (202) \\,it11 base (ustially K O H  or KOEt in EtOl-1)"'- O g 3 ;  the 
diazoalkane is either directly distilled off or, more usiially, extracted into an organic 
layer prior to distillation. The Al-iiitroso-!\'-nlkyl COiiil>OtII1dS ased includc urcas, 
p-tolucne sulphamides""- L'!)i, tcrcpht liali:iiidcs23G, i i i  t rogila 11 idi ries"', oximidcs'!'7 
and stilphol:tncs2!'s. The mechanisms \v!iich have been siiggcsted are summarized 
in cquations (90) io (93). Base attack a! tiic car'sonyl is fnvourcd -.villi urethanes 
(YH = OEI)?!'~ but wi th  urcas direct attack at the carbor:yl is so s!osv tha t  the 
base reacts either to rcmovc an ionizible proton (equation 92, Y I4 = NH2)30U. or 
at the nitrosyl group (cqaation 93)';"2-300'. I n  the latter cxsc Y=C=O (c.g. Y = N H )  
is observed among thc produc!s. 'fix ElcB mechanisni (cqaaiioil 92) is favoured 
by Hecht's ~ b s e r v a t i o n ~ " ~ ~  :'01 that boil1 NnH and trictl:ylaiaine effect diazoalkane 
formation in dry solvents \vhcn Y H  = NH,. 

Prcliniinary rearrangement : 

0 

(202) 

Base attack at carbonyl: 

I RO 
R-CH,-N-C-YH --> 

I I  
0 I 

Y 

i 
RCH,=N, 

ElcB 

O=N 
I 

RCH,-N-C-YH 
li 
0 0 
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Attack at nitrosyl group: 

O==N -0- r.1 -OR H 011 0 R ' 
I '1 0- R ' o -  p R-CHz- N - C - Y H  * KCH,-N-C-Y RCH,-N-C - Y H  - 

I 

I1 I I  
0 

I 

II 
0 0 , 

-O-P! - R  0 .--j 
!I 4----- / . H O -  

! (93) 
RCH=Nz <- R - C H ,- N 

RCH=N, '--- R -CH,N,O R'  

A spccial mechanism involving an internal acylation of tlic dinzotate (equation 94) 
is indicated by IEcimlinger's nark \\liicli shoncd that wlien tlic osygen of tlic 
A'-nitroso group \\as labcllcd with "0, this \\;is incorporatcd in  the etliy! carboiiate"O". 

0 
II 

, C H ,C,Q E t 

f MeCOJ + il Me -C-- P4 -CH2C02Et -- 
I 
N=O 

V 

0- 
I  

C.  From Alkanediazotates 

So! id pot iissi 11 iii s j w d  iazota tcs (203) \\lien d issolvccl i 11 liyd roxyl ic sol veil t s give 
competitive rcxi ions leading to diazoalkancs (205) and tlic norinal products 
associated with alkylcarboniuni ion (204) foriiintion. The di;tzo:iIkinc 205 pre- 
dominates \\.lien K = H or when R i s  a group which can stabilizc the t'orming 
negativc c!iarge on carbon ( e .g .  R = Ar, CI--I,=CH-). Thus tlic riiciiiaiiolysis of 

-1. 

N=N L N=N + RCH, + N, -t HO- 
/ \ 7- / \ -  

RCtI, OH 
(204) 

R-CH, 0- 



570 A .  F. Hcgarly 

D. Other Methods 

Oxidation of isolablc hydrazones 206 with agents such as mercuric oxidc, silver 
oxide and manganese dioxidc in non-aqueous solvents has becn describcd (equation 
95). The action of tracc amounts of base as catalyst suggests a mechanism involving 
electron transfer from the hydrazone anion"oY-312. Tlie tendency of simplc aldehydic 

(95) 
- 

R,C=NNH, a R,C=N-NH -- > R,C=N, 

(206) 

hydrazones to disproportionate to syinmetrical 2,3-diazabuta-l,3-dienes limits 
this method to ketone hydrazoncs (e.g. 206, R = Ph). The diazabutadienes 207 
can also be converted to diazoalkancs via thc /\'-oxides 208, followed by pyrolysis 
(equation 96)313. 

+ C)C 
R,C=N -N =CR, -- > R,C=N-N=CR, +- R,C=N-N-.CR, 

G- f I 

(208) 
(207) 0- 

('36) I 
I .\ 

+ 
R,C=N, + O=CR, 

I ,  I-Eliniination from sulphonyl hydriizoncs in the presencc of base (known as 
the Baniford-Stevens rcaction)3iL'. nl: also gives diazoalkancs (equation 97). An 

P h - CH = N - NHS0,Ar 

P h- C E = PI - I? -SO, A r -- + PhCH=N, + ArSO, ct 
Arc-=N-NH, + Ar'SCI - Ar-C=N-NH-SAr'  __f Ar-C=N, (95) 

I I I 
H R R 

analogous reaction described by A ~ i s c l i i i c ~ ~ ~  uses o-nitrobenzene sulphenyl- 
hydrazones (formcd i n  the presence of trietliylaniinc) which undergo elimination 
in the prescnce of hydroxide (cquation 35, Ar' = 2-NO1CcH,). 

A n  intcresting reaction \vliicli probably involves a hydrazonyl chloride infer- 
mediate is the formation of tliazomcthane from chloroform and hydrazine (cquation 
99); the 1,3-dipolar ion 209 formcd on eliinination can undergo base-catalysed 
isonicrization to the more stablc diazoalkane300". 

H 
- 2  HC: z )=N-NH, -- pH'', H - t = N - - N - H  HCCI, + NH,NH, -- 

CI (209) 
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'The Fostcr synthcsis involves the reaction of an oxinic \ r i t h  chloramine (X  = CI) 
or hydroxylaminc 0-siilphonic acid ( X  =: OSO,,I-I, equation IV,A'- 
Dichloramincs rcnct similarly \vith hydrosylaininc in  the presence of methoside ion 
(cquatioii I O l ) ,  but the yields are poor":'. 

HO- 
R,C=NOH+NH,-X - + R,C=N,+H,O+X- ( 1 00) 

CI 
I 

R,CH-NCI,+NH,OH ___ > [R,CH-N-NHOH] -----+ R,CH-N=N-O- 

R,CH =N, (101) 

The structurc of simple diuzoalkancs can also be iiiodificd lvitlioiit losing the 
diazo function, most simply by an  clcctrophilic substitution at carbon: the reaction 
of acid chlorides witt i  diazomctlianc to gi\,e x-dinzokctones (scc Section V..4.7.c) 
is an example of this. 

V. REACTIONS O F  DlffZOALKANES 

A. With  Electrophilic Species 

1. Protic acids 

a. P~~-~~911 i I ib i . i i i t~ i  profomfioti .  Diazoalkanes arc generally stable in  base but 
undergo rapid rcnction in  acid solution. The products formed (see Schcme 13) 
may be complcx depending on the tendency of carboniuni ion 212 to undergo 
furthcr rearrangcinent and on thc nature and niiiiibcr of nucleophilic specks (X-)  
present. Kinetic studies havc shown32o that proton transrer to the nuclcophilic 

H H 
4 -. t H '  I I 

I I 
R' - C = N = - ~ R1-c-N: -+ R1-C-t -- + Rea r ra :: (1 e r i i  en t 

-. H * I 
R' R' R' \ - ~ a  

(210) (27 1) I (212) 'Y 

Alkcncs 
R '  I ;- &/ R' k N \  4 

I 
R'-c-x 

- +  
R' R '  

R'- C- N N 

R' I R ?  t= 32 
I 
2' 

(213) 
SCIiLt.11 I ?  

carbon occurs followcd by nifrogen Icss rind cirhcr of thc stcps can he rate dctcr- 
mining. Dinzoacctic esters (210, R' = EtO,C--, I<': = H). x-diazoketnncs (I lG,  
R1 = R"C0,  R' = H). ~-diazosiilpIioncs"" (210, R '  = R"SO,, R2 = H) : i i i d  tliayo- 
nicthane sho\v the charactcristics of ii prc-cqirilibriiim protonatio:i i t l :  (a) specific 
(ratlicr than gcnctal) acid c:italysis. (b) faster rcriction i n  IDLO than in H,O (since 
D,O' is a strongcr acid than H30T)321 and (c) dcuteriirin cschangc (fi' = H 
replaced by D) in tlic unrcncted diazoalkniic-":'. \Vhct!icr or iiol tlic nucleop!iilc 
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(X-) reacts with the carbonium ion (212) or \vitli thc diazonium ion (211) has been 
a matter of controvcrsy reniinisccnt of the corresponding dcdiazonization of arene- 
diazonium ions (see Section II1.A. 1); sevcral othcr routes to alkanediazonium ions 
(c.g. nitrosatioii of amines, rearrangenicnts of A’-nitrosamines, acidification of 
diazotates or alkyltriazenes) are availablc and the data for thcse rcactions have 
been uscd as supporting evidence for nucleophilic involvcnient. Weak nucleophiles 
(e.g. X- = H,O) probably rcact with thc  carbonium ion 212; howcver catalysis by 
CI-, Br- and I -  has bccn observed for diazoacctic cstcr dccomposition in  acid and 
interpreted in terms of nucleophilic assistancc in the transition statc. However, thc 
observed Swain-Scott”?’ s valuc of c. 0.3 indicates a low sensitivity to the nature of 
the nucleopliilc (as expected for a reaction involving such a good leaving group as 
N,)32S5, 326 

b. Pt.o/oti / t m t . y f c v  iiz shiv s/ep. Rate-determining proton transfer to the diazo- 
alkane 210 is observed with diaryldiazomethanes (210, R1 = R2 = Ph), aryl- 
diazoniethanes (210, R1 = Ar. I t 2  = H) and sccondary diazokctones (210, 
R1 = bleCO, P.? = Me). Thc apparent anomaly that thc rate-dctcrniining step 
shifts to protonation whcn strongly electron-\\,itlidraw.ing groups are tiof present 
in the diazoalkane is explicable in  terms of thc increased rate of N2 loss to give the 
more stable spccies 212 (relative to H +  loss to reform the diazoalkane). General 
acid catalysis is observed for diphcnyldiazoniethane with Bronsted LY close to 
0.5 32’. I’riiiiET; isotopc effects ( k ~ ~ / k , ,  = 3.5 and 3.6 for acetic acid and bcnzoic 
acids acting as general acid catalysts)2is* :32d clearly point to proton transfer in  the  
rate-limiting step. Moreover, the rcaction i s  faster in tl,C than in D 2 0  339. The 
(rapid) sirbscquent reaction of 211 (R1 = McCO. R2 = Me) with niiclcophiles 
CI-, Br-, I - ,  NCS- folloivs thc Swain-Scott rclationship indicating nucleophilic 
part icipation in the product-determining stcp. Elimination (to give alkenes) shows 
a primary isotope effect ( k l l / k r >  = 2.4), \vhich favours a n  EZ-typc mechanism for 
this 

Because of the casc \vi l l i  \vhich the reactions of diphenvldiazoniethane with acid 
can be followed this reaction has been used to investigate in  detail the mechanism 
of proton transfer and i n  thc study of polar and steric cffccts in  the catalysing 

When X- = RCO, (Schcmc 12). then  a rclativcly large proportion of the ester 
213 is formed and this route is widely used for ester alkylation undcr niild conditions. 
Moreover addition of  excess RCO; (rather than RC0,I-I) docs not change the  
proportion of ester formed. Roberts“”’~ 331 explained this observation in terms of a 
cyclic transition state  i n  which proton transfer from RC0,H is concerted with the 
nucleophilic step by the forming RCO,; thc formation of a tight ion pair suggested 
by More O’Ferrall”o is a limiting casc of this mechanism (Scheme 13) and is more 

aCid331, 332 

Ph,CHOEt <- EIOH Ph,CH+ 1 1  X-- Ph,CH-X 

1214) (2; 5) 

Sc i i cx ic  13  

convincing on thc basis of thc evidencc prescnted (e.g. the isot ope effect, using 
I’hCO,H(D) in ethanol ~ v a s  the same for the formation of 214 and 215, whereas a 
different isotope effcct might be expected for thc product foriiicd by a cyclic route), 



c. I Y c d  n c i d y .  With \veak acids (ArOI-I, IIOH) alkylation by tliazomethanes is 
slow and the forniaiion of cthcrs from aliph2tic alcol~ols is iiornially catalyscd by 
thc additioii of fliioroboric:t37 or tolttcncsulplionic acids".;3 or  of aluminium dkoxides 
(equation 102)33!". Ethers can also be a1kyl;itcd (e.2. Mc,O -, fvle,O.i) as can 

+ 4. 

RO-AI(OR),+CH,N, ~ > R-0-AI(OR), 
I 
H 

RGCH,+ A I (OR), (1 02) 

animoniurn ions (c.g. R,Ntl -. R3NMc)3:'3 using diazoalkane in  the prcsencc of an 
acid; the iisc of an acid with il counter ion of low nucleophilicity (e .g .  CIO;, BF,;) 
is essential in these 

Alkylation of enolizablc kctoncs or nmidcs can occur on osygen (nitrogen) or on 
carbon and at one time the ratios of 0 ICJ C alkylation products formcd were uscd 
to estimate equilibrium coiiceiitriltions or 11:c kcto-to-cnol tnutonicrs. Iloivcver, i t  
is now clcar that alkylation n o r m a l l y  occurs at the s;iiiic sitc froin \\ liicli the proton 
is rcmovcd and that the iiiajor products fornied ;ire kinctically controlled yielding 
the cnol ethers (0-alkylation) i n  spite of the low eqiiilibritiiii eiiol content. As 
expected for a reaction involving an ambidcnt iiiiion, !io\vtxcr, tiic ratio of C to 0 
nlkylation can be sensitive to the solvent, ion pairing, ctc."'2 

4. + 

d. ~ \ ' ~ ) i - / / ~ , f / / . ~ . ~ ~ , / ; ~ ,  solrozrs. I n  gencral, thc rcaclion of diazoalkanes \villi (strong) 
acids follows t tic sanie coiirse i n  non-hydroxylic solvents. For esumple, the reaction 
of Ph C N \\ i  t 11 p- t 0 I 11 c ties i i  I j> ti i  n i  c ;ic i d s 11 o\vs r ii t c- d c tc r I 11  i  ti i  11 g pro I o 11 I ran s fcr 
(kH//iI> = 3.0) in  diclilorometliniic, benzenc, acctoniirilc, dioxnn and DblSO "'I. 

The fastcst ratcs arc found in tlic dipolar aprotic DMSO a n t 1  this is attributed to 
dedimcrizalion of the acid which is not solvaied by  its conjugate b;ise i n  this solvent. 
Both sulpliinate (217) aiid sulphonc (216) arc: ob.;cr\xx! :!iiioii_c the :)roducts, but 
the sulphonc 216 is the solc product i n  nioic dissociating DMSO. 

I 

V 

Ph,tH I (  -0,SAr +--- [Ph,CH* -0,SArI 

I 
J. 

Ph,CHSO,Ar 

(21 6) 

Pt1,CHOSOAr 

(2i7) 
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C .  I ~ c ~ r i r t ~ a r g c ~ t t i o i t s  itrcoli~ittg ~ t t ~ ~ i t l ~ , ~ i i ~ i ~ o t i i i ( t t i  ion.~.  ,~lkailccliazo~iitt~ii ions (219) 
fortncd either o n  p;otonation of dinzonlkanes or nitrosation o i  primary aniines (or 
other similar routcs such as rc;irriingeinent of A"-nitrosamidcs) undergo similar 
subsequcnt reaciions:3J4s 3 1 3  including reaction wi th  the solvcnt (to give 220) or 
counter ion (225) and alkene 224 formation, often preceded by migration of a group 
u to tlic diazonium group. Hoivever, thc charactkristics of tlic carboniuni ions 

H R3 H R' H R' 
I I  I I  

I I  
R' R" 

I I  

I 1  I I  
> Rl . -C-.C-S RI-C-CN: X -  - R ' - C - C +  -- 

, R ?  R' \ R' R' Xj:\-. .,.,. (220) 
(218) ,-/';/ (219) \ 4 

H R' L' R' 
.t I c l  + I  

I I  I I  I I  
H R' R' R' H R' 

R' -  C - C-R' R?- C-C-R '  R'  - C - C - R' 
R' R' 

(224) 

.. 

I _  

H R' 
I 1  
c - c - x  
I I  

R' R' 

(225) 

E I i in i nalio n 1- S u 11s t itu lion 

SCltCME 14 

formcd by this routc are distinctly different from tliosc formed by other (solvolytic) 
routes (this has bccn termed a 'memory elTe~t')~'''. Thus the migratory aptitudcs of 
the neighbouring groups (K1, R' in 219) may be close to tinily, comparcd with valucs 
up to 1 0 J  in solvo1ysis3l7; reaction with the counter ion, X-, usually predoniinatcs 
over reaction with othcr nucleophiles present i n  solution. Thcsc reactions have bcen 
tlie subject of several rccent revicws and will be dealt with only briefly here343-350. 

T\vo alternative liypotliescs have bcen p u t  forivard to explain tlicse diflereiices. 
Streit\\,ieser'2s1. has proposed that the rearrangements ctc. occur, riot froin the 
carbonium ion (219), but from the diazonium ion (218). This would predict that 
migration of, say, R" is cot?co.fcrl with nitrogen loss. An alternative explanation 
offered by Huisgcn and Riichardt"j3 and cspanded on by Collins349 and others is 
that tlie carboniuni ion 219 actually lics on the reaction path\\.ay; however, the ions 
formed are of high cnergy ('hot' carbonium ions3:.' which are either vibrationally 
excited or unsolvated) and lack discrimina:ion either for the group \vhicli niigrates 
or  betv;ccn potential nuclcophiles. Because of thc particularly good Icaving ability 
of nitrogen from 218 (the energy of activation is 3-5 kcal mol-I). the carbonium 
ion 210 is formed with little solvent assistance (or solvent stabilization). The adjacent 
counter-ion X- of tlic original diazoriiutn ion retains its position on fas l  nitrogen 
loss, and reaction with X- within thc ion pair, rather than diffusion apart of the ions, 
is usually the major pathway. 

A distinction between these mechanisms can be made by observing thc stereo- 
chemistry of the migration process itself. Sevcral groups of \ v o r k ~ r s ~ ~ ~  have shown 
that when migration occtirs, the configuration of the migration terminus is partially 
or prcdoriiinnntly rctnincd. This would appcar to rulc ou t  an SS2-typc mcclianisni for 
migration involving thc diazonium ion 218, ut1iich \vould lend to inversion. 

The importance of ion pairing has bcen detiioiistrated3~'J by using chiral diazoniuni 
ions (218) with  "C-labelled acetate as the  counter-ion. The product formed with 
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retaincd configuration resultcd predominantly from cation-anion recombination 
within the ion pair. Acctate ion from the solvent also attacks thc intermediate ion 
pair. In this case the confi_ruratio:i is largely inverted indicating that the counter 
ion shiclds thc sidc from which t l x  nitrogcn Icft. The Iifctime of the ion pair is short 
sincc specifically O~~--labellcd acetate counter ion reacts largcly through the oxygcll 
or  igi nall y attached t o nit rogcn (i II N- n i t  rosoam ide dccompos i t ion). Cat ion-a n ion 
rccombination within thc ion pair can thcrefore compete even with rcorientation of 
the counter ion. 

2. Reaction with the  carbonyl group 

a. Alrlehydes atid krloties. Four products 226-229 are commonly formed in the 
reaction of diazoalkanes with aldehydes or  ketones and the relative amounts are 
critically dependent 011 thc reaction conditions. The reaction is catalysed by acid 

R 

R 
\ 

R’ 

,c=o + 

/-3 

\ 

\ 
\ 

.. 

\ 
,c=o 

R’-CH, 

(226) 

R\ 
C\HI 

c=o 
/ 

R‘l 

(227) 

R 
\ 

f,-? 
R’ CH, 

(228) 

R 
I 

I 
OH 

(229) 

R’- C -- C H = N, 

but occurs in  the absence of acid in hydrosylic solvents; catalysis by alcohols has 
also been The  relative amounts of ketonic products are increascd both by 
thc prescncc of proton donors and Lewis acids, c.g. AICI,, BF3;  in fact i n  the 
prcsencc of Lewis acids the solc products can be rearrangcd ketoiies3.;G. 

Kinetic studies arc  cpnsistcnt with thc existence of t \vo parallcl rcactions, 
initiated by cycloaddition of the diazoalkanc to the ketone in thc two possible 
orientations 230, 232”;’. Rapid ring opcning \ \ i t11  N, loss occurs to give 231 and 
233 rcspcctively (the direct formation of 231 and 233 with preliminary cycloaddition 
is also consistcnt with ~ h c  data). The internicdiate 233 01’ 235 can then rearrange 
(migration of R or R’) l o  givc 226 rind 222 35‘J-36?. I n  the prcscnce of a spccics (ROH, 
Le\\.is acid) capable of H-bonding or  coordination to oxygen in 233, the competing 
cyclization to givc 228 is minimized. Thc alternativc route via 231, 234 givcs solcly 
the cpoxide 228. The rate of rcaction is fastest \vi t l i  aliphatic aldehydes and in 
general aldehydcs rcnct more rapidly thai; ketoncs; SLI bstitucnt effccts in  the diazo- 
alkane show that the rate is incrcascd by an  incrcasc in the clcctrophilic character 
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Of carbon. Tllc niigrarory ap1iruilc.s of the groups R and R1 I ? ; IVC bsen stiidictl in  
detail and slioiv t l n i  ~ h c  group capable of' stabilizing positi-.rc charge is iiiost likely 
to niigratc. 

R '  
I 

R - C - 0  R '  
I 

R '  
1 \ 

R-C=O -> i ,CH? f R-C-OCH,N,' 

N=N ,/ (231) 

(230) c 

R' 
/(228' y' 

\ V 

R' 

R-&-C)CK+ ii (234) 

I I 
R - C - O-. R - C - - 0  --L 

I 'N T- I 

(232) 

H'C\N// CH?N: 

R'  

I 
C H: 

J (233) I 
226 + 227 C- R-C-0 -  

(235) 

When R or R1 is a chiral centre then migration occurs with rctcntion of  optical 
activiry3GS. Steric factors have also been idcntified in dctcrmiiiing thc group \vhich 
tends to migrate; thus [he rcaclion of 236 \ v i t h  diazomcthane givcs largcly 237, 
i.e. the most highly substituted carbon migratcs (clectronic control). Howevcr, with 

(236) (237) 

CH3CHN2, thc lcss hindcrcd carbon prcfcrcnr ially migratcs3G1. This niclhod of 
ring cxpansion, ilivolving the conversion of a cyclic kctolie to the next higher 
honiologue, has been widely used3G'. A sidc rcaction \\.it11 kctoncs \vliicli arc readily 
enolizablc is 0-alkylation. 

Conipcting rcactions occur tvitli diplienylkcten involving cycloaddition to thc 
alkene and ketonc groups; the products isolated arc 238 arid 239 3G:. cl,'j-Unsalurated 
ketones react somc~.vhat similarly; in  t hc absence of catalysts the niajor products 

Ph,C=C=O -1. Ph,C=N, _3 Ph,C-C=O 
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arc thc result of cycloaddition to rlic i:lkenc. lio\;cvcr, tlic atltlirion of BF, diverts 
the reaction t i )  give only hoii;ologou:; kc io i~cs~ '~~ ; .  

Thc foriiiation of tlic x-diuonlcohol (229) recluircs pro:oii loss from the inter- 
nwdiute 233, which roinpetcs with nitrogen loss. This is most likely whcn the cliazo- 
alkane has a strongly zlccti.on-\~ithilra\\.ing substitucnt (c.g. diazoucctic e s t ~ t - ) ~ ~ ' .  

b. f 3 t o ~ s .  Estcrs can be clcavcd by diazoalkancs giving cslcr interchange (cqiiation 
103); apart from isolated exceptions, tlic normal products expicled u-it l i  kctoncs 
are not observed. I t  \vas originally thoiight tfiiit  tlic estcr \ m s  first cleaved by traces 
of 1i or HO- and that the acid formcd tlicn rxactcd v,.ith thc ciiuoalkanc. I t  is, 
ho\vcvcr, clear rhat thc rate of reaction cscludcs sucli ;L i;icchanisni an3 i t  i s  proposccl 
that tlic cat:ilytic aciion of (tic diazoalkane is duc to the incrcascd nuclcopliilicity 
of osygcn becausc of coordination of the alcohol with the diuoalkanc (740)3Ga. 

0 c. 
II 

(103) 
iI CH,N, 

R-CC-OR'  + CH,OH -. H-C--OCH, 1- R ' O H  

R 
I 

CH,-O: ?- c-3 
I I 
H OR' 
1 

CH,N, 

(240) 

Eposidc formation is reported in  tlic rsnction of the lactonc 241 i v i t l i  excess 
diazoethanc: the NG2 group increascs tlic clcctrophilic cliaracter of thc carbonyl 
curbon and 'solva.tcs' thc dipolar intcrn;cdi;tte (see 233j,IG2. in:raiiiolccular rcxt ion 
of dia7,oalkanes with ester functions Ixts also been rcporicJ in  the conversion of 
242 to 243 370. 

C. Acid c/r/o/.idc~s. z-3iazoketones (245) are fornicd on rezictioil of acid chloridcs 
or anliydridcs \vi t i i  d inzon i t . t ha t~c~~~ .  This is tlic f i rst stcp of thc i\rndt-Eis1ert 

0 0 -  0 
II 

(244) 

Il,X 11 

I (245) 

RCCHN,+R,~HCI- 
I 

> R-C-CI R-C-CI+CH,N, - 
CH,N: 

synthesis, a sequcnce whicli convcrts a carboxylic acid (via the acid chloridc 244) 
into its nest highcr homologue; tlic sccond step, \vhicli can be carried out in sill/, 
i s  a Wolff rearrangement of thc cc-diazoketoi;e (245) i n  the prcscnce of AS+.  Side 
products may occur in the initial reaction in the absence of a base; rcaction of  HCI 
\vi t l i  CI-12N, gives CH,CI while 245 givcs RCOCHLCl 'J'2. 
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3. Arenediazonium ions 

Electrophilic reaction of arenediazonium ions occurs at carbon to give unstablc 
intermediates (246) which undergo further rearrangements and solvolysis. I n  t he  
presence of CI-, hydrazcnyl chlorides (248) are formed373 (on tautomerization of 
247) which may be further solvolysed to the hydrazide (250)358 or the hydrazonyl 
ether (251)37J. The competing cyanamide (249) formation occurs via a rearrangcmcnt 
of the ArNH group to carbon as shown by 15N-labelling37,i. 

CI - 
[A r -  N=N- C H ,  N:] ---+ A r -N =N- CH;CI 

(246) (247) 

A r N H - C I N  Ar-NH-N=CHCI 

(249) (248) 

0 Y kou 
II 

ArNHNHCH Ar NH-N=CHOMe 

(250) (251 1 
2,3-Diazabuta-1,3-diene (‘azine’, 252) formation which is observed as a minor 

product i n  t he  reaction of diary1 diazomcthancs in hydrosylic solvents and is 
promoted by the presence of Lewis acids (e.g. BF,) probably occurs via a similar 
mechanism (equation 104)3’5. 

B F; BF; N: 
nl:, I l’lI,~.’S* I i 

Ph,C-N, ___ + Ph,C--N: -- + Ph,C - N = N -. C P h, 

-N2. - ] { I . ,  

(1 04) 

I 
P h,C = F1 - N = C P h, 

(252) 

4. Reaction with halogens 

gowdihalides (cquation 165) and this provides a simplc route to these 
Hslngcns (CI:, Br,, I? )  react with diazoalkanes or ivith ~ ~ . - d i a z o k e t o n e s ~ ~ ~  10 give 

X 
s .- S ,  I 

R,CN, -- > R,C-N: -- R,CX, 

(254) 

Although the nicchanism of this reaction has not been studied 
rapidity i n  hydroxylic soIvcnts37s sugscsts an  ionic mechanism 

(105) 

in any  detail, its 
with the halogen 
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acting as a Lewis acid and the  intermediacy of an v.-halodiazoniuill io:1. A possible 
alternative mechanism which may becornc opcrativc in solvents of low ionizing 
power is via the carbene (254). 

5. Carbonium ions 

The stable triphenylmethyl carboniuni ion reacts with riinzomcthanc in ether a i  
0 "C to give the alkcne 255 on rearrangenient and nitrogen I ,2,3-'rriphcnyI- 
propene is also formed by reaction of tlic intcriiiediatc carboniam ion i v i t l i  a f u r l  hcr 

Ph,C++CHzNz --+ Ph,C-CH,N: > Ph,C=CHPh+N, 

(255) 

mole of CH,N,. A similar mcchanisin has br:en proposed for the convcrsioli of 
xanthylium perchlorate to dibenzo[h,/Joscpinc (the intcrmediate diazoniuiii ion can 
be trapped before rcarrangemcnt by reaction with I - ) D 7 9 .  Azilcarboniuni ions (256) 
give aziridiniuni salts (257) on reaction ivi th  diazomcthanr:; the aziridinium ion 
258 is opened on reaction with 

Me 
__f Me >?N M e 

M e Me NMe, 
(258) 

(256) (257) 

6. Lewis acids 

The  catalysis by Lewis acids of the reactions of diazoalkancs \vith alcohols and 
ketones has already bcen referred to (Sections V . A .  1 .c. and \'.A.7.a); t l ic formation 
of azines 252 (in thc absence of other elcctrophiles) is also observed. 

The  polymerization of diazoalkanes is initiated by boron halides (259, S = F, 
CI, Br), boron alkyls (259, X = alkyl) and esters (259, X = OK) and n iiieciianism 
has been suggcstcd involving inilial reaction at carbon to give 260, followed by N2 

X -  
CH,N, + BX, -- > CH?--N: - > CH,X 

I I 
(254) -EX, BX, 

(2SO) (261 1 
,' 

L' 
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loss; in successive steps rcarrangenierrt of the growing chain to carbon is followed 
by further reaction with CH,N,. With diazonlethane polymcrizntion is very rapid 
and Davics has suggcstcd3s1 that tlie major pathway is via direct reaction of the 
carbonium ion 262. The chain length is dependcnt on thc  diazonlkene : BX, ratio 
and the growing chain may be intercepted by the presence of a nucleophile. 

Aluminium and silicon Iialidcs also promote polymerization and similar 
mechanisms have becn proposcd. Haloinethyl derivatives are also obtained from 
anhydrous halides and alkyls including SnCI,, HgCL, AIR:, and AsCI:, and the 
suggested nicchanisni is similsr to thc first step outlined in Scheme 15, giving 
261 3y3-384. When the 7.-carbon carries a substitucnt then migration occurs, as observcd 
with protic acids. However with BF,, as catalyst, undcr anhydrous conditions, the 
normal migratory aptitudes ( e . g .  Ph > Me) are not observed and indiscriminate 
rcarrangement occurs. This suggests a mcchanism which is diffcrcnt f rom that with 
protic acids \vith tlie driving force being charge separation in the zwittcrion 267 

R' R' R 
I +  + I  + I  

I I I 
R' R' R'  

R - C - C H - ~ X ,  __j R-C-CH-EX, -t R'-C-CH-BX- 

R R' 
\ /  

\ 
R' H 

/c=c 
R' R 
\ /  

\ 
R' H 

/C'C 

B. Cycloadditions 

The mechanism of thc 3 + 2  cycloadditions shown by diazoalkancs to a wide 
variety of unsaturatcd ccntrcs (c.g. alkcnes, alkynes, azomcthincs and azo, nitroso 
and cyano groups) has been utidely studied, particularly by I-litisgen's group. These 
reactions arc characterized by the  retention of the alkcne stereocheniistry in the 
cycloadduct, high eiitropics:'vs and a gcneral insensitivity of the rate of reaction to 
tlie iiatiire of the solvent used. 

The cxperinicntal evidence in favour of a concerted (x's + 1%) cycloaddition, 
which is thermally allowed by the Woodward-Hofiiiatin rules, hiis becn sum- 
niarizcd3*G. Although an alternative reaction patlis\,ay via dipolar or  diradical 
intcrmcdiates has been p u t  for\vard:$+7 (and reiterated"') by Firestone, tlic \rciglit 
of eviclencc supports the conccrtcd mcclianism; in  particular thc observcd stcrco- 
specificity (observed not  only with diazoalkanes but wi th  all other 1,3-dipolcs) is 
difficult to account for via tlic two-stcp mcchanism. 

Thc transition statc for cycloaddition to diazomcthane has becn describcd as 
occurrin3 in t\ro plancs (268) involving some bending of thc C-N-N bond, but 
preserving tlie ally1 anion orbital which makes contact tritli the dipolarophile, d-e. 
Calculations using thc CNDO/2 method havc shown t h a t  the initial bending of 
CII,N, in  this  \ray to pcrmit cycloaddition occurs w i t h  a low energy 

using LCAO-SCF--iMO mctliods of the reaction 
of diazomcthane \\.it11 cthylcne has compared tlic energies of tile transition state 
268 and one in which all the hcavy atonis are coplanar. I t  predicts that thc 'all- 
coplanar' transition state is in fact tlie more probable pat11~r;iy. Tlic transition 
state is rcachcti early o n  the reaction coordinate \ \ . i t t i  a small dcgrcc of charge 

A morc reccnt theorctical 
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transfer from the dipole towards thc alkene. Moreover (as Huisgen has often 
pointed out3"), the degrce of bond formation to nitrogen and carbon necd iiot be 
exactly thc same in the transition state. Thc study predicts that CC bond formation 
is slightly more advanced than C-N bond formation (sce also bclow). 

(268) 

1. Orientation 

Cycloaddition of a diazoalkene to an alkene such as 269 can give rise to two 
products, 270 and 271. Many of thc additions dcscribed originally as unidii.ectionaI 

(270) (271) 

have later been shown to give inislares. Several effects have bccn invoked to esplain 
preferred orientation including clcctrostatic and stcric effects and also the nuclco- 
philic o r  electrophilic propertics of the atoms undcrgoing reaction. The observed 
orientations for mono-. di- and tri-substitutcd alkenes and for mono- and di- 
substituted alkyncs have becn summarized by Bastide and co\vorkcrsnJB. The niost 
important factor is the niicleophilic character of carbon i n  thc diazoalkane (although 
the terminal nitrogen may carry more formal negative charge, this does not rulc 
out carbon as the inure niiclcophilic ceiitrc:'y'i) which tends to react with the iiiorc 
elcctrophilic centre in thc dipolarophile. 

When the diazoalkane is itsclf substituted, then the formation of furthcr isoineric 
products may occur. Thus i n  the addition of methyl diazoacetrtte to /rnil.s-ctl1yl 
cinnamale, tnvo orientations are possible for tlic 'normal' pathway involving rcaction 
of the diazoalkene carbon at thc ;-position of the unsaturaled estcr. Sjri addition 
(272) is slightly favoured over ~ i i f i  (273) addition (k.sYn/k, , , , , , )  = 1.5) whcll R = M e  
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and the reverse is true when I< = t-Bu (k,yn/kon,i  = 0.47). Clearly both stcric and 
electronic effects are operative, the prefercncc for syii addition being attributed to 
=-overlap between the cster and aryl groups, which is counteracted by van dcr Waals' 
 repulsion^^^'. 

2. Substituent effects 

In  coninion with other dipolar cycloadditions, a varicty of behaviour is shown 
when the  nature of the substituent is changed systematically in either the dipolaro- 
phile or the dipole itself. Thus Hamrnett plots with positive or negative slopes have 
been reported or, more commonly, curved plots which arc concave upwards are  
obtained. When curvcd plots are obscrvcd, the use of various alternative u scales 
(u+, u-, u", uo etc.) does not significantly improve linearity392. 

Moreover, contrary to a view often expressed, some of the p values for the 
variation of the substituent in the dipolarophilc are quite large. Thus the cyclo- 
addition of diazomethane to arylacetylenes (273) gives a p value of + 2.0 for electron- 
withdrawing substitucnts ( p  is L'. +0.5 when the u value of the substituents is (0) 
in DMF-ether at 25 oC38R. Addition of diazomethane to thc triple bond remote 

from the group X in 275 gives a p value of + 1.13 (at 25 "C in which implies 
the build-up of considerable negative charge on the dipolarophilc in the transition 
state (when allowance is made for the normal attenuation factor due to the inter- 
polation of the extra acctylenic group). 

The obscrvcd curvature in  Hamniett type plots is dealt with (mainly by Sustiiiann 
and c o \ ~ o r k e r s ) ~ ~ ~ s - ~ ~ ~  using a simple HOMO-LUMO model. A positive p value 
corresponds to the situation where AE,<AE2 (where LIE, is t h c  difTerence in the 
energies between the HO of the dipole and the lowest unoccupied (LU) of thc 
dipolarophile and A€? represents the interaction of the LU of t h e  dipole and 
the HO of the dipolarophile for arylacetylencs and diazomethane). A minimum in  a 
frce-energy plot thcn results if there is an invcrsion in the relative values of AE, and 
A€? l v i r h i n  a series. Equation (l06), given by SustniannJg7, describes the variation of 
log k for cycloadditions involving the dipolar benzonitrile oxide. 

Stephan33s? has attribiitctl the non-lincarity gcnerally observed in simple Haninictt 
correlations to a change i n  transition state structure involving asynchronous (two 
limiting structures) to synchronous bond formation betwecn the tcrmini of the 
dipolc and dipolarophilc. The extended equation (107) is used to relate two reaction 
scries using cithcr thc same dipole and a variable dipolarophilc or vicc vcrsa. Good 

log (k/k,)n = cu + log (k /k0h ,  

correlations arc obtained using this equatioii for a wide range of reactions and i t  is 
concluded that. of thc dipoles studied, diazoinethane has the greatest nucleophilic 
charactcr (as compared with, say, ArCNO o r  AI-N,)"~. A similar conclusion arises 
from solvent and substituent effects on the addilion of CCI,N, to styrenes where ;L 

concerted mcchanisrn with considerable charge build-up on the carbon adjacent to 
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the a r y l  r ing  is p r o p o s e d  (276)3g8. T h e  rcactivity of t h e  d i a z o a l k a n e  which  varies in 
the s e q u e n c e  RCHN2> CH,N,> Ar,CN, > K0,CCH,N2 is consis tent  w i t h  this. 

VI. REFERENCES 

I .  14. Zollingcr, Dirrzo nrid Azo C/icit!ixtry, Interscience, New York, 1961. 
2. P. A. S. Smith, The Chertiisiry ofOperr-clrairr Nirvogeii Coitipoirtids, Bcnjaniin, New York,  

1961, Chaps 10, 1 1 .  
3. W. J. naron,  M .  R.  DcCanip, M .  E. Hcndrick, M. Jones, R. 14. Lewin a n d  M .  B. Solin, 

in Cothrcs ,  Vol.  I (Eds M. Joncs and R. A. Moss), Iniersciencc, New York,  1973, p. 1. 
4. W. Kirmse, Cwberrc Chertrisiry, 2nd cd., Academic Press, New York, 1971. 
5. D. Bethell, in Orgarric Xcnctiuc Irrfcrittctliaics (Ed. S. P. Mcblanus), Academic Press, 

NCW York and  Loiidon, 1973, Chap. 2. 
6. E. Kalatzis and  J. tI. Ridd, J .  Chiti. SUC. (R), 529 (1966). 
7. E. Mullcr and H.  Haiss, Clio)i. Ber., 96, 570 (1963). 
8. K. N. Butler, C/rcrri. Reus., 75, 245 (1975). 
9. J .  H. Ridd, Qrtnri. Reus.. 15, 418 (1961). 

10. L. P. I-laniniett, Physical Orpiric Clrerttistrv, h.lcGra\v-Hill, New York,  1940, p. 294. 
I I .  C. A.  Bunton, D. R. Llen'ellyn and G. Stednian, J. Chrr .  Soc., 568 (1959). 
12. L. F. I-arkworthy, J. Cherti. Soc., 3116 (1959). 
13. E. D.  Hughcs, C .  K. Ingold and J .  H. Ridd, J .  Cherii. Soc., 65, (1958). 
14. T. C. nruicc and  S .  J .  Bcnkovic, Bioorgonic Mecliariisitrs, Bcnjaniin, New York, 1367, 

Chap. 1. 
15. W. 1'. Jcncks, Cotdysis iir Clroiris/ry nird €irzyirro/ogy, McGraw-Hill, New York, 1969. 
I € .  J. Kenner, Cl i r~r .  / r i d .  (Loridoti), 19, 443 (1941). 
17. B. C. Cliallis a n d  A. R. Uiitlcr, in T/rc C/rmris/ry of the Arniiro Grorrp (Ed. S. Patai), 

Wiley-lntcrscicnce, New York, 1968, p. 305. 
IS. B. C. Challis a n d  J. 14. Kidd,J .  C/terti. Soc., 5197 (1962). 
19. E. C. K. dr: Fabrizio, E. Kalatzis and J .  H. Ridd, J .  C/rein. SUC. (B), 533 (1966). 
20. E. D. Hughes, C. K. lngold and J .  H.  Ridd. J. Chcitr. Soc., 83 (1958). 
21. L. F. Larkwortliy. J. Clreitr. SOC., 3304 (1959). 
22. B. C. Challis and  R. J .  Higgins, J .  Cheitr. Soc. Pcrkirr I /  1498 (1975). 
23. B. C. Cliullis, R .  J. Higgins and A. J .  L ~ W S G I ~ ,  J .  Clicm. SOC. Perkiti / I ,  1831 (1972). 
23. E. Kalalzis and  C. hlastrokalos. J .  Cherti. Soc. Pcrkiii I I ,  498 (1974). 
25. E. Kalatzis. J. Chritt. Soc. (B), 273, 277 (1967). 
26. I3. C. Challis and  .I. H. Ridcl, Proc. Chert!. Soc., 245 (1960). 
27. N.  S. Bayliss, R .  Dinglc, D. \V. Watts and R. J. Wilkie, Aitsiralion J .  C/re/tr., 16, 933 

(1963). 
28. H.  Schniid and G. Mulir, Chin. Ber., 70, 421 (1937). 
29. E. 11. Huglies and  J. J-I. Kidd, J .  Clrerti. Soc., 83 (1958). 
30. H. Schmid, Alorioish. Cherti., 85, 424 (1954). 
31. H. Schmid and  C. Esslcr, A,foitats/r. C/re/it., 88, 1 1  10 (1957). 
33,. 13. Schniid and E. Hnllaba, ~l~lortnts/i. Choii., 87, 560 (1956). 
33. G. Olah, N. A. O\,crchtik and J. C. Lapicrre, J .  Aitrer. Chrti. Soc., 87, 57S5 (1965). 
33. P. B. Dcsai, J .  C/win. SOC. Perkiu I, I865 (1973). 
35. 1.1. Schniid, C/ro!t. Z i g ,  Clroti. App.,  86, 809 (1962). 
36. 2-1. Schniid and  G. Muhr, AJuirntsh. Chertt., 93, 102 (1962). 
37. Z. A.  Schclly, . I .  P/t)ss. Chci~r.. 74, 4061 (1972). 
38. J. F. Bunnctt, J. Clrcvri. Soc., 4717 (1954). 
39. D. F. IlcTnr and  A. I<. Ballcntine, J .  Airrer. Cherrr. So(.., 78, 3316 (1956). 



584 A. F. Hegarty 

40. D. F. DeTar and S. K .  Wong,  J .  Airier. C/mti. SOC., 78, 3921 (1956). 
41. E. A.  Moelwyn-Hughes and  P. Johnson,  Trmrs. Ffir&/y SOL.., 36, 948 (1940). 
42. E. S. Lewis, J .  A / m . .  CIrcm. Soc., 83, 4601 (1961). 
43. h.1. L. Crosslcy, R .  H.  Kienle and  C .  H. Benbrook,J .  A ~ Y .  CIwm. Sor., 62, 1300 (1940). 
44. E .  s. I-cwis, J.  A / r i c * r .  C/wr/i. Soc.,  80, 1371 (1958). 
45. C. G.  Swain, J. E. Slicats a n d  K .  G.  Harbison, J .  Amcr.. Chorr. Sac., 97, 783 (1975). 
46. S. Winstein and  A .  1-1. Fainberg, J .  Airro.. C/W/U. Soc.. 79, 5940 (1957). 
47. K. G .  Ucrgslroni, C. 1-1. Walil and  1-1. Zollinger, Tc./r.trlie&~rr Lerrcvs. 2975 (1974). 
45. P. nurri, G. F I .  Wahl and H.  Zollinger, I / c h .  Chim. Acre, 57, 2099 (1974). 
49. L. C .  Unteman, M.  G .  Church,  1:. D. Htryhes, C. K .  Ingold and  N .  A. Tahcr, J .  Clrotr. 

Soc., 979 (1940). 
SO. C .  G. Swain, J .  E. Slieals, D. G.  Gorenslein and K. G. Harbison, J .  Aim/. .  CI/c/tr. Soc., 

97, 791 (1975). 
51. C .  G .  Swain a n d  R .  J .  Rogers, J .  Airier. Clreur. Soc., 97, 799 (1975). 
52. P. Burri and 1-1. Zollinger, H ~ P .  Chim. Acvrr, 56, 220.1 (1973). 
53. R.  I~liiisgcn, Airgew. CI/twr. f / / r .  E d ,  9 ,  75 I I 759 ( I  970). 
54. E. S .  Lcivis and  J. E. Coopcr, J .  A/t /cr .  CI/eur. SOC., 84, 3547 (1962). 
55. G. Modcna and U. Toncllaro, Adti. Plrys .  Org. C I r c w . ,  9, 185 (1371). 
56.  R. 11. Sunimcrvillc. C .  A .  Scnklcr, P. V. R. Schlcycr, 7’. E. 11. Deubcr and 1’. J. Slang, 

J .  A/trer. Chc///. Sac.. 96, 1 100 (1974). 
57. W. D. Pfcifci., C. A. I h h n ,  1’. v. R. Schlcycr. S. Bochcr, C. E. Harding, K.  I-luiiiiiicl, 

M. I-lanack and P. J .  Slang, J .  Airier.. Clw~r.  Soc.,  93. 1513 (1971). 
5s. R. J.  Cox, P. Buslincll and E. bl. E\,lcih.  Te/raI/cdr.oi/ I-e/ /crs ,  209 (19iO). 
59. R .  W. Taft, J .  A/r/er. C/re / / / .  Sor., 83. 3350 (1961). 
60. R.  A .  Abraniovitch a n d  F. F. Gadallali, J .  CIro,i. Soc. ( B ) ,  497 (1968). 
61. R.  Glcitcr, R .  HoKiiiann a n d  W. D. Siohrcr., CIw/ri .  Bcr.., 105, S (1972). 
62. E. h.1. Evlctli and 1’. hl.  Horo\ \ i lz ,  J .  , 4 m , r .  C//or/. Soc., 93, 5636 (1971). 
63. C .  G. Snain and  1:. C. Ltipion. . I .  An/er.  C/ /em. Soc.,  90, 4328 (1968). 
64. G. I h l 7  and G. Sclilcniann, Chenr. Uer., GOB 1186 (1927). 
65. G .  A .  Olah and  J .  L. Grant ,  J .  A/iwr.  CIrcwr. Soc., 97, 1546 (1975). 
66. E. S .  ILc\vis antl  W. 1.1. I linds, J .  A / r / c r .  C//c,ri~. Soc., 7-1, 304 (1952). 
67. E. S. Lcuii, L. D. i.l;irtiing and  L3. bl. hlcKay,  J .  A/ucr.. C‘I/e/rr. Soc., 91, 319 (1969). 
65. E. S. Lewis and J .  E .  Coopcr, ./. A / n t ~ .  C % c / u .  Sor., 84, 5S47 (1962). 
69. 1’. Burri 2nd E l .  Zollicgcr, F/cIu. Chi/>/. . - lc/o,  56, 2303 (197-7). 
70. I:. S .  Lcnis and J. hl.  Insole, J .  A/ / rw .  CIw///. Soc., 86, 32. 34 (1964). 
71. E.  S. L.c\\is and R .  E. t-lollidny, J .  .4/r/er. C/w/ir. Soc.. 88, 5043 (1966). 
72. E. S. Lc\vis ;ind P. G. Kotclicr, Tc/itr /rcrI /wr,  25, 4873 (1969).  
73. A .  K .  1 3 0 s ~  and I .  Ktijaycviky, J .  . , I /~rer .  C/wii. .Sue.. 88.  2325 (1‘966). 
74. C. C. Sunin, J .  E. SIic;ils arid K .  G. Harbison. -1. . 4 r i r c ~ .  CIicjrr. Soc. ,  97, 796 (l9i5).  
75. E .  S. Lelvis and  R. E.  Flullidny, J .  A / / w r .  C/ro/r. Soc.,  91, 426 (1969). 
76. D. J .  Cram. J .  A m v .  C l w ~ .  SOC.. 86, 3767 (1964). 
77. J .  Ihrgon and K .  G. Scifcrt. Tc,//w/icdrci// f - i v / o . . s ,  2265 (1974). 
7s. C. J. I-lcigli\+ay. J .  E .  P: ickr  and  R .  E. Rich:irdson, TcTc.//.o//cv/ro~r L c ~ / / e r s ,  4441 (1974). 
79. W. 3.. Ford, J .  0 1 g .  C/iv/ii.. 36. 3979 (197 I ) .  
SO. M .  Stiles, R .  G .  h.lillcr a n d  IJ. l ~ i i r c l ~ l ~ ~ r r ~ d t .  ./. A i / / e r .  C/w/r. Soc., 85, 1792 (lLj63).  
Y I .  S. Yarctsla\~sky, C ’ l r c v ~ .  I d .  ( L o d o n ) ,  765 (1965). 
S2. G.  \\’itrig ;inti R .  \V. 1-1ollmnnn, C//LWI.  Bcr., 95, 371s (1962). 
S3. A.  I-fnntzscli and \V.  13. D;i\,idhoii, Clrcm. Be,.., 29. 1522 (I S96). 
S4. R. Gomppc‘r. G .  Sc>bold and  B. Schniolke, .4//,Y.Cli’. C‘lrcwi .  / / / I .  E d . .  7, 39s (1‘968). 
S 5 .  J .  1. G .  Cadogan, C. 1.1. Mtirray and J .  T. Sharp, J .  C//L,/H. Sot,., Chorr.  Coui/tw/t.,  901 

(11174). 
S6. D. L. I3rydon, J .  I .  G .  Cadogan.  D. kI. Smith nnd J .  U. Thonipson, C/W/N.  COUIUW/I . ,  

727 ( 1067). 
S7. L). L. 13qdoii. J .  I .  G .  Citdogan. J .  Cook, h.1. J .  P. Hargcr a ~ i d  J .  T. Sharp, .I. C//C,/ / / .  SUC. 

(13). I006 (1‘171 ). 

SO. B. D. Lhigiic, J .  I .  G.  C;idogan. J .  I < .  Mi tc l i c l l ,  A .  K .  Itobcrison antl J .  -r. SIi;llp, 

SS. J .  I .  G .  Cadogilii, , . f c . c ’ ( > / / / / / . c  C-//c,///. Ros. ,  1. I Y G  (1071). 

J .  C’//c.///. SUC. /‘c./-ki// I, 2563 ( 1372). 



12. Kinctics and n?echanisms of reactions involving diazonium and diazo groups 585  
90. J .  I .  G. Cadogan, A.  C .  Ro\vlcy. J .  T. Sharp, 13. Sledzinski arld N .  H .  Wilson, J .  C / ~ C , I > I .  

Soc. PcrkI//  I ,  1072 (1975). 



586 A. F. Hegarty 

141. H. van Zwet, J. Reiding and E. C. Kooyman, Rec. Trav. C/i;tti., 89, 21 (1970). 
142. A. Ginsberg and J .  Goerdcler, Cltettt. Ber., 94, 2043 (1961). 
143. C. D. Ritchie, J. D. Salticl and E. S. Lewis, J .  Amer. Chetti. Soc., 83, 4601 (1961). 
144. H. Meerwein, G. Dittmar, G. Kaufmann and R. Rauc, Cheiii. Ber. ,  90, 853 (1957). 
145. J. L. Kice and R. S. Gabriclsen, J .  0,~. Cltetn., 35, 1004, 1010 (1970). 
146. R. Dijkstra and J .  de Jonge, Rec. Trav. Chiiti., 77, 538 (1958). 
147. E. S. Lewis and H. Suhr, Cliettr. Ber., 92, 3031 (1959). 
148. A. Hantzsch and M. Schmicdel, Cherti. Ber., 30, 71 (1897). 
149. R. J. W. LeFevre and I.  R. Wilson, J. Chetti. Soc., 1106 (1949). 
150. E. S. Lewis and H. Suhr, C h n .  Ber., 92, 3043 (1959). 
151. P. Haberficld, P. M. Block and M. S. Lux, J .  Atner. Cheni. SOC., 97, 5804 (1975). 
152. E. Enders and R. Putter, in hfefliodeit der Orgatiischen Cliettiie, Vol. X/3, Thieme, 

Stuttgart, 1965, pp. 467, 627. 
153. H. C. Yao and P. Resnick, J. Amer. Cltetn. SOC., 84, 3514 (1962). 
154. D. Y. Curtin and M. L. Poutsma, J .  Attter. Chetn. SOC., 84, 4887 (1962). 
155. V. MachAfek, J. Panchartek and V. Sterba, Coll. Czech.  Cheitt. Cotmiim., 35, 844 

(1 970). 
156. X. P. Bell and P. W. Smith, J .  Cheni. SOC. (B), 241 (1966). 
157. V. MnchAfek, 0. Machafkovd and V.  StCrba, CoIl. Czech. Cheni. Corrtttiun., 35, 

2954 (1970); 36, 3187 (1371). 
158. A. F. Hegarty and F. L. Scott, J .  Org. Clmii . ,  32, 1957 (1967). 
159. D. Y. Curtin and J. L. Tveten, J .  0t.g.  Chettt., 26, 1764 (1961). 
160. A. D. Ainley and R. Robinson, J .  Chetn. Soc., 369 (1937). 
161. H. Zollinger, Chetn. Recs., 51, 347 (1962). 
162. Reference 106, p. 227. 
163. R. Ernst, 0. A. Stamm and H. Zollinger. Hefv.  Chitti. Acta, 41, 2274 (1958). 
164. H. Zollinger, Adu. Plrys. Org. C/ictti., 2, 163 (1964). 
165. R. Ernst, 0. A. Stamm and H.  Zollinger, Helv. Chiin. Acfa, 41, 2274 (1958). 
166. H. Zollinger, H e h .  Chitit. Acta, 38, 1597 (1955). 
167. F. Snyckers and H. Zollinger, H d v .  Chitti. Acta, 53, 1294 (1970). 
168. S. B. Hanna, C. Jerniini, H. Loewenschuss and H. Zollinger, J .  Anter. Clteiti. Soc., 

169. S. Kishimoto, 0. Manabe, H. Haciro and N. Hirao, Nippot, Kagakii Knishi, 2132 

170. R. Putter. Atigeiv. Cheitt., 63, 188 (1951). 
1?3. L. Pauling, T/ic Nature of the Cltetttical Bottri, 2nd cd., Cornell Univ. Press, New York, 

1940, p. 142. 
172. H. C. Brown, A&. Pltys. Org. Cltetii., 1 (1963). 
173. V. Sterba and K.  Valtcr, Cofl. Czcch. Cltetu. Coittttuut., 37, 1327 ( 1972). 
174. V. StCrba and K. Vnlter, Coll. Czech. Clietn. Coitt/mut., 37, 270 (1972). 
175. 1%. Kroprifovl, J .  Panchartck, V. StGrba and K. Valtcr, Colt. Czech. Clieni. Covtttutti., 

35, 3287 (1970). 
176. J. Kavilek, J. Panchartck and V. StErba, Coll. Ciecli. Clterii. Coirtttttitr., 36, 3470 

( I  971). 
177. I. Dobas, J. Panchartek, V. StCrba and M.  Vefeia, Coll. Czech. Chettt. Contt/ttot , 

35, 1288 (1970). 
178. B. Dernain, Terraltedrou Letters, 3043 I 1973). 
179. D. D c m i n ,  Buff, SOC. C h h .  Frnttce, 769 (1973). 
180. H. Kropi fovl ,  J .  I’anchartek, \’. StCrba and K. \’alter, C d f .  Czech. Chi t .  C o t t ~ i i ~ t t t i . ,  

35, 3287 (1970). 
181. 0. Machlfkovl,  V. Sterba and K.  Valtcr, Co!/. Cicch. Chciii. Cotttwtii., 37, 1351 

( 1  972). 
182. I;. Mitsunittra, Y. Hashidn, S. Sckiguchi and K. hlatsui, h//. Chili.  Soc. Jntpnit, 

46, 1770 (1973). 
183. R. bl. Elofson, R.  I-. Edsbcrgand P. A. Mtchcrly,J. Elt,ctiwclrcrti. Soc., 97. 166 (1350). 
184. P. 13. Fischcr and I i .  Zolliiigcr, //ole. C//itt/. ,lc/ct, 55, 7146 (1972). 
185. P. 13. Fischcr and H. Zollingcr, Hcli). C.l/Iir/. 55, 2139 (1972). 
186. J. H. Royer and F. C. Canter, Chcin. Kel;.~, 54, 1 (1954). 

96, 7222 (1974). 

(1972); Clteiti. Abstr., 78, 70984 (1973). 



12. Kinctics a n d  mechanisms of reactions involving diazoniuni and  diazo groups 587 

187. K .  Clusius a n d  H. Hurzeler, H c h .  Chini. Actn, 37, 383 (1954). 
188. K. Clusius a n d  M. Vecchi, Atin. C/icm.,  6?17, 16  (1957). 
189. R. J .  Friswcll a n d  A. G .  Grcen, J .  C/fc/ri. SOC., 47, 917 (1885); 49, 746 (1886). 
190. C. K. Ingold, Stritctioc atid Mcc/mtism in Organic Clre~~isrry ,  G .  Bcll and  Sons, 

London, 1953, p. 610. 
191. K. Clusiris a n d  H. Craubncr, H e h .  Chirii. Acrn, 38, 1060 (1955). 
192. P. Gricss, Chem Bcr., 9, 1659 (1876). 
193. J. P. Horwitz a n d  V. A. Grakauskas, J .  Amcr. Clioti. SOC., 80, 926 (1958). 
194. T. Curtius, Chem. Ber., 26, 1263 (1893). 
195. L. Gat tcrman a n d  R. G .  Ebert, C/wrii. Bet-., 49, 21 17 (1916). 
196. J .  hlai, Chem. Ber., 25, 372 (1892). 
197. E. S. Lcwis a n d  M. D. Johnson,  J .  Amcr. C/iem. SOC., 82, 5408 (1960). 
198. C. D. Ritchic a n d  D. J. Wright, J .  Anicr. Cheni. Soc., 93, 2429 (1971). 
199. K .  Clusius a n d  H. Hiirzeler, Hclu. Chitti. Acra, 37, 798 (1954). 
200. K. Clusius a n d  M. Vecchi, Helu. Chiin. Ac/a, 39, 1469 (1956). 
201. R.  Huisgen a n d  1. Ugi, Angciv. C/icni., 68, 705 (1956). 
202. I .  Ugi, R. Huisgcn, K.  Clusius and  M. Vccchi, Airgciv. Chcm., 68, 753 (1956). 
203. I. Ugi, H. Perlinger and L. Behringcr, C/icni. Ber., 91, 2334 (1958); 92, 1864 (1959). 
204. 1. Ugi, Tetrahedron, 19, lSOl (1963). 
205. R. Huisgcn, Argeiv. Cht i . ,  75. 742 (1963). 
206. E. S. Lewis a n d  M. D. Johnson, J .  Anicr. C/icrii .  SOC., 81, 2070 (1959). 
207. J .  Vilarrasa, E. Melendcz and  J .  Elguero, Tcrraliedrorr Lcrros, 1609 (1974). 
208. E. S. Lcwis a n d  H.  Suhr ,  J .  Auier. C/imi. SOC., 82, 862 (1960). 
209. J .  D. Robcrts, R. A.  Clcnicnt and  J .  J .  Srysdale, J .  Amcr.  C/tou. Soc., 73, 2181 (1951). 
210. J. F. Bunnett a n d  R. E. Zahler, Chi t i .  Rccs, 49, 273 (1951). 
21 1. R. A. Bolto, M. Liveris and J .  Miller, J .  Chem. SOC., 750 (1956). 
212. B. A. Porai-Koshits, R i m .  Chrrri. Rcv.. 39, 253 (1970). 
213. R.  G. R. Bacon and  H. A.  0. Hill, @i/ar / .  Kci?s, 19, 95 (1965). 
214. W. A. Cowdrey and D. S. Davics, @/tor/ .  Rci:.~, 6, 358 (1952). 
215. H. Mccrtvein, G. Dittrtiar, R .  Gollner, K .  Hafncr, F. Mcnsch and  0. Steinfort, C/icni. 

Ber.,  90. 851 (1957). 
216. L. Gatterniann, C/iem. Be).., 32, 1136 (1899). 
217. R. hl. Elofson and  F. F. Gadal lah,  J .  Org. Chew., 34, 854 (1969). 
218. H. Taube, J .  C/icni. Ed., 45, 452 (1968). 
219. J. P. Snyder, R. J .  Boyd and  M. A. Whitchcad, Tcrrnlierlrou Lerters, 4347 (1972). 
220. J. K. Kochi, J .  Amer. C k m .  SOC., 79, 2942 (1957). 
221. C .  L. Jenkins and  J. K.  Koclii, J .  A/i /cr .  C/ic/ j ! .  Soc., 94, S56 (1972). 
222. J .  K. Kochi a n d  R. V. Subranianinn, J .  Aurer. CIrem. SOC.,  87, 1508 (1965). 
223. T. Cohcn, R.  J .  LcLvarchiek and  J .  Z .  Tnrino, J .  Anrer. Chem. Soc., 96, 7753 (1974). 
224. D. Sutton, C/rcm. SOC. Recs., 4, 443 (1975). 
225. J .  K. Kochi, Terraltedrori, 18, 483 (1962). 
226. S. C. Dickerman, K.  Wciss and  A. K. Ingberman, J .  Anier. C/iem. SOC., 80, 1904 

(1958). 
227. C. S. Rondestvedt, Org. Reacrioris, 11, 189 (1960). 
228. W. F. Bccch, J .  C h u .  Soc., 1297 (1954). 
229. M I .  E. Uachniann and R .  A. Holfniann, Org. Renctioris, 2, 224 (1941). 
330. D. I. Diivies, D. H. Hcg a n d  G. IH.  Williams, J .  C / w ~ ~ r .  Soc., 3112 (1961). 
231. R.  Huisgcn a n d  H.  Nakatcn, A / I I I .  C/ tc / t i . ,  586, 84 (1954). 
332. D. H. Hcg, C. J. M .  Stirling and  G. H.  Williams, J .  C h c i ~ .  SOC., 1475 (1956). 
233. R. Ito, T. hligita, N.  blorcliaiva and 0. Siniamura, Bull. C/wrr. SOC. JllpfJII, 36, 992 

234. E. L. Elicl, M .  Ebcrhardt and  0. Siinaniura, Te/rnhcdroii Lc//cr.s,  739 (1962). 
235. D. F. DcTar  a n d  R .  A.  J. Long, J .  Auicr. Chcm. SOL., 80, 4742 (1958). 
336. F. G. Edwards and F. R. hlnyo, J .  Artwr. C/iorr. Soc., 72, 1265 (1950). 
237. R .  Huisgcn a n d  H. Nnkntcn. A f i n .  C/ic/>~., 573. 18 I ( I  95 I ) .  
238. D. H.  Heg. J. Stuart-Webb and G. tl. LVilli;iiiis. .I. C//ori. SOC., 4657 (1952). 
339. R. Huisgen a n d  G .  Horcld, A / / / i .  C/rc/f i . ,  562, 181 (1951). 
240. C.  Riicliardt a n d  B. Frcudenbcrg, Terrci/reclrorr Lc,/rrr.s, 3633 (1964). 

(1963). 



588 A. F. Hegarry 

241. G. Binsch, E. Merz and C. Riichardt, Cliern. Bcr., 100, 247 (1967). 
242. G .  R. Chalfont and M. J .  Perkins. J .  Arrrcr. C h r r .  Soc., 89, 3054 (1967). 
243. G. R. Chalfont, M.  J. Perkins, D. H. Hey and K.  S. Y .  Liang. C/ierri. Cortrrrirtri., 367 

(1967). 
244. S. Terabe and R.  Konaka,  J .  A ~ r c r .  C/icrri. Soc., 91, 5655 (1969). 
245. c. Ruchnrdt and E. Mcrz, Terrdiedrorr Letrcrs, 2431 (1964). 
246. R. J. W. Le Fcvre and I .  R.  Wilson, J .  Cherrr. Soc., 1106 (1949). 
247. T. J. Broxton, J .  F. Bunnett and C. H. Pack, Cherri. Corrirritirr., 1363 (1970). 
248. R. M.  Coopcr a n d  M. J. Perkins, Terrrrhcdrori Letters, 2477 (1969). 
249. B. Gloor, 13. L. Kaul and I-I. Zollingcr, Helu.  Clrirri. Actn. 55. 1596 (1972). 
250. B. L. Kaul and H. Zollingcr, Ifelo. Chirrr. Acra, 51, 2132 (196s). 
251. P. Burri, H .  Loewcnschuss, H .  Zollinger antl G. K. Zwolinski, Helv. Chirri. Actn, 

57, 395 (1974). 
252. N. Kaixigata, M .  Kobayaslii and  H. Minato, B d l .  Cherri. SOC. Jupnir, 45, 2047 (1972). 
253. N. Kobori, M. Kob;iyashi and  I-[. Minato, Brill. Clrcrri. Soc. Jupnrr, 43, 223 (1970). 
254. M. Kobnynslii, I H .  Minato, E. Ynninda and  N. Kobori, Bid/. Clietri. SOC. Jopnri, 43, 

219 (1970). 
255. bl. Kobayashi, H. Minato and  N.  Kobori, Btrll. Cheur. SOC. J C J ~ J U ,  43, 219 (1370). 
256. K. Ishida, N. Kobori, h4. Kobayashi and I+. Minati, Btrll. Clrerrr. Suc. Jnpuii, 43, 

285 (1970). 
257. K .  Kaniignra, R. I-Iisada, H .  blinnto and M. Kobayashi, Bid/.  C/tcnr. SOC. Jupmi, 36, 

1016 (1973). 
258. D. F. DeTar, Org.  Reactions, 9, 409 ( 1  957). 
259. A. H.  Lewin and T. Cohen, J .  01.:’. C/JCUI . .  32, 3844 (1967). 
260. A. H .  Lewin, A.  H. Dinwoodie and T. Cohen,  Terrnlrcdiwrr, 22, 1527 (1966). 
261. G. A. Olali and W. S. Tolgyesi, J .  Urg .  Clrcm., 26, 2053 (1961). 
262. G. H. Williams, Horrtolytic Arormric Strbstitrrriori, Pergarnon Press, Ncw York. 1960, 

p. 28. 
263. R. A. Abrnrnovitch, Aduarr. Frcc Rarlicol C/rcrrr., 2 ,  87 (1967). 
264. D. C. Nonhebcl and W. A.  Waters, Proc. Roy. SOC., A242, 16 (1957). 
265. A. H. Lewin and R .  J .  blichl, J .  Org. C/rerrr., 38, 1126 (1973). 
266. F. F. Gadallah, A. A. Cantu  and R. h4. Elofson, .I. Urg .  Cherrr., 38, 2386 (1973). 
267. R. Huisgen and W. D. Zahlcr, C/rcrrr. Bcr. ,  96, 736 (1963). 
268. M. Stiles and A. J .  Sisli, J .  Grg. Cheur., 24, 268 (1959). 
269. M .  H. Knight, T. Putkey a n d  I-I .  S. bloshcr, J .  01.g. Cherti., 36, 1483 (1971). 
270. T .  Cohen and J.  Lipowitz, J .  Arrrer. C/rcrrr. Soc., 86, 2514, 2515 (1964), and previous 

papcrs in this scries. 
271. T. Cohen, C. t l .  hlc3lullcn and K.  Smifh, J .  Arrrer. Chew. Soc., 90, 6S66 (196s). 
272. T. Cohcn, K .  W. Smith and  M. 11. S\verdolIt’. J .  Arrrcr. C/re/rr. Soc., 93, 4303 (1971). 
273. N. Kornbluni, G. D. Cooper  and J. E. Taylor, J .  Arrrer. Cherrr. Soc., 72, 3063 (1950). 
274. N. Kornblum, A.  E. Kelley and G. D. Cooper, J .  Arrrer. Clrerir. SOC.. 74, 3074 (1952). 
275. D. F. DcTar and M.  N .  Tt i rcuky,  J .  Arricr. C%rrrr. Soc., 78, 3978 (1956). 
276. D. V. Banthorpc and E. D. Ht~glics, J .  Clrerrr. SOC. ,  3314 (1962). 
277. R. Werner and C. Rucliardf, Tetrnlictirorr Lettcrs, 2307 (1969). 
27Sa. J. D.  Roberts antl W. T. hlorcland, J .  Arner. Clrerri. Soc., 75, 2167 (1953). 
27Sb. L. Melnndcr, Arkiu Kertii, 3, 525 (1951). 
279. D. Schulte-Frohlindc and H .  Blumc, Z .  Pliys. Chcrri., 59, 282 (1968). 
280. J. E. Pnckcr, D. B. I-lousc and  E. J. Rasburn, J .  CIicni. Soc. (f3). 1574 (1971). 
281. J. E. Packer, R. K .  Richardson, P. J. Soole and  D. R. Wcbstcr, J .  Clrc~ri. SOC. Perkirr I / ,  

1472 (1974). 
282. J. E.  Packer and R .  K .  Richardson, J .  Clreirr. SOC. Perkiri I f .  751 (1975). 
283. A. L. J. Beckwith and R .  0. C. Norninn, J .  Clrertr. SOC. ( B ) ,  403 (1969). 
284. C. E. McKenna and T. G .  Traylor. J .  Arrrer. Cherrr. Soc., 93, 2313 (1971). 
785. T. Sevcrin. R .  Schmifr, J. Loskc and J.  tlufnagel, C‘/icrir. Ber. ,  102, 4151 (1969). 
286. 1’. Hunng and E. hl. Kosoi\er. J. Arrrer. Cherri. Soc., 90, 2354 (196s). 
257. E. M. Kosowcr, P. C. l iuang  and 1’. Tsiiji, J .  Arrrer. C/rerri. Soc., 91, 2325 (1969). 
2883. H .  Gilnian and l<. G.  Joncs, J .  O r y .  Clrcrrr., 38. 84 (1973). 
288b. R. Huisgen and K. Lux, Clrorr. Ucr . ,  93, 540 (1Y60). 



12. Kinctics and  mechanisms of reactions involving diazonillni and diazo groups 589 

289. N. E. Scarle, Or.$. .Syirr/rcses Cull., Vol. 4, 425 (1963). 
290. E. Miiller a n d  W. Kundcl, Clrcvti. Bet.., 90, 2673 (1957). 
291. J .  K. Stillc and  L. Pluninier, J .  Awe/.. Clmir. Soc.,  85, 3318 (1963). 
292. W. D. McPhee :tnd E. Klingsberg, Org. Syirrlrcscs Coll., Vol .  3, 119 (1955). 
293. R. Huisgcn and  J.  Rcincrtshofer, A m .  Clwt i . ,  575, 174 (1952). 
294. C:. G. Overbergcr and  J. P. Anselme, J. 0r.g. Clrem., 28, 592 (1963). 
295. T. J .  de  Boer and H. J .  Backcr, Org. Syir/liesis, 36, 16 (1956). 
296. J .  A. Moorc and D. E. Reed,  Oixr.  Syrthe.sis, 41, 16 (1961). 
297. H. Rcinilinger, Chew.  Her. ,  94, 2549 (1961). 
298. V. Horak a n d  M .  Prochazka, Clienr. a d  / / i d . ,  472 (1961). 
299. D. E. Applequist and  D. E. McGrecr, J .  Airier. Clieiii. Soc., 82, 1965 (1960). 
300. S. M. Hecht a n d  J. W. Kozarich, J .  Org. C/ie/ti., 38, 1821 (1973). 
301. S. M. Hecht and  J.  W. Koznrich, Tefralrcdrort Lerrrr.7, 5147 (1972). 
302. W. M. Jones, D. L. Muck a n d  T. K. Tandy, J .  Attier. Clrotr. Suc., 88, 68 (1966). 
303. W. M. Joncs and  D. L. Muck,  J. A m v .  Cliettr. Soc., 88, 3798 (1966). 
303. G .  W. Cowell and A. Lcdwith, Qumf. Rem, 24, 119 (1970). 
305. 1-1. K .  Reinilinger, L. Skattcbol and F. Billiou, Clrem. Be).., 94, 2429 (1961). 
306. H. Hart  a n d  J .  L. Brewbaker, J .  Attrer. Clrem. Soc., 91, 716 (1969). 
307. R. A. Moss, J .  Org. Cliem., 31, 1OS2 (1966). 
308. C. D. Ncnitzesctr and E:. Solonionica, Org. Sytrrlrcses Coll., Vol.  2, 496 (1943). 
309. R. Baltzly, N.  B. Mehia, P. B. RLISSCII, R. E. Brooks, E. M .  Grivsky and  A. M. 

Steinberg, J. 01's. Clwtr., 26, 3669 (1961). 
310. K. Nakagawa, 13. Ondiic a n d  K .  Minanii, Clteiir. Conrmor., 736 (1966). 
311. A.  C. Day,  P. Raymond,  R.  M. Southani and  M. C. Whiting, J .  Clrori. Soc. ( C ) ,  

476 (1967). 
312. J .  R .  Dyer, R.  13. Randall a n d  H. M. Deutsch, J .  0 1 . ~ 7 .  Cheiii., 29, 3423 (1961). 
313. I-. H o m e r ,  W. Kirmsc a n d  13. Ferkeness, Chew. Ber., 94, 279 (1961). 
314. D. G. Farnuni ,  J. Org. Clrcvtr., 28, S70 (1963). 
315. W. R. Baniford and T. S. Stcvcns, J. Clioti. Soc., 4735 (1953). 
316. D. E. D a n a  and  J. 1'. Anselme, Te/idw/rorr Leffers, 1565 (1975). 
317. J .  Meinwald, P. G. Gassnian and  E. G .  Millcr, J .  A / r ~ e r .  C/rc*//r. Soc., 81, 4751 (1959). 
315. W. Rundcl, Angeiv. Clreiir., 74, 469 (1962). 
319. E. Bamberger and  E. Renault, C/re/ir. B o . ,  28, 1652 (1895). 
320. R. A. More  O'FerralI, Adu. Plrys. Otg. Clieiti., 5, 331 (1967). 
321. B. Zwanenburg and J .  B. F. N. Engbcrts, Kec. Trau. Cliitii., 84, 165 (1965). 
322. P. Gross, H.  Stciner and  F. Krauss, Tmus. Fururhiy Soc., 32, 877 (1936); 33, 351 (1938). 
323. J .  D. Roberts, C. M. Regan a n d  I .  Allcn, J .  Amer. Cliem. Soc., 73, 6779 (1952). 
324. C. G. Swain and  C. B. Scott ,  J .  Attier. Clteitr. Suc., 75, 141 (1953). 
325. W. J. Albcry, J. E. C. Hutchins, R .  M. Hydc and R. 1-1. Johnson,  J .  Clreitr. Soc. (B) ,  

719 (196s). 
326. H. Dahn a n d  H. Gold,  Ilelu.  C//iit/. Actn, 16, 9S3 (1963). 
327. G. Diderich a n d  13. Dahn,  Hclu. C/ri/tr. Acfu, 95, 1 (1972). 
328. I<. A. Morc  O'Ferrall, W. K .  K\vok and S. I .  Millcr, J .  Awer.  C'lmtr. Soc., 86, 553 

(1964). 
329. H .  Dahn a n d  G.  Diderich, Jfelu. ClrOtr. A c / a ,  51, 1950 (1971). 
330. G. Ficrz, J .  F. McGarrity and  H.  Dahn, I-lelu. Chiit/. Acfrr. 58, 105s (1975). 
331. N. B. Chapman,  J .  R.  Lee a n d  J. Shorter, J.  Cliorr. SOC. ( B ) ,  769 (1969), and other 

332. W. J. Albcry, J .  Clreiit. S ~ J C .  Perk;/ /  I / ,  2180 (1972), and othcr papcrs in this series. 
333. J .  11. Robcrts, W. Watanabc  and  R. E. McMahon,  J .  A i m r .  Clreitr. SOL.., 73, 2521 

334. J. D. Robet ts  and C. M. Regan,  .I. Attier. Clrc~i .  Soc., 74, 3695 (1952). 
335. H. L. Goering and J. F. Levy, J .  Amer. Clrcnr. SOC.. 83, 3853 (1962). 
336. A.  F. Iliaz and  S .  M'instcin, J. Anwr.  Clreiti. Soc., 88, 1318 (1966). 
337. M. Nccman and  W. S. Johnson,  Org. Syri!lresis. 41, 9 (1961). 
338. J .  D. Roberts  and  W. Watanabe,  J .  Anrer. Clrotr. Suc., 72, 4869 (1950). 
339. 1-1. Mecr\vcin and  G .  Hinz, Atrtr. C/iem., 481, 1 (1930). 
340. R. Dnr?icls and  C. G. Kornicnoy, J. e r g .  Chrjtr., 27, 1860 (1962). 

papers in this series. 

(1951). 



590 A. F. Hegarty 

341. F. KIagcs and H. Meuresch, Chetir. Ber., 85, 863 (1952). 
342. N. Kornbluni and G .  P. Cotl’ey, J .  Org. Chern., 31, 3447 (1966). 
343. E. T. Blues, D. Bryce-Sniith, J. G .  Irwin and I. W. Lawston, J .  Clretn. SOC. Clrem. 

Cotnmutr., 466 ( I  974). 
344. C. J. Collins and B. M. Benjamin, J .  Anier. Clreni. SOC., 85, 2519 (1963). 
345. L. Friedman and J. H. Baylen, J .  Arirer. Cheiri. Soc., 91, 1790 (1969). 
346. J. A. Berson, Atrgew. Clietir., 80, 765 (1968). 
347. D. Y. Curtin and hl.  C .  Crew, J .  Attrer. Clietn. SOC., 76, 3719 (1953). 
348. C. J. Collins, Chertr. SOC. Revs., 4, 251 (19:5). 
349. C. J. Collins, Accotoifs Chem Res., 4, 315 (1971). 
350. E. H. Whitc and D. J. Woodcock, in The Chemistry of the Amino Groicp (Ed. S .  Patai), 

Wiley-Interscience, London, 1968, Chap. 8. 
351. A. Streitwieser Jr, J .  Org. Clretir., 22,  861 (1957). 
352. A. Streitwieser J r  and W. D. Schaeffer, J .  Amer. Cheni. Soc., 79, 2888 (1957). 
353. R. Huisgen and C. Riichardt, A m .  Chetn., 601, 1 (1956). 
354. D. Serncnow, C. H. Ship and W. G. Young, J .  Attrer. Chenr. SOC., 80, 5472 (1958). 
355. J. N. Bradley, G .  W. Cowell and A. Ledwith, J .  Clietn. Soc., 4334 (1964). 
356. W. S. Johnson, M. Neernan, S. 1’. Birkeland and N. A. Fedoruk, J .  Attier. Chetir. SOC., 

84, 989 (1962). 
357. J. N. Bradley, G .  W. Cowell and A. Ledwith,J. Clrenr. SOC., 4334 (1964). 
358. R. Huisgen, Angew. Clrem., 67, 439 (1955). 
359. R. S. Bly, F. B. Culp and R. K. Bly, J .  Org. Chem., 35, 2235 (1970). 
360. T. D. Inch, G .  J. Lewis, R. P. Pell, and N. Williams, Cheiii. Coiwnuii., 1549 (1970). 
361. N. J. Turro and R.  B. Gagosian, J .  Amer. Cherlr. Sac., 92, 2036 (1970). 
362. J. Heiss, M. Bauer and E. Miiller, C/ictri. Ber., 103, 463 (1970). 
363. C. D. Gutsche and C. T. Chang, J .  Attrer. Chenr. SOC., 84, 2263 (1962). 
364. C. D. Gutsche and D. Redniore, Carbocyclic Ring Expansioti Reactiotis, Academic 

365. P. Lipp, J. Buchkremer and H. Seeks, Am. Chetn., 499, 1 (1932). 
366. W. S. Johnson, M. Neernan, S. 1’. Birkeland and N. A. Fedvruk, J .  Attrer. Chetti. SOC., 

84, 989 (1962). 
367. H. Biltz and E. Kramcr, Anti. Cheur., 463, 154 (1924). 
368. H. Bredcrcck, R. Sieber and L. Karnphenkel, Chem. Ber., 89, 1169 (1956). 
369. F. M. Dean and B. K. Park, J .  Clieui. SOC. Chetrr. Cornririoi., 162 (1974). 
370. E. H. Billett, I .  Fkrning and S. W. Hanson, J .  Chettr. SOC. Perkitz J J ,  1658, 1669 (1973). 
371. A. L. Wilds and A. L. Mcadcr, J .  Org. C/ietii., 13, 763 (1948). 
372. W. Bradley and G. Schwarzenbach, J. C/ieni. SOC., 2904 (1928). 
373. R. Huisgen and H. J.  Koch, Arrrr. Chein., 591, 200 (1955). 
374. K. Clusius, H. Hurzeler, R. Huisgcn and H. J. Koch, Nutur~vissetrsclruftetr, 41, 213 

(1954). 
375. H. W. Whitlock, J .  Amer. Cherir. SOC., 84, 2807 (1962). 
376. N. A. Preobrashenski and M. J. Kabatschnik, Chenr. Ber., 66, 1542 (1933). 
377. T. Curtius and A. Darapsky, Chern. Ber., 39, 1373 (1906). 
378. A. F. Hegarty, J. A. Kearncy, P. A. Cashell and F. L. Scott, J .  Chetti. SOC. Perkitr J J ,  

242 (1976). 
379. H. W. Whitlock, Tetralredroir Letters, 593 (1961). 
380. N. J. Leonard, J. V. I’aukstelis and L. E. Brady, J .  Org. Clrenr., 29, 3383 (1964). 
381. A. G .  Davics, D. G .  Hare, 0. R. Khan and J .  Sikora, J .  Clrenr. SOC., 4461 (1963). 
382. H.  Hoberg, Ann. Cheni., 656, 18 (1962). 
383. G. Wittig and F. Wingler, Airti. Chettr., 656, 18 (1962). 
384. D. Seyfcrth and E. G. Rochav,J. Attier. Chettr. SOC., 77, 907, 1302 (1955). 
385. R. Huisgcn, H. Stangl, H. J .  Sturrn and H. Wagenliofer, Arrgeio. Chern., 73, 170 (1961). 
356. R. Huisgen, J .  Org. Chetir., 33, 2291 (1968). 
357. R. A. Firestone, J.  Org. Clretn., 33, 2285 (1968). 
358. R. A. Fircstonc, J .  Org. Chenr., 37, 2181 (1972). 
359. J. Bastide, N. El Ghandour and 0. Henri-Rousseau, Tetralredrotr Letters, 2979, 

390. G. Leroy and M. Sana, Tetrahedron, 31, 2091 (1975). 

Press, New York, 1968, p. 81. 

4225 ( 1  972). 



12. Kinetics and mechanisms of reactions involving diazoniurn and diazo groups 591 

391. P. Eberhard and R.  Huisgen, Tetraliedroil Letters, 4337, 4343 (1971). 
392. E. Stephan, Teti.aliedroti, 31, 1623 (1975). 
393. E. Stephan, L. Vo-Qunng and Y. Vo-Quang, Biilg. SOC. Cliim., 2795 (1973). 
394. P. Battioni, L. Vo-Quang and Y. Vo-Qumg, Tetrahedron Letters, 4803 (1972). 
395. R. Sustmann, Tetraliedi.oti Letters, 2717 (1971). 
396. R.  Sustmann, Tetraliedrori Letters, 963 (1974). 
397. R.  Sustmann and H. Trill, Angew. Clietti. In t .  Ed., 11, 838 (1972). 
398. P. K. Kadaba and T. F. Colturi, J .  Heterocyclic Chetn.. 6 ,  829 (1969). 



CHAPTER 13 

Rearrangements involving t h e  
diazo and diazsnium groups 

D. WHITTAKER 
Department of Organic Ckemisrry, Universiry of Liverpool, Englaiid 

I. INTRODUCTION. . 594 
11. ISOMERIZATION OF DIAZO A N D  DIAZONlUhf COMPOUNDS . . . 594 

A. Rearrangements Involving 1,3-Dipolar Addition . . 596 
B. Rearrangements Involving Nucleophilic Addition . . 598 

IV. REARRANGEMENTS INVOLVING CARUENES AND CARBENOIDS . . 601 
A. Insertion into a C-H Bond. . 602 
B. Olefin-forming Insertions . . 604 
C. Reaction with Nucleophiles . . 605 
D. Addition to Multiple Bonds . . . 606 
E. Fragmentation Reactions . . 607 
F. Carbene to Carbene Rearrangements . . 608 
G. Rearrangements of Carbenes to Form Other Reactive Intermediates . 610 

1 .  Carbene-nitrene rearrangements . . 610 
2. Phosphoryl carbene-methylene phosphene oxide rearrangements . . 611 

H. The Wolff Rearrangement . . 612 
J. Carbenoid Rearrangements . . 615 

v. REARRANGEMENTS INVOLVING DIAZONIUM IONS . . 617 
A. Formation of Diazonium Ions . . 617 
B. Decomposition of Diazonium Ions . . 619 
C. External Stabilization of Carbonium Ions Formed from Diazonium Ions . 621 

1. Neutral species . . 621 
2. Charged species . . 622 

D. High Energy Carbonium Ions . . 624 
E. Rearrangements Accompanying Diazonium Ion Decomposition . . 625 

1 .  Semi-pinacol rearrangements . . 625 
2. Ring expansion reactions . . 621 
3. Ring contraction reactions . . 630 

a. Cyclobutyl to cyclopropyl . . 630 
b. Cyclopentyl to cyclobutyl . . 630 
c. Cyclohexyl to cyclopentyl . . 632 

4. Cyclization and ring opening . . 632 
5. Transannular interactions . 634 
6. Delocalized ions . . 634 
7. Allylic rearrangements . . 636 

F. Rearrangements of a-Ketodiazonium Ions . . 637 
G. Rearrangements of Aromatic Diazonium Ions . . 639 

VI. REFERENCES . . 639 

593 

111. REARRANGEMENTS INVOLVING ADDITION REACTIONS OF DIAZO COMPOUNDS . 596 

21 

The Chemistry of Diazonium and Diazo Groups 
Edited by Saul Patai 

Copyright 0 1978 by John Wiley & Sons Ltd. All rights reserved. 



594 D. Whittaker 

1. INTRODUCTION 

Diazo compounds are highly reactive spccies which can behave, under suitable 
conditions, as electrophiles, nucleophiles, 1,3-dipoles or carbene sources. They can 
behave as bases, and those with a hydrogen on the diazo carbon atom can also 
behave as acids. Protonation of a diazo compound yields the even more reactive 
diazonium ion which readily decomposes to a carbonium ion. Consequently, diazo 
and diazonium groups are rich sources of rearrangement reactions. 

A comprehensive survey of all the reactions involving diazo and diazonium groups 
which also involve rearrangement of the carbon skeleton of the substrate would 
exceed this book in size, so that this chapter is limited to a survey of the main types 
of reaction which involve rearrangements. Recent reviews provide examples of 
rearrangements involving addition reactions of diazo  compound^^-^, rearrangements 
involving c a r b e n e ~ ~ - ’ ~ ,  diazotizationll* 12, and rearrangements involving carbonium 

Since this chapter does not attempt to be comprehensive, examples of rearrange- 
ments have been chosen for their illustrative value without any consideration of 
priority of publication. It is intended, however, that all t h c  main types of reaction 
which have been published up to thc date of writing (July 1975) will be included. 

i 0 ~ ~ 1 3 - 1 5  

I I .  ISOMERIZATION OF DIAZO AND DlAZONlUM 
COMPOUNDS 

Diazo compounds are not usually thought of as readily undergoing isomeriza:ion 
reactions but it has rccently been pointed out16 that diazomethane is unique among 
small molecules in its number of known or suspected structural isomers. 

Diazomethane D iazi r i  tie Cyanamide 

H H H 
- + /  + /  \ / 

H 

\ / 
H H 

CEN-N C = N = N  N=C=N 

Isocyanarnide Nitr i l i rnine Car b od i i  m ide 

The first three are well-characterized stable n ~ o l e c u l e s ~ ~ ~  l3 ; derivatives of the others 
are known. A diazomethane isomer, ‘isodiazomethane’, is also described in the 
literature, being obtained by treating the diazomethyl anion with potassium di- 
hydrogen ph~spha te ‘~ .  I t  was first thought to have the nitriliniine structure but 
recent spectroscopic evidence suggests the isocyananiide structurec0. 

H H \ +  - +  + /  
/ 
H 

C=N=N- A H - C = N = N- .-, H - e = N = N  _I 

H H - - + -/ + /  
\ 

C-N-N N F-c=N-N 
H 
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Isocyanamide is isornerized to diazornethane in the presence of base; inter- 
conversion is suggested’G to result from tautoincrism of the anion. In support of this, 
the silver salt of diazomethane decomposcd to yield only diazoniethane2l. 

H 
\ +  
/ 

Ag\ C=N-N -1. - -+ C=N=N- 

As/ H 

Diazirine is isornerizcd to diazomethane o n  photolysis22. Although pliotolysis of 
both compounds ultimately yields a carbene, experiments in the gas phase in the 
presence of added nitrogcn show that at least 20”/, of the primary dccomposition of 
diazirine is isornerization to d i a z o ~ ~ i c t h a n e ~ ~ .  However, the hcats of formation of 
diazomethane and diazirine have been estimated” as 206 and 33 1 kJ/niol respective:y, 
so that any diazornethane produced by diazirine isonierization cannot initially be in 
its electronic ground state. It has been suggested that the only possible pathway to 
diazomethane is intersysteni crossing to yield cxcited triplet diazonicthane, which 
has a long enough lifctime to lose ils excess energy by collisions25. 

Substituted diazirines can undergo internal encrgy redistribution more eficiently 
than diazirine itself, and 3-phenyldiazirine is bclicvcd to isomerize to the diazo 
compound on photolysiscc. Further substitution makes the rearrangement proceed 
so readily that 3,3-diphcnyldiaziriiie has not been prepared?’; attempted preparations 
have yielded only diphenyldiazomethane. 

The reverse reaction, isornerization of diazo compounds into diazirines, is much 
less common, but the photochemical isornerization of cr-diazoaniides into the 
corresponding diazirinylaniides in about 20% yield has been reportedz8. 

The  reaction was not successful in producing disubstituted diazirines. 
Nitrogen interchange within the diazoniuni group has only recently been detected. 

Experiments by Swain29 on benzenediazoniurn fluoroborate labelled on the a-nitrogen 
atom with 15N have shown a slow eschange between thc x -  and F-nitrogen atoms 
at a rate approximately 1.6% of the rate of decomposition of the diazonium ion. 
O n  the basis of substituent elfects, the authors suggest that reaction occurs via an  
intermediate such as 1 rather than by fission and recombination. 

’ I’,‘. 
N=N 

(1 1 

The existence of a fission and rcconibination route to nitrogen scrambling has bccn 
denionstrated by Z ~ l l i n g e r ~ ~ ,  also working with benzenediazonium tetrafluoro- 
borate. Decomposition of this substrate in the presence of labelled gaseous nitrogen 
under high pressure showed that the diazonium nitrogen exchanged with the gaseous 
nitrogen. Nearly 5% incorporation of external nitrogen was observed, providing the 
first evidence for the reaction of gaseous nitrogen with a purely organic reagent in 
solution. 
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Related to diazo and diazonium compounds are the diazotates, of the  general 
type 2, which undergo isonierization to 3. When X is f-butyl sulphide31, the rcaction 

Q ?  N=N Q 
N=N 

(3) 

\ 
X 

is believed to proceed by preliminary ionization to  a diazonium thiolate ion pair. 
For X = OH, the mechanism is an acid-catalysed splitting and r ~ c o m b i n a t i o n ~ ~ .  
Photochemical isomerization is also found when X = f-butyl sulphide or cyanide33. 

111. REARRANGEMENTS INVOLVING ADDITION REACTIONS 
OF DIAZO COMPOUNDS 

A. Rearrangements Involving 1,3-Dipolar Addition 

cycloaddition reactions to give A’-pyrazolines (4)?. 
Diazoalkanes readily behave as 1,3-dipoles, and as such will undergo thern~al  

H H H C d N \ N H  
,C=C 5 1  I 

1 CHJ, 

\ RCH-CHR R R 

The mechanism is believed to be a 3 + 2 c y c I o a d d i t i ~ n ~ ~ -  35 though a dissenting 
view favours a two-step mechanism involving biradical  intermediate^^^. In addition 
to the thermal reaction, a report has appeared3’ of a photolytic addition reaction 
between diazofluorene and norbornadiene. 

In many of these reactions, the A’-pyrazolines are stable, or undergo rearrange- 
ment (possibly on work-up, e.g. alumina catalysis) to A2-pyrazolines3a ; in others the 
pyrazolines cannot be detected and their presence is demonstrated only by isolation 
of their decomposition products. In a few cases, where formation of a pyrazoline 
would interfere with conjugation of the substrate, it is believed that the cycloaddition 
is never as in the reaction of 5. 
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Pyrazoline derivatives of sufficient stability to permit their isolation can usually 
be decomposed either thermally or photolytically to yield cyclopropanes and 
alkylated olefinso0. 

If, however, one of the carbon atoms of the original double bond possesses a 
strongly elcctron-releasing substituent, formation of an alkylated olefin is favoured41. 

\ 
CN 

Exceptionally, an alkyl L . ~ .  can take place rather than a hydride shift; in cyc 
systems, this can result in a ring expansion 

C 

Addition of diazoalkanes to acetylenes gives pyrazolenines which readily undergo 
pyrolysis or photolysis to yield the diazoalkene, and hence, via the cxbene, a 
cyclopropaneJ3. 

R R 
\ 
C: 
/ 

+ R'-C\\ 

R 
R 
\ 

-> 

N C=N, 

R' C- C- 
I 
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Opening of the pyrazolenine ring is reversible, so that in some circumstances 
rearrangement t o  the more stable pyrazole is favoured over carbene formation4'. 

+ . CH,-CH CH -CH 
CH,=CH-CH-N=N ,~ I 11 - I1 I 1  

N, ,CH N, ,CH 
N N 

I 
H 

Substituents on the pyrazolenine ring can affect the course of the diazoalkene 
decomposition; a n  a-keto substituent, for example, gives rise to products of a 
competing Wolff ~earrangement '~  (see p. 61 3). 

0 

f Products 

B. Rearrangements lnvolving Nucleophilic Addition 

Diazomethane reacts readily with carbonyl compounds to yield epoxides and 
homologous carbonyl compounds. The mechanism of the reaction is believed to 
involve nucleophilic addition of the diazomethane to the carbonyl carbon atom to 
form a zwitterionic intermediate, followed by a 1,2-nucleophilic displacement of 
nitrogen by the electrons of a carbon-carbon bond. 

0-CH 
\ /  C 

R/ 'R' 

The overall reaction is basically similar to the TiHenenau-Demjanov rearrangement 
and is used as a method of ring cxpansion in cyclic kctonesac (see p. 629). 



13. Rcarrangemcnts involving the diazo and diazoniuni groups 599 

The first step of the ring expansion reaction of ketones is addition of the diazo- 
alkane, which takes place from the least hindered side of the 48. This is 
followed by bond migration; in  cases where either of the C-C=O bonds can 
migrate, !hen i t  is the more substituted carbon atom which is involved preferentiallyJ8, 
i.e. 

In cases where the diazo compound ,used is larger than diazomethane, such as 
diazoethane, then the direction of the bond migration is controlled by the 
conformation of the zwitterion". 

The most favourable conformation of the zwitterion is that shown in 6. The next 
step of the reaction involves expulsion of the nitrogen by a bond shift displacing it 

from behind, so that the main product is 7. Other possible conformations of the  
diazoethane group contribute only traces of isomeric products. 

The reaction can also be carried out intramoleculatly, when the result is 
cyclization50. The same considerations of factors favouring bond migration apply in 
this case as in the previous one. 

A theory that epoxides and ketones may not arise from the same intermediate was 
first put forwardS1 in 1955. Since then, the accumulation of evidencc from kinetic5" 
and rearrangement products0 studies has lead to the suggestion tha t  ring expansion 
or insertion reactions result from nucleophilic attack of the diazo compound on the 
carbonyl carbon atom, while cpoxide formation results from clectrophilic attack 
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of the diazo compound on the carbony1 oxygen atom, or 1,3-dipolar addition to the 
carbonyl group, i.e. 

R 
\ 

R’ 

/c=o 

CHzNz 1 

R 1 
\+ 
,C- OEH, 

R’ 
k/ 

R \  /O 
C I  

R” \CH, 

R 
\- 
/ C-0-CH,”: 

R’ 

1 
R 
\- 

/ 
R’ 

C-0-CH: 

The existence of the second type of reaction is consistent with the observation that 
epoxide formation is almost completely eliminated if the reaction is carried out 
using boron trifluoride as a catalysts3. Because of this specificity, the catalysed 
reaction is now generally used as a method of ring homologationsa. 

The acid-catalysed reaction of diazoalkanes with ketones is particularly valuable 
in the homologation of a,P-unsaturated ketones. In the absence of the catalyst, the 
reagent undergoes 1,3-dipolar addition to the double bond to yield a pyrazoliness. 
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In the presence of fluoroboric acid, however, only the insertion product is observedK6. 
D 

Since decomposition of the 1,3-dipolar adduct can also lead to the insertion 
product, in many cases it  is not possible to be sure which reaction is taken place. 

Diazomethane can also be added to systcms such as immonium salts, which behave 
in a manner similar to ketones, and are believed to react via nucleophilic attack of 
the diazo compound. The reaction yields a heterocyclic 3-membered ring, which 
opens readily to yield a ring-expanded p r ~ d u ~ t ~ ' - " .  

- QEt -OR 

/N\CH, I 
Me Me 

IV. REARRANGEMENTS INVOLVING CARBENES 
A N D  C A R B E N O I D S  

Carbenes can be obtained by pyrolysis or photolysis of diazo compounds'. 

Ph,CN, ___j. Ph,C:+N, 

Some diazo compounds are sufficiently stable to be isolated and characterized, 
but less stal.!e diazo compounds are often prepared from toluene-p-sulphonyl 
hydrazones and decornposcd in situ. 

R' 
R; \ 

C=N-NH-SO,C,H,CH, --+ / c= N--N-so,c,H,cH~ 
R 

/ 
R 

In aprotic solvents, decomposition of the diazo compound yields only the carbene, 
but in proton-rich solvents protonation of the diazo compound yields the diazonium 
ion, and thence the carbonium ion. The  borderline between these reactions is often 
i l l  defined. 
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being represented as follows: 
In aprotic solvents, carbenes often decompose to yield olcfins, the overall reaction 

R' H R R' 
I /  \ /  

I 
R" 

R' H 
I /  

I \  
R" N, 

+ R-C-C.. __f c=c 
/ \  

R" H 
H - c - c  

It has been pointed out6 that the evidence for involvement of free carbene (8) in 
these reactions is often flimsy, and that a displacement of the leaving group by 
migrating electrons of a C-C bond could give rise to  the olefin (9) without inter- 
vention of the carbcne. The same argument may be applied to reactions in which 
the toluene-p-sulphonyl hydrazone is the source of the diazo compound, except 
that in  this case there is frequen!ly n c  evidence of formation of either the diazo 
compound or  thc carbene. 

In cases in which thermal decomposition of a diazo compound does yield a 
carbene, the carbene is probably formed as  a singlet, that is, with a vacant orbital 
and an electron pair's8. It can then either react dircctly as the singlet, o r  form the 
triplet state in which it  has two unpaired electrons and behaves as a diradical. 

Rearrangements occur during carbene reactions either as a result of one carbene 
being transformed into another carbcne, or during reaction of the carbene. 
Rearrangcments of the first type are relatively uncommon; the ovcrall reaction may 
bc represented as: 

X X 

R-C-C-R - R-C-C-R 
11 .. . . 11 

The reaction involves the  unusual feature that more than one bond must be broken 
and crcated during the rearrangement. Consequently, the energy barrier to  rearrange- 
ment is relatively high and unless both carbenes are fairly stable, decomposition of 
the carbene will offer a lower energy pathway. For similar reasons, rearrangement 
by bond shift during carbene formation is unlikely, though one possible case 
of subsequent interaction of an electron-rich centre with thc electron-deficient 
carbene has been reported". 

Almost all rearrangements involving carbenes take place whcn the carbene 
reacts, and these rearrangements may be conveniently considered in terms of each 
of the reaction types discussed below. 

A. Insertion into a C--H Bond 

Consideration of spin conservation leads to the conclusion that the insertion of a 
singlet carbene into a C-H bond is a 
transition state. 

concerted process involving a three-centre 
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By similar reasoning, the insertion of a triplet carbene (diradical species) into a 
C-H bond is a two-step process involving radical formation and combination. 

/ ./ / 

\ \ \ 
R R , ~  + H-C- -- 'r R R ~ ~ H  + c-  --+ RR'CHC- 

Insertion of a highly energetic carbene, such as methylene, takes place alniost 
equally readily into primary, secondary and  tertiary C-H bonds, but phenyl carbene 
is more selective, and the more stable chloroniethylene even more selective, showing 
a selectivity ratio for secondary to primary bonds of 20 to I ,  compared with 1.2 to  1 
for met hylene. 

Insertion reactions of this type can only be regarded as giving rise to rearranged 
products when they proceed intramolecularly. Several examples of this type of 
reaction are known. In a simple case, isopropyl carbene, generated from the diazo 
compound either photolytically61 or thermallysJ, gives rise to approxiniately 35% 
of methylcyclopropane. The reac:ion proceeds even better in cyclic systems, where 
diazocamphane gives tricyclene in 100% y ie lP .  

Long range insertion reactions are relatively uncommon and require special 
structural features of thc substrate. Long range insertion can take place in cnrbenes 
which do  not have C-H bonds u or p to the carbene centrc6.', and in cases where 
the molecule is constrained by a cyclic structureG3. 

A study of a number of insertion reactions in cyclic systems has shown that in all 
cases, insertion takes place into a n  axial C-H bond of the ring, to give a cis-bicyclo 
derivative. This is consistent with the view that carbene insertion reactions occur 
with retention of configuration. 

e.g. . .  
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B. Olefin-forming Insertions 

These reactions are of the general type: 

R‘ R’ R’ 
I \ /  

I \  
R’ R‘ 

R 1 - C - 2  P /c=c 
\ 

Rz R‘ 

The reaction consists of ;In intramolecular insertion of the carbene into one of the 
bonds to the  or-carbon atom. These reactions are frequently but incorrectly described 
as ‘1,2-shift’ reactions, by comparison with similar carbonium ion rearrangements, 
though this implies conversion of one carbene in to  anothcr, which has not been 
observed i n  reactions of this typeGt;. 

It is in the field of olefin-forming reactions of carbenes that evidence for the  
involvement of a carbene in the reaction i s  frequently thin. Keaction via a diazonium 
ion and a carbonium ion would often gibre similar products to a carbene reaction, 
and distinction between the two routes is not always possible. Evidence that 
alternative routes to olefin formation do  exist has been obtained by Powell and 
Whiting6’, who have observed a stereoselectivity of reaction inconsistent with 
carbene formation, which they attribute to direct displacement of nitrogen lo give 
the olefin. 

The preferred geometry of the insertion has been studied by using the locked 
norbornyl system, brexan-5-one ( 

(10) 

In this molecule, the cxo-hydrogen is nearly perpendicular to the carbonyl group, 
while the endo-hydrogen is nearly parallel. Conversion of the keto group into the 
toluene-p-sulphonylhydrazone, followed by pyrolysis, yielded the expected olefin, 
which labelling experiments showed to result from preferential insertion into the 
bond to the em-hydrogen ovcr the edo-hydrogen by a factor of 138. The  authors 
do not report proof of carbene formation, but any elimination reaction should 
favour a planar transition state, so that non-carbene niechanisms appear unlikely. 
Interestingly, photolysis of the toluene-p-sulphonyl hydrazone reduced the exo-to- 
etzdo ratio to only 4.8. 

The relalive ease of carbenc insertion into neighbouring bonds has been measured, 
and it  is foundbe that the order of ease of insertion is C-H> C-phenyl> C-methyl. 
Insertion into a C-0 bond, though not uncommon in reactions of photochemically 
generated carbenes’O, is very rare in  reactions of thermally generated carbenes, and 
occurs only when a C-0 bond is the  only bond into which insertion can possibly 
occur”. 

h e a t ,  &OCH’ 

N-N-TS O C H ,  
I 
H 
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Keactions of this type clearly prodiice skeletal rearrangements comparable to the 
1,2-alkyl shifts observed during carbonium ion rearrangements; in  acyclic72 and 
b icyc l i~ '~  systems, this can result in changes to the basic carbon skeleton of the 
molecule. 

&N-NH-Ts d 

NHTs 
I 
N 

12% 74% 

Olefin-forming insertion reactions have reccntly been used to generate unstable 
olefins, such as those contravening the Bredt rule. Thcse olefins are so highly rcactive 
that they cannot be isolated, but decompose either by a retro Diels-Alder reaction 
or by dimerization. An example of the first type of reaction is that of the norbornyl 
derivative shown below7'. 

Olefins such as that generated from adaniantyl carbene do not undergo a retro 
Diels-Alder reaction readily, so they decompose by dimerization'j. 

(Mixture of four isomers) 
CH = N N H T s 

C. Reaction with Nucleophiles 

The reaction of a carbene with a hydroxyl group shows an  overall similarity to 
insertion reactions of the type discussed in the previous sections, but the mechanism 
is different. From a detailed study of the reaction of diphenyl carbene with alcohols 
and with water, i t  was that the reaction involves attack of the carbene on 
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the hydroxyl oxygen to give an ylide; this then undergoes prototropic shift to yield 
the alcohol or ether. 

ROH + 
Ph,C: - Ph,C-O/" - Ph,C/H 

' R  ' O R  

Reactions of this type give little scope for rearrangements, which rarely occur; 
cyclization offers one possible rearrangement route when the carbene is gcnerated 
in a suitable n i o l e c u l ~ ~ ~ .  

Ph Ph 
\ \ 
C=N, C: PI> 

CH,O, / W O ,  / \ 
C C HC-0  

CH,O' 'NH hr.> CH,O' 'NH -- CH,O,/ \ 
c c  c=o I c=o I CH,O' 'N~ \OC,H, 

I I 
OC,H; OCJ-4 

Attack of a carbene on an aziridine gives an unstable ylide, which fragments to 
give an olefin's. 

/N=cxz > N  CH,=CH, + 
I / \- 
R R CX, R 

Episulphides cleave similarly, but rearrangement can occur within the ylide in a few 
special cases79. 

OTs 
/ 

NH 

D. Addition t o  Mult iple Bonds 

Addition to an olefin to yield a cyclopropane is one of the characteristic reactions 
of a carbene. It is generally accepted that addition of a singlet carbene proceeds 
stereospecifically, while triplet carbenes give non-stereospecific additiona0. The 
mechanism of the reaction has recently been discussed in dctai19* lo. 

The addition reaction can yield rearranged products only when the initial addition 
product is unstable, or by an intramolecular reaction. An example of the first type of 
reaction iss1: 
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A simple examplea2 of an intramolecular carbene addition is the photolysis of allyl- 
diazornethane at - 78 "C:  

The intramolecular addition reaction does not, however, take place in systems in 
which the separation of the diazo and olefinic functions exceeds one carbon atom. 
Thus, 11 cyclizese3 while 12 does not8'. 

(12) 

It has been suggested that this may be because the intermediate in intramolccular 
additions could bz a 1,3-dipolar adduct rather than a carbene, in which case the 
reaction would bes5: 

h r - C O O M e  a&r-cooMe ~ f i  -COOMe 

N-COOMe N-COOMe N-COOMe 

Such a reaction would be subject to more rigid stcreochemical requirements than the 
carbene addition, and hence more easily inhibited by separation of the reacting 
groups. 

E. Fragmentation Reactions 

Cyclopropylidene (13) is readily generated by thermal decomposition of diazo- 
cyclopropane (14), and decomposes to yield allene (15). In  a thorough study of the 

6 i;\ CH,=C=CH2 

(1 4) (1 3) (1 5 )  

reaction, Jones and his coworkerse6 were able to prove the presence of both (13) 
and (14) by trapping experiments, so it i s  clcar that (15) docs arise from (14), in 
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quantitative yield. Reaction of an  optically active disubstituted diazo compound 
showed that the allene was formed with thc retention of a high degree of rotationa7. 

When a carbene is generated next to a cyclopropyl ring, as in cyclopropylcarbene, 
a completely different reaction is observed. Gas phase pyrolysis of tram-2,3-diniethyl 
cyclopropyl diazoethane gives a mixture of cleavage to olefin plus acetylene, and 
cleavage to the diene. The latter is formed via cyclobutane, generated by carbene 
inser t ions*. 

H-C=C-H 

+ 

/ \  
CH, H 

When the cyclopropyl ring is fused to a larger ring, generation of a carbene centre 
next to the cyclopropyl ring produced a species in which the second reaction path is 
inhibited, so that ring fission takes place via the first pathway8”. 

Two of the cyclopropyl ring bonds are broken in a process which may be either 
concerted or two step. Recent experiments favour the former, a t  least for reactions 
from a singlet ground state”. 

F. Carbene t o  Corbene Rearrangements 

True carbene to carbene rearrangements are uncommon, since carbenes are highly 
reactive species which usually deconipose more readily than they rearrange. 
Consequently, rearrangement offers a lower energy pathway than does reaction 
only when both the carbenes involved are unusually stable. 

The first example of a carbene-to-carbene rearrangement to  be observed was 
during the thermal decomposition of (2-methylpheny1)diazomethane. 
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Observation of 9% styrenc is inconsistent with reaction via the carbene (16), though 
the formation of benzocyclobutenc is consistent with its presence. Similar reactions 
have been reported for the 3- and 4-methyl benzylidenes while reaction of the  
unsubstituted carbene, phenylcarbene, gave a quantitative yield of heptafulvalenegl. 

Trapping experiments subsequently confirmed that this reaction does proceed via 
cycloheptatrienylideneo2. 

The interconversion of phenyl carbene and cyclolieptatrienylidcne (17) can be 
visualized as occurring by any of at  least thrce niechanisnis53, but recent evidenceg’ 
favours interconversion via the cyclopropene: 

Since both steps of this reaction are reversible, i t  provides a mechanism for ‘niove- 
ment’ of substituents in the ring. 

‘C H 
.* 
‘C H 

Q e*Q \ =. *Q - G? *fJ ’ Me *& Me 
Me Me Me 

By a series of similar equilibria, 4-niethylbenzylidenes can give rise to styrene: 
experiments on labelled materials gave styrene in which the position of thc label 
was consistent with the proposed mechanism”. 

The cyclopropenyl intermediate involved in these reactions is analogous to the 
oxirene intermediate 18 (see later) in the WolfT rearrangement. 

(1 8) 

However, this heterocyclic intermediate probably draws extra stability from the 
presence of the hetero atom, since the ‘carbcne’ species involved do  not display 
such normal carbene reactions as addition to olefins. The difference may well be 
that the heterocyclic species is an internicdiate, the carbocyclic a transition state. 
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Detailed discussions of the carbene-to-carbene rearrangements involving phenyl- 
carbene have been given by several workersg1. O0, 97. The mechanism seems t o  be a 
general one  in s y s t e h  of this type, as similar reactions have beer, observed in the 
gas-phase pyrolysis of diphenyldiazomet hanegd, and between the acenaphthylcarbenc 
(19) and phenylenylidine (20) speciesBB. 

All the above reactions take place under pyrolytic conditions (250-600 "C) in 
the gas phase, but a similar reaction has been observed which takes place in solvents 
such as benzene and cyclohexane at  lower (30-SO "C) temperatureslo0. Pyrolysis of 21 
a t  80 "C or photolysis in benzene a t  30 "C gives 22 in good yield. 

Clearly, reactions of this type are not exceptional, but they are limited to very stable 
car benes. 

G. Rearrangements of Carbenes t o  Form Other Reactive I ntermediotes 

When a carbene is generated in a system containing a suitable nitrogen atom, i t  
may rearrange to yield a nitrene; a phosphorylcarbenc can rearrange to yield a 
methylene phosphene oxide. 

1. Carbene-nitrene rearrangements 

This rearrangement shows meclianistic similarities to the carbene-to-carbene 
rearrangements described carlier. Like them, i t  is an uncommon reaction, and 
takes place only with very stable carbenes, since only under these conditions can 
it  compete with decomposition of the carbene. A good example is the rearrangement 
of pyridyl carbene to phenyl nitrene; the pyridyl diazo compound is unstable, so is 
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formed ill sitic by the pyrolysis : 

I t  is suggested that the mechanism is closely analogous to that proposcd for carbene- 
carbene rearrangements, i.e. 

The equilibrium can also be approached from the phenyl nitrene side, and is strongly 
in favour of the nitrene1Oob. 

2. Phosphoryl carbene-methylene phosphene oxide rearrangements 
Methylene phosphene oxides arc short-lived phosphorus analogues of ketenes; 

this rearrangement is thus similar to the  Wolff rcarrangenient. Unlike the Wolff 
rearrangement, the first step of the reaction is the formation of a phosphoryl carbene, 
and this may then react with a nucleophile directly by an insertion mechanism, or 
rearrange to a inethylene phosphene oxide, then add the nucleophiIelooC. 

Ph 

Ph OH Ph 

Ph 
I / 

Ph Ph 
H,O 
+ P-CH, 

I /  
O=P=C, \ 

Alternatively, the inethylene phosphene oxide can be dclected by trapping with 
a carbonyl compound to  give a 1 ,2-oxaphosphetanc100d. 

Ph 

Ph I 
H 

Some 1,2-oxaphosphetanes, however, will undergo further rearrangenlent’OOe. 
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H. The Wolff Rearrangement 

Thermal or photolytic decomposition of a diazo compound which has a carbonyl 
group a to the diazo group does not proceed via a simple carbene reaction. The  
reaction does not involve a carbene which can be trapped by any conventional 
technique, and in the presence of water gives rise to a rearranged carboxylic acid. 
The reaction is known as the  Wolff 

0 N2 R 0 
I1 I I  H.0 / I1 

R- C- C- R‘ --j. CH-C-OH 
R 

The rearrangement did not attract much intercst when i t  was first described in 1902; 
i t  was not until an efficient synthesis of g-diazoketones from acid chlorides and 
diazoniethane was devclopedl”? that the synthctic uses of the reaction were expanded. 
In its original form, the  reaction was carried out thermally; a photochemical analogue 
was demonstrated i n  1944 lo3 and a similar rearrangement catalysed by silver ions 
is now known8, lo4. In contrast to this latter reaction, the decomposition of a- 
diazoketones in the prescnce of copper salts leads, in most cases, to addition and 
insertion reactions of carbonylcarbeneslO’v lo5. Only a few cases of copper-catalysed 
WolK rearrangements are known. 

Despitc extensive studies, the mechanism of the WoltT rearrangement is still in 
some doubt. The basic mechanism proposed by Wolff was via the route: 

R R 

The intermediacy of ketencs seems well cstablished, since ketenes or their decompo- 
sition products have been isolated from diazokctone therrnolysis in aprotic 
and carbon monoxide has been isolated from photolysis of the ketene produced 
during cc-diazoketone pliotolysis. It has been pointcd out that rearrangement from 
an excited singlet state of the diazoketone is neccssary to yield ketencs since the 
first excited state of ketenes lies at hish cnergies, rendering triplet diazoketone to 
triplet ketene an endoenergetic p r o c c s ~ ~ ~ ~ .  This is supported experimentally by 
showing that dinzocyclohexanonc underwent Wolff rearrangement on unsensitized 
irradiation via an intermediate which was not trapped by olefins, but that irradiation 
in the prescnce of benzophenonc yiclded an internicdiate which did not undergo 
Wolff rcarrangcment, and could be trapped by olcfins’O. 

Three possible mcchanisms for conversion of diazoketones into ketenes have been 
proposed ; 

(i) A concerted shift: 

(ii) Rcaction via a carbonyl carbenc: 
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(iii) Reaction involving an oxirene (18), probably formed from, or in equilibrium 
with, a carbonylcarbene: 

(1 8) 

Some evidence to support the first mechanism comes from the observation that most 
a-diazoketones have a cis structure; the only known exception to this rule docs not 
undergo the Wolff rea~rangement '~~ .  Howevcr, kinetic studics do  not support the 
idea of a concerted mechanism. Electron-releasing substituents on a migrating 
aryl group strongly retard reactionl10 which is the reverse of the result expected for 
a concerted migration. Further evidence against a concerted migration has been 
obtained by showing a lack of kinetic isotope effects on the reaction"'. 

Attempts to obtain proof of carbene intermediates in the reaction by trapping 
experiments have been generally unsucccssful, though the copper-catalysed reactions 
of the same diazo compounds, which d o  not give Wolff rearrangement products, 
readily yield trappable intermediates. Some support for the interiiiediacy of carbonyl 
carbenes has been obtained by generating these species via an alternative route; 
photolysis of 23 has produced an  intermediate which behaves very like that produced 
by the photolysis of diazoacetophenone112. 

H 
P h COC H, / 

ph-Co--C-s+(CH,)z 

(23) \ / A H  
Ph-CO-CH: 

PhCOCHN, Ph CH,CO,C,H, 

Evidence for the intermediacy of oxirenes in thc Wolff rearrangement has becn 
obtained by labelling experiments. 

R 
\ *  c=c=o 
/ 

0 N, / \  0 / R  
4- I I  II 

R-C-C-R' * C = C  
/* \ 

R'-----s R R 
\ *  /c=c=o 

R' 

The  experiments of Strausz and his using 3-diazo-2-propanone, 
3-diazo-2-butaiione, azibenzil (PhCOCN,Ph) and u-diazoacctophenone showed that 
a labcl on  the carhonyl carbon atom is scrambled over both carbon atoms of thc 
corresponding ketene. This experiment affords clear proof of the existence of a 
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symmetrical intermediate, most probably an oxirene. The authors found oxirene 
formation to be a characteristic of photolytic reactions, which is inconsistent with 
a thorough study of the decomposition of 3-diazoheptan-4-one by Sammcs’lJ during 
which the existencc of oxirene participation was demonstrated during both 
thermal and photolytic decomposition but no! during silver- or copper-catalysed 
decomposition. 

An alternative approach to the oxirene question has been provided by the treat- 
ment of alkynes with m-chloroperoxybenzoic acid, a reaction which should give 
oxirenes directIy1l5 : 

Oxidation of acetylcncs was compared to the results of thermal decomposition of 
the appropriate a.-diazoketones, and the products found to be qualitatively but not 
quantitatively similar. 

Quantum mechanical calculations indicate that oxirenes are cncrgetically accessible 
intermediates, and suggest that the carbonyl carbene to oxirene rearrangement is a 
process of little or no activation energy116. 

On the basis of the above results, an overall scheme for the Wolff rearrangement 
may be written : 

R 1 
\ 
C=C=O ---+ Products 
/ 

R 

This scheme, however, has a number of exceptions in which a Wolff rearrangcrnent 
takes place without any evidence of oxirene participation. Photolysis of 5-diazo- 
homoadamantan-4-one proceeds without oxirene participation1Is; this may be due 
to its instability as part of a strained polycyclic system. 

Similarly, azibenzil1Ig undergoes a thermal Wolff rearrangement without oxirene 
participation. The reasons for these exceptions are not known. 

Related to the Wolff rearrangement is the photolysis of diazoacyl estcrsl?o, 
which in methanol proceeds via two main compcting pathways. One of these is the 
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normal insertion of a carbene into the -OH bond of methanol, the other a path 
analogous to the Wolff rearrangement. 

0 
II 

0 Nz 
II II 

PhOC-CH - f PhOCCH: 

/ \  

PhO-CCH:OCH, PhOCH=C=O 

CH,OH 1 
PhOCH,CO,CH, 

However, a sulphur analogue of the above class of compounds decomposes only by 
a Wolff rearrangement pathway1"'. 

0 0 

Thc prcsence of a second carbonyl function a to the diazo group does not modify the 
mechanism, but gives a mixture of the two possible rearrangement products'". 

The Wolff rearrangement is a very useful synthetic reaction, as it provides a 
valuable method of making strained cyclic systems by ring contraction123, e.g. 

I t  fails, however, in cases where contraction would result in an cxcessively strained 
system12J. 

For a dctailed discussion of the uses of this reaction, the treatment by Kirrnse8 and 
references therein should be consulted. 

1. Carbenoid Rearrangements 

Carbenoids have been defined125 as  'Intermediates which exhibit reactions quali- 
tatively similar to those of carbenes without necessarily being free divalent carbon 
species'. Frequently the carbenoid spzcics has a metal associated with the organic 
fragment, and carbenoid activity is ofLen found in the reactive species formed when 
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diazoalkanes decompose under the influence of metal salts such as ZnCI,, HgC12, 
CU(I> and CU(II) chlorides, CU(II) sulphate and tungsten(v1) chloride1?". Recently, 
decomposition of a diazoalkane catalysed by a hydrocarbon, tetraphenylethylene, 
has been reported, but has not yet been sufficiently investigated for a useful 
comparison with metal-catalysed reactions to be made"?. 

When a diazoalkane is decomposed in the presence of a copper salt, the carbenoid 
is more likely to undergo intermolecular reaction than would a photolytically 
generated carbene from the same diazoalkane. 

1 - - hw 92 7 1 

CUI (%I 7 12 6 62 13 

In the presence of olefins, copper-catalysed decomposition of diazoalkanes gives a 
bcttcr yield of cyclopropanes than does the uncatalysed reaction. This is of value in 
such reactions as the formation of vinylcyclopropanes from vinyldiazomethane, 
where the photolytic or thermal reactions give poor yields due to pyrazoline formation 
or internal cyclization to pyrazolenines128. 

U 

From the point of view of rearrangements, copper-catalysed reactions are im- 
portant in that they suppress the Wolff rearrangement of a-diazoketones, and permit 
them to undergo addition and insertion reactions of normal c a r b e n e ~ l ~ ~ .  In  this, 
they differ from silver and platinum salts, which catalyse the Wolff rearrangement. 

72% 9% 

Insertion into a C-C bond is also possible, as is illustrated by the novel 
rca:rpngement130 : 

This reaction involves cyclopropanc formation by insertion into a C-C bond, 
which is uncommon. The carbenoid from reaction of an  a-diazoketone also under- 
goes addition to a doublc 
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Copper carbenoids show a much greater tendency to dinicrize than do ‘free’ 
carbenes, and this tendency can be used to obtain intramolecular cyclization 
products from the decomposition of bis-a-diazoketones. An example of this type of 
reaction is the synthesis of y-tropolone132. 

CI 

O V O H  

V. REARRANGEMENTS INVOLVING D l A Z O N l U M  I O N S  

Reactions such as treatment of a n  aliphatic primary amine with nitrous acid give 
rise to a large number of rearranged products. These rearrangements have been 
listed in a number of comprehensive reviews11-15s OG,  133, so that this section will 
consider the overall picture of the reaction, rather than attempt to give a compre- 
hensive coverage of all known rearrangements. 

Treatment of an  aliphatic primary arnine with nitrous acid is believed to yield the 
diazonium ion, which breaks down to the carbonium ion, and thence to products. 
However, the variety of products observed in these reactions exceeds by far that 
observed in formally similar carbonium ion reactions in which the ion is generated 
by ester or halide heterolysis, and has led to much investigation of why the ion 
involved is more reactive. This reactivity is a feature of all reactions of the diazonium 
ion, regardless of how i t  is obtained. 

A. Formation of Diazonium Ions 

The simplest possible route to an aliphatic diazonium ion is by treatment of a 
diazo compound with acid. The  first step of this reaction is protonation of the 
diazo compound lo give the diazonium ion, and this ion then decomposes to a 
carbonium ion, from which the products are obtained. 

U +  + 
Ph,CN, - Ph,CHN: - Ph,CH+N, 

In practice, relatively few aliphatic diazo compounds have been prepared and 
purified, so protonation of the diazo compound is a little-used route to the diazonium 
ion. Several other routes are in more common use, and this variety of routes is 
important in mechanistic studies, since each route gives the diazoniuni ion associated 
to differing extents with different neutral and charged species. Comparison of the 
products of decomposition of formally similar species generated by different routes 
can thus provide useful information about the intermediates. Methods of generating 
the diazoniuni ion in common use are the following: 

(a) Reaction of aniines with nitrous acid. This reaction is often described as 
‘deaniination’ though Collins133 has pointed out that this is not an appropriate 
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description. Commonly, the amine is treated with nitrous acid, generated in sifu from 
sodium nitrite and a mineral acid. 

R-NH,+HNO, - RNHNO - RNNOH - RN: - R +  

The reagent is believed to be NO+. Evidence in support of this mechanism has been 
obtained from the study of heterocyclic primary amines, where the intermediates are 
more stable than those obtained from primary aliphatic amines’?, and by using 
NOCl as a source of NO+ under very mild conditions, when the diazotization of 
substituted anilines can be stopped at the nitrosamine A review of the 
processes involved has appeared”. 

The reaction can also be carried out in acetic acid, in which case the carbonium 
ion is generated as part of an ion pair133. 

2 HNO, - H,O+N,O, 

N,O,+CH,COOH ~ z CH,COONO+NO;+H+ 

0 
II + 

RNH,+CH,CONO - [RNH,NO CH,COO-] 

[RNH,NO CH,COO-] - [RNH=NOH CH,COO-] 
+ + 

[R;H=NOH CH,COO-] - [RN: H,O CHc,C60] 

[RN: H,O CH,COO-I - [R+ H,O CH,COO-]+N, 

The water molecule and the acetate counterion strongly influence reactions of the 
carbonium ion. 

(b) Thermal decomposition of N-alkyl-N-nitrosaniides. In  this reaction, the 
amine is converted first into an aniide, then a nitrosamide, and then decomposed 
in a suitable 13‘). 

H O  
I II 

N=O 
I 

RNH, - R-N-C-R‘ - R-N-C-R’ 
I I  
0 

0 
ll - [R-N=N-0-C-R‘] - [R+ 8OCR’]+N, 

The nitrosation process is best carried out with dinitrogen tetroxide. The reaction 
is reported to niinimize ~ear rangernents~~.  

Variations on this process include the thermal decomposition of N-nitroso- 
~a rbamates ’~ ,  of N-ni t ro~arbamates’~~ and N- i i i t roan i ide~~~~ .  The  nitro compounds 
decompose in the same way as the nitroso compounds, except that they give off NO,. 

(c) The triazine reaction. I n  this reaction, the aliphatic aminc reacts with a 
diazoniuni salt to yield n triazine, which then undergoes acid-catalysed decornpo- 
sition in a suitable s o l v e n ~ ~ ~ ” ~ ~ ~ .  

ns 
> RNH-N=N-Ar - R+X-+N,fArNH, 

ArSz + 
R-NH, 
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(d) The Baniford-Stcvens reaction. This reaction consists of heating a toluene-p- 
s~llphonylhydrazone with the sodiuni derivative of ethylene g!ycol in ethylene 
glycoll”?. Investigation of the reaction has shown i t  to consist of a unimolecular 
elimination from the anion of the sulphonylhydrazone, giving an aliphatic diazo 
 omp pound'^^. 

R’ R’ 
\ \ 
C=N-NH--SO,R C=N-Q--SO,R 
/ / 
R” R” 

In  proton-rich solvents, the diazo compound forms the diazonium ion, and thence 
forms products of its decomposition; in the absence of a proton source, thermal 
decomposition of the diazo compound takes placelJJ. 

The reaction can also be carried out photolytically145, on either the salt or the 
free sulphonylhydrazone. 

(e) Solvolysis of alkyl diazotates. Clcavage of jV-al~~l-N-nitrosouretlianes by the 
action of potassium I-butoxide yields the alkyl diazotatel.jc: 

NO 0 0 
I II  I I  

R-N-COC,H,+t-BUO-K+ ___j ~-BuO-COC,H,+RN=NO-K+ 

In  aqueous base, hydrolysis to the diazotic acid is almost instantaneous*47. 

RN=NO-K++H,O 7 RN=NOH+K+OH- 

This then decomposes to yield typical carboniuni ion products. In base, the leaving 
group is’believed to be -N=NOH, yielding the carbonium ion directly, but in acid, 
reaction is probably via a diazoniuni ion. 

B. Decomposition of Diazonium 1017s 

Theories of the mechanism of decomposition of diazonium ions are concerned 
with the variety of rearranged products which these reactions yield. The reaction 
was first postulated to takc place via a carboniurn ion, b u t  the range of products was 
soon found to exceed that of the postulated ion generated by routes such as ester or 
halide hcterolysis. To explain this, i t  was suggestedxJB that the  carbonium ion 
generated in deaxnination reactions was a high energy ion, somctimes described as 
a ‘hot’ ion, which had sufficient energy to cross barriers which blocked sonie reactions 
of thc energetically normal species. The reason suggested for the greater energy of 
this species was the relatively low energy barrier (12-20 kJ/mol) to fission of the 
diazonium ion, relative to the energy of fission of the C-0 bond of an ester 
(60-100 kJ/niol) lA9. 

Another theory was proposcd by Huisgenxso, who suggested that in the dccompo- 
sition of diazonium ion thcrc is a compression of the energy profile relativc to 
solvolysis reactions, lending to smaller differences in  ihe energy of activation for 
several possiblc processes. The theory can, howcvcr, be regarded as replacing a 
‘high energy reactant’ by a ‘low energy reaction’. 
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The  ‘high energy ion’ theory was challenged by Strei twie~er’~~,  who pointed out 
that, on this hypothesis, diastereoisomeric cyclic amines should yicld similar 
products, whereas different products were obtained on nitrous acid decomposition. 
He therefore proposed that the diazonium ion rather than the carbonium ion was 
the branching point for competing reactions. Reactions of the diazonium ion 
proceeded via a low energy route, since loss of nitrogen was assistcd by the reagent. 

+ + 
R,-CH--N=N ____ t R,-CH 

I I 
Products Products 

In support of this, he pointed ogt that the I-butyl-I-rl-acetate obtained from t h e  
reaction of 24 with nitrous acid showed 69% inversion of  onf figuration'^^. 

CH,CH,CH~C- H 

(24) 

\ 
D 

An clegant test of this theory was devised by Whiting’”, lS3. He pointed out that 
the limiting cases of reaction via the diazoniuni ion and via the carboniurn ion may 
be written as follows: 

+ 
R-N=N-X - R-N=N+X- 

R-N=N-X - R++N,+X- 

In the first case, the  diazonium ion is generated by removal of X- \vet1 away from 
tliecentre of positive charge; if the diazoiliuni ion has a finite lifetime, then complete 
separation of X- will be probable, so that when the diazonium ion decomposes 
to the carbonium ion, the latter will not be associated with the counterion, X-. 
In the other limiting case, where the diazonium ion represents a transition state 
rather than an intermediate, the carbonium ion and X- will be generated simul- 
taneously, and hence formation of the ion pair is likely, particularly in  solvents of 
low ionizing power. Thus, if the diazonium ion is formed by a number of routes, 
each involving a different counterion, reactions in which the diazonium ion has a 
long life should yield the same product mixture in which counterion capture is 
absent, while reactions i n  which the diazonium ion has a short life should give 
product mixtures with varying amounts of products of capture of the different 
counterions. 

Experimentally, Whiting found that reactions of I-octylaniine by different 
routes gave essentially similar products, suggesting that in this case the diazonium 
ion has a long lifetime, but reactions of 4-octylaniine gave substantial yields of the 
products of ion pair collapse, suggesting that the diazonium ion had a lifetime which 
was short relative to thc rate of molccular diff‘usion. This result is consistent with 
Streitwieser’s :heory, formation of a primary carbonium ion from a diazoniuni ion 
bcing slow while thc more stable secondary carbonium ion is formed rapidly from 
its diazonium ion. 

The  interpretation of Whiting’s rcsults has recently been challengcd by White15’. 
He suggests that Whiting’s picture is oversimplified since i t  does not allow for the 
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exchange of counterion with the solvent, and that a full  picture of the reaction of 
an amine, RNH.,, in solvent HY is 

z R + Y -  
+ /R+X'-  -- 

R - N H 2 W  R-NGNX- X-R 

I \ Y- R 

,? R f Y -  

b Y - R  

J. 

R-N=NY- 
+ 

White studied the decomposition or the inethylnitrocarbamates of thc primary, 
secondary and tertiary butyl alcohols, carrying out  the reactions in ethanol in order 
to reduce counterion exchange. The results obtained were the  reverse of those of 
Whiting; the product of capture of the carboniuni ion by the  counterion was 23% 
of the total in the primary case, 15% in the sccondary and 2'x in the tertiary. 

A possible explanation of this discrepancy is that the initial assumption that a 
diazonium ion pair would separate relatively rapidly is incorrect. Formation of a 
diazonium ion pair, which can lose nitrogen to give a carboniuni ion pair, provides 
a satisfactory explanation of White's results, and differing rates of exchange of the 
counterion with solvent would explain Whiting's results. To date, however, the 
difficulty of quantitative treatment of the complex mixtures of products involved in 
the reactions has prevented clear resolution of the problem. 

C. External Stabilization of Carboniurn Ions Formed from Diazonium Ions 

1. Neutral species 
Bcfore the role of the counterion in diazonium ion dccoinposition is considered, 

it should be realized that the carbonium ion and counterion are not formed in 
close contact, but are separated by at least one neutral molecule. Decomposition 
of thc diazonium ion produces a molecule of nitrogen, so that the carboniurn 
ion and counterion are, in all cases, initially separated by this molecule. This species, 
described as an  'inert-gas-separated ion pair', is believed to be enclosed within a 
solvent cage, and to be in a state of considerablc lsG. The mixture of 
species covered by the term 'inert-gas-separated ion pair' probably rangcs from 
specics in which the nitrogen atom separates the ion pair, so that the carboniuni 
ion can react with solvent, to species in  which the nitrogen molecule is off the line 
between the ions, which rnakcs them more likely to react by collapse of the ion pair. 

Even more complex is the situation during reaction of a primary amine with 
nitrous acid in acetic acid, where the species involved consists of an ion pair separated 
by a molccule of nitrogen and a molecule of water, presumably within a solvent cage. 

CH,COOH 

N-OH N-OH 
4 

R-N 4 CH,COOH 
R-NH, R-N 

C H, C 00- 

v -0 C 0 C H, 
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Capture of R+ by nitrogen is unlikely to be important3O, but reaction with either 
water o r  acetate is probable. 

The importance of the  water molecule in deamination in solvents such as anhydrous 
acetic acid has been neglected by many workers in the field. AlthOLle!i as long ago as 
1,963, WhiteLs7 pointed out that deamination in acetic acid uf RNH, csuld yield 
ROH, RONO, R O N 0 2  and ROCOCH3, many examples exist in which the experi- 
menters have simply reduced the product mixture with lithium aluminium hydride 
and obtained only alcohols. Since each individual component of the mixture has its 
own mode of formation, this procedure destroys much of the evidence of the reaction, 
and can be misleading. 

In the few cases in  which alcohols have been isolated from the reaction of amines 
with nitrous acid in anhydrous acetic acid, they have been found to be formed with 
approximately 80% retention of lSM. This is consistent with the 
water molecule occupying a position close to that vacated by the leaving group, 
nitrogen. The association between the carbonium ion and the water molecule seems 
to be strong, since it can remain in place through a hydride shift and a Wagner- 
Meerwein shift’””. 

1 1 

This type of reaction is detectable even i n  aqueous conditions. Deamination of 
cyclohexylamine in water, using nitrous acid labelled with lag, showed that approxi- 
mately 10% of the oxygen in the product was derived from the nitrous acid160. 

2. Charged species 

The first evidence of thc importance of ion pairs in nitrous acid deamination comes 
from the work of 0 t t l G 1  in 1931. He showed that reaction of optically active 
a-phenylethylamine with nitrous acid in acetic acid gave an  ;icelate which yielded 
an  alcohol of partially retained configuration, while a similar reaction in water 
gave alcohol of partially inverted configuration. Retention of configuration must 
have resulted from ion pair collapse. 



13. Rearrangements involving the diazo and diazoniuni groups 623 

I 

L - L  
0 - 0  NO 

I 
I - + 

Ph,CH-C, 
1 %  1 ** 

Ph. H Ph ‘H 

N - C O ~ H ,  

P h ,C H - C.. 

Attack of ..t”,:/ CH,COO- from solvent 

0 H 
$ 8  

C - CH, Ph,CH-C.LPPh 
/ 

0 
I 

Ph,C H - C,, 
/ ‘SH 

Ph 

0 
\ 

dc-cH3 
Re t e 11 I i o 11 Inversion 

0 1 
I 1  ac-ph + AcO 

19% 22% 
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Later, Berson and coworkers1G2~ 163 observed different products froni formally 
similar ions i n  deamination reactions, and named the phenomenon ‘Memory 
effects’; these are probably also a result of ion pair collapse. 

The presence of ion pairs in the thermal decomposition of N-nitrosoacylamines 
was demonstrated by Huisgen15*v lC4 and by White165. Collins1G6 demonstrated the 
importance of ion pairs in these reactions and in the reaction of amines with nitrous 
acid. Collins’ group showed that the decomposition of an optically active, acetate- 
labelled substrate (25) gave a mixture of product of retained configuration, in which 
the label was retained, and inverted configuration, in which the label was lost. 

The importance of ion pairing in controlling product formation in deamination 
reactions has been thoroughly investigated by Collins and his c o - ~ o r k e r s ’ ~ ~ .  A 
single example from among the many which they have inve~tigated’~’ shows that 
the reaction of 26 and 27 with nitrous acid proceeds, in each case, through the ion 28, 
but that this ion yields different products depending on the position of the counterion. 

D. High Energy Carbonium Ions 

During years of study of reactions of diazoniuni ions, the main problem has 
always been to explain the wide variety of rearrangements involved in the reactions. 
There remain only two basic theories: 

(a) Rearrangements occur via the diazonium ion, not the carbonium ion. 
(b) ’The diazonium ion decomposes to a carbonium ion, which has special 

reactivity, greater than that found in the same ion generated by ester 
heterolysis. 

The explanation of this special reactivity of the ion is usually given by attributing 
to it  a high energy, or suggesting that i t  is reactive because i t  is unsolvated. The 
view that the ion is unsolvated may clearly be discounted, since the effect of the 
counterion, which is a special, strong external stabilization, has clearly been 
demonstrated, and this association alone would be comparable to solvation in its 
etTect on the energy of the system. 

The ‘high energy’ carbonium ion hypothesis has been considered by a number of 
authors. It is generally accepted that the energy barrier to the loss of nitrogen from a 
diazonium ion is very low, being of the order of 12-20 kJ/mol, and that this low 
barrier should leave the carbonium ion with excess energy, permitting i t  to follow 
otherwise inaccessible reaction paths. However, the question of how t h e  ‘high 
energy’ ion is different from the normal ion is usually avoided. In one of the few 
considerations of this point, Corey168 has pointed out that diazonium ion decompo- 
sition is an exothermic reaction and that part of the energy of the reaction may be 
released as excess vibrational energy of the carbonium ion. Since the times required 
for a vibration leading to rearrangement, and for a collision with the solvent, are 
both of the order of of a second, it  is extremely difficult to predict the conse- 
quences of exothermic carbonium ion formation. However, a higher than normal 
incidencc of internal rearrangement is a reasonable suggestion. 

Another approach to the problem has been considered by Kirnise16e. I t  was 
pointed out a long time that the carbonium ions formed from diazonium 
ions normally give a product mixture in which the proportion of the different 
rearranged products seem to be determined largely by the conformation of the 
starting materials rather than by the electronic properties of the groups which 
rearrange. Kirmse points out that the heterolysis of a toluene-p-sulphonate to yield 
a carbonium ion involves an appreciable change in the geometry of the reactant. 
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Solvolysis, with its transition state ‘late‘ on thc reaction coordinate, favours rcarrange- 
ments which achieve a minimum energy path. Decomposition of a diazonium ion, on 
the other hand, starts from a high energy species, and therefore passes its energy 
maximum early on the reaction coordinate and without significant distortion. of 
nuclear positions. Consequently, deamination can produce cations which are 
bypassed in solvolysis, or which have a slightly different geometry from the formally 
similar ions produced in solvolysis reactions. 

However, the distinction between displacement of the diazonium nitrogen by 
attack of an  internal or external riucleophile (e.g. C-C bond electrons) and 
spontaneous loss of nitrogen to givc an ion which reacts with a nuclcophile with 
very little niovement of nuclear positions is a very finc one. 

The work of Whiting and of White dcmonstrates clearly the differences in 
mechanistic pathways between the reactions of primary, secondary and tertiary 
aliphatic primary amines. The rate of formation of a carbonium ion from a diazonium 
ion will  depend on the energies of both species, and since the primary carbonium 
ion has yet to be demonstrated to take part in solvolysis reactions, i t  secms reasonable 
that i t  will be formed slowly, if  at all, i n  diazoniuni ion decomposition. 

On the basis of results obtained to date, i t  is impossible to exclude either reactions 
of diazonium ions or reactions of high energy carboniuni ions as the source of the 
rearrangements peculiar to diazoniurn ion decomposition. I t  is not in  fact necessary 
to exclude either, since rearrangement by nuclcophilic attack or dcconiposition to a 
high energy carbonium ion may well be competing pathways, in  which the outconic 
of the competition depends 011 the stabilities of the diazoniuni ion and the carbonium 
ion. The problem is certainly made more complicated by the fact that the reactive 
species involved arc firmly attached to a counterion for most of their lives, and may 
have this attachment complicatcd by having to share a solvent cage with one or 
two neutral species. It is clear that the last word on the intermediates involved in 
diazonium ion decomposition has not yet becn written. 

E. Rearrangements Accompanying Diazonium Ion Decomposition 

The wide variety of rearrangements which accompany diazoniuni ion decotnpo- 
sition can be divided into a number of main classes, which are considered below. 

I. Semi-pinacol rearrangements 

1,2-Aminoalcohols (semi-pinacols) undergo thc pinacol rearrangement on treat- 
ment with nitrosating reagents. The reaction is similar to the acid-catalysed rearrange- 
nient of the  1,2-diol, and the ring opening of eposides and hydrolysis of chlorohydrins. 

Under similar conditions, the first three all gave similar pinacol-to-pinacolone 
ratios”’. 

The product composition of the products of the semi-pinacol reaction does not 
necessarily reflect the ground state conformation of the starting material, as was 
demonstrated by the work of Collins and his coworkers172-1’4, who showed that the 
migrating group can undergo a I,2-shif’t with citlicr retcntion or inversion of con- 
figuration at  the migration terminus. 

The carboniuni ion generated from 29 must have suflicicnt lifetime to permit 
rotation of the central C-C bond of the rnoleculc. 

I n  the above reaction, only the p-tolyl group migrates, though since the niolecule 
has sufficient lifetime to permit rotation around the central C--C bond, there is no 
stereochemical reason why the methy! group should not migrate. Even in a high 
energy systcni, relative migratory aptitudes are still of some importance though 

22 
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\ 

/ 
they would be expected to be reduced over the values measured in normal energy 
ions, Some attempts have been made to measure migratory aptitudes in the semi- 
pinacol reaction175, and results suggest that they are probably lower than in the 
corresponding pinacol reactions, but the problems of measuring a true migratory 
aptitude, in which the result is in no  way influenced by the ground state conforma- 
tion, remain f~rrnidablel '~  and the results obtained have probably only qualitative 
significance. 

p-tolyl NH, ""qH __f "'ky; __f H&Ph 

HO CHJ H Ph 

p-tolyl p-tolyl 

1 

p-tolyl 

75% inversion 

1 
p-tolyl 

25% retention 



13. Renrrangcmenfs involving the diazo and diazonium groups 627 

When the reaction is carried out on a molecule of fixed conformation, it is found 
that, as expected, the product composition can be related to the ground state 
conformat 

Product composition 

80% t-Butylcycloheptanone 89% 
1% 1-Butylcyclohexanone 5% 

The small amount of C-C bond fission reported in the above reaction parallels 

19% Epoxide 6% 

a similar reaction observed in nitrosation of 1,3-amino alcohols178: 

H Ph H 
Ph I I I 

‘C-CH,-C-Ph - PhCHO+PhCH=CH,+H-C-CH,-C-Ph 
H’ I I I I 

NH, OH OH OH 

The mechanism of this reaction is presumably similar to that of fission of a 1,3-diol 
in acid proposed earlier17s. 

I I o=c - 

The higher energy of the reaction of the 1,2-amino alcohol presumably permits 
operation of a similar mechanism via an epoxide-like intermediate. 

2. Ring expansion reactions 

The driving force in a carbonium ion rearrangement is formation of a more stable 
ion from a less stable ion; this may be the result of release of ring strain or steric 
interactions but is more commonly electronic in origin, resultifig from formation of 
a tertiary or secondary ion from a secondary or incipient primary e.g. 

In  this case, the unstable primary ion is probably not even formed. 
Ring expansion involves breaking a C-C bond, a process with a fairly high 

energy barrier. Consequently, a 1,2 hydride shift is often preferred. The hydride 
shift forms a more stable ion without breaking a C-C bond, so is energetically 
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favoured even though i t  does not release any ring strain. For these reasons, a high 
energy carboniuni ion reaction would be expected to favour ring expansion, which 
is in fact observed18o, e.g. 

An exception to the general rules of ring expansion reactions is provided by the 
cyclopropyl methyl system, which does not proceed cleanly to the cyclobutyl 
systemlsl. 

b C H 2 N H 2  - DCH~OH + do" + e c H ? O H  

48% 47% 5% 

The cyclopropyl methyl cation yields roughly equal amounts of ring expanded 
and  unrearranged products. Any attempt to equilibrate the alcohol mixture leads 
to ring opening to give the thermodynamically stable allylic alcoho11s2. The reaction 
is, however, exceptional in that the  carboniuni ion centre of the cyclopropylmethyl 
cation draws some stabilization from the cyclopropane ring. 

Ring expansion reactions of bicyclic systems arc more favourable than those of 
monocyclic systems, since the release of ring strain is greater1C2. 

83% 

Surprisingly, however, the presence of neighbouring substituents inhibits the 
ring expansionls3. IE4. 

43% 

T h e  reason for this inhibition is not known, though i t  has been observed in both 
solvolysis and aminc nitrosation reactions. 

The main altcrnate pathway to ring expansion in nost systems is hydride shift, 
pilrticularly in solvolysis reaction, where i t  can accompany departure of the leaving 
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group185. In deamination i t  ofTers a lower energy pathway which should predominate, 
though to a lesser extcnt than in solvolysis. Replacement of hydrogen by a substituent 
should increase ring expansionlS6, but opposed to this clcctronic effcct is the con- 
forrnational preference to  put the  more bulky substitucnt in a position mfi to the 
amino group, hence favouring alkyl migration over ring expansion1”. 

The  ideal substituent to favour ring cxpansion should be small and yet readily 
able lo stabilize a carbonium ion; hydroxyl is ideal. Thc  semi-pinacol reaction is 
thus much used for ring expansion. 1,2-Amino alcohols are readily prepared from 
carbonyl compounds, the whole prodccure, which is known as the Demjanov- 
TifTenau reaction, being outlined 

Asymmetrically substituted rings usually expand to give a mixture of products 
whose proportions depend on the conformation of the original ring188. 

47% 8% 

In view of the high cncrgy which carboniuni ions derived from diazoniuni ions 
are believed to havc, i t  is not surprising that t\vo of the three known examples of 
ring expansion by 1,3-alkyl shift in cnrboniuni ions occur during aininc nitrosation. 
Reaction of 2-cyclopropylethylaminc (30) with nitrous acid gave 9% of cyclopentanol, 
39% product of a hydride shift, and 52% of unrearranged product18’. 

0”“ D-CH,CH,NH, --+ 

A similar reaction, in which a 1,3-alkyl shift was observed dcspite competing 
1,2-alkyl and 1,2-hydride shift p thways ,  was observed on  reaction of cis-myrtanyl- 
amine (31) with nitrous acidIg0. 
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OAC OAc 
9% 11% 

I n  this case, there is substantial release of ring strain on expansion of the four- 
membered ring; a 1,2-alkyl shift would only expand the six-membered ring to a 
seven-membered ring, while a hydride shift would not affect the carbon skeleton. 

3. Ring contraction reactions 

Ring contraction reactions generally follow the same mechanistic pathways as 
ring expansion reactions and are driven by the same force, that is, formation of a 
more-stable from a less-stable carbonium ion. They are usually opposed by increase 
of steric and ring strain, but the electronic effects can overcome these. The  whole 
field of ring contraction reactions has recently been reviewedlD1. 

a. Cyclobufyl fo cyclopropyl. Formation of a carbonium ion centre o n  a ring 
carbon atom of cyclobutane gives the same mixture of cyclobutyl and methyl- 
cyclopropyl and ring-opened products as does the cyclopropylcarbinyl cation. Thus, 
treatment of cyclobutylamine with nitrous acid yields 48% of cyclopropylcarbino1181. 

b. Cyclopenfyl lo cyclobufyl. These reactions are uncommon as they involve a 
considerable increase in ring strain. An example has been reported by Collins1e2 : 

22% 
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Similar results have been reported by Kirmse from studies of bornyl, fenchyl and 
related ~ y s t e r n s ~ ~ ~ ~  lS4. These results may be summarized : 

Kirmse obtained products of decomposition of 34 in 10% yield, showing that the 
bicyclo[2.2. Ilheptane ring was contracted to a bicyclo[3.1. llheptane ring. The diazo 
compounds used were generated by photolysis of camphor benzenesulphonyl- 
hydrazone and fenchone toluene-p-sulphonylhydrazone; their results should be 
compared with those of earlier workers, who generated formally similar inter- 
mediates by treatment of the appropriate amines with nitrous acidIgs. Reactions of 
35 and 36 with nitrous acid gave the monocyclic product in yields of up to 39%; 
these reactions should clearly proceed via the species 32 and 33 postulated by 
Kirmse but the product mixtures obtained are different; also, reaction of diazo- 
camphane with acetic acid, which should yield 32 d i r e ~ t l y ’ ~ ~ ,  proceeded without 
ring opening. The reasons for these differences are not known; a possible explanation 
is that the reactions of Kirmse could involve a photo-excited diazo compound or 
diazonium ion, rather than a carbonium ion. 

(35) (36) 
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c. Cyclohexyl to cyclopentyl. Contraction of a cyclohexyl ring to a cyclopentane 
ring, th,ough nominally less unfavourable energetically than the previous ring 
contraction, takes place only when the cyclopentyl carbonium ion is stabilized by 
powerful electron-supplying s ~ b s t i t u e n t s ~ ~ ~ .  aNHz OH 

Ph Ph Ph 

0: + O d H P h  

The stereochemistry of this reaction was subsequently explored by a study of the 
reactions of the 2-amino-4-t-butyl cycloliexanols1~7. 

K&OH N HZ & H d O H + H  N H2 

N HZ N H, 

a C H 0  

Clearly, the outcome of the reaction depends on  which group is anti-periplanar 
to the amino group. However, when the work was extended to cover conformationally 
mobile systems, the products could not be related quantitatively to the ground 
state conformations of the amines, but corresponded to  the calculated ground state 
conformations of the diazo-hydroxide, suggesting that this intermediate may have 
suficient lifetime to control the overall stereochcmistry of the reaction. 

4. Cyclization and ring opening 

As might be expected, a high energy carbonium ion is more likely to undergo ring 
fission, and less likely to undergo ring closure, than is a normal ion in a similar 
system. Examples quoted earlier show significant amounts of ring opening, such as 
in the reaction of bornylamine with nitrous acidlg5, whereas solvolysis of the 
corresponding chloride*e8 does not show this reaction. 

I 

Nerylarnine 

V I 
Producls ProduLts 
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An example of decreased cyclization in deamination reactions rclative to solvolysis 
is provided by the cyclization of nerol d e r i ~ a t i v e s ' ~ ~ ;  where solvolysis of the chloride 
gives 77% cyclization, and reaction via the diazonium ion gives only 42% of cyclic 
products. 

Cyclization is less important in deaminat ion than in solvolysis because x-partici- 
pation, which is important in formation of the transition state for solvolysis, is 
unnecessary when nitrogen is lost from the diazoniuin ion. 

An exception to the general rules of cyclization and ring opening during reactions 
of diazonium ions is formation of cyclopropanes, by both intramolecular and 
intermolecular routes. The intramolecular route was at first suggested to be a 
carbene mechanism, since cyclopropanes are readily formed during carbene 
reactions, but an ingenious labelling experiment showed that the mechanism was 
cat ionic200. 

Carbene 
route 1 

,L- q. > 
H,C H,C -CHD 

Most of the product contained two deuterium atoms, showing that the reaction did 
involve the cationic route. 

Experiments in which the solvent was varied showed that aprotic solvents 
favoured cyclopropane formation201. In  an aprotic solvent, even the cyclopropyl- 
methyl diazoniuni compound underwent cyclization to b icyc l~butane~~ ' .  

Since these reactions are taking place in aprotic solvents, reaction with solvent 
no longer provides a pathway for decomposition of the ion, and elimination or 
cyclopropane formation are thc inost likely to take place. Elimination is the lower 
energy pathway, and is usually followed by ions generated solvolytically but 
diazoniurn ion decomposition is inore likely to follow the high energy pathway. 

An intermolecular acid-catalysed cyclopropane formation reaction has been 
reported by C I O S S ~ ~ ~ .  
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The reaction between a r y l  diazomethanes and cis-Zbutene, using trifluoroacetic 
acid as catalyst, gave a 43% yield of cyclopropane. The  authors have eliminated 
the obvious possibility of carbene formation, and suggest that the reaction involves 
the olefin and the diazonium ion. 

ArCHN, + H X  
slow 
_j 

H 

A r  H 

C 
/I 

N, H - X  \ /  
\ /  
c=c . .  

A r - C - H  -+ 
. .  . .  -c-c- -c-c- 
/ I  

It is notable that this reaction is not observed in the decomposition of the diazo 
compound derived from nerol. Possibly the greater stability of the arylmethyl 
diazonium ion gives i t  sufficient lifetime to permit attack of the x-bond electrons 
of thc olefin. 

5. Transannular interactions 

A high energy ion would be well able to overconie the energy barriers to trans- 
annular reactions in cases where the conformation (and hence the entropy change) 
is favourable. Several examples of this type of reaction exist, a typical one being 
that belowzo4. 

6. Delocalized ions 

The low energy barrier to the loss of nitrogen from a diazonium ion should preclude 
the need for any (i or x electron interaction with the leaving group. However, there 
is clear evidence that rearrangements of the type usually considered to  proceed 
through delocalized ions under solvolytic reactions proceed in a similar manner 
when the carboniuni ion is formed from a diazonium ion20s. ?06. 
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Clearly, transfer of the label from C2 and C3 to C5 and C6 involves a rearrangement 
similar to that postulated to occur during solvolysis reactions. Similarly, dearnination 
of the sytz- and anri-7-norbornenylamines shows a stereospecificity inconsistent with 
undelocalized ionszo7. 

X = OH, 77% 
X = O A c ,  23% 

X = OH, 24% 
X = O A c ,  72% 

These and other results, suggesting the existence of delocalized ion in deamination 
reactions, were investigated by a detailed study of the reaction of endo-norbornyl- 
amine (37). Berson208 found that reaction of the amine with nitrous acid gives 
em-norbornyl acetate with 23% retention of optical activity, in contrast to acetolysis 
of the ester, which proceeds almost entirely through a symmetrical ion (38) to give 
a racernic product. Corey168 found that the ex0 isomer also reacts with partial 
retention of optical activity, and concludes that the first step of the reaction is 
formation of a classical ion (39) which then delocalizes to the ion 38. 

Optically active 
product 

Racemic 
product 
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More recently, experiments on a-nopinylamine (40) have shown that in a case 
where the classical ion can delocalizc by either of two routes, only me pathway is 
followed when acetic acid is the s 0 1 v e n t ~ ~ ~ .  

-Y Monocyclic 

Bicyclic 
products 

Rcaction of 40 with nitrous acid in acetic acid gives only products derived from 41; 
when water is the solvent, a small amount of reaction through 42 is observed. It 
seems probable, then, that the first step of the reaction is formation of the un- 
delocalized ion 43 as part of an ion pair, the position of the counterion being, as 
cxpected, close to the site of the leaving group. Delocalization of a c-bond then 
displaces this counterion, giving only the delocalized ion 41 ; in water, some separation 
of the ion pair prior to delocalization permits dclocalization to yield 42. 

7. Allyl ic rearrangements 

Formation of an allylic ion, like the formation of any other delocalized ion, is 
not favoured by formation of a carboniuni ion from a diazoniuni ion. The reaction 
is again believed to consist of formation of an undelocalized ion, followed by 
x-electron interaction with the  positive centre. Consequently, the reaction yields a 
mixture of products of the delocalized and undelocalized ions as in the case of 
geranylamine d e a m i n a t i ~ n ~ ~ ~ .  

Chloride hydrolysis 10% 
Deamination in water 51% 
Deamination in HOAc- 59% 

15% 
23% 

(Products are alcohol + acetate mixtures) 

81 % 
29% 
14% 

Solvolysis of geranyl chloridc yields thc tertiary alcohol as the main product, as 
expected. Rcaction of geranylamine with nitrous acid gives the unrearranged product 
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in good yield, even though a small amount of the tertiary alcohol shows that de- 
localization can take place. The  presence of water increases reaction at the tertiary 
centre so i t  seems reasonable to postulate that the first step of the reaction is fornia- 
tion of the undelocalized ion as  part of an ion pair, separation of which is accom- 
panied by delocalization. 

Formation of an allylic ion by electron interaction following a C-C bond shift 
greatly favours the latter pathway2JD. 

14% 46% frans 15% 
24% cis 

In  a suitable system formation of a homoallylic ion subsequent to loss of nitrogen 
has been observed210. 

However, in a more flexible system reaction proceeds without any interaction 
between the double bond and the cationic centre2”. 

F. Rearrangements of a-Ketodiazonium Ions 

The presence of an a-keto group would be expected to increase the stability of a 
diazo group and reduce the stability of a carbonium ion, relative to the unsubstituted 
species. Consequently, the acid-catalysed decomposition of a-ketodiazo compounds 
is much slower than that of aliphatic diazo compounds and the reaction is amenable 
to kinetic study. A good review of the reaction has been published’j. 

A kinetic study of a simple reaction, the acid-catalysed reaction of diazoacetic 
esterz1?, showed that the reaction involves a pre-equilibrium proton transfer from 
acid to ester; in the solvent deuterium isotope effect is 2.9 at 25 “C. 
Displacement of nitrogen is then rate determining. Whether this is spontaneous or 
is assisted, by either a n  external nucleophile or  neighbouring group participation, 
is still in dispute, though the bulk of the evidence favours participationl5. Kearrange- 
ments during the acid-catalysed decomposition of a-diazoketones result, mainly 
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from participation of neighbouring group electrons, in loss of nitrogen as shown in 
the example below3I4. 

Extension of this work to bicyclic systems illustrates the importance of the direction 
of protonation on the stereochemistry of the overall reaction215. Protonation of 
3-diazonorcamphor (44) is expected to be from the exo side to yield 45 which then 
decomposes to yield the delocalized ion 46. Products are then formed by attack of 
this ion at C3 or  C4, or by loss of a proton. Retention of the stereochemistry at 
C3 in 47 demonstrates that 46 is probably delocalized and eliminates the possibility 
that 47 arises from nucleophilic attack on 45. 

b0 33% 
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It  should be noted that protonation is a reversiblc reaction, and that the stereo- 
chemistry of the reaction depcnds on which form is the more stable, rather than from 
which direction protonation most readily occurs. Thus, 3-diazocamphor (48) is most 
readily protonated from the o i d o  side, but protonation from the cxo side yields 
the more stable ion and the reaction product is a complex mixture of products of 
reaction of both 49 and 50. 

'1' Nf Y 

H 

G. Rearrangements of Aromatic Diazonium Ions 

Aromatic diazonium ions are  much more stable than their aliphatic counterparts, 
but some evidence of the interconversion of ortho, tneta and para isomers has been 
found during replacement of the diazonium group with halide ions216. Rcaction of 
the orflio methyl, nitro, and trifluoromethyl derivatives of benzenediazonium salts 
with halide ions in pyridine/hydrogcn fluoride showed that nucleophilic attack 
could occur at several sites. 

X X X 

X = CH, 
X == NO, 
X = CF, 

100% 
0% 
8% 

0% 
100% 
91 % 

Mcta  and para isomers gave similar results; other halide ions reacted with these 
substrates to give mixtures of isomers. The results have been discussed in terms of 
the 13C nuclear magnetic resonancc spectra of the benzenediazoniurn ions, which 
show a spreading of the charge of the diazonium group around the ring which is 
consistent with the observed  rearrangement^?^^. 

These observations tend to support the theory that biniolecular attack of the 
nucleophile on the diazoniurn ion is the rate-determining step of the reaction218. 

VI. REFERENCES 

1. C .  W. Cowell and A. Lcdwith, @uarf. Rev., 24, 119 (1970). 
2. R. Huisgen, R. Grashey and J .  Sauer, in The Chemistry of Alkenes (Ed. S .  Patai), 

Interscience, London, 1964, p. 739. 
3. F. M. Dean, in Some Recent Developtnenrs in the Chetnisfry of Natiiral Products (Eds 

S. Rangaswami and N. V. Subba Rao), Prentice Hall of India, New Delhi, 1972, p. 1. 
4. B. W. Peace and D. S .  Wulfman, Synfhesis, 137 (1973). 
5 .  G. L. Closs, Topics Stereocliern., 3,  193 (1968). 
6. T. L. Gilchrist and C .  W. Rees, Carbeties, Nitreties atid Aryries, Nelson, London, 1969. 
7. D. Bethell, Ado. Phys. Org. Chetti., 7 ,  153 (1969). 



640 D. Whittakcr 

8. W. Kirnise, Cot bette Chetttistry, Academic Prcss, London and Ncw York, 1971. 
9. D. Bcthell, in Otgatiic Reactiw lttterntediates (Ed. S .  P. McManus), Academic Press, 

New York,  1973, p. 61. 
10. M. Jones J r  and R .  A. Moss, in Curbetics (Eds M. Jones Jr and R.  A. Moss), Vol. 1, 

Interscience, New York,  1973. 
11. J.  H .  Ridd, Quorr. Rev. ,  15, 418 (1961). 
12. R. N. Butler, Chetn. Rev., 75 ,  241 (1975). 
13. R. H. White and D. J. Woodcock, in The Cltrtttistry of the Atttitto Grotrp (Ed. S. Patai), 

14. D. V. Banthorpe, in The Cho~istr.y of the Amino Group (Ed. S .  Patai), Intcrscicncc, 

15. R. A. More  O’Fcrral, Ado. Pltys. Org. Chettt., 5, 331  (1967). 
15s. L. Friedmnn, in Curbortirrtit loits, Vol. I1 (Eds G .  A. Olah and  1’. von R. Schleycr), 

Wilcy, Ncw York, 1970. 
16. B. T. Hart, Aitsr. J. Che~i., 26, 461 (1973). 
17. 1’. A. S. Smith, Open Cltaitt Nifrogeti Cotnpotrttds, Vol. 1. Benjamin, New York, 1965. 
18. S. R. Paulsen, Atigew. Chiit., 72, 781 (1960); E. Schmitz and R.  Ohme,  C/tetti.’Ber., 

94, 2166 (1961). 
19. J.  P. Aiiselmc, J .  Chetn. E h c . ,  43, 596 (1966). 
20. E. Miiller, R. Beutlcr and  B. Zeeh, Attit. Chettt., 719, 72 (1968). 
21. E. T. Blues, D. Bryce-Smith, J. G. Irwin and  I .  W. Lawston J .  Clteni. SOC. Clteni. 

Cottiittun., 466 (1974). 
22. M. J .  Amrich and J. A. Bell, J .  Attier. Cherri. SOC., 86, 292 (1964). 
23. C. B. Moore  and G.  C .  Pimcntel, J .  Chetn. Pltys., 41, 3504 (1964). 
24. G .  S. Paulett and R. Ettinger, J .  CItettt. Pltys., 39, 825, 3534 (1963); J .  Cltettt. P/tys., 41, 

2557 (1964). 
25. H. M. Frey, Aduatt. Pltofoclietn., 4, 225 (1966). 
26. C .  G .  Ovcrbergcr and J .  P. Anselnie, J. Org. Cliem., 29, 1188 (1963). 
27. C. G. Ovcrbergcr and  J. P. Ansclmc, Terruhrdroti Letf . ,  1405 (1963). 
28. G. Lowe a n d  J. Parkcr. C/tettt. Cotwtxtti., 1135 (1971). 
29. C .  G .  Swain, J. E. Sheats and  K. G. Hnrbison, J .  Artier. Chetii. SOC.,  97, 783 (1975). 
30. R. G. Bergstrom, G. H. Wahl J r  and  H. Zollinger, Terra/trf/rotJ Lct f . ,  2975 (1974). 
31. J. Brokkcn-Zijp and H. ?an den Bogaert, Tefrahedrott, 29, 4169 (1973). 
32. 0. Machrifkovi and V. Stciba, Cot/. Czech. CItettt. Cotnittior., 37, 3467 (1972). 
33. J. Brokken-Zijp, Tefrultcdroti Lett., 2673 (1973). 
34. R.  Huisgeil, Arrgcw. Chetti. Iriterriur. €dri., 7, 321 (1968). 
35. R. Iluisgcn, J .  Org. Chetrt., 33, 2291 (1968). 
36. R. A. Fircstonc, J .  Org. Cltctit., 33, 2285 (1968). 
37. N. Filipcscu and J. R. DeMcmbcr, Tctruhedrott, 24, 51S1 (1968). 
38. W. C. Houell ,  M. Ktenas and  J. M. MacDonald, Tctruliedrott Let t . ,  1719 (1964). 
39. D. H. R. Barton and J .  B. Hendrickson, J .  Chetn. Soc., 1208 (1956). 
40. T. V. Van Auken and K.  L. Rinchart, J .  Atmr.  Chern. Soc., 84, 3736 (1962). 
41. J .  B. Bastus, Tefraltedron Lett., 955 (1963). 
42. M. Franck-Ncumann and  G. LeClerc, Tctrulredroti Leu., 1063 (1969). 
43. G .  L. Closs and  W. A. Boll, Attgeiv. Cltetn. Interitat. Edtz., 2, 399 (1963); J .  Attter. Chin .  

Soc., 85, 3903 (1963). 
44. A. C:. Day and  M. C. Whiting,J. Cltertt. Soc. (C), 1719 (1966); A. Lcdwith and  D. Parry, 

J .  Chettt. SOC. ( B ) ,  41 (1967). 
45. A. C. Day, A. N. McDonald. B. F. Anderson, T. J.  Bartczak and  C. J .  R. Hodder, 

J .  Chi t .  SOC. Chettt. Cotttt~ii4tt., 247 (1973). 
46. C. D. Gutschc and D. Rcdmore, Carbocyclic Ring Expattsiotz Reacriorts, Suppl. I to 

Advances itt Alicyclic Clretttistry (Eds E. Har t  a n d  G .  J. Karabatsos), Academic Press, 
New York. 1968, p. 81. 

Interscience, London, 1968, p. 407. 

London, 1968, p. 585. 

47. R. G .  Carlson and N.  S. Behn, J .  Org. Chon. ,  33, 2069 (1968). 
48. J. B. Jones and P. Pricc, J .  Chetir. SOC. Client. Cotttttiirtt., 1478 (1969). 
49. N .  J .  Turro  and  R. B. Gagosian, J .  Clteni. SOC. Clietn. Cotnntutt., 949 (1969). 
50. C. D. Gutschc and J .  E. Bowers, J .  Org. Chettt., 32, 1203 (1967). 
51. C. I). Gutschc and H. 9. Pcter, J .  Artier. ChtJi. Soc., 77, 5971 (1955). 



13. Rearrangements involving the diazo and diazonium groups 64 1 

52. J. N. Bradley, G. W. Cowell and A. Lcdwith, J .  Clicrri. SOC.,  4334 (1964). 
53. H. 0. House, E. J. Grubbs and W. F. Cannon, J .  Articr. Clictti. Suc., 82, 4099 (1960). 
54. E. Mutter, H. Kcsslcr and 13. Zeeh, Furfsclir. Clictti. Fot.sc/i., 7 ,  128 f1966). 
55. L. I .  Smith and K. L. Howard, J .  Attier. Clioii. Soc., 65, 165 (1943). 
56. W. S. Johnson, M. Neeman, S. P. Birkeland and N. A. Fedoruk, J .  Ar>ier. Clietii. SOC., 

57. N. J. Leonard and I<. Jann, J .  Artier. Clietrr. SOC., 84, 4806 (1962). 
5s. N. J. Leonard, K. Jann, J. V. Paukstelis and C. K. Steinhardt, J .  Org. Cltetti., 28, 1499 

59. D. R. Crist and N. J. Leonard, Atigew. Cliettr. Ittiertiat. ,%ti., 8,  962 (1969). 
60. S.-I. Murahashi, K.  Okumura, T. Kubota and 1. Moritani, Tefraliedrotr Left., 4197 

61. W. Kirmse, H. D. von Scholz and H. Arold, A m .  Clictti., 711, 22 (1968). 
62. L. Friedman and H. Shechter, J .  Artier. C/ICM. SOC., 81, 5512 (1959). 
63. J. W. Powell and M. C. Whiting, Teiralicdrori, 7 ,  305 (1959); R. H. Shapiro, J. E l .  Duncan 

64. C. D. Gutsche, G .  L. Bachinann and R. S. CofTcy, Tetraliedrori, 18, 617 (1962). 
65. L. Friedman and H. Shechter, J .  Attier. Clierii. Suc., 83, 3159 (1961). 
66. W. E. Slack, C. G. Mosley, K. A. Could and H. Shechter, J .  Artier. CIicrri. Soc., 96, 

67. J. W. Powell and M. C. Whiting, Tefraliedroti, It, 168 (1961). 
68. A. Nickon, F.-Chih Huang, R. Weglein, K. Matsuo and H. Yagi, J .  Atrier. Clierri. .Soc., 

96, 5264 (1974). 
69. H. Phillip and J.  Keating, Tetralicdrotz Left., 523 (1961). 
70. D. C. Richardson, M. E. Hendrick and M. Joncs, J .  Attier. Clietri. Soc., 93, 3790 (1971). 
71. P. G .  Gassman and X. Creary, Tefraliedrori Lcft.,  4407 (1972). 
72. J. W. Wilt and W. J. Wagner, J .  Org. Cheni.. 29, 2788 (1964). 
73. R. A. Moss and J. R. Whittle, CIictti. Corrittiwi., 341 (1969). 
74. A. D. Wolf and M. Jones, J.  Atiier. CIierti. SOC., 95, 8209 (1973). 
75. M. FBrcasiu, D. Fgrcasiu, R. T. Conlin, M. Jones and P. von R. Schleyer, J .  Attier. 

Clreni. Soc.. 95, 8207 (1973). 
76. D. Bethell, A. R. Ncwall, G .  Stevens and D. Whittaker, J .  Clietn. SOC. B, 749 (1969); 

D. Bethell, A. R. Newall and D. Whittaker, J .  Clietn. SOC. B, 23 (1971). 
77. M. L. Graziano, R. Scarpati and D. Tafuri, 7efrahedrorr Lei/. ,  2469 (1972). 
78. Y. Hata and M. Watanabe, Tefraliedroti Leff., 3827,4659 (1972); Y .  Ham, M. Watanabe, 

S. Inoue and S. Oae, J .  Anicr. Clier~. Soc., 97, 2553 (1975). 
79. J .  E. Baldwin and J. A. Walker, J .  Clictti. SOC. Cliein. Cortifiiiiii., 354 (1972). 
80. P. S. Skell and R. C. Woodworth, J .  Atner. Clicrii. SOC., 78, 4496 (1956). 
81. W. R. Roth, Ann. Cliem., 671, 10 (1964). 
82. D. M. Lemal, F. Menger and G. W. Clark, J .  Attier. Clictii. Soc., 85, 2529 (1963). 
83. D. M. Lemal and K. S .  Shim, Tefraliedroti Leff., 3231 (1964). 
84. A. Viola, S. Madhavan and R. J. Proberb, J .  Org. Cliern., 39, 3154 (1974). 
8 5 .  B. M. Trost and R. M. Cory, J .  Artier. Clieni. Sac., 93, 5572 (1971); B. hi. Trost. 

R. M. Cory, P. H. Scudder and H. B. Neubold, J .  Atmr. Clietti. SOC.,  95, 7813 (1973). 
86. W. M. Jones and M. H. Grasley, Tetrahedron Leff., 927 (1962); W. M. Jones and 

J.  M. Walbrick, J .  Org. Clietri., 34, 2217 (1969). 
87. W. M. Jones and J. W. Wilson Jr, Tefraliedroti Leff., 1587 (1965). 
88. A. Guarino and A. P. Wolf, Tctraliedrori Leff., 655 (1969). 
89. P. K. Frecman and D. G.  Kuper, J .  Org. Clietti., 30, 1047 (1965). 
90. S. S. Olin and R. M. Venable, J .  CIwt?i. SOC. Clierti. Cottitiim., 273 (1974). 
91. W. M. Jones, R. C. Joines, J. A. Myrcs, T. Mitsuliashi, K. E. Krajca, E. E. Waali, 

T. L. Davies and A. B. Turner, J .  Attier. Clietn. SOC., 95, 826 (1973). 
92. E. E. Waali and W. M. Jones, J .  Atiier. Cliern. SOC., 95, 8114 (1973). 
93. T. Mitsuhashi and W. M. Jones, J .  Atner. Clietti. SOC., 94, 677 (1972). 
94. T. T. Coburn and W. M. Jones, J .  Attier. Clierrt. Soc., 96, 5218 (1974). 
95. W. J. Barron, M. Jones and P. P. Gaspar, J .  Attier. Clietti. SOC., 92, 4739 (1970). 
96. W. D. Crow and M. N. Paddon-Row, Ausf. J .  Clietti., 26, 1705 (1973). 
97. C. Wcntrup, Tefrahedrotz, 30, 1301 (1974). 

84, 989 (1 962). 

(1963). 

( 1  973). 

and J. C. Clopton, J .  Artier. Clictri. SOC., 89, 1442 (1967). 

7596 (1974). 



642 D. Whittaker 

98. J. A. Myers, R. C .  Joines and W. M. Jones, J .  Airier. Cltem. SOC., 92,  4740 (1970). 
99. T. T. Coburn and W. M. Jones, Tetrahedron Lcrt., 3903 (1973). 

100. K. E. Krajca, T. Mitsuhashi and W. M. Jones, J .  Artier. C/te//t.  SOC., 94, 3661 (1972). 
100a. W. D. Crow and C .  Wentrup, Tctrultedrott Letters, 6149 (1968); C. Wentrup, J. Chem. 

SOC. C/ton.  Co/iitttttn., 1356 (1969). 
IOOb. C. Wcntrup, Tcfruliedrort, 30, 1301 (1974). 
1OOc. M. Regitz, A. Liedhegcncr, W. Anschiitz and H. Eckes, Client. Bet-., 103,2177 (1971). 
100d. H. Eckcs and M. Regitz, Tefraltcdrort Letters. 447 (1975). 
1OOc. M. Regitz. Attgew. Clteni. In t .  Ed., 14, 222 (1975). 
101. L. Wolff. A r m  Chcrn., 325, 129 (1902); Ann. Chem., 394, 23 (1912). 
102. W. Bradley and R. Robinson, J .  CItcm. Soc., 1310 (1928). 
103. 0. Siis, Artit. Client., 556, 65 (1944). 
104. R. Casanova and T. Reichstein, Helo. Cltint. Actu, 33, 417 (1950). 
105. P. Yates and R. J. Crawford, J .  Ainer. Chent. SOC., 88, 1562 (1966); P. Yates and 

106. G .  Schroeter, Ber. Dertf. Chent. Ges., 42, 2336 (1909). 
107. I. G. Csizmadia, J. Font and 0. P. Strausz, J .  Amer. Cltent. Soc., 90, 7360 (1968). 
108. M. Jones J r  and W. Ando, J .  Amer. Chetn. SOC., 90, 2200 (1968). 
109. F. Kaplan and G .  K .  Meloy, J .  Amer. Cltern. SOC., 88, 950 (1966). 
110. Y. Yukawa, Y. Tsuno and T. Ibata, Bull. Clietn. Soc. Jap.,  40, 2613, 2618 (1967); 

W. Battz and M .  Regitz. Cltetn. Ber., 103, 1463 (1970). 
111. Y. Yukawn and T. Ibata, Boll. Client. SOC. Jup. ,  42, 805 (1969). 
112. B. M. Trost, J .  Arncr. Chern. Soc.. 88,  I587 (1966); J .  Attier. Chein. SOC.,  89, 138 (1967). 
113. J. Fenwick, C. Frater, K. Ogi and 0. P. Strausz, J .  Amer. Chon. SOC., 95, 124 (1973). 
114. S. A. Matlin and P. G .  Samrnes, J .  Client. SOC. Perkiit 1, 2623 (1972). 
115. P. W. Concannon and J .  Ciabattoni, J .  Ainer. Cltem. Soc., 95, 3284 (1973). 
116. A. C. Hopkinson, J .  Clietrt. SOC. Perkitt If, 794 (1973). 
117. M. J. S. Ilewar and C. A. Ranisden. J .  Clietn. Sac. Cltern. Comtitun., 688 (1973). 
118. Z. Majerski and C. S .  Redvanly, J .  Client. SOC. Chew. Comnrtcn., 694 (1972). 
119. V. Franzcn, Attn. Chon., 614, 31 (195s). 
120. H. Chaimovich, R. J .  Vaughan and F. H. Westhcimer, J .  Anier. Cltem SOC., 90, 4088 

(1968). 
121. K.-P. Zeller, H. Meier and E. Miiller, Tetrahedron, 28, 5831 (1972). 
122. S. S. Hixon and S. H. I-lixon, J .  Org. Cltetn., 37, 1279 (1972). 
123. T. Gibson and W. F. Erman, J .  Org. Clwn., 30, 3028 (1966). 
124. W. Ricd and H. Lohwasscr, Antt. Cltetit., 683, 118 (1965). 
125. G .  L. Closs and R. A. Moss, J .  A m r .  Cheirt. Soc., 86, 4042 (1964). 
126. E. Miiller, H. Kcssler and B. Zeeh, Forfschr. Chcirt. Forsck., 7 ,  128 (1966). 
127. Chi-Tang Ho, R. T. Conlinc and P. P. Gaspar, J .  Anier. Chem. Soc., 96, 8109 (1974). 
128. R. G. Salomon, M. F. Salonion and T. R. Heyne, J .  Org. Cltem., 40, 756 (1975). 
129. E. Wenkert, B. L. Mylari and L. L. Davies, J .  Airier. Chent. SOC., SO,  3870 (1968). 
130. P. Yates and S .  Danishefsky, J. Aitter. Chem. SOC., 84, 879 (1962). 
131. W. von E. Doering, E. T. Fossel and R. L. Kaye, Terraltedron, 21, 25 (1965). 
132. J. Font, J. Valls and F. Serratosa, Tefrohedrorr, 30, 455 (1974). 
133. G. J. Collins, Accounts Chemical Research. 4,  315 (1971). 
134. E. Muellcr and H. Haiss, Cltent. Ber., 96. 570 (1963). 
135. R. Huisgen and H. Reimlinger, Aim Chem., 599. 161, 183 (1956). 
136. E. H. White and C. A. Aufdermarsh, J .  Amer. Chetn. SOC., 83, 1174, I179 (1961); 

E. H. White. J .  Amer. Chem. Soc., 77,  6011 (1955). 
137. E. H. White and L. A. Dolak, J.  Amer. Cltcm. Soc.. 88, 3790 (1966); E. H. White, 

M. C. Chen and L. A. Dolak, 1. Org. Client., 31, 3038 (1966). 
138. E. H. White and D. W. Grisley Jr, J. Anier. Chem. SOC., 83. 1191 (1961). 
139. E. H. White and H.  Schemer, Terrultedroti Lelr., 758 ( I  961). 
140. E. H. White and M. Schroeder, Absfr. Pup. Amer. Cheni. SOC., 1491h Meeting, Detroit, 

141. H. Maskill, R.  M. Southnm and M. C. Whiting, Chem. Comnun., 496 (1965). 
142. W. H. Bamford and T. S .  Stevens, J .  Cheiri. Sac., 4735 (1952). 
143. J. W. Powell and M. C. Whiting, Tetrahedron, 7 ,  305 (1959). 

J. Fugger, Cheui. I d .  (Londorr), 151 1 (1957). 

37P. 



13. Rearrangements involving the diazo and diazoniuni groups 64 3 

144. 
145. 
146. 
147. 
148. 
149. 
150. 
151. 
152. 
153. 
154. 
155. 
156. 

157. 
158. 
159. 
160. 
161. 
162. 

163. 

164. 
165. 

166. 

167. 

168. 

169. 
170. 
171. 
172. 

173. 
174. 
175. 
176. 
177. 
178. 

L. Friedman and H. Shechter, J .  Anter. Chetn. Soc., 81, 5512 (1959). 
W. G. Daubcn and F. G. Willcy, J .  Atner. Chetn. SOC., 84, 1497 (1962). 
R. A. Moss, J .  Org. Chettt., 31, 1082 (1966). 
R. A. Moss and S .  M. Lane, J .  Atner. Cheni. SOC., 89, 5655 (1967). 
D. J. Cram and J. E. McCarty, J .  Atner. Chetn. SOC.,  79, 2S66 (1957). 
D. Seinenow, C .  H. Shih and W. G.  Young, J .  Atner. Chetn. SOC., 80. 5472 (195s). 
R. Huisgen and Ch. Ruchardt, Anti. Cketn., 601, 1 (1956). 
A. Streitwieser Jr ,  J .  Org. Cltent., 22, 861 (1957). 
A. Streitwieser J r  and W. D. Schaeffer, J .  Attter. CIicttt. SOC., 79, 2888 (1957). 
M. C. Whiting, Chetn. Brit., 2, 482 (1966). 
E. H. White and K. W. Field, J .  Atner. Citein. Soc., 97, 2148 (1975). 
E. H.  White, H. P. Tiwari and M. J. Todd, J .  Atuer. Chettt. Snc., 90, 4734 (1968). 
E. H. White, R. H. McGirk, C .  A. Aufdermarsh Jr, 14. P. Tiwari and M.  J. Todd, 
J .  Amer. Chetn. Soc., 95, 8107 (1973). 
E. H. White and J. E. Stuber, J .  Atuer. Cltetn. Soc., 85, 2168 (1963). 
R. Huisgen and Ch. Ruchardt, Ann. Clietit., 601, 21 (1956). 
H.  Indyk and D. Whittaker, J .  Cheni. SOC. Perkiti 11, 646 (1974). 
D. L. Boutle and C. A. Bunton, J .  Cltettt. Soc., 761 (1961). 
E. Ott, Ann. Cltent., 388, 186 (1931). 
J. A. Berson and P. Reynolds-Warnhoff, J .  Arner. Chetit. SOC., 84, 682 (1962); J .  A t f r o .  
Clietn. Sac.. 86, 595 (1964). 
J. A. Bcrson and D. Willner, J .  Atner. Cliott. Soc., 84, 675 (1962); J .  Atttcr. Clretti. SOC., 
86, 609 (1 964). 
R. Huisgen and H. Reimlinger, Anti. Chettt., 599, 161, 183 (1956). 
E. H. White, J .  Amer. Cltetn. Soc., 77, 6011, 6014 (1955); E. H. White and  C. A. 
Aufdermarsh Jr, J .  Amer. Clteni. Soc., 80, 2597 (1958). 
C .  J.  Collins, W. A. Bonner and C. T. Lester, J .  Atuer. Cltcttt. SOC., 81, 466 (1959); 
C. J. Collins and J .  B. Christie, J .  Attter. Cltern. Soc., 82, 1255 (1960); C .  J.  Collins, 
J. B. Christie and V. F. Raaen, J .  Atner. C/tcttz. SOC., 83, 4267 (1961). 
C .  J. Collins, V.  F. Raaen and M. D. Eckart, J .  Attter. Chon. Sac., 92, 1787 (1970); 
C. J.  Collins, B. M. Benjamin, V. F. Raaen, I .  T. Glover and M. D. Eckart, Attit. 

Chetn., 739, 7 (1970); C. J. Collins, I .  T. Glover, M. D. Eckart, V. F. Raaen, B. M. 
Benjamin and B. S.  Benjaminov, J .  Atner. Chetn. SOC., 94, 899 (1972). 
E. J. Corey, J. Casanova Jr, P. A. Vatakencherry and K. Winter, !. Attter. Chetti. Soc., 
85, 169 (1963). 
W. Kirmse and G. Voigt, J .  Anter. Citetit. Soc., 96, 7598 (1974). 
J. G .  Burr and L. S. Ciereszko, J .  Atner. Chettt. SOC., 74, 5426, 5431 (1952). 
Y. Pocker, Cltctit. and I d .  (Lotidoit), 332 (1959). 
B. M. Benjamin, P. Wilder J r  and C .  J. Collins, J .  Attter. Chettt. SOC., 83. 3654 
(1961). 
B. M. Benjamin and C. J. Collins, J .  Artier. Cltettt. SOC., 83, 3662 (1961). 
C. J. Collins, M. M. Staum and B. M. Benjamin, J .  Org. C/tettt.. 27, 3525 (1962). 
D. Y. Curtin and M. C. Crew, J .  Atiier. Chetu. Soc., 77, 353 (1'955). 
D. Bethell and V. Gold, Carbottirrnt Ions, Academic Prcss, London, 1967, p. 22. 
H. Farre and D. Gravel, Cartad. J .  Chttt., 41, 1452 (1963). 
J. English J r  and A. D. Bliss, J .  Atiter. Clietn. SOC., 78, 4057 (1956). 

179. H. E. Zimmernian and J. English Jr, J .  Airier. Chetn. SOC., 76, 2285, 2291, 2294 (1954). 
180. P. A. S. Smith and D. R. Bacr, J .  Atner. Chetit. Suc., 74, 6135 (1952). 
181. J. D. Roberts and R. H. Mazur, J .  Anter. Ch i t .  SOC., 73. 2509 (i951). 
182. R. A. Daby and R. E. Lutz, J .  Org. Chettt., 22, 1353 (1957). 
183. P. I. Meikle and D. Whittaker, J .  Chettt. Soc. Pcrkitt I f ,  322 (1974). 
184. T. Gibson, J .  Org. Cheni., 37, 700 (1972). 
185. P. I. Meikle, J .  R. Salmon and D. Whittaker, J .  Chctii. Soc. Perkiti 11, 23, (1973). 
186. J. Diamond, W. F. Bruce and F. T. Tyson, J .  Otx. Chetn., 30, 1840 (1965). 
187. R. Kotani, J .  Org. Clteni., 30, 350 (1965). 
188. P. A. S. Smith and D. R. Baer, Org. Reacfiorts, 1 1 ,  157 (1960). 
189. G. E. Cartier and S .  C. Bunce, J .  Atner. C/tern. Soc., 85, 932 (1963). 
190. P. I. Meikle and D. Whittaker, J .  Clietn. Soc. Perkin ZI,  315 (1974). 



644 D. Whittaker 

191. D. Redniore and C. D. Gutschc, Cnrbocyclic Ring Conrrucriori Reacriotts in Advancfs 
in Aficyclic C/ienris/ry, Vol. 3 (Eds I-I. Hart and G. J. Karabatsos), Academic Press, 
London, 1973, p. 1. 

192. C. J. Collins, V. F. Raaen, B. M. Benjamin and I .  T. Glover, J .  Atrier. Chetn. Soc.. 
89, 3940 (1967). 

193. W. Kirmse and G. Arend, Clteiri. Bcr., 105, 2738, 2746 (1972). 
194. W. Kirmse and R. Siegfried, Cherri. Ber., 105, 2754 (1972). 
195. D. V. Banthorpe, D. G. Morris and C. A. Bunton, J .  Cheiri. Soc., ( B ) ,  687 (1971); 

W. Huckel and H. J. Kern, A m .  Chetn., 728, 49 (1969). 
196. D. V. Nightingale, J. D. Kcrr, J. A. Gallacher and M. Maienthal, J .  Org. C/tent., 17, 

1017 (1952). 
197. M. ChCrest, 13. Felkin, J .  Sicher, F. sip09 and M .  Tichy, J .  Chettt. Soc., 2513 (1965). 
19s. P. Bcltraine, C. A. Bunton, A. Dunlop and D. Whittaker, J .  Cheiit. Soc., 658 (1964). 
199. C. A. Bunton, D. L. Hachey and J. P. Lersschc, J.  Org. Chetrt., 37, 4036 (1972). 
200. A. T. Jurewicz and L. Friedman, J .  Airter. C/terit. Soc., 89, 149 (1967). 
201. J. H. Bayless, F. D. Mendicino and L. Fricdman, J .  Airier. Chcttt. Soc., 78, 5790 (1965). 
202. J.  H.  Baylcss, L. Friedman, J. A. Smith, B. C .  Cook and H. Shcchter, J .  Anier. 

203. G. L. Closs and S. H. G o h , J .  Org. Chem., 39, 1717 (1974). 
204. T. A. Wnuk, J. A. Tonnis, M .  J. Dolan, S. J .  Padegimas and P. Kovacic, J .  Org. C/tew., 

205. J. D. Roberts, C. C. Lee and W. H. Saundcrs, J .  Attier. C/teitt. Soc., 76, 4501 (1954). 
206. J. D. Roberts, C. C. Lee and W. H. Saundcrs, J .  Airier. C/iern. Soc., 77, 3034 (1955). 
207. H. Tanida, T. Tsuji and T. I r k ,  J. Org. Ckitt., 31, 3941 (1966). 
208. J. A. Berson and D. A.  Ben-Efraim, J .  Atrier. Cheitt. Soc., 81, 4094 (1959). 
209. M. Hanack and H. J. Schneider, Terraltcdroti, 20, 1863 (1964). 
210. W. Parham, W. T. Hunter and R. Hanson, J .  Amer. Clterrt. Soc., 73, 5068 (1951). 
211. W. C. Wildinan and D. R. Saunders, J .  Atiier. Cltem. Soc., 76, 946 (1954). 
212. J. D. Roberts, C. M. Regan and I .  Allen, J .  Airier. Cltent. Soc., 74, 3679 (1952). 
213. P. Gross, t I .  Steiner and F. Krauss, Tram. Faraday SOC., 32, 877 (1936); Tram.  

Furaduy Soc., 34, 351 (1938). 
214. 0. E. Edwards and M. Lesagc, Cairad. J.  Chetrt., 31, 1592 (1963). 
215. P. Yates and R. J. Crawford,J. Arner. Cheirt. Soc., 88, 1561 (1966). 
216. G. A. Olah and J.  Welch, J .  Anter. Chcm. Soc., 97, 208 (1975). 
217. G. A. Olah and J. L. Grant, J .  Attier. Chettt. Soc., 97, 1546 (1975). 
218. H. Zollinger, Accoioifs Chettt. Res., 6, 335 (1973). 

Chetn. Soc., 87, 661 (1965). 

40, 444 (1975). 



CHAPTER 14 

Preparation of diamonium groups 
K. SCHANKt 

Faclibereich 14. I Organiscke Clietnie, Universitdt des Saarfandes, 
0-6600 Saarbriicken, Germany 

I. 
11. 

111. 

IV. 
V. 

VI. 
VII. 

VIII. 

IX. 

x. 

XI. 

XII. 

XIII. 
XIV. 

INTRODUCTION . 
FORMATION OF AROMATIC DIAZOhlUhl SALTS FROM THE CORRESPONDING 
AMINES BY DIAZOTIZATION . 
A. Preparation Procedures . 

1. In aqueous medium . 
2. In concentrated acids . 
3. In organic solvents . 

FORhlATION OF AROhlATIC D l A Z O N l U h l  SALTS STARTING FROhl AROMATIC 
DIAMINES . 
DIAZOTIZATION OF HETEROAROMATIC AMINES . 

COMPOUNDS . 
A. By Rearrangement . 
B. By Substitution. 

FORhlATION OF ARENEDIAZONIUM COMPOUNDS FROM OTHER ARENEDIAZONIUhl 

FORhlATlON OF AROMATIC D l A Z O t W J h l  SALTS BY TRANSDIAZOTIZATION 
FORMATION OF AROMATIC D l A Z O N l U h l  SALTS BY A Z O  DECOUPLING 
FORhlATION OF AROMATIC DIAZONIUhl  COhlPOUNDS FROM NITROSO A C Y L  
A h l I N E S .  . 
FORhlATION OF AROMATIC D I A Z O N l U h l  SALTS BY NITROSATION OF AROMATIC 
IhlINES . . 
FORMATION OF AROMATIC DIAZONIUM SALTS BY NITROSATION OF AROMATIC 
NITROSO COhlPOUNDS A N D  RELATED SPECIES . 
FORMATION OF AROMATIC DIAZONIUhl  IONS BY ALDOL-L.IKE CONDENSATIONS 
O F  NITROSO COMPOUNDS AND O F  NITROBENZENE. 
FORMATION OF AROMATIC DIAZONIUM SALTS FROhl AKYLHYDRAZINES AND 

. 

. 

THEIR DERIVATIVES. 
MISCELLANEOUS . 
REFERENCES . 

645 

647 
647 
647 
64 8 
64 8 

648 
649 

649 
649 
650 
65 1 
65 1 

652 

652 

653 

654 

654 
654 
655 

1. INTRODUCTION 
The most usual method for the preparation of the diazonium’ group has been found 
to be the diazotization of primary amines with NO+ donors:  

H H 
I I> 

I) I I  
H JO 

R;N-N R - N = N  -HH,O,  R-N;’ 
+ I  

H 01 

R-NH, - 

t The author gratefully acknowledges the permission of G .  Thieme, publishers, and of 
Academic Press Inc., to use details of his contribution published in A,lerhodicroii Cliimiciittr. 
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Since molecular nitrogen is an extremely good leaving group, diazonium ions lose 
i t  vcry easily and consequently methods of preparation must allow for this. The  
stability depends on the character of R to which nitrogen is attached, and may be 
achieved through the electronic interaction between the diazonium group and the 
bonding atom of R, that is in the first instance by the presence of free x-electron 
pairs. Consequently, fluorine- and ]V-diazoniumn ions have been described, but 
in this summary special attention will be given to carbon-bonded diazonium groups. 
Since aliphatic diazonium ions cannot delocalize the positive charge at nitrogen on  
the attached substituent R, they are unstable and immediately lose molecular 
nitrogen yielding reactive carbonium ionsq. Thereby, the bonding carbon changes 
from thc non-planar sp3 state to the planar sp2 hybridization state accompanied by 
shortening of the remaining three bonds. Prevention of this transhybridization by 
involving the bridge-head carbor? of a bicyclic system with fixed non-planar arrange- 
ment could trap such aliphatic diazonium ions by azo coupling5. Olefinic diazonium 
salts, however, in which nitrogen is attached to a sp2 carbon atom of a n  olefin, have 
been prepared easily from tosylazo olefins and Lewis acids6. I n  accordance with the 
rule of Staudinger-Schmidt concerning the strength of bonds at olefins, these 
compounds wcre found to be rather stable. A similar stabilization may be observed 
if  the sp? carbon bears a negative charge as in the case of diazo compounds which 
may bc considered as zwitterionic diazonium carbeniates. The  most stable and most 
important diazonium compounds, however, are the aromatic (and heteroaromatic) 
diazoniuni salts in which the diazonium nitrogen is attached to an aromatic (or 
heteroaromatic) moiety. The two species last mentioned are  included in the group 
of so-called yiritzotie rficlzidcs which may be considered as  cyclic vinylogues of a- or 
y-diazo carbonyl compounds, and which may be written as  diazonium phenolates: 

Nz+ a;*aN$ \ 0- 6-0 
0 0- 

Another group of connecting links between diazo and arenediazonium compounds 
rcpresents the new class of crystalline BF,-chelate diazonium fluoroborates which 
have been synthesized by treatment of open-chain a-diazo-3-dicarbonyl compounds 
with BF,7: 

c=o R\ 

..B\ --N, \ 'c=o' F -UF, c=o 

R '  R' 
\ \ 

R' 
\ 

/ N,-C, 
1 N u  

N,= C 
\ 

RZ R' BF,- (and enols) 

/ 
F-CH 

'=' 2 B F ,  + 2-9 ,F 

,c=o 
F-C 

/ R2 4 
Their structure has been proved by lH-, lgF-n.m.r. snectra, by inverse reactions with 
i1ucleophiles SLICR as ether, yielding the starting materials, and also by a Balz- 
Schiemann-like degradation yielding 2-fluoro-P-diketones and their enols. 

I n  conscquence of the easy loss of molecular nitrogen, the simple arenediazonium 
salts are more or lcss cxplosicc (!) in  the solid state, especially the most common 
diazonium chloridcs. The explosive character is enhanced by oxidizing substituents 
on the aromatic nucleus as well as by oxidizing anions; i t  is diminished by higher 
molecular weight and large complex anions. Diazoniuni chlorides are usually 
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easily soluble in water, and complex stable diazonium salts can normally be 
precipitated from concentrated aqueous solutions of diazonium chlorides and 
sodium salts of complex acids. The stability of arenediazonium ions towards 
nucleophilic attack, i.e. the hydrolysis in aqueous solutions yielding nitrogen and 
phenols, is enhanced by electron-donating substituentss. 

II. FORMATION OF AROMATIC DlAZONlUM SALTS FROM 
T H E  CORRESPONDING AMINES BY DIAZOTIZATION 

Diazotization of primary aromatic amines by NO+-donors proceeds in three steps9 : 

H 
slow I 

I 
Hf 

(1) Ar-NH, + NO+ ---+ Ar - N - N O  

H 

Recently, the intermediate step of a primary nitrosamine could be isolated in the 
course of the diazcjtization of an appropriate aminelo. Since most diazotizations 
are performed in aqueous medium, protonatcd nitrous acid (from sodium 
nitrite and acids") is usually used; free NO+ should only appear in concentrated 
acids and in the course of conversions with complex NO+-salts. Reactivity decreases 
under normal conditions in the following sequence: NO+ > H 2 0 + - N 0  =- 
NCS-NO>Br-NO>C1-N0~  0,N-NO. 

Kinetic measurements have dealt with the dependence of the reaction on pH, 
on anions, o n  solvents, C ~ C . ~ ,  as well as with the stability of standard solutions for 
common use'?. 

A. Preparation Procedures 

1. In aqueous medium 
Normal diazotizations of aromatic amines with nitrous acid are carried out in 

dilute aqueous mineral acids and usually yield the diazonium salts in solution. 
The direct method starts from solutions or  suspensions of the amine in dilute 
hydrochloric acid (approx. 2.5 mol acid per mol amine) which are treated with the 
molar amount of conc. aqueous sodium nitrite solution at 0-10°C. The con- 
versions proceed rapidly and almost q~ant i la t ively '~;  the end-point can be deter- 
mined by numerous methods, and a n  excess of nitrous acid can easily be removed 
by adding urea or sulphamic acid'.'. I f  chloride ions are not desirable in view of 
subsequent reactions, other mineral acids such as sulphuric acid, phosphoric acid, 
etc., may be used but  with the disadvantage of reduced solubility of the generated 
diazonium salts. The indirect method of diazotization is applied to amincs which 
contain strongly acidic groups and therefore appear as sparingly soluble betains. 
In  these cases, a solution of the amine and sodiuni nitrite in dilute alkali is S ~ O W ~ Y  

added under vigorous stirring to the acid. 
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2. In concentrated acids15 
Weakly basic amines bearing strongly electron-attracting substituents on the 

aromatic (or heteroaromatic) nucleus are diazotized preferentially in concentrated 
acids, since hydrolysis1E of the generated diazonium compounds occurs in aqueous 
solutions with rising dilution. Good results have been described wiih conc. sulphuric 
acid" alone as well as when used with glacial acetic acid o r  phosphoric acids; the 
use of conc. fluoroboric acid is winning increasing popularity whereas conc. or 
anhydrous hydrofluoric acid is principally used i n  conneciion with the preparation 
of organic fluorine compounds. Concentrated nitric acid has been used occasionally 
having the advantage of higher reaction rates than are observed with conc. sulphuric 
acid ; i t  has, however, the disadvantage of undesired nitrations and oxidations as 
well as the enormously high danger of explosion of diazonium nitrates which are 
similar to the corresponding perchlorates18. Nitrosating agents in these cases are 
sodium nitrite, nitrosyl halides or complex salts. 

3. In organic s ~ l v e n t s ' ~  
Usually, in order to prepare solid diazonium salts, diazotizations of aromatic 

amines are carried out in organic solvents (glacial acetic acid", methanol, ethanol, 
formaniide, DMF, acetone and others) by means of nitrous acid esters (preferentially 
pentyl nitrite). Thc explosive chlorides can be stabilized as double salts with heavy 
metal chlorides, which are commercially avnilablc in  many cases, as well as the 
relatively stable diazonium salts of organic sulphonic acids and of tctrafluoroboric 
acid. 

111. FORMATION OF AROMATIC D lAZONlUM SALTS 
STARTING FROM AROMATIC DIAMINES2' 

A common characteristic of aromatic diazonium ions is the high electrophilicity of 
their P-nitrogen which effects easy azo-coupling reactions with appropriate nucleo- 
philes. Thus, 1,2-plienylenedinmine and its homologucs are diazotized in dilute acids 
yielding internicdiate mono-diazonium ions \vhich suffer an immediate ring closure 
to 1,2,3-benzotriazoles; diazotization i n  Concentrated acids, however, prevents such 
a ring closure and enables bis-diazotization to occur: 

N O '  Conc.aclds 
Dllutc a c d s  / 

J-"' V 

I 
H 

Similarly, aromatic 1.3- and I ,4-diarnincs must be diazotized in concentrated acids 
to obtain thc corresponding bis-cliazoniuni salts. The mono-diazonium ion from 
1,3-phenylenediamine undcrgocs an i/rro.molecular coupling reaction yielding the 
azo dye 'Bisniarck Braun'. Aromatic bicyclic diamincs likc I ,S-naphthalcnediarnines 
and benzidinc h a w  been found to show similar properties depending on the 
diazot izat ion conditions. 
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Normally, heteroaromatic amines behave in a similar fashion to aniline derivatives 
in the course of diazotization provided there exists no  essential interaction between 
heteroatorns of the nucleus and the nitrogen of the amino group, i.e. 3-amino- 
pyridine yields the corresponding diazonium ion2? without difficulty : 

649 

IV. DlAZOTlZATlON O F  HETEROAROMATIC AM1 N E S  

However, 2- and 4-aminopyridines may be regarded as  arnidines and their vinylogues, 
and are rapidly hydrolysed to hydroxy compounds (similarly to carbonamides which 
are converted to carboxylic acids by nitrous acid): 

H 

Either by diazotization in concentrated a c i d P  or by conversion first into N-oxides 
with subsequent diazotizationZ4, these heteroaromatic arnines can be easily converted 
to the corresponding diazonium species. Even 2-arninoimidazoles (as formal 
guanidines) could be diazotized by nitrosyl sulphate in conc. sulphuric acidzs: 

H 

CH, CH, 

However, the more electron-attracting substituents are attached to the aromatic or 
heteroarornatic nucleus of the diazonium ion, the more easily is the diazonium 
group hydrolysed by-passing the stage of nitrosaniinesoG. If  the primary amino 
group is directly attached to a nitrogen of thc heteroaromatic nucleus, a n  
A'-diazoniurn ion is generated as an intermediate which decomposes with ultimatc 
deamination and formation of dinitrogen monoxide" : 

N- HNO, N f i  
I NH + N,O + H,O 
N 4  

I N-NHz (,,.I' 
N 4  

V. FORMATION O F  ARENEDIAZONIUM COMPOUNDS FROM 
O T H E R  ARENEDIAZONIUM COMPOUNDS 

A. By rearrangement 
The most surprising rearrangement observed with aromatic diazonium com- 

pounds is the exchange of the two nitrogen atoms of the diazonium group, as  
evidenced by isotope labelling2* : 

First-order 
o ; N = N  ---+ rcactlon 

R R 
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Another rearrangement involving a fluctuating 1,2,3-thiadiazol ring has been found 
after diazotization of 7-amino-6-substituted 1,2,3-ben~othiadiazoles~~: 

The change of the position of the diazonium function has been proved by the 
Sandrneyer reaction and by reduction. 

B. By substitution 
The diazonium group, as a strongly electron-attracting substitucnt, rctards electro- 

philic substitution on aromatic nuclei much more even than the n i t r o g r o ~ p ~ ~ .  
Therefore, quinone diazideP or their iinines3: can be protonated only by strong 
mineral acids yielding hydroxy or substituted amino aryl diazonium ions: 

0 OH 

Similarly acylations have been carried out with quinone d i a ~ i d e s ~ ~  (as well as the 
reversal of this reaction3?: 

However, the quinone diazide oxygen as a strong electron donor compensates for 
the effect of the diazonium group and enables elcctrophilic substitutions again: 

A tabular survey on SE reactions of quinone diazides is given in the literature3G. 
Similarly, Friedel-Crafts-like condensations of substituted amino phenyl diazonium 
compounds with formaldehyde have been described3G. A quite interesting reaction 
is the immcdiate oxidation of diazotized a-aniinonaphthalene by means of alkaline 
potassium hexacyanoferrate(ii1) 37 : 
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Since electron withdrawal from arene nuclei by the diazonium group is extremely 
effective, substituents in the orflio and para positions which are good leaving groups 
can be easily substituted by an Sxar mechanism3*: 

C I ,@Cl NZ+ C I ,@C N;e I CI @ NZ+ NO, 
Conc. HCI Conc. HCI 

-HNO, ' -HNO, 
f--- 

N 0, CI CI 

Starting from strongly activated 2- or 4-nitroarylamines this type of reaction enables 
the immediate formation of 2- or 4-chloroaryl diazonium salts on warming 
with hydrochloric In general, appropriate leaving groups in the ortho or 
para position to the diazonium group are easily substituted by more effective 
n ucleophilesdO. 

VI. FORMATION OF AROMATIC DlAZONlUM SALTS 
BY TRANSDlAZOTlZATlO N 

Related to the hydrolysis of very reactive diazonium ions, prepared from weakly 
basic aniines, is the aniinolysis by aryl amines of high basicity, which effects a 
transfer of the diazo function, resulting in transdiazotization". This method proved 
to be very useful for synthesizing benzidine monodiazonium salt either from its 
bis-diazonium salt or from the p-nitrophenyl diazonium salt'?: 

VII. FORMATION OF AROMATIC DlAZONlUM SALTS 
BY AZO DECOUPLING 

The N-N cleavage of the triazene in acidic medium described abovc may be 
regarded as a revcrsal of an azo coupling at nitrogen. Such decoupling reactions have 
also been observed at other centres. The  reversible cleavage of diazo s u l p h ~ n a t e s ~ ~  
and diazo sulphone"JJ' by mineral acids, yielding diazonium ions, is well known; 
less known is the related alkali- o r  acid-catalysed rearrangement of aryl azoxy 
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s u l p h o n e ~ ~ ~  yielding diazonium sulphonates: 

C-N cleavages of azo coupling products of CH-activated compounds under various 
conditions appear to be of some interest. Azo dyes from methine-activated com- 
pounds and diazonium salts showed reversible decoupling under the influence of 
mineral acids, boron trifluoride or bromine4“. A similar fission could also be observed 
in the course of the reaction of chlorine with a phenylhydraz~ne~’:  

0 0 

VIII. FORMATION OF AROMATIC D IAZONIUM COMPOUNDS 
FROM NITROSO ACYL AMINES 

Acylated aromatic amines Ar-NH-X, where X may be COR, SO,H or NO?, 
are readily nitrosated by NO+ donors: in the two latter cases immediate rearrange- 
ments occur yielding diazonium sulphates or nitrates. However, nitroso carbon- 
amides can be isolated and undergo an  intramolecular rearrangement by a so-called 
‘uncoiling mechanism’ 4a  yielding diazonium carboxylates. Under the influence of 
basesa9 diazotate anions are generated from nitroso acyl amines accompanied by 
elimination of the acyl group. Between diazotate anions and diazonium cations an 
equilibrium exists which depends on the pH value of the corresponding aqueous 
solutionso, and recently the kinetics and mechanism of such conversions have been 
studied5*. Since sydnones are derivatives of N-nitroso amines, the intermediate 
formation of diazonium ions during hydrolytic ring cleavage in the presence of 
strong acidss2 is not surprising. 

IX. FORMATION OF AROMATIC D IAZONIUM SALTS BY 
NITROSATION O F  AROMATIC IMINES 

Treatment of azomethines with NOX (X = C1j3, NOJSJ ,  BFtS5) seems to be a 
useful method for preparing crystalline diazonium salts: 

1 NOBF. 
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In a similar way, phenyl isocyanates6 and aromatic si~lphinyli~nines~’ are convertcd 
to diazonium salts by NOX with simu:\’aneous elimination of carbon dioxide or 
sulphur dioxide. 

X. FORMATION O F  AROMATIC D lAZONlUM SALTS BY 
NITROSATION OF AROMATIC N I T R O S O  COMPOUNDS 

A N D  RELATED SPECIES 

N-Phenylhydroxylamine can be nitrosated readily to form N-nitroso-N-phenyl- 
hydroxylaniine; an  excess of nitrous acid, howevcr, leads to benzene diazonium 
nitrates8 : 

Similarly, the following diazonium salt has been obtained from the dioxime of 
anthraquinone : 

NOH 

NOH NO, 

Aromatic nitroso compounds, as the next higher oxidation stages, undergo redox 
diazotizations with excess of nitrous acidSB: 

Ar-N=O + 3 HNO, Ar-N,+ NO,- 

-HNOJ 

Since electron-rich aromatic compounds are  easily nitrosated to form nitroso 
compounds, both reactions can be combined to synthcsize diazonium nitrates in 
one stepG0: 

Less electron-rich aromatic compounds need more reactive nitrosating agents or 
metal catalysis preferentially by Hg2+ 61. The use of nitrosyl chloride sonictimes 
effects further substitution of the aromatic nucleus by chlorineG2 : 

NO N,+ CI- 

CI 
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XI. FORMATION OF AROW.4TIC DIAZONIUM IONS BY 

A N D  OF NITROBENZENE 

Reaction of nitrosobenzene (and derivatives) with hydroxylamine i n  presence of 
sodium carbonate gives diazonium ions in good yields63: 

ALDOL-LIKE CONDENSATIONS OF NITROSO COMPOUNDS 

N=O + H,NOH OH- + H,O 
NJ'CoJ 

Correspondingly, nitrobenzene as the next higher oxidized species reacts with 
ammonia as the next lower oxidized species in the presence of alkali to give the 
diazonium (diazotate) compound in poor yicld6' : 

NO, + NaNHp ---+ N = N - 0 -  Naf 
-H,O 

XII. FORMATION OF AROMATIC D IAZONIUM SALTS FROM 
ARYLHYDRAZINES A N D  T H E I R  DERIVATIVES65 

As mentioned before (Section VII) phenylhydrazones can be chlorinated yielding 
benzenediazoniuni chloride. Similarly, bromine may be used and,  instead of phenyl- 
hydrazones, thionylphenylhydrazine and other derivatives may be applied. Phenyl- 
hydrazine itself can be oxidized by difl'erent reagents yielding the  diazonium step; 
these methods, however, have not reached particular preparative importance. The  
reaction of phenylhydrazine with nitrous acid, depending on reaction conditions, 
seems to be quite interestingG6: 

i 
In mineral acid solution with an excess of phenylhydrazine, nitrous acid effects 
conversion to phenyl azide. If nitrous acid is in excess, the forination of the 
diazonium salt predominates. N-Nitroso-N-phenylhydrazine, the intermediate 
product preferentially formed in weakly acid medium, can either be converted into 
azide by strong acids and strong bases or into the diazonium ion by treatment with 
nitrous acid. The latter reaction corresponds to the related conversion of N-nitroso- 
phenylhydroxylamine with nitrous acid (Section X ) .  

XIII. MISCELLANEOUS 

The syntheses of tritium-labelled diazonium salts6' and of polymeric diazonium 
saltsRR derived from 3-vinylaniline have been described. Immediate introduction of 
the diazonium group by tosyl a ~ i d e ~ ~  or by tosylhydra~ine'~ requires special starting 



14. Preparation of diazonium groups 655 

materials and canno t  be generalized. These methods are of great importance in the 
series of aliphatic diazo compounds. Reczntly an interesting synthesis of diazonium 
salts has been achieved by using the fragmentation of N-chloro a z o ~ a r b o n a m i d e s ~ ’  : 

R 
i 

N=N -C-NH 
I I  

l o  
(CH,),COCI .1 

1 
R 
I 

N’N-C-N-CI + (CH,),COH ___f 

0 
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1. INTRODUCTION 

Diazoalkanes have been used as synthetic reagents in oiganic chemistry for nearly 
100 years, and during that time they have lost none of their original attraction or 
significance. During the past decade i t  has bcen principally carbene chemistry, 
predoniinantly accessible via diazoalkanes, which has furthered the development 
and stimulated the production of a seemingly endless variety of new representatives 
of this class. We can expect the future to provide us with yet further surprises in 
this field. 

Syntheses of diazoalkanes can be systematically classified i n  the following way: 

( I )  Condensation of two compounds which cach possess a nitrogen-containing 
functional group, as in  the diazotization of amines or the Forster reaction. 

( 2 )  Coilversion of compounds containing a functional group with two N atoms 
into diazoalkanes by dehydrogenation (hydrazones) or cleavage (tosyl- 
hydrazones, N-acyl-N-nitrosoamines). 

(3) Transfer of a diazo group from a donor (usually tosyl azide) to an acceptor 
(diazo group transfer). 

(4) Substitution reactions of diazoalkanes which leave the N, group unchanged. 

Disregarding the synthesis of acetylated diazoalkanes, as in the present section, 
the method listed undcr (2) is of predominant importance. The  preparation of 
diazoalkanes has bcen the subject of several recent surveys’. 2, 3; hence we shall 
confine our  attention mainly to rccent kvork. 

Even though the properties of aliphatic diazo compounds are  considered else- 
where i n  this monograph, i t  is nevertheless appropriate to mention the ready 
decomposition or explosive nature of various members of this class. Such properties 
should not be overemphasized; while they can admittedly hamper prcparative work, 
this drawback is of minor importance in relation to the enormous synthetic value 
of aliphatic diazo compounds. Caution must bc exercised on purification of diazo- 
alkanes by distillation, and the use of large amounts should be avoided. Working 
with diazomethane and its homologues, which are particularly susceptible to trace- 
catalysed decomposition, becomes almost unprobleniatical \\.hen used only in 
solution. The hornologues i n  particular are po\verful poisons-their inhalation 
and contact with skin should be strictly avoided. 

The  following discoursc will consider the advantages and disadvantages of 
individual methods and their practical scope. It is restricted to diazoalkanes which 
d o  not bear CO, PO or  SO2, i.e. strong electron acceptors, at  the diazo carbon atom. 
Compounds of that kind are considered in a separate Chapter. 
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II. SYNTHETIC METHODS 

A. Diazotization of Amines 

The diazotization of primary amines leads to diazoalkanes only if elimination of 
H' at the diazonium ion stage (1 - 2 )  can successfully compete with the usual 
decomposition of the aliphatic diazonium ion (1 +3) .  This is the case if proton- 
activating groups are present on the diazonium carbon atom, if  thc entire process 
can be performed in alkaline medium, or if the diazo I'unction to be formed is part 
of a system capable of conjugation. Since these conditions arc seldoni met, amine 
diazotization has only limited scope for the preparation of non-acylated diazoalkanes. 

R\ 

R' 
(3) 

I. Diazoal kanes 

Diazotization reactions of amines are generally carried out  in acid media, in which 
diazoalkanes are subject to elimination of nitrogcn; in special cases, however, this 
reaction can also be accomplished in a basic medium, as i n  the case of diazotization 
of methylamine with nitrosyl chloride (equation 1)' .  s s  G. The nitrosamine (4) can be 

+ H,C-N=N-0- K 
(5) 

KOH, H,O (1) i NOCl ethcr -80 'C 'zH $F& ,o H 
H,C-NH, H,C-NH-NO 

(4) \ tH, H,O 

H,C=NZ 

(6) 

detected by U.V. methodss, and potassium rnethyldiazotate (5) can even be isolated 
after addition of potassium ethoxide; i t  is designated 'stabilized dia~oniethane'~.  
Both 4 and 5 yield diazomethane (55-60 and 74-78%, respectively) on alkaline 
hydrolysis. 

An analogous synthesis of 1 -diazooctane from I-octylaminc has been reported'. 

2. Fluorodiazoalkanes 

Diazotization of methylammonium salts with trifluoromethyl or  other highly 
fluorinated alkyl groups attached to the amino carbon atom normally proceeds as 
expected because the fluorinated alkyl groups effect dcprotonation of the diazoniurn 
intermediates (equation 2) .  

R' R' 
I 

(2) 
I +  h'aSO2 

R'--CF,--CH-NH, CI- --.UnC,, -2LI,o > R'-CFz-C=Nz 

(6) 
a: R' = F, R' = H 
b:  R' = F, Rz = CH, 

C :  R' = F, R2 = CF, 

d:  R' = CHF,, R' = H 
e: R' =; CF,-CF,, Rz = H 

f :  R' = F, R' = C,H, 
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l-Diazo-2,2,2-trifluoroethane (6a) (70%)3. O, 2-diazo-l,I,l-trifluoropropane (6b) 
(no yield given)I0, 2-diazohexafluoropropane (6c) (49%)", 1-diazo-2,2,3,3-tetra- 
fluoropropane (6d) (45%)12, l-diaz0-2,2,3,3,4,4,4-heptafluorobutane (6e) (58%)13 
and l-diaz0-2,2,2-trifluoro-1 -phenylethane (61) ( I  7%)" are instances of successful 
preparation of fluorinated diazoalkanes by diazotization of amines. Remarkably, this 
method fails on attempted synthesis of l-diaz0-2,2-difluoroethane~~ and diazopenta- 
fluorophenylmethane (equation 3)15. In  the latter case, the elimination of N2 from 

F,C,CH,-N: - F,C,CH: --tI+ H20 > F,C,CH,OH (3) 
CH,-NH2 dlazotizntlon 

--Nz ¶ 6  

the diazonium ion intermediate is seen as a consequence of the pronounced stability 
of the pentafluorobenzyl cation. Nor is 1,1 ,I-trichloro-2-diazoethane accessible in 
this way; nitrogen elimination and chlorine migration in the diazonium ion inter- 
mediate are completely dominant over the desired deprotonation (equation 4)ls. 
The 1,2 CI shift to the diazonium carbon atom is important for all the products 
(7, 8 and 9); direct attack by chloride ion appears unlikely because not even the 
solvent water exploits such a possibility (no 2,2,2-trichloroethanol is formed). 

> HOOC-CH,-CI Hydrolysis 
CI ,C-CH,-CI 

(7) (8) 
- N, 

CI 
1-4 0 

CIS-CH-N,+ CI,C=CHCI 
(9) tl 

H 

3. Diazocycloal kadienes 

The synthesis of diazocyclohexadiene (1 1) from 4-aminophenylmalononitrile is 
reminiscent of the diazotization of aminophenols to give quinone diazides"; this 
reaction is unusual in that deprotonation of the diazonium ion intermediate (10) 

NC,.z,CN NC\C/CN 
H H 

NC, I ,CN NC, I ,CN 

Diarol izat ion -H' ~ or 0 
NH2 N, N,f N, 

(10) (11) 

Q 
does not occur at the reaction site but in  position 4 relative to that site. In  spite of 
the pronounced acceptor properties of the cyano groups, the quinonoid resonance 
formula best represents the electron distribution, as  shown by the longwave diazo 
stretching absorption (21 28 cm-') 17. Finally, diazotetracyanocyclopentadiene 
(88%) which is formed on diazotization of the tetraethylammonium salt of amir.0- 
tetracyanocyclopentadiene (equation 5 )  should also be included I ie rP .  The high 
frequency of the diazo stretching absorption (2252 cm-l) and the magnitude of the 
dipole moment ( p  = 11.44 D) justify the betaine-type formulation. 
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NC NC 

Diazotization 

NC CN NC CN 

N H2 

+ N(C2 H 5 1 4  

663 

(5) 

4. Diazoheteroaromatics 

The diazotization of primary heterocyclic aniines also displays certain parallels 
with the corresponding reaction of aminophenols. Heterocyclic diazonium salts 
are formed first, there being usually no need to isolate them, and are deprotonated 
directly with weak bases to give diazoheterocycles. This reaction appears plausible 
if i t  is borne in mind that heterocyclic diazonium salts represent very strong acids: 
1 H-2-imidazolediazonium chloride has a pKa value of 2.6, lH-3-(1,2,4-triazole)- 
diazonium chloride one of 0.3 (water)I8. The production of 3-diazo-311-pyrazole 
can be cited as a model example in which the diazonium salt was also isolated 
(equation 6)?O. Diazo derivatives of pyrroles21, indazoles??. 23, other pyrazoIes24. 

imida~o les?~-~* ,  1 ,2,3-triazoIes2’. 28,  1 ,2,4-triazoIes30 and of tetrazole”, have also 
been prepared in the same way. 

B. Construction of Diazo Groups by Nitrosation 

Pyrroles and pyrazoles which are not completely substituted are transformed into 
the corresponding diazoheterocycles on treatment with sodium nitrite in acid 
media; in special cases the same reaction is used to prepare diazonium salts of 
aromatic compounds3’. Formation of the diazo group by nitrosation proceeds in a 
clear-cut manner if  the heterocyclic compound possesses only one reaction site, 
as  does 2,3,5-triphenylpyrrole or 3,5-dimethylpyrazole; both give the expected 
diazoheterocycles 12 33 and 13 34. 

.. 

H 

Presumably, nitroso compounds are  intermediates since both 3-nitroso-2,5- 
d i p h e n y l p y r r ~ l e ~ ~  and its isomer 2-nitroso-3,5-diphenylpyrrole3”, as well as 5-methyl- 
3-nitros0-2-phenylpyrrole~~ are transformed into the corresponding diazopyrroles 
by nitrous fumes in chloroform or acetic ester. More sophisticated mechanistic 
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concepts involving nitroso, oximino, hydroxylamino and diazohydroxide inter- 
mediates have been postulated in conncction with the preparation of an  a-diazo 
l a ~ t o n e ~ ~  ; while they appear reasonable, they have by no means been confirmed. 

When starting from pyrroles having two unsubstituted positions, formation of 
diazo groups by nitrosation is accompanied by nitration. Thus 2-diazo-3,s-diphenyl- 
pyrrole (14)35 and 3-diazo-2,5-diphenylpyrrole (16)33 are formed together with the 
diazonitropyrroles 15 and 17. Overall, the introduction of the diazo group appears 
to  proceed faster than nitration. 

HSC6 H,C, NO, 
NaNO HCI 

b c d 5  H N, ’ b C 6 H S  N2==)$--C6t-ls 

(14) (1 5) 

H 5 C 6 e c 6 H S  / \  ____f H 5 C 6 b C 6 H s  + H5C, v:6H5 

HNO, p-Naphthol % J W  HO N 
H,C,OOC H35c: 

NaNO,. HCI 

H 
(1 6) (1 7) 

Tctrasubstituted pyrroles arc susceptible to diazo group construction provided 
that they contain readily displaceable functional groups, such as COOH. A typical 
example is shown in equation (7)”. The same kind of reaction is observed with 
aromatic 0- and p-hydroxy carboxylic acids which are transformed into diazonium 
salts with loss of COZ3’.  The diazopyrrole was not isolated but identified by azo 
coupling with P-naphthoP. 

H,C N4 (7) 

Q L C H ,  

H 

H ,C, 00 C 

H 

C. Forster Reaction 

This reaction was discovcred by Forstcr3* who found that thc configurationally 
isomeric oximes of benzil rcact in aqueous alkaline solution with sodium hypo- 
chlorite and ammonia, i.e. with chloramine, to give 1 -diazo-] ,2-diphenyl-2-ethanone 
(‘azibenzil’). This synthesis was neglected for many years, until adopted mainly for 
the preparation of a-diazo carbonyl compounds; i t  is only of limited utility for 
non-acylated diazoalkanes, as shown below. 

The individual steps of the condensation reaction are still a matter of conjec- 
ture and the reaction course shown in equation (8) has not been substantiated 
by experiment3’. 
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1. Diazomethane 

The action of a chloramine solution on the sodium salt of forinaldehyde oxinie 
furnishes diazomethane in satisfactory yield (70-75"/,) (equation 9)'". On use of 
hydroxylamine-0-sulphonic acid in place of chloraniine for condensation with thc 
oxime salt, the acid strength of the former reagent adversely affects the yield of the 
proton-sensitive compound diazoniethane40. Application of the Forster reaction to 
the oximes of alkylated ketones has met with little success'". 

(9) 
ether, aiclllannl O'C 

H,C=N-O- N a + + H , N C I  __-j H , C = N , + N a C l + H , O  

2. Aryldiazomethanes 

Although 9-diazofluorene (18), diazodiplienylrnetliane (19), I-diazo-l-phcnyl- 
ethane (20) and diazophenylmethane (21) are accessible by the Forstcr reaction of 
the corresponding oximes with chloraniine or hydroxylaminc-0-sulphonic acid39, 

the yields arc far exceeded by reactions to be considcred later. 1 -(2-Diazoethylidene)- 
indene (22) has so far only been prepared by the Forster reaction (63%)". Con- 
densation of 9-oximino-10-anthrone with chloramine is not uniform because the 

CHCH=NOH 

product, 9-diazo- 10-anthrone, is accompanied by 9-imino- 10-anthrone (equation 
Branching of the reaction is assumed to occur at the 9-amino-9-nitroso-10- 

anthrone stage'?, the rather obviotis alternative of 9-diazo-10-anthrone undergoing 
CI/N insertion with chloramine to give 9-amino-9-chloro-10-anthrone apparently 
being neglected; elimination of hydrogen chloride from the last-named compound 
would afford 9-irnino- 10-an t hronc. 

0 +% @ - - H , O e  0 
N O H  H,N N O  N2 

N H  @ 
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0. Dehydrogenation of Hydrazones 

Dehydrogenation of hydrazones to diazoalkanes (equation 11) is one of the o!dest 
diazoalkane synthesesJ3 known. While mercuric oxide was the dominant dehydro- 
genation reagent, silver oxide and  manganese dioxide have recently found wide 

application and provided fresh incentive for revival of the method. Far less frequent 
use is made of mercuric trifluoro-acetate and -acetamide, and of iodine, phenyl- 
iodosoacetate, nickel peroxide, hydrogen peroxide, peroxyacetic acid, calcium 
hypochlorite or even atmospheric oxygen. Before discussing the individual dehydro- 
genation reagents and their scope, we shall first consider a number of secondary 
reactions. 

I. Secondary reactions 

An elegant synthesis of alkynes was discovered by CurtiusJ3 in the dehydro- 
genation of benzil bis(hydrazone) with mercuric oxide; diphenylacetylene was 
formed instcad of the initially expected 1,2-bis(diazo)-l,2-diphenylethane (equation 
12). There is no reason to doubt the intermediacy of the bis(diazo)alkane, even if 
n o  such compound has yet been isolated. Dehydrogenation with silver trinuoro- 
acetate has been successfully employed for the production of substituted diphenyl- 
acetylenes (yields 2 80%) J 4 .  

This reaction acquired particular significance in the synthesis of highly strained 
cycloalkynes (23). Whereas the existence of cyclopentyne (23, t i  = 5 ) ,  cyclohexyne 
(23, n = 6) and cycloheptyne (23, ti = 7) is only surmised from the products of 
trapping reactions with 2,5-diplieiiyl-3,4-benzof~ran~~~, cyclooctyne (23, n = 8) J5- J6, 

cyclononyne (23, ti = 9) 57,  J8 and cyclodecyne (23, ti = 10) J g  have been prepared in 
isolable form. 

On dehydrogenation of hydrazones with an  cc-azoniethine group, the resulting 
diazoalkanes undergo very fast 1,5-~yclization. Thus reaction of pyridine-2-aldehyde 
with silver oxide or potassium hexacyanoferrate(~~) directly affords triazolopyridine 
(25), without detectable formation of diazo-2-pyridylmethane (24)50,51. 
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Evidence that the 1,5-cyclization (24) -+ (25) is very fast can be gathered from the 
product distribution obtained on  dehydrogenation of the bishydrazone (26). 
Acetylene formation (27) --f (28) is conipletely overshadowed by the cyclization 
reaction (27) + (29)51. 

2. Dehydrogenation with mercuric oxide 

Dehydrogenation of hydrazones with mercuric oxide is usually carried out in 
solvents such as benzene, toluene, chloroform or light petroleum with admixture of 
compounds capable of binding water, like sodium sulphate, and catalysed by an 
ethanolic solution of potassium hydroxide. The dehydrogenations of benzophenone 
hydrazone and fluorenone hydrazone to give d iaz~diphenylmethane~~ and 9-diazo- 
fluorenes3, respectively, can be regarded as niodel reactions. The joint action of 
mercuric oxide and alkali hydroxide in the dehydrogenation reaction can be 

\ 
H H,C, 

H'-  C=N-NH-Hg-OH 
\ I +  HSC6 

HgO\ C=N-N-HgO- 
\ 

H5G 
C=N-NH, 

H d  H5C6 H I H5C6 
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envisaged as shown for diazodiphenylmethane in equation (1  3)52. Since no inter- 
mediates have been isolated in this reaction and oxygen dehydrogenations apparently 
proceed via hydrazone anionss4, the function of the hydroxyl ions can justifiably 
be assumed to lie in primary deprotonation. 

In place of secondary diazoalkanes, azines are sometimes formed in dehydro- 
genation reactions with mercuric oxide"-". This is more probably due to the 
instability of the diazoalkancs rather than a consequencc of,  say, a mercury- 
catalysed decomposition reaction. Experience gained so far indicates that the 
formation of mercury-bis(diazoa1kanes) on dehydrogenation of hydrazones is to  
be expectedGo only i f  the group R is a powerful proton activator (equation 14). 

2RCH=N-NH2 2 HqO 2RCH=N, -H,O HgO, y 1 " g  
-2 Hga -2 H,O 

2 (14) 
R =  C-R' 

II 
0 

The effect of solvcnt on success or failure of hydrazone dehydrogenations can be 
secn in the dehydrogenation of benzaldehyde hydrazone. While the aryldiazoalkanes 
are formed in benzene, light petroleum, dioxane or ether, reaction in 1,2-dimethoxy- 
ethane gives arylnitriles; th i s  is ascribed to the high solvent polarity (equation 15)'j1. 

N--N N-N A ~ - ~ H - N = N +  

I 
..N; D eco rn po sit1 o n 

Path A 

+ tl r> A r X k f A r  N + 

HN=N=C-Ar - 

N--N N-N 

I -. N ; D eco rn po sit1 o n 

, "... - 
tl r> A r X k f A r  

+ 
N 

+ - 

+ 
HN-N=C-Ar 3- 2N, 

(1 5) 

However, no decision has bccn made betwecn the possible paths A and B. Table 1 
lists sonic represcntative dehydrogcnation reactions of hydrazones with mercuric 
oxide. 

3. Dehydrogenation with silver oxide 

Dehydrogenations of hydrazones with silver oxide are carried o u t  in the same 
solvents as thc above reactions with mercuric oxide; once again base catalysis is 
just as necessary as the addition of reagents for binding water. The rates of dehydro- 
genation appear relatively high, tticreby favouring unstable diazoalkanes. Thus 
even at low tcniperature, dehydrogenation of cyclohexanone hydrazone with 
Ag,O still yields diazocycloliexanc at an adequate rate, whereas the HgO reaction 
merely gives azine over a wide temperature rangc (cquation 16)s8. Silver carbonate 
dehydrogenates hydrazones very fast, but precisely that reagent also seems 

6 ~ Aq,O. xylene. hNHz HgO. +2010--15"C benzene ~ N - N Q  
-1510  -35°C 

to be 

(1 6) 
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TABLE 1. Aryl-, heteroaryl- and alkyl-diazonietliancs by dehydrogenation with HgO 

Diazoalkane 

~~ 

Yield 
Solvent (%I Rcfercnce 

H,CdCH=N, Pctroleiim cther 
Pentane 
Ether" 

45-56 57 
35 62 

2 54 63 

Ether" 35-45 64 

C H = N ,  
EtherU 65 65 

85-95 66, 67 

68 - 

(H,C,),C=N, Petroleum ether 

Benzene" 

Ether" 80 69 

E t he r a fast 100 53.55 

96 
50 
- 

42 
70 
71 

Tetrahydrofuran 
Ether 
Ether a 

x = co 
x = s  
X r - 0  

ocH=Nz Ethcr 68 72 

57, 73 
59,14 

57 
75 

Xylene 
Ether" 

Petroleum ether 
Ether" 

- 
70-90 
- 
60 

84 14 Ethcr" 

~ ~~ ~ 

a KOH-catalysis. 
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TABLE 2. Aryl- and alkyl-diazomcthanes by dehydrogenation with Ag,O 

Diazoal kane Solvent 
Yield 
(%> Reference 

Q CH=N, 

W, 
\ 
,C=N2 

Ether 

Cyclohexanc 

Petroleum ether 

Benzene C=Na 

06 
Tetrahydrofuran 

H,C-C-CF, Ethera 
II  
N? 

Ether" 

N2 

99 77 

77 

95 

78 

79 

80 

89 81 

20-30 82 

- 83  

93 84 

KOH-catalysis. 
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responsible for secondary reactions, hence brief contact with the dehydrogenating 
reagent gives diazodiphenylrnet hane in 88% yield, while prolonged reaction leads to 

H,C6-C-CC,H, 
II 
N 
I + II 
N 0 
I I  

H&-C - C,H, 

H 5 c6- c - c H 

S I O i V  T 
H,C,-C- C,H, AglO, zeolite, benzene 

11 (fast) H5c6- C-c,H, 
II 

N Hz NZ 
N, 

benzophenone azine (49%) and benzophenone (48%) (equation 1 7)76. Further 
examples are listed in  Table 2. 

4. Dehydrogenation with manganese dioxide 

Dehydrogenation of hydrazones is carried ou t  with activated manganese freshly 
prepared from potassium permanganate and rnanganese(i1) sulphate tetra- 
hydrates5. As found in the synthesis of (4-~hiorphenyl)dinzophenylrnethane~~, use 
of manganese dioxide prepared in this way obviates the need for large excesses of 
dehydrogenation reagent. The most commonly used solvent is c h l o r ~ f o r m ~ ~ ~  
In  the preparation of diazophenyl(triphenyIsilyl)rnetliane (30) manganese dioxide 

31110, 
(H,C,),Si-C-C,H, > (H,C,),Si-C-C,H, 

II II 
N N2 
I (30) 

NH, 95% 

is superior to both mercuric oxide and silver oxidesu. The preparative value of 
manganese dioxide in the dehydrogenation of hydrazones is seen, iizrcr alia, in the 
production of 1,4-bis(diazobenzyl)benzenc (31)80, 1,3-bis(diazobenzyl)benzene 
(32)e8, diazo-2-furylmethane (33a)01, diazo-2-thienylmethane (33b)81, diazo- 
(phenyl-4-pyridy1)rnethane (34)82, diazo(4-pyridy1)nicthane (35)03, 4-diazomethyl- 
1 ,S-diphenyl-1,2,3-triazole (3a9' and bis(1-adamanty1)diazomethane (37)u5. 

(l-Ad),C = N, 
I - A d  = 

7 6 H 5  CH=N, 
C=N, CH=N, 

N- N 
&H5 I B (20 C6HS 

(35) - (36) 48% (37) 100% 
(34) 80% 
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5. Dehydrogenation with lead tetraacetate 

Lead tetraacetate can be successfully used for dehydrogenation. of hydrazcnes 
provided that the diazoalkanes are rcsistant to the concomitantly formed acetic 
acid. This applies, for example, to the preparation of 2-diazohexafluoropropane 
(in benzonitrile)gG and of tctrabroniodiazocyclopcntadiene (in ether)07. In  the 
former casc the elcctron density o n  the diazo carbon atom is reduced by the -I 
effect of the CF, groups and in the latter case by charge delocalization in the five- 
membered ring wi!h its electronegative substituents. In both instances this prevents 
attack and decomposition by glacial acetic acid. The possibility of reaction between 
dehydrogenation reagent and the diazoalkane is apparent from the corresponding 
synthcscs of diazodiphenylnietliane and diazophenylethanega. Thus dehydrogenation 
of benzophenone (38) \vith lead tetraacetate i n  the molar ratio 1 : 1 gives diazo- 
diphenylniethane (40), with 39 being postulated as intermediate. Use of twice the 
molar amount of dehydrogenation reagent, ho\vever, leads to complete decompo- 
sition of 40 by acetic acid (40 - 44) and by lead tetraacetate, product 41 being 
formed v ia  the presumed intermediates 43 and 42 98, 09. These secondary reactions 
have already bcen observed to accompany azine formation at  molar ratios of 1 : 1 
on dehydrogenation of acetophenone liydrazonee8. 

\ 
H,C, 

H,C6 H,C, 

Pb(OCOCH,),. benzenc 
HSC6 

\ 

/ 
> C=N-NH-Pb(OCOCH,), 

-CH,COOH / 
C=N-NH, 

(38) (39) 

H5C6 OCOCH, 
\ /  

C 
H 5 C f  \OCOCH, 

(41 1 

T -Pb(OCOCH,)> 

1 - Pb(OC0 CH,), 
-CH,COOH 

H5C6 
\ 
/C=N2 

HSC, 

(40) 

Pb(ocoCH/ P : O O H  

CHOCOCH, 
\ 

/ 

H,Cs N, H,C, 
\ /  

C 
H5C6 OCOCH, 

\ /  
C 

/ \  
<- 

- N :  / \  
H,C, Pb(OCOCH,), H,C, Pb(OCOCH,), H,C, 

CH,COO- 
(43) 

(44) 

The utility of hydrazone dehydrogenation with lead tetraacetate decreases as the 
sensitivity of the diazoalkanes to attack by acid increases, because proton-catalysed 
decomposition reactions then become predominant. A typical example is to be seen 
in the dehydrogenation of 45 which leads via the corresponding diazo compound 
to the diazoniuni salt (46): thence arise the epimeric acetates 47a and 47b, on the 
one hand, and the olefin 48, on the otherlOO. 3P-Hydroxy-24-anosten-7-one hydrazone 
behavcs in an essentially similar manncrlO'. 
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(a) Pb(OCOCH,)., CH,CI, 
(b) Prolonation 

H2N-N -00 C- CH, 

(45) / -H,C-COOH 

YCOCH, OCOCH, 

(47) 
a: R' = H, R2 = OCOCH, 
b: R' = OCOCH,, R' = H 

6. Dehydrogenation with iodine 

Dia~od ipheny lme thane~~~  and tetrachlorodiazocyclopentadiene'03 have been 
prepared by dehydrogenation of hydrazones with iodine; however, both reactions 
require the presence of a base (triethylamine) to neutralize the hydrogen iodide. 
Among the possible secondary reactions of diazoalkane formation are iodine 
insertion and azine formation, which are observed in the absence of baselose lo.'. 

Under suitable conditions both these secondary reactions are encountered with 
3 P-hydroxy-Sa-pregnan-20-one hydrazone. The gerninal diiodo compound un- 
doubtedly formed initially undergoes elimination of HI, apparently under the 
influence of the base (equation 18)'02. The effect of adding base upon the reaction 

L 
I 

CHz 
c --I 

60-70% 100% 
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course adopted is apparent from equation (19). Mention should be made of the 
radical mechanism leading to azine formation, and also of diazoalkane formation 
via cc-elimination which is followed by insertion'"'. S-Diazomethyl-1,4-diphenyl- 
1,2,3-triazole has been prepared by hydrazone dehydrogenation with phenyl 
i o d o s ~ a c e t a t e ' ~ ~ ;  the yields far exceed those of corresponding reactions with 
manganese dioxide or mercuric oxidelOO. 

R 
R\ / 

R/ R 
C=N-N=C 

\ 

R 

R 

/ 

\ 
C=N-NH-NH-N=C 

I R \  R\  

R/ R /  R' 

R\  c=N-N~,  4 C=N-iH Dimerization 

(19) 
I 
I,(base) 1 

I Possible route R 
\c-I n-Elimination \ I R\ / f o r R  = CH, ~ 

R 

C=N-NHI -nI C=N, C 
R\  

R /  R /  R/ \I H,C' 

7. Miscellaneous 

In  the presence of et hanol/sodium ethoxide, 9-fluorenone hydrazone is dehydro- 
genated by oxygen to 9-dia~ofluorene~"~;  the reaction can be generalized insofar a s  
various hydrazones metallated with methyllithium react analogously with oxygen. 
Peroxy intermediates are assumed to precede diazoalkane formation (equation 20)64. 

H 
CH,Li,THF R'\ 0 / 

\o-o- 
c=N--NH 4 R< 

R" RZ/ 
C=N-NH, 

Nickel peroxidelo8 has proved of value in the preparation of diazodiphenylmethane 
(loo%), 1-diazo-1-phenylethane (56%), diazophenylmethane and 9-diazofluorene 
(92%)'"'. 

Finally, the dehydrogenation of tetrachlorocyclopentadienone hydrazone can be 
accomplished with sodium hypochlorite in ethyl acetate/methanoI1l0, although this 
reagent does not appear to have any particular advantage over the others. N-Bromo- 
succinimide in ether merely converts the hydrazone of 9-fluorenone and benzo- 
phenone into the corresponding azines"'. 

E. Barnford-Stevens Reaction 

In  addition to the dehydrogenation of hydrazones, which usually starts from 
carbonyl compounds, another method is available for their conversion into diazo- 
alkanes, i.e. the Barnford-Stevens reaction112* 'I3. It consists of alkaline cleavage of 
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tosylhydrazones (equation 21), which are normally synthesized from tosyl- 
hydrazine and suitable CO compounds. This reaction has proved of synthetic 

1 

utility not only in diazoalkane chemistry but also by virtue of various secondary 
and alternative reactions, of which the carbene arid carbonium ion reactions seen 
in equation (22) are probably the most important; the former occurs in aprotic 

(protic solvent) 1 
CH’ v Consecutive reactions 

R\ 

R’ 
C H - ~ f  --+ R\  

R/ - N, 

media, and the latter in protic media at  elevated temperature”.’. lib, lI6. With regard 
t o  carbene chemistry, the significance of the Barnford-Stevens reaction lies in the 
intentional in sifrr generation of diazoalkanes with subsequent elimination of 
N2 115. llG* ll’; i t  plays a comparable role in carbonium ion chemistry11s-121. 

Admixture of at least a stoichionietric amount of base is essential for the success 
of the Bamford-Stevens reaction; otherwise unreacted hydrazone acting as a 
proton donor promotes decomposition of the diazoalkans by the carbonium path- 
way (equation 23). N-Alkylated tosylhydrazones are  then obtained as  reaction 
products’22-126. 

C=N-R-TOS R’ R< 

R2’ R2/ 

‘c=N-N-T~~ -H+ t 

$-N--N-Tos I (23) R’\ H *(tosylhydrarone) ~ R’\ R \  
RJC=” - N2 

CH CH+ 
R2’ R’/ 

1. Alternative and secondary reactions 

Bases such as sodium hydride, sodium amide or organometallic reagents (two- 
fold molar amount) can also deprotonate tosylhydrazones in the a-position to the 
azomethine group, if  this is structurally permitted. Olefins are then formed without 
there being any need for the intermediacy of diazoalkanes or carbenesll‘, lC7, 12*. 120. 
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CH,Li in ethor or 
C.H,Li in hexanc 

N-NH-Tos , 

(49) (50) 
100% 

N-NH-Tos CH,Li in ether o r  
C.H,Li in hexane 

Supporting evidence comes from the corresponding reactions of camphor- and 
2-methyl-cyclohexanone tosylhydrazone (49 + 50 and 51 + 52)Iz8. Deuteriation 
experiments substantiate the mechanism shown in equation (24)lz8. Azine formation 
is only rarely observed in the Barnford-Stevens r e a c t i o r ~ ~ ~ ~ - ’ ~ ~ ;  thus cyclododecanone 
tosylhydrazone yields u p  to 60% of azine together with cis- and rrans-cyclododecene. 
Conventional mechanisms of formation starting from the diazoalkane have to give 
way here to  other concepts130* 131. 

Attempts t o  isolate 1 ,2-bis(diazo)alkanes on alkaline cleavage ef 1 ,?-bis(!osyl- 
hydrazones) a re  just as unsuccessful as on dehydrogenation of hydrazones. Starting 
from benzil bis(tosy1hydrazone) (53a), diphenylacetylene is formed via the hypo- 
thetical species 54 whereas cleavage of 2,3-butanedione bis(tosy1hydrazone) 
(53b) via the a-diazoimine (55) with subsequent 1,5-cyclization yields the triazole 
(56)113, 133. 

7 6 H 5  

C 
111 
C 
I 

Na/HOH,CCH,OH H5c61N2 -2N,> 
R =  “W H,C, N, 

RvN-NN-Tos (54) C6H5 
73% 

KOH/HOH,CCH,OH 
N-NH-TOS R = C H  

(53) 
a: R = C,H5 
b: R = CH, 

(55) 
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Like the bis(tosy1hydrazone) (53a), x-hydroxy- and a-acyloxytosylhydrazones of 

type 57 give diphenylacetylene on Bamford-Stevens reaction; however, in the case 
of the latter type a diazo and a diazonium intermediate have been postulated (58 and 
59)113, 134. 

A highly interesting fragmentation reaction affording acetylenes, carbonyl 
compounds, sulphinates and nitrogen was discovered in the basic cleavage of 
a,P-epoxy ketone tosylhydrazones (equation 25)135-137; this reaction is also suitable 

\ 

/ 
R-SO, 3- N, + -C=C- 4- C=O 

for preparation of cy~loalkynes '~~.  In conclusion, the formation of alcohols (60 
and 61), for example, from 1 -norbornanaldehyde tosylhydrazone in N-methyl- 
2-pyrr0lidone*38-~~~ warrants mention; the occurrence of a skeletal rearrangement 
in the case of 60 is of no relevance to formation of the alcohol function. The role of 

CH=N-NH-Tos 

CH,ONa, N-rnethylpyrrolidone, 180°C, ,a + & OH Lb (60) (61 1 

N-methyl-2-pyrrolidone in the reaction is shown in equation (26)13!', IJ1. The basic 
cleavagc of m e t h y l s u l p h i n y l h y d r ~ z o n ~ s ~ ~ ~ ~  and of o-nitrophenylsulphenylhydra- 
zones143 can be regarded as variants of the classical Bamford-Stevens reaction ; 
no advance has come through either of these reactions. 
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R-CH,- N,+ 
(1) Cleavage 
(2) Protonation R--CH==N-NH-Tos - P 

R-CH,+ 

2. Aryldiazoalkanes and alkyldiazoalkanes 

The tosylhydrazones of arylated and heteroarylated aldehydes and ketones 
undergo basic cleavage in the manner of a diazoalkane synthesis merely upon 
warming; the natural limitations of the methods are set by the thermal stability 
of the diazo compounds. Solvent/base systems such as ethanol/sodium ethoxide113, 
triethylene glycol/sodium methoxideldd, dimethylformamide/diethylaminelds, and 
pyridine/sodiumlPO, etc., have proved suitable for arylated diazo compounds. 
Diazophenylmethane (62a)'13. ld4, lati, diazo(4-nitropheny1)methane (62b)lP5, diazo- 
(4-methoxypheny1)methane (62c)ldB, diazodiphenylmethane (62d)I13, l-diazo- 
1-phenylethane (62e)II3, l-diazo-2,2,2-trifluoro-l-phenylethane (62f)Id7, 5-diazo- 
dibenzo[a,d]cycloheptatriene (63)IP8, 5-diazo- 10,l -dihydrodi benzo[a,d]cyclohepta- 
triene (64)Id8, 9-diazo-1,2-benzofluorene (65)82, diazo(3-pyridy1)methane (6a7? 
and 5-diazomethyl-l,4-diphenyl-l,2,3-triazole (67)8d all testify to the broad scope of 
the reaction 

a: R' = C,H,; Rz = H (55-70%) 

b: R' = O,N ; R' = H (65-70%) 

C :  R' = H,CO a- : R' = H (59%) 
I 

d :  R' = R' = C,H, (58%) 
e: R' = C6H,; Rz = CH, (27-32%) 
f :  R' = C,H,; RZ = CF, (230%) 



15. Synthcsis of diazoalkanes 679 

2-Allyloxyphenyldiazomethane, which is accessible by Bamford-Stevens reaction 
in the usual way, rapidly undergoes intramolecular 3 + 2 cycloaddition according to  
equation (27)150. 1 ,S-Cyclization of dia~ophenyl-2-pyridyImethane~~~ sl, a reaction 
already mentioned in connection with hydrazone dehydrogenation, is incomparably 
faster. Understandably, the isomeric 3- and 4-pyridyl derivatives do  not undergo 
ring closure'?. The same applies to 2-diazomethylpyridine N - o ~ i d e * ~ ~ ~  Is2. 

a y i N -  N H-TO s 

j!;?~,. monogiyme, 

N=N 

Alkyldiazoalkanes are extremely proton sensitive and cannot be prepared under 
the conditions described at the beginning of this section. Even those protons which 
arise from neutralization of tosylhydrazones are  responsible for decomposition. 
In contrast they are very stable thermally, and can therefore be prepared by vacuum 
pyrolysis of alkali salts of tosylhydrazone (cquation 28)lS3. In isolated cases (2-diazo- 
propane, diazocyclopentane, diazocyclohexane) minimal yields ( S 5%) are  un- 
avoidable if  the diazo compounds are unable to  stand up to  thermal 
Some aryldiazoalkanes are also accessible without solvent in this wayI6'. 

M +  

R' = CzH,, R' = H 
R' = C,H,, RZ = H 
R' = C,H,, Rz = H 
R' = (CH,),CH, RZ = H 

(46-56 %) 
(7580%) 
(52-53%) 

(65-75 %) 

In these cases decomposition of the lithium salts 
occurs at 80-135 "c, 0.3 torr. 

R' = (CH,),CH-CH,, RZ = H 
R' = (CH,),C, Rz = H 

(46-59%) 
(85-95 %) 

More complex diazo compounds such as 2-diazo-I , I  ,3,3-tetraniethylcyclobutane 
(68)'", cyclopropyldiazophenylmethane (69)*53, 4-diazomethylcyclohexene (70)'55, 
3-diazoniethyl-3-methylcyclopentene (7l)lL6, 1-adamantyldiazomethane (72)lS7 and 
diazohornoadaniantane (73)15* are also accessible in satisfactory yields by vacuum 
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H,C CH=N, 

6 
(71 1 

(72) 
85% 

pyrolysis, iisually of the sodium tosylhydrazone salts. It is not surprising that tosyl- 
hydrazones having alkenyl and alkyl groups form pyrazolines on alkaline cleavage 
without the diazo isomers being i s ~ l a b l e ~ ~ ~ ~  lG0. A relevant example is given in 
equation (29)15g. 

b 

3. Silyldiazoalkanes 

Ring closure ~ 

CH,ONa, diglymc 
150 "C - H3C s 

(29) 
H3C S N-NH-Tos 

and germyldiazoalkanes 

Several silyldiazoalkanes and one representative of the gerrnyldiazomethancs are 
preparable in good yield by Barnford-Stevens reaction at surprisingly low tempera- 
ture; they are highly stablelG1. 

Ri M RW, \ C.H,Li. THF. 0 ' C  
C=N-NH-Tos P 

RZ/ 

R' M R= Yield (%) 

C d 5  Si C6H5 73 
C6H5 Si C6H,-X (X = F, CI, Br) 56-71 
C6H5 Si CH, 82 
C6H5 Si CH,-C,H, 48 
CH3 Si C6H5 13 
C6H5 Ge C 8 5  65 

4. a,P-Unsaturated diazoalkanes 

T w o  secondary reactions can sometimes greatly cornplicate thc preparation of 
a,P-unsaturated diazoalkancs by the Bamford-Stevens reaction: one is the formation 
of cyclopropenes via the sequence 7 4 + 7 5  -+78'62-1G1 and the  other is the 
1,5-cyclization 74 -- 76 which may also be associated with a [ I  ,S]-signiatropic 
substituent shift (76 -' 77). Disregarding the photochemical decomposition of tosyl- 
hydrazones and their salts1c5, the temperature neccssary for occurrence of the 
I3aniford-Stevens reaction should not be exceeded. This is clear from equation 
(30)"j3. 
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N I x6- 
N- 
I 

Tos 

N !$ [ I ,  51-Sigmatropic shift  > 
N,N 3 

I 

(75) 

Y 
In contrast to the alkaline cleavage of mesityl oxide tosylhydrazone, in which all 

the products derive from the corresponding c a ~ b e n e ' ~ ~ ,  Bamford-Stevens reaction 
of the similar compound 2,4-diphenyl-2-buten-4-one tosylhydrazone only gives 
products in which the nitrogen is completely retained according to the general 
formulas 74, 76 and 77 lS6. 

H,C CH, 

R2 A i  R' H,C "'">* N 2  

f o r a : h ' ; f o r b : l  

R2 

Many cases are known in which 3H-pyrazoles (76) are formed on cleavage of 
corresponding tosylhydrazones; they can be transformed photochemically into 
cyclopropenes with loss of N, I G 7 ,  16*. Specific n -P ;;*-excitation of the heterocycles 
can, however, also lead to isolation of the isomeric a,F-unsaturated diazoalkanes, 
as shown in equation (3 I ) 1 G s .  The r,P,-unsaturated diazoalkanes arising from 
cycloalkanone tosylhydrazones with an exocyclic carbon double bond cyclize 
according to 74 --f 76 --f 77 l70, just like those whose double bond is incorporated into, 
e.g., a tropone ring171. 
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New approaches to the synthesis of heterocycles are based on the intermediate 
generation of doubly conjugated diazoalkanes; a C=C double bond may also be an  
integral part of an aromatic ring170. Thus the tosylhydrazone (79) has been shown to 
yield initially the a,P;y,&doubIy unsaturated diazo compound 80 which undergoes 
1,7-cyclization to give 82, the terminal diazo nitrogen attacking a benzene ring. 
Sigmatropic [1,5]-H shift concludes the reaction sequence with formation of 81 

A ,  cyclohexane - 
N- N H-TOS N2 

(79) (80) 

1,7-Ring closure 1 

This section will be closed by a mention of some vinyldiazoalkanes whosc 
structures preclude subsequent cyclization reactions. For instance, 1 -diazo-2,3,4- 
triphenylcyclopentadiene (84) is formed from the cyclopentenone (83) o n  heating 
with tosy lhydra~ine~’~;  I-diazo-4,4-diniethyIcycloliexadiene (85)IT3 and the tri- 
cyclic diazocyclohexenone (86)17, are further examples. 

F. Cleavage of P-( N-Alkyl-N-nitrosoamino) Ketones and Sulphones 

Although the method to be considered under this heading gives very good results 
in some cases, i t  is seldom used and has not been further developcd i n  recent years. 
P-(N-Alkyl-N-nitrosoaniino) ketones are prepared in  t\vo facilc synthetic steps: 

addition of suitable alkylamines to 2-niethyl-2-penten-4-one (‘mesityl oxide’) is 
followed by n i t r o ~ a t i o n ~ ~ ~ -  The ensuing alkoxide cleavage is probably to be 
interpreted as a carbanion elimination initiated by deprotonation of the 3-position; 
this is followed by decomposition to the alkyldiazotate and the starting material. 
Transformation of the former into diazoalkanes is treated at length in the next 
Section; the cc,P-unsaturated ketone can re-enter thc reaction (equation 32). 
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H,C, 
C=CH-C-CH, 

I1 
H,C' 0 

(1) H,N-Alkyl H,C-c-cH,-C-cH, 
(2) Nitrosation I I1 

0 - /N, 
O=N CH,-Alkyl 

CHJ 
- R X  I 

.1 
HJC, 

ROH J. 
N,'CH--Alkyl '-H,O, -RO-  

-O-N=N-CH,-Alkyl C=CH-C-CH, 
11 

H,C' 0 

Apart from sodium i s o p r o p o ~ i d e ~ ~ ~ -  176, use of sodium cyclohexanolate in cyclo- 
h e x a n ~ l / e t h e r ' ~ ~ - ' ~ ~  furnishes yields of up  to 85% of diazomethane. Interference 
arising from a possible 3 + 2 cycloaddition of diazornethane with 'mesityl oxide' 177 

does not detract from the utility of the method. 
Many examples demonstrate the value of this synthetic method: diazoniethane 

179, 1-diazopropane (44-47%)"', 1-diazobutane (41 %)178. (diazoniethy1)- 
cyclopropane (-)'*O, 1-diazohexane (23%)179, I-diazooctane (1 ,%)I7, as well as 
the unsaturated diazo compounds 3-diazo-I -propene (41"/,)178 and I-diazo-2-butene 
(I2%)l7O round off the spectrum. 

A systematic classification will also assign a place in this Section to the KOH 
cleavage of 3-(N-methyl-Af-nitrosoamino)sulpholane which leads to diazomethane 
(equation 33)lS1. 18?. There have been no reports concerning generalization of this 
synthetic variant. 

NO 
I 

,N-CH, 

G. Acyl Cleavage of N-Alkyl-N-nitrosamides 
The synthesis of diazomethane from N-methylnitrosourethane by von 

P e ~ h m a n n ' ~ ~ .  ISJ not only imparted the decisive impetus to the development of acyl 
cleavage of R'-alkyl-N-nitrosaniides but also to the study of diazoalkane chemistry. 
The predominant use of the method lies i n  the synthesis of diazomethane and its 
homologues, although acyldiazomethanes have recently also become accessible in 
this way (see the last chapter in  this volume). 

1. Variants 

As already mentioned, the alkaline c l e a v n y  of ~-iiiethyl-N-iiitrosourethanes 
(87a) takes historic precedence; althougli tlic suitability of h'-alkyl-.N-nitroso- 
carboxamides (87b) had Ions bcen known1m:'. l J 1  practical application caiiie very late. 
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N-Alkyl-N-nitrosoureas (87c), N-alkyl-N'-nitro-N-nitrosoguanidines (87d) and 
N-alkyl-N-nitroso-p-toluenesulphonamides (87e) complete the picture. After a 
consideration of mechanistic aspects, the advantages and disadvantages of the 
individual variants will be discussed together with their scope. 

Alka l ine  acyl c leavage 
NO 

/ 
Acyl-N, > N,=CH-R 

'cH,-R 
(87) 

a: Acyl = R O C 0  b: Acyl = R-CO c:  Acyl = R,N-CO 
d :  Acyl = 0,N-NH-C 

I 1  
HN 

e: Acyl = Ar-SO, 

2. Reaction mechanisms 

AlkanediazotateslB5 are nowadays unchallenged as intermediates of alkaline 
cleavage of N-alkyl-N-nitrosamincs (87). Those which have been isolated and 
structurally verified-either by physicochemical methods or by their reactions-- 
are: potassium methanediazotate (88)186-189, potassium phenylmethanediazotate 
(8918G, potassium octanediazotate (9O)lg0 and potassium cyclopropylmethane- 
diazotate (91)Ig1 (all from the corresponding urethanes 87a). The extensive 
independence of diazotate formation of the reactants is apparent from the fact 
that 88 is also accessible from N-methyl-N-nitrosoacetamide (87b)ID2 and N-methyl- 
N-nitroso-p-toluenesulphonamide (87c)18'0 Formation of pyrrolidinium 2,2- 
diphenylcyclopropanediazotate (92) from the corresponding urea derivative (87c) 
can also be understood in this wayIg3. 

I n  the case of ~-alkyl-h'-nitrosourethanes and N-alkyl-N-nitrosocarboxamides 
nucleophilic attack of the base, i.e. alkoxide, at the carbonyl carbon atoms is 
assumed to account for diazotate formation according to equation (34); the 
carboxylic estcrs formed as a consequence to this reaction course are frequently 
i s ~ l a b l e ~ ~ ~ .  19a-197. The COOR group is of course incorporated directly into the 
reaction  product^^^^ in the case of nitrosated lac tarn^'^^. lee. 
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The  deviating primary reaction in the cleavage of urea derivatives will be con- 
sidered later. In general, the multistep conversion of the diazotate intermediate 
into diazoalkanes can be envisaged as involving initial protonation to give diazo 
hydroxides which transform via aliphatic diazonium ions in to  diazoalkanes. The 
yields will depend upon the extent to which the diazonium ions arc converted into 
carbenium ions, i.e. lead to undesired secondary reactions (equation 35). The overall 
product distribution. in which secondary reactions of the diazonium ions themselves 
must also be considered1B7* ‘O0, is extremely sensitive to solvent and substituent 
effects’85, 180,180. 197, 200-202 

R2\ H *  -H.O R; 

R’/ H,O, - H ’  
CH-N=N-O- CH-N,+ 

RZ/ 

R? 
Consecutive reactions i- 

While the intermediacy of alkanediazotates in the alkaline cleavage of N-alkyl- 
N-nitrosoureas is undisputed, there exists convincing evidence that reaction 
according to equation (36) is initiated by deprotonation of the non-nitrosated aniide 
group. The further course of the reaction which is accompanied by ‘trans- 
protonation’ leads to diazoalkanes and cyanate ions (Scheme 3 6 ) I Q 7 ,  203-20c . I t  is 

f- 
N=O\ 

/ 
N=O 

R-N B -  R-N)  
C-NH, --HE’ C-NH 
II II 
0 0 

/ 

\ \ c- __f RN=N-0- f HNCO 

(36) 

’i I 
R-CH=N, \-H,O RN=N-OH + NCO- 

extremely doubtful whether alkoxide attack at the NO group of N-alkyl- 
N-nitrosoureas also occurs as a primary step in the cleavage reactionlg6, 

3. N-AI kyl-N-nitrosou rethanes 

N-Alkyl-N-nitrosourethanes are generally accessible from reaction of chloro- 
formic esters with alkylamincs and subsequent nitrosation (methyl derivati~c?~’). 
Their skin-irritant properties indicate caution during preparative work. 

a. Dinzonlkatzes. Decomposition of N-methyl-N-nitrosourethane can be 
accomplished in alcoholic solution with catalytic amounts of potassium carbonate; 
this is held responsible for the formation of small amounts of alkoxide which effect 
the cleavagelUB. This method is mainly employed for it1 siric generation of diazo- 
methane (equation 37)208 ,  but has also given satisfactory results ( 4 1 - 4 7 %  yield), for 
example, in the ring expansion of cyclohexanonc to give 2-phenylcycloheptanone 
with diazophenylmet hane- “ O B . ? l O  
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C=O + CH,=N, f H,O (37) 

In other cases, solutions of diazomethane, e.g. in ether, are obtained by cleavage 
of urethanes with methanolic caustic alkali and subscquent distillation183. lS4* 2 1 1 ;  

in order to  prepare non-alcoholic solutions cleavage is often performed in high- 
boiling alcohols and the diazomethane conducted out of the reaction vessel in a 
stream of N2 212. D i a ~ o e t h a n e ~ ~ ~ - ~ ' ~  and 1 - d i a z o p r ~ p a n e ~ ~ ~  are synthesized in 
analogous manner. Table 3 lists some representative examples and the relevant 
reaction conditions. The synthetic limits of the reaction, which are also affected to 
some extent by the instability of the respective diazoalkanes, can be seen in the 
following examples. 

/ No ROH/KCO I , ,  Ro\ 
H,C,OOC-N, 

CH, H,C,O' 

TABLE 3. Diazoalkanes via N-Alkyl-N-nitrosourethanes 

Diazoal kanes 
Yield 

Reaction conditions (%) Rcferenci 

(H,C,J,CCH =Np 

(H,C),CCH=NZ 

CH3 
I 

I 
C6 H, 

H,C- C- CH=N2 

[>-cH=N, 

H~COOC- (CH,) ,,- CH =Nz, 
11 = 1-5 

Potassium I-butanolatc, 
1-butanol, A 

Sodium cthanolate, ethanol/ether, 

Sodium glycolate, glycol, 
- 15 "C 

distillation 

Sodium ethanolate 

Sodium triethylene glycolate, 
triethyleneglycol, - 25 "C 

Sodium 2-ethoxy-1 -ethanolate, 
2-ethoxy-l-ethanol, 20 "C 

Sodium hydroxide, water, 
ether, 0 "C 

5-15 

100 

41 

- 

2 24 

- 

- 40 

216 

217 

218 

219 

191 

118 

220 

The fluorinated nitrosourethane (93) does not give (96) in an  alkaline medium but 
is apparently transformed into the diazoniuni ion (94), which decomposes to difluoro- 
carbene and diazomethane via 95 12. Formation of the carbene from 94 reveals a 
formal resemblance to a-elimination of haloforms. Production of diazotrimethyl- 
silylmethane by the urcthane route follows ;L normal course on clcavage with aqueous 
caustic soda/ether ( 2 2 0  "C), while at higher temperature in the absence of organic 
solvent diazomethane is formed??'. 



687 15. Synthesis of diazoalkanes 

NO 
/ KOH. etherln- propanol 

\ F,C H-CH,- N f F,CH-CH,-N,+ -* F,C-CH,-N,+ 

(94) (95) 
COOC,H, 

(93) 

F,CH-CH=N, F,C: + :CH2-N2+ 
(96) 

Cleavage of the  cyclic N-nitrosourethanes (97)222 and (98)223. 22‘ with lithium 
ethoxide follows a different course not leading to the expected diazoalkanes; nor 
docs that of the bisurethane (99)225* 22e with sodium methoxide. 

NO 

H5c6<N’COOC,H5 
HSC, , COOC, H, 

NO I “NO “NO 

(97) (99) 

b. cc,w-Bis(~iin=o)alkanes. a,w-Bis(diazo)alkanes become more and more stable 
the farther apart the diazo groups are. In  full accord with this statement, bis(diaz0)- 
methane has so far escaped direct detection; ho\vever, formation of formaldehyde 
acetal according to equation (38) suggests their intermediate occurrence227. 1 ,ZBis- 
(diazo)ethane also escapes detection by decomposing into nitrogen and acetylene228; 
i t  can, however, be trapped22D. 1,3-Bis(diazo)propane is tolerably stable in ~ ~ I u t i o n ~ ~ ~ ;  
i t  decomposes in  cyclohexane at 25 “C to nitrogen and pyrazole according to 
equation (39)2ao. Higher homologues, i.e. 1,4-bis(diazo)butane up  to 1 &bis(diazo)- 
octane, have been detected directly or characterized by their  reaction^^?^-^^^. 

NO 
/ Base  

\ 
f [N,=C=N,l N-CH,-N 

H5C200C’ COOC,H, 

ON\ 

c. Unsatirrnred cliazoalkatres. Cleavage of N-allyl-N-nitrosourethane with 
potassium hydroxide or sodium niethoxide expectedly affords 3-diazo-1-propene 
(vinyldiazomethane) which, however, slowly undergoes 1,5-cyclization to the 
pyrazole isomer (up to 80%) according to equation (40)179. 232-234 . The  rate constants 

H,C=CH-CH, 
KOH or NaOCH, > H,C=CH-CH=Nz \ 

N-COOC2H5 

ON‘ kyci izat ion 
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of 1,5-ring closure have been determined for methyl- and phenyl-substituted vinyl- 
diazoinethanes such as trans-1 -diazo-2-butene and trans-1 -diazo-3-(3-nitrophenyl)- 
p r ~ p e n e ? ~ ~ .  

Some p,y-unsaturated diazo compounds have also been prepared by way of 
nitrosourethanes. 4-Diazo-I-butene (allyldiaz~methane)?~~, l-chloro-4-diazo-2,3- 
dimethyl-l-pentene237, 3-diazomethyl-l,2-diphenylcy~lopropene~~* and 3-diazo- 
methyl-1 - c y c I ~ p e n l e n e ~ ~ ~  demonstrate the scope of the method. In conclusion, 
mention should be made of the synthesis of 1,2,3-tri(f-butyl)-l-diazcmethyl~y~10- 
propene (101) which is formed together with the cyclobutene (102) from the urethane 
(100) and provides an  entry to stable cyclobutadienes240. 

4. N-Alkyl-N-nitrosoamides 
N- Met hyl-N-nitrosoacetamide?" is cleaved both by met hanolic potassium 

hydroxide?J?. 243 and by methyl- or  phenyl - l i th i~m~~'  to form diazomethane; in the 
latter case it is possible to isolate lithium ethoxides and lithium methanediazotate 
thus confirming base attack at the CO group (equation 41). The cleavage of 

NO 
KOH. CH,OH 

O\ / 
/C-N 

\ H,C=N, + H,C-COO- K +  + H,O 
H,C c H, 

(41 1 
Hydrolysis  1 2 RLi, ether 1 

R 
I 

I 
R 

H,C-C-O- Li+ -t H,c-N=N-o- Li+ 

R = CH,, C,H, 

N,N'-dimethyl-N,N'-dinitrosooxalamide (103) with methylamine is of interest in 
that the diamide (104) can be subjected to the same reaction after nitrosation244. 
This variant is also suitable for in sitit generation of diazomethane, as demonstrated 
by the homologation of cyclohexanone to give cycloheptanone (72%)245. 

N,N'-Diniethyl-.~,N'-dinitrososuccinamide?4e and N,N'-dimethyl-A',"-dinitroso- 
terephthalar~iide~'~ do  not seem to have any advantages for generation of diazo- 
methane. 
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Diazoethane245, 1 -diazopropaiie243e 215,  1 - d i ; l z ~ b u t a n e ~ ~ ~ .  2J5, 3-chloro-1-diazo- 
propane'4y. diazophcnylnict hanc2I':' and dia70cyclohexane"~ have been prepared 
partly via the oxalaniicle pathway but mainly by the acetaniidc route. 

This variant has found only limited application to the synthesis of bis(diazo)- 
alkanes, e.g.  of 1,3-bis(diazo)propane according to equation (43); the potassiuni 
bis(diazotate) can be isolated202. 

0 C,H,OK. ether 
- > O-N=N -(CH,),-NN=N-O- O\ / No N\o // 20 "C 

/C-N\ /N-CC\ 

K+ 
Solvolysis (4 2) 1 H,C, (CH,), CJ-4 K+ 

Nz=CH-CH2- CH=N2 

An elegant pathway leading to 1,6-bis(diazo)hexane consists of the nitrosation of 
'nylon-66' to give 105 followed by alkaline cleavage2o2. 

Cyclic nitrosated carboxarnides are of course transformed into diazo compounds 
with ring cleavage and incorporation of the nucleophile employed. Such reactions 
are known in the case of N-nitroso-c-caprolactarn'89 and 106; the latter compound 
furnishes methyl 2-diazomethylbenzoatc (107) in high yield2I9. 

NaOCH,. CH,OH 

0 

Diazopropync (109) is directly accessible from the nitrosated carboxamide 
(108)250, 2 5 1  , but can also be prepared via the trinitroso compound 110 251; i t  appears 
reasonable to assume the occurrence of tris(diaz0)propane (111) as an unstable 
intermediate which is transformed into 109 by loss of 2 moles of N2. 

NO NaOCH,/CH,OH 
- t 5 T  - N,=CH--CECH O\C-N/ 

/ \  

(1 09) 
H,C C H,- C C H 

(1 08) 

1 - 2  N* 
NO 

/ 
N-H,C-CH-CH,--N N,=CH-C-CH=N, 

ON\ 

I \ CO-CH, II 

ON/ 'CO-CH, (111) 

/ 

N N2 

(110) 

H,C-OC 

24 
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5. N-AI kyl-N-ni trosou reas 

N-Methyl-N-nitrosourea is one of t h e  most commonly used starting materials 
for the preparation of diazomcthane; i t  is accessiblc by reaction of potassium 
cyanate or urea with methylamine and subsequent nitrosation20'- 252-256 . Its limited 
thermal stability is a drawback; spontaneous decomposition to nitrogen, water, and 
methyl isocyanate takcs place above 20-30 "C 3 0 5 s  ?j3* 351-  ?57, . A reaction of a 
pyrocatechol with diazomethane (from h'-methyl-N-nitrosourea) has been reported 
in which methyl isocyanate also participates dircctly259. 

Cleavage of A'-methyl-N-nitrosourea is carried out with 50-70% aqueous potassium 
hydroxide in a two-phase system, with ether as preferred 2 5 2 ,  ? O 0 ,  261 . The 
organic component beconies dispensible if diazomethanc is distilled ou t  of the 
reaction 263. The stoichiomctry of the clcavage is apparent from equation 
(43). It has recently bcen found that this cleavage can be accomplished with sodium 
4-nitrophenoxide, the reaction then giving both sodium cyanate and 4-methoxy- 
nitrobenzene (from diazomethane and 4-1iitrophenol)'~'. Time will  tell whether this 
modification acquires synthetic importance as a mcthylation reaction. 

,N 0 
N' 

N H, 

/ \  
O=C CH, 

\ 

+ KOH H,C=N, 4- KOCN + 2 H,O (43) 

Simple hoinologucs of diazomethane such as d i a ~ o e t h a n e ' ~ ~ ,  I -diazopropane2a5, 
I - d i a z o b ~ t a n e ~ ~ ~ ~  2GG or I -d i azodode~ane '~~  are obtained in the same way as the 
rather labilc cyclic representativcs diazocyclobutnne?c8 and diazocyclohexanes8. 
This applies in particular to l-diazo-2,2-diphenylcyclopropane (1 13) obtained on  
lithium cthoxidc cleavage of 112; i t  can be recognized by an intermediate yellow to 
red colouration and trapped by 3 + 2 cycloaddition with dicthyl fumarate. In the 
absence of suitable co-rcactants, 113 rearranges via the corresponding carbene to 
1 ,I-diphenylallcne (114)'"* "O. 

cx,w-Bis(diazo)alkanes are accessible by acyl cleavage of suitable polymethylene- 
bis(N-nitrosoureas), thc comments made in Section II.G.3.b applying to the stability 

of bis(diazo)mcthane and bis(diazo)ethanc. Ethereal solutions of the cqo-bis- 
(diazo)alkanes shoivn in cquation (44) arc 271. A further insight into 
the scope of urca cleavage as a method of preparing diazoalkanes is given in 
Table 4. 
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TAIILE 4. Diazoalknnes via ~-alkyl-N-nitrosoureas 

63 1 

~ ~~ 

Yield 
Diazoalkancs Reaction conditions ("/,I References _____ 

'0- c H, c H =C H, 

(H,C),CHCH=N2 
H,COCH,CH,CH=N, 
CI-CH,CH,CH=N, 

cis- and rratls-CH=N2 group 
( H 3 Q S i -  CH = N, 
H,C=CH-CH=N2 

HC=C-CH=N, 

C,H,OLi, C,H50H, - 20 "C 

KOJ-I, rnonoglyrne, pentnne, 
0 "C 

KOH,  ether, - 12 to - 15 "C 
KOH,  benzene, 5 to 10 "C 
KOH,  benzene, 5 to 1 0 ° C  

NaOH, hcxnne, 0 "C 

KOH,  pentnne, 0 "C 

KOH, pcntanz. 20 "C 
NaOH. ether, 20 "C 
KOH,  methanol, THF,  0 "C 
N o  dctailed information 

70 

21 

- 
82 
47 

- 

85-90 

64 
19 

65-70 
- 

272 

150 

273 
274 
274 

275 

276 

277, 378, 279 
2so 
2s  I 
283- 

6. N-AI kyl-N'-n itro-N-n i trosoguan idines 

Alkaline cleavage of ~ ~ ' - ~ i ~ y l - ~ ~ ' - i . i i i i ~ - i ~ - i ~ ~ I r o ~ ~ ~ ~ a n i d i n e s  is strongly reminiscent 
of the corresponding reaction of nitrosoureas. They have the advantage of greater 
thernial stability than thc latter, but are skin irritants as are nitrosourethanes. 
Cleavage of the reactants presumably occurs according to equation (45). the 
potassium salt of nitrocyanamide being i~olab le?"~ .  Although no  mechanistic studies 
have been published, i t  is tcmpting to assumc that deprotonation at thc imido 
nitrogen is the initial reaction step, which is followcd by cleavage according to 
equation (45). 

NO K+ -O,+ 
+ KOH --+ N,=CH-R / N=N-CN + 2H20  / 

0,N- NH-C-N 
11 'CH,R -0 
NH 

K+ 

Cleavage of N-methyl-N'-nitro-N-nitrosoguanidinc2RJ is accomplished in similar 
manner to that of N-methyl-N-nitrosourea2Go and gives a n  excellcnt yield of diazo- 
methane (73-930/,)2*s3. 235. Diazocthanc, 1 -diazopropane, 1 -diazobutane, 1 -diazo- 
pentane and diazophenylmethane (55-760/,) reveal the versatility of the method283; 
other syntheses were thwarted by the inaccessibility of the nitroso compounds263. 
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7. N-AI kyl-N-n i troso-p-to1 uenesul phonam ides 

A recent trend seems to be the increasing use of acyl cleavage of N-methyl- 
N-nitroso-p-toluenesulplionamide-accessible by the classical method of  reacting 
tosyl chloride and methylamine with subsequent nitrosation2dG-foi* preparation of 
diazomethane (equation 46)2877. 2Lt8. The thermal conditions of acyl cleavage (50- 
75 “C)  d o  not seriously impair the yield of diazomethane since i t  is stable towards 
the effects of temperature in the absence of catalyst. 

The  advantages of preparing diazomet hane from N-methyl-N-nitroso-p-toluene- 
sulphonamide include commercial availability and long storage life at room tempera- 
ture and the fact that no irritant properties have been reported. 

Further published applications (diazocyclohexane (94%)5s, diazophenylniethane 
(60%)289, alkoxydiazoalkanes2Q0) convey the impression that the scope of this 
method has not yet been exploited to the full. 

H. Diazo Group Transfer 

The term ‘diazo group transfer’ i s  applied to those reactions in which a ‘complete’ 
N, group is transferred from a donor (azides, diazoalkanes) to an acceptor (CH-acid 
compounds, double and triple bond systems) by exchange or The 
principal use of this reaction lies in the synthesis of diazomcthanes bearing electron- 
acceptor groups (in this connection see the last chapter of this volume). 

1. Cyclopentadienes and cyclohexadienes 

Cyclopentadienes and cyclohexadienes possess sufficient proton activity to under- 
go diazo group transfer with tosyl azide, the most commonly employed transfer 
reagent. Thus cyclopentadicnyllithium affords diazocyclopentadiene, probably via 

the triazene intermediate 
amine without 
of isomeric disubstituted 

N- Li+ 
I 

Tos 
(1 15) 

115 2ss; working in acet~nitrile/diethylarnine~~~ or diethyl- 
considerably simplifies the reaction conditions. Formation 
diazocyclopentadicnes is observed on diazo group transfer - .  

onto 1,4-diphenylcyclopentadiene (equation 47)29Gp 2Dy. 

This product distribution is a consequence of the mesomeric carbanion with its 
two nucleophilic centres. Similar behaviour is observed on diazo transfer onto 
methyl or trimethylsilyl cycIopentadiene-1-carboxylatc209. Numerous other sub- 
stituted diazocyclopentadienes, such as 5-diazo-1,2,3-triphenylcyclopentadiene 
(piperidine/acetonitrile, 97%)29G, l-benzyl-5-diazo-2,3,4-triphenylcyclopentadiene 
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(piperidine/acetonitrile, 600/,)300, 5-diazo-1,2,3,4-tetraphenylcyclopentadiene 
@iperidine/acetonitrile, 95%)296 and 1-diazoindene (diethylamine/no solvent, 
I 5-25%)287- 301, arc readily accessible by diazo group transfer. 

58% 30% 

9-Diazo- 10-ant hrone (1 16ayo? and 9-diazot hiosant hcne S,S-dioxide (1 l6byo2. 303 

may be cited as formal representatives of the diazocyclohexadienes; both readily 
undergo base-catalysed azine formation, which will clearly affect the choice of 
reaction conditions for diazo group transfer302. 301. 305. 

TosN, 
- T ~ ~ N H ;  

a: X 
b: X 

Decompositiont 

NZ 
(116) 

= CO; C,H,OH/piperidine, 94%”’ 
= SO,; C,H,OH/C,H,ONa, 98%”’ 

N 
I 
N 

2. Enamines 

Transfer of diazo groups onto enamines constitutes a significant methodical 
extension in that the CH acidity of the diazo group acceptor becomes unimportant. 
The reaction is usually carried out with sulphonyl azides; i t  is associated with 
c:eiivz,ge of the enarnine C=C double bond and assumed to follow the course 
indicated in equation (4S)306. Enamines display a great proclivity for azide addition207; 
this proceeds as shown in equation (48)308, triazolines being isolable in some 
i n s t a n ~ c s ~ ~ * -  3ny. Diazomethane has been prcpared on various occasions with moderate 
success (< 40%) from enamines of type 117, reaction also yielding the amidines 118 
(117a307, 117b310, 117c3*l, I17d3O6, 117e30G and 117f3OC). I n  t he  reactions of 
117d-117f the structural components of cnaniincs, i.e. acetaldehyde and secondary 
ainine, can react directly with tosyl azide in benzene30G. Diazo group transfer onto 
2-met hylene-l,3,3-trimetliyI-2,3-dihydroindoie (‘Fischer base’) according to equation 
(49) leaves little rooin for improveinent, giving yields of Sl-87:/, 306.  I t  has not yet 
been established \vhy the cnamines 119 and 120 give such dinerent diazomcthane 
yields on diazo group 
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R‘, C II ,Rz 

i- Tos N, ,R’ Rk:N 
N 

’ I  
R,/c, ’ 

Tos 
N, 

Rmg opening 1 
R‘ 

(48) 

I 

I 

I 

//N--Tos RI- c -N,+ 
f-- 

R3- C--IIJ-ToS 

R:, 

R3-c\ / 
/C=N2 + 

N\ ’N, 

RZ 

R’ 
\ 

C r N - T o s  -I- H,C=N, 
RI 

Rz/C=CH2 + TOS N, -4 

RZ/ 
(1 17) (118) 

/ CH, 
a: R’ = C,H,, R’ =N, d :  R’ = H, R’ = N(C2H,), 

e :  R’ = H, R2 = N 3 CJ-4 
A 

b: R’ = CH(CH,),, R2 = N 
A 

f :  R‘.= H, R2 = N 
W0 

c: R’ = CH,, R’ = N n 
W0 

W0 

H,C CH, H,C CH, 

Q+Hz + N r S O X  0 2  - Q$N-;OX (49) 
I I 

CH, CH, 
X = OCH,, CH,, NO, 

+ H,C=N, 

H,C=N,: 73-750/:, 
cH, Arnidine: 67-7272 

a H2C= N, : 5-9% 
cH, Amidine: 9% 

I 
I 

CH, 

(119) 

3. Enol ethers 

Compared with enamines, diazo group transfers w i t h  enol ethers play only a 
minor rolc. Modest yields of diazoniethanc and iinino ethers arc obtained from 
alkoxycthylene and  phosphoryl azidcs:”’. 
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R' = CH(CH,),, R' = OC,H, or C,H, 

Phcnylketcne dimethyl acetal reacts with ethyl azidoformate after the manncr of a 
diazo group transfer to give 121 3 1 3 ,  n l r .  315. In solution an equilibrium is observed 
with the isomeric triazolinc3"~ 315, via which 121 is undoubtedly formed. 

+ N,-COOC,H, jHJC0 X~N y s  
H5Cb H 

C=N, 
I OCH, 

H,COfC'OCH, H,CO I Y'OCH, 

(121) 

'C' 
I1 

COOC,H, N H - COOC,H, 

4. Acetylenes 

By far the greatest intcrest is shown in diazo group transfers on to y n a n i i n c ~ ~ ~ ~ ,  
which are dealt with in the last chapter of this volume; nevertheless, some rcactions 
appear to deserve mention here. Thus cyanogen azide and acetylene afford a 
triazole/diazo imine equilibrium m i ~ t u r e " ~ ,  dcduced from thc pronounced changes 
in the lH-n.1n.r. spectrum betwcen -60 and +SO "C. Apart from ring/chain 
isomerism, syynlanii isomerization at thc azoniethine group and rotation about the 
C-C bond all have a role to play (equation SO). 

u u  HCECH H 

+ 
NC-N, 

NC- 

H H  .. 
, I  

"H N N, 
-+ 

\ 
CN 

NC-N N, 
N N t  
"4 

H 

NC-N H 
HN' 

One of the relatively few diazo group transfcrs involving diazoalkanes is initiatcd 
by the [3 + 21 cycloaddition of 2-diazopropane to diphenylacetylene; the resulting 
3H-pyrazole (122) can be isomerized photochcniically to vinyldiazoalkanc (123). 
However, the yields sufTcr somewhat from cyclopropene Other 
reactions of this typc leading to acyldiazoalkancs are dealt with in  the last chapter. 
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1. Substitution Reactions 

Although isolated substitution reactions at the diazo carbon atom, such as 
n i e r c ~ r a t i o n ~ ~ ~  or acylatioii320, have been known for a very long time, the full 
preparative significance of this synthetic principle has only recently been recognized. 
The diazo groups are found to be surprisingly stable, even under extreme conditions. 
This approach has only limited synthetic utility, however, for diazoalkanes without 
electron-acceptor substituents. 

I .  Halogenation 

Diazornethane can be chlorinated with r-butyl hypochlorite to give chlordiazo- 
methane, which is niodcrately stable only at tcmperatures below - 40 "C 321. The 
same principle is applicable to broniodiazomethane"?' (equation 5 1). 

(51 1 
(n&)&-o - s. n.Csnl&F3CI, -100 'C 

H,C=N, z X-CH=NZ 

X = CI, Br 

I-Bromo-1-diazopropane cannot be prepared in this way: however, the 
decomposition products obtained do  indicate its intermediate occurrence322. With 
N-brornosuccininiide, on the other hand, cotnplcte substitution of diazocyclo- 
pentadiene occurs to give the stable compound tetrabrornodiazocyclopentadiene323. 

2. Metallation 

Exchange of hydrogen for lithium in diazomethane proceeds without complication 
with methyl- or phenyllithium in ether3?', o r  also with lithium N-methyl-N-tri- 
methyl~i ly la rn ide~~~.  A completely independent synthesis of diazomcthyllithium 
starts from nitrous oxide and methyllithiunPG (equation 52) .  Sodium can be 

Cn3iCGUS)Li or 
EI3CXSi~Cl ln~, l . i  in ether Cr1,Li in ether 

H,C=N, > LiCH=N, t------N,O 

introduced into diazomethane with the a i d '  of t r iphenylmethyl~odiurn~~~.  Both 
alkali metal derivatives are highly explosive in the absence of solvent. 

The ability of alkali-metal-substituted dinzomethanes to undergo further nietal- 
lation reactions is demonstrated by the preparation of cadmiobis(diazor1iethane) 
(124) from diazomethyllithiuni and cadmium chIoridPe.  

T n F  or cthcr :it -7o'C 
2 LiCH=N,+CdCI, Cd(CH=N,),+2 LiCl 

(124) 

An elegant method for introducing organometallic groups into diazonicthyl 
compounds consists of their reaction with suitably substituted rnclal amidcs. It is 
utilized in the  synthesis of zinco- 3?'J, cadrnio- and r i i c r c ~ ~ r ~ d i a ~ ~ ~ n c t l i a n c ~ ~ ~  
(125a-c); all these diazo derivatives are highly explosive. The mercury dcrivative 

a: M = Z n  (polymer); 
b: M = Cd; 
C :  M = Hg 
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(125c) is presumably also formed together with other products from diazomethane 
and mercury acetateR3". Mercurobis(diazomethane) (124, Hg instead of Cd) is 
synthesized by L.i/Hg exchange3?*. In this context, the mercuration of diazocyclo- 
pentadiene with mercuric acetatc also deserves mention even though substitution 
cannot take place at  the diazo carbon atom (equation 53)323. Double metallation of 

IHgQHg1 (53) 

( 1 )  Hg(OCOCH,),. DMSO. 25 "C 
(2) NaI.  C,H,OH, H,O 

Nz NZ 

diazomethane is possiblc with silver acetate according to equation (54); pyridine 
can be removed from the adduct3". Silylation of diazomethane is accomplished by 
first metal I at i n g with I i t h i u in and treat i ng t hc prod uc t with chl or0 t r i me t h y I s i I a ne33 ?. 

3H,C=N2 i- 2AgOCOCH, 

Ether, pyridine, -50 "c 1 (54) 

Ag-C-Ag. 0 + 2CH,COOCH, + 2 N 2  

II 
N2 

Diazobis(trimethylgermyl)met h a n ~ ~ ? ~ .  333, diazobis(trirnet hylstannyl)met 
and diazobis(triniethylpl~nibyl)niethane~~~~ 
lation of diazoniethanc by the 'metal aniide method' (equation 55). 

have been prepared by direct metal- 

2 (H,C),M - N (CH,),+ H,C = N, (H,C),M - C - M (C H,),+2 H N (C HJZ (55) 
ii 
N2 

M = Ge, Sn, Pb 

Another variant for the formation of bisgermylated and bisstannylated diazo- 
methanes consists of reaction of trisubstituted germanc or stannane with diazo- 
methyllithiurn. The second mole of diazomethyllitliium acts as a mctallating agent 
for intermediate monogermyl- or monostannyl-diazomethane (equalion 56)333. 

N Z  
M = Ge. Sn 

Since the second substitution step fails to occur in the analogous preparation of 
bis(silyl)diazomethanes, the alternative procedure of, e.g., first metallating diazo- 
trimethylsilyl methane at - 9 c b I O O  "C with butyllithium and !lien introducing thc 
second silyl group with chlor~trimethylsilane~~~ may be adopted. 

The  exceptional performance of the 'metal aniide method' is also manifested i n  
the preparation of arsenic-, antimony-, and bismuth-substituted diazomethancs 
which were entirely unknown until very r c c e r ~ t l y ~ ~ ~ .  In the case of diazobis- 
(dinietliylarsino)metlian~, catalysis by clilorotrimethylstannnne is necessary, but 
not for the Sb and Bi analogues33ti. 
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3. Aldol addition 

Aldol-type additions of diazomethyl cornpounds require a certain degree of CH 
acidity of the diazoniethane hydrogen, which is most pronounced in CO- and PO- 
substituted diazomethanes. Nevertheless, unsubstitutcd diazoincthane does add to 
carbonyl compounds having a highly electrophilic CO carbon atom. Thus the  
tolerably stable diazomethane adducts 126 337 and 127 338 wcre isolated on reaction 
with 3,3-dibromo-l,2-indandione and 1 -phenyl- I ,2,3,4-tetrahydro-2,3,4-quinoline- 
trione. 

0 

0 WH CH=N, 

Br Br 

Br Br 
7 H;C=N, 

0 

CH=N, cc-f: I 

With various isat in derivativcs the occiirrencc of diazoniethane-aldol adducts 
can be established either by their detection as dioxolcs after rcaction with tetra- 
bronio-o-quinone or by direct trapping in a 3 f 3  c y ~ l o a d d i t i o n ~ ~ ~ .  The  latter 
technique can also be cniployed to confirin the formation of an aldol adduct from 
chloral and dinzoincthane by addition to dimethyl acetylendicarboxylatc (equation 
57)339. The overwhelming importance of elcctron-acceptor substituents of the 

CI,C-CHO + H,C=N, OH 
I 

CI,C-CH COOCH, 

H,COOC--C= C-COOCH, q C O O C H ,  (57) 
1 

I II N \  N 
C I,-CH -CH 

OH N, H 

37% 

carbonyl component in  aldol-type additions follows from the above examplcs; as 
shown in equation ( 5 s )  i t  also applics to additions involving the C=N double 

cl’ckY 
CH, 

I 

I 
+ tl:C=N: 

CI,C-CH= N - Tos N-TOS 

C I,C-CH-CH= N z  
(w It t i  N- met 1 1  y la t i o n) 0 

II 
F,C, ,NH-CO-R CF, ,C-R (58) 

F,C CH=N, 
C 

/ \  

F,C, H , C = N ,  
C=N-C-R 

II 
F,C’ 0 
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bond34o. Aldol additions of litliiodiazotrimetl~ylsilylmethane, whose diazo carbon 
atom is decidedly nucleophilic to 'non-activated' aldehydes and ketones (benz- 
aldehyde, acetone, acetophenone), have recently also been 

4. Cleavage reactions 

Diacylated diazomethanes arc  gcnerally susccptiblc to ready basic cleavage to 
gi\*e acyldiazomet h a n ~ s ~ ~ ? .  The only attractive synihctic example yet discovered in 
thc fcld of non-acylatcd diazoniethancs is the alkaline cleavage of 'azibenzil' to 
form diazophenylmethane (equation 59)R43. 

5. Miscellaneous 

Compared with substitutions at the diazo atom, reactions at other positions of 
diazoalkanes arc quite rare. Thus in diazocyclopentadicne the two positions 
adjacent to the diazo group are alkylated by 5-benzylidene-2,2-dimcthyl-I ,3- 
dioxane-4,6-dione (equation 60)311. 

0 

Nz \ 

In conclusion, mention is 
occurring with displacenicnt 
triazine; the nucleophiles may 

made of some nuclcophilic substitution reactions 
of chloridc from 4,6-dichloro-3-diazoniethyl-1,3,5- 
contain N, 0 or S (equation 61)315t 346.  

a:  M = H, R = NH, (82%) 
b: M = Na, R = OCH, (78%) (61) 7("'YC"=" c: M = Na, R -- SCH, (70%) 

2 M U  
-2MCI' N / N  

YNYCH=N2 
Y 

CI R 

J .  Special Methods 

In  the course of time, various reactions have bccn rcportcd i n  wliich the inter- 
mediacy of diazoalkanes can be detected or is very probable, but caiinot be utilized 
synthetically; they will not bc: considercd i n  d ~ t a i l ~ l ~ - ~ ~ ~ .  I n  the following a few 
reactions are considered which could acquire preparative interest. 
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Alkaline hydrolysis of N-methoxypyridazinium salts affords a,P-unsaturated 
d i a ~ o a l k a n e s ~ ~ ~ ,  which have recently bcen attracting interest35o; they undergo 
1,5-cyclization on warming (equation 62)351. The two condensation reactions (63)352 

I 
70-900/, H 

OCH, X- R' 

R' = R? = H; R '  = C,H,, 2' = H; R'  = R' = CH,; R' = C6H,, R2 - CH, 

and (64)353 have long bccn known, and  the yield of the latter has recently been 
greatly improved35.'; and yet they have so far found no  use in the production of 

H,C-NCI2+H,NOH.HC1+3 H,CONa > H,C=N,+3 NaClf3 H,COH+H,O (63) 

(64) 

diazoniethane. Thc conversion of dimesityl ketone iminc into diazodiinesitylniethane 
is dominated by a condcnsation step (equation 65)3s5. 

(-18%) 
CHC13i-H2N-NH,+3 KOH - H,C=N,+B KC1+3 H,O 

N,O,. CCI. Mes LiAIH.. ethcr Mes Mes 

Mes Mes Mes 

\ H ,C -. C 0 0 Na \ -30 "C 
\ C z N - N O  - /C= N, ,C=NH - 

/ 

H,C, 53% (65) 

Mes = D C H 3  

H,C' 

A condensation reaction formally resembling the Wittig olefination affords 
diazoniethane froin niethylenetriphenylphosphorane and nitrous oxide after 
subsequent alkaline hydrolysis:'". The internicdiate phosphonium salt (128), which 
is formed by 'neutralization' froni the ylene and diazomethane, undergocs the above 
hydrolysis. 

H,C=N, 1 
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1. SYNTHESES O F  LABELLED D I A Z O N I U M  AND DIAZO 
C O M P O U N D S  

A. Synthesis of Deuterium-labelled Diazonium Salts and Diazo 

1. Synthesis of diazonium ions labelled with deuterium 
Several deuterated diazonium salts have bcen prepared for use in  mechanistic 

studies on diazonium salt reactions, but in  almost cvery case the compounds have 
bcen siibstantially less than lOOo/;, deuteratcd at the desired position. The deuterated 
arenediazoniuni salts haw bcen synthesized by treating the deuterated aniline 
precursors with nitrite ion and acid a t  0 "C and, thereforc, a discussion of the 
synthesis of the deutcrntcd anilines illustrates the important aspects of the prepara- 
tion of deuteratcd diazoniuni ions. 

(1 1 

The first deutcrated diazoniiirn salt w a s  reported by Lewis and coworkers2 in 
1956 (equation 2). He prepared the p-tridciitcrornethylbenzenediazoniurn fluoro- 
borate @7:< dcuterated) ( I )  frorn the deutorated aniline. The aniline synthesis began 
with the conversion of tridcutcromottiylbcnzenc in to  p-trideuteromethylaccto- 
phenone which was siibsequcntly convertcd into the amicle in a Schmidt rearrange- 
ment3. Acid hydrolysis of the aniide led to thc required aniline. 

Compounds 

i I i +  
ArNH,+NaNO, ArN=N 

The synthescs of the ring-dc~~teratcd dcrivritives of benzenediazoniurn ion wcre 
first reported by I-Icaricyl niitl Ciiclognn~ \vho  tverc attempting to detect thc prescnce 
of benzyne intermediatcs i n  tlia7onium salt reactions i n  acidic medium. I-leaney 
synthesized 2,6-didCiitcrobcii~eiic~ii~i~(~iii  tim ion (S I %, deuterated) froin 2,6- 
dideuteroaniline that iiad been prepared by treating 2.6-dibronioaniline with 
u-butyllithium and then D,O" (cquation 3). This general method has also been used 

Br D 

by Swain and co\vorkcrs7 in thc preparation of both the 2- and thc 4-deuterobenzene- 
diazoiiiuni ions. These syntlicscs also gave incoinplete incorporation of deuterium, 
i.e. the 2-dcuteroaniline \vas only S??,; d ,  and the 4-dciitcIoaniline was o n l y  84% 
dcutcrated, even \\ I icn care w a s  ta1;cn to cschaiigc the N H  hydrogcns for deuterium 
bcfore adding the ~/-bii~~~lli t l i i t i i i i .  S n x i i i  also attcmptcd to prcparc the 4-dcutero- 
benzened iazo n i (I rn io 11 h y con \ c r t in g 4 -de 11 tcIo t o I Lie nc into 4-de LI tero bcn zoic acid 
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and then in to  the amide. The 4-deuteroaniline was obtained from a Hofmann 
rearrangement of the amide (equation 4). Unfortunately, this was no more successful 
than the n-butyllithium reaction as the diazonium ion was only 83% deuterated. 

NaoBrh OH - D G N H ,  

Cadogan and coworkers5 prepared the 2,4,6-trideuterobcnzenediazonium acetate 
although the details of the preparation were not given. Swain’ prepared the same 
diazonium ion by exchanging the ortho and parn hydrogens of aniline three times in 
refluxing D,O for 24 h. The final product, the 2,4,6-trideuterobcnzencdiazoniiini ion, 
was 98.6% trideuterated. This is the best synthesis of a dcutcrated diazonium salt 
that has been reported. Zollingers also used this technique to prepare the same 
trideuterated aniline which was then converted i n t o  the nitrogen-1 S labelled 2,4,6- 
trideuterobenzene [/3-’SN]diazonium fluoroborate (2 )  by treatment with Na15N02 
(99.2% ISN) and fluoroboric acid at 0 “C. 

D 

\ 
D 

(2) 

Swain’s group synthesized several other deuterated benzenediazonium ions”. 
These workers prepared perdeutcroanilinc ((1,) by reacting the 2,4,6-trideutcroaniline 
with deuterium gas over a pretreated platinum black catalystg at  130 “C for 72 11. 
The final diazonium ion preparcd by diazotizing the perdeuteroaniline gave 2,3,4,5,6- 
pentadeuterobenzcnediazoniiim ion which was found to be 87% d:, and 9.47; ‘ I ,  by a 
mass spectrometric analysis of its decomposition products. 

Swain’s group also prepared the 3,5-dideuterobcnzenediazonii1n~ ion;. The 3 3 -  
dideuteroaniline required for this  synthesis was obtained in an unusual reverse 
exchange reaction in which the 2, 4 and 6 deuteriunis of the perdeutcroaniline were 
exchanged for hydrogen. This was accomplished simply by reflusing the perdeutero- 
aniline in  water. The diazonium salt preparcd by this route was more than 96% 
dideuterated. 

Two other substituted deuterated benzenediazonium ions have been prepared. 
Franck and Yanagi’O prepared the 2,5-di-f-butyI-4,6-clideu tcrobenzrnediazoniiim ion 
from the corresponding deuteratcd aniline. The deuteriums were exchanged in to  
2,s-di-1-butylaniline by refluxing for 48 h with an esccss of D,O and a trace of D,SO, 
in dioxane. Swain’ prepared the 2,4,6-trideiitcro-3,5-dimethylbcnzcnediazonium 
fluoroborate. The aniline required for this  synthesis, \vas obtained by the usual 
method, refluxing 3,s-dimethylaniline in D,O. An 1i.m.r. analysis indicated that the 
aniline was 99% deuterated. 

2. Synthesis of diazo compounds labe!led with deuteriuw 
Diazoniethane-d, has been prepared in low yield by exchange of diazomethane 

with D,O in basic solutionll-lJ or in acidic mediuin’j undcr hcterogencous conditions. 
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A recent methodlG, utilizing a homogeneous solution, leads to the product in high 
yield and isotopic purity. Diazomethane generated from N-nitrosomethylurea by the 
action of potassium deuteroxide in a homogeneous solution of 1,2-dimethoxyethane- 
DzO, subsequently undergoes deuteroxidc-promoted exchange (equation 5). The 
water is removed by freezing the reaction solution and the resulting diazomethane-dz 
in 1,2-dimethoxyethane solution can be used directly. 

N=O 

0 

The acid-catalysed deuterium exchange of diazomethane can be carried out in 
dry dioxanelj. An excess of deuterium oxide is added to the diazomethane-dioxane 
solution and the resulting homogeneous solution is treated with catalytic amounts 
of either benzoic acid, propionic acid, phenol or ammonium chloride. 

A study of the base-catalysed deuterium exchange reaction of a-diazoketones, 
0 
I 1  

R-C-CHN2, has been carried o u t  by investigating the reaction of 2-diazo- 
2’,4‘,6‘-triniethyIacetophenone (3) with sodium methoxide in methanol-0-d 17. TWO 

CH, 

(3) 

mechanisms were considered for the formation of the 2-diaz0-2’,4’,6’-triniethyl- 
acetophenone-24. The first involves ‘initial proton transfer’, (equation 6),  while the 

0 0 
II I1  - 

R-C-CH-N, + CH,O- z? RC-C-N, + CH,OH 

RC-E-N, + CH,OD 2- RC-CD-N, -e CH,O- 

0 0 (6) 
I 1  - I1 

other involves a ‘terminal addition’ (equation 7). As illustrated, both mechanisms 
can lead to exchange after the initial step. The rates of reaction \vere much faster for 
strongly basic catalysts such as acetate, mcthoxide or azide ion than for weakly basic 
catalysts, halide ions. Morcover, the rates of the halide-ion catalyscd reactions 
decreased from iodide to bromide to chloride ion. These results suggest that the 
reactions with the rcasonnbly strong basic catalysts occur by the proton abstraction 
inechanism (equation 6), whcreas thc halide ion  reactions proceed by way of the 
terminal addition pathway (equation 7). 

0 
I 1  

Deutcration of the methyl and/or methinc groups of diazoacetone, CH,CCHN,, 
has been reported19. Exchnngc of the nicthyl group, undcr either acidic or basic 
conditions leading to cxchange in acetonc, led to a large extent of decomposition. A 
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0 0 
II - II RC-~H--F~=F~-OCH, + CH,OD RC-CHD-K=K-OCH, + CH,O- 

0 0 
I1 II ;; 

R C - C H D - ~ ~ = ~ - O C H ,  + CH,O- 7 RC--CD-~=K-OCH, + CH,OH 

0 0 
II - II + -  RC-ED-K=S--OCH, R C - C D = N = F . ~ :  + CH,O- 

0 
II 

successfiil synthesis of CD,CCHN, with almost quantitative yield was accomplished 
by reacting acetyl chloride-d, with diazomethane (equation 8). Acetyl chloride-d, 
can be conveniently prepared from acetic acid-d, which is obtained by decarboxylat- 
ing malonic acid which had undergone prior exchange in D20. Exchange of the 

CD,C-CI + E H , - N N ~ N  ~ C D , C - C H , - N - N  % CD,CCHN, (8) 

0 0 
4- II + II - 0 

I I  

methine hydrogen is accomplished by reacting the diazoacetone with sodium 
methoxide in D,O a t  room temperature (equation 6). 

0 0 
II II 

Primary a-diazoketones and esters, R-CCHN, and ROCCHN,, also exchange 
the a-hydrogen for deuterium rapidly in acidic deuterium oxideI5. The mechanism 
for acid-catalysed deuterium exchange of these substrates may be considered as a 
reversible carbon protonation (equation 9). 

B. Synthesis of Diazonium Salts Labelled with 15-Nitrogen 

The first use of a 15-nitrogen-labelled diazonium ion was reported by Holt and 
Bullock, in 1 95019. These workers prepared benzenediazonium ion with 15-nitrogen 
(33% enrichment by 15-nitrogen) in the x-nitrogen ( a  to the benzene ring) of the 
diazonium salt. Since that report many 15-nitrogen-labelled compounds have been 
prepared and the enrichment by 15-nitrogen has constantly increased as the purity 
of 15-nitrogen-labelled precursors has improved. In recent times, 15-nitrogen- 
labelled diazonium salts have been prepared with more than 98% 15-nitrogen a t  the 
desired position8. ?O-*,. 



714 Pctcr J. Smith and Kenneth C .  Westaway 

T h e  synthesis of 15-nitrogen-labelled diazoniuni salts has followed two general 
pathways depending upon the  specific site of the label. Diazonium ions with 15- 
nitrogen in the @ or terminal position have been prepared by diazotizing substituted 
anilines with 15-nitrogen-labelled potassium?’ or sodium nitriteR, ethyl nitritezs or 
isoamyl nitritez6 under the usual conditions’. Since almost all o f  these diazoniuin 
salts have been synthesized for  use in mechanistic studies, the  most stable form of t h e  
diazonium ion, the  fluoroborate salt,  has been prepared either directly by using 
fluoroboric acid or by anion exchange (equation 10). Several substituted benzene- 

(1 0)  ArNH,+Na”NO, o”c Ar;=”N GFd 

diazonium salts labelled with 15-nitrogen in the p-position have  been reported 
(Table 1). 

nu 1.3. 

TABLE 1. Diazonium salts labelled with 15-nitrogen at either the a- or t h e  
P-nitrogen 

Labelled at the u-nitrogen Labelled at the p-nitrogen 

Subs t i  tuent Referencc Substit uent Reierencc 

p-CH3 
in-CH, 
p-OCH3 
P-CI 
P- 

25 p-CH3 
25 p-OC?Hj 
10, 25 p-OCH3 
25 p-NO, 

.H 21, 72, 25, 27 p-H 
2,4-Dinitro 
p-Br 
~II-NO, 
II?-Cl 
2,4,6-Tri bronio 
o-NO, 

8 ,  29 
26, 29 
P 
S, 29 
8. 24, 29, 30 
29 
79 
39 
29 
39 
39 

Diazonium salts with 15-nitrogen a t  the a-nitrogen have been prepared by 
diazotization of 15-nitrogen-labelled primary a romat ic  amincs. These anilines have 
invariably been prepared by the Hofninnn rearrangement of the 15-nitrogen-labelled 
primary amide obtained from t h e  reaction of a n  acyl chloride with 15-nitrogen- 
labelled ammonium chloride", 2 b s  23 (equation 11) .  

0 0 
II I I  

> ArlSNH, (11) 
NaOUr 

ArC-CI+”NH,CI - Arc--”NH, 011- 
c -  II I3 I.’( Ar”NH,+NaNO, o.c  ArISN=N BF, 

T h e  diazoniuni salts synthesized by this route a rc  listed i n  Table 1 .  Recently, Bubnov 
a n d  coworkers3‘ have prepared bcnzenctliazonium fluoroborate labelled with 
15-nitrogen at both the  a- and  the $-nitrogens and  Zollingcr and  collaborators” have 
prepared 2,4,6- t ride u t er o [ (3 - N J ben ze ncd i a zo n i u ni flu o ro borate . 

II. T H E  U S E  O F  I S O T O P E S  TO D E T E R M I N E  BONDING 

T h e  13C-nuclear magnetic resonnncc spectrum of ketcne has that 
the terminal carbon a tom is shielded to n considerable degree. I t  was concluded, in 
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agreement with other data,  that the rcsonancc structure, [H ,~ -Cso : ]  (4), is the 
major contributor to the ground state structure. 

+ - 

+ + - - 
H,C=C=@: f--f H,E-CCO: t9 H,C-C=@ 

(4) 

The principal resonance structure in the valence bond description of the iso- 
electronic diazomethane is generally accepted as being [ H , ~ - ~ ~ N : ]  (5). If this is the 

- 

+ - - + .7 .. 
H,C=N=N: f--f H,c-~=N: ++ H,C-N=N: 

(5) 

case, the carbon would be as shielded as the terminal carbon in ketene. The position 
of the W-n.m.r. absorption of the formally doubly bonded carbon of several 
diazoalkanes is shown in Table P. In  comparison with analogously substituted 

TABLE 2. W-n.m.r. data for diazoalkanes 
R1R2C=N2 

&VI-BIS,. P.P.m. 
R' R2 for ( >C=N,) 

imines, the resonances of the formally sp? hybridized diazomethylene carbon is 
shifted 100-120 p.p.m. upfield. Since the theory of chemical shifts predicts that 
increased electron density will lead to increased shielding, then it  must be concluded 
that there is high electron density o n  the sp' carbon for both the ketene and the 
diazoalkanes in accord with the resonance structures 4 and 5. 

111. T H E  U S E  O F  ISOTOPES AS TRACERS 

A. Use of 15-Nitrogen as a Tracer in Diazonium Salt Reactions 

Tracer studies utilizing 15-nitrogen-labelled diazonium ions began in 1950 with the 
work of Holt and Bull0ck1~ and are  still being actively pursued today*, 23. 15- 
Nitrogen-labelled diazoniurn salts havc been used extensively to unravel the details 
of the reactions with nuclcophilcs and the N,-NB exchange reaction during the 
decomposition of thc salt itself. The reaction of 15-nitrogen-labelled diazonium ions 
with nucleophiles will be discussed first. 
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1. Reactions with nucleophiles 

a.  Renctiott with nzidc iott. The reaction between azide ion and a diazonium ion 
was the first reaction investigated with a IS-nitrogen-labelled diazonium salt. 
Although the products of this reaction were the expected aryl azide and nitrogen gas, 
the reaction did display some unusual characteristics. I f  the  diazonium ion was 
treated with azide ion at tcmperatures below -20°C the yield of nitrogen gas 
(primary nitrogen) was less than quantitative. I f  the reaction mixture was heated 
above 20°C then more nitrogen (secondary nitrogen) was produced. The total of 
the primary plus the secondary nitrogen represented a quantitative yield. 

Cliisius2' reacted both a-1 5-nitrogen- and P-15-nitrogen-benzenediazonium ions 
with azide ion i n  order to determine if this process was a simplc displacement 
reaction of nitrogen by azide ion. I f  this were the case, the nitrogen produced from 
either the x-  or  thc $-labelled diazonium salt shoiild contain all the 15-nitrogen 
label. In fact, the nitrogen contained only 15% of the 15-nitrogen label and Clusius 
concluded that the reaction must proceed by way of two intermediates, a benzene- 
diazoazide (6) and another intermediate (7). This reaction is illustrated with 
benzene[P-'5N]diazonium ion (equation 12). The labelled nitrogen gas was thought 

Pcter J. Smith and Kenneth C. Westaway 

c -  
C , H , N = " N - N = h = N  ___j C,H,N:-"N=N + N s N  

(6) 
h y  

Yi .&? 
C,H,i E O N  (12) 

4- 
W C , H , N = N = f i  + "N-N 

\ +  ~ = ~ = f i  
(7) 

C 6 H 5  

to have been formed from the two terminal nitrogens (at the end of each branch) in 
intermediate 7. Since the nitrogen released from intermediate 5 would not be labelled, 
Clusius concluded that 8572 of the product was produced via 6 and that 15% was 
formed via 7. 

In  a later study C I u s i u ~ ~ ~ ,  on the basis of other 15-nitrogen studies, modified his 
ideas and proposed that the minor intermediate 7 was, in fact, an  aryl pentazole (8) 
which decomposed to give nitrogen gas and phenyl azide by eliminating either 
nitrogens 4 and 5 (Cleavage A) or 2 and 3 (Cleavage B) (cquation 13). H u i ~ g e n ~ ~  

c,H,N'=N+'=$ + N ' = N 5  
N2, 3 F 

* - $ . - y N e .  .A 
C,H5-N .\=,N4 .-s-r/..---B (13) 

+ 
C,H,N'=N'=N'  + N'EN' 

%A 

. N V  

(8) 

found that 83% of the 15-nitrogen label from a reaction of ben~ene[F-'~N]diazoniurn 
ion with azide ion  was in the phcnyl azide and concluded that 65% of the benzene- 
diazoazide decomposes directly to nitrogen and phenyl azide, and that 35% 
decomposes by way of the pentazole (equation 14). This would mean that the 
nitrogen gas would contain 17.5% of the 15-nitrogen label and that the phenyl azide 
would contain 52.5% of the label as  is obscrved. Still later, additional support for 
this scheme was found. Ugi and coworkers2G were able to isolate the 15-nitrogen- 
labelled pentazole derivative from the reaction of p-etlioxybcnzcne[ fi-15N]diazoniuni 
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ion with azide ion. When this pentazole intermediate decomposed, 50% of the 
15-nitrogen label was in the p-ethoxyphenyl azide and SOX was in the nitrogen gas, 
thus proving that the two decomposition pathways, A and B, of the pentazole 8 are 
equal (equations 13 and 14). More recent 37 have not altered the mechanism 
shown in (equation 14) substantially, although i t  is now believed that the aryldiazo- 
azide is fornied in a preequilibrium step of the reaction3G. 

+ fast > C.H,N=”N-N=N=R + - 6 5 % +  C,H,N=”N=R + -+ N G N  C,H,N’-”N + N, 

+ 

+ 

N E N  

1 5  N r N  

b. Reaction with amines. 15-Nitrogen-labelled diazonium salts have been used to 
show that other nucleophiles react with diazonium salts by way of an addition 
complex like 6. For example, C1usius3* has shown that primary aromatic amines add 
to the diazonium salt to form a triazene in a reversible reaction (equation 15). 

+ -n+ 
ArNH,+Ar‘N=N Ar’N=N-NAr (1 5) 

I 
H 

Clusius also found that when 15-nitrogen-labelled aniline was reacted with un- 
labelled benzenediazonium ion, some of the 15-nitrogen was incorporated into the 
diazonium ion. This result indicates that the triazene is involved in the tautomeric 
equilibrium 9 to 10 shown in equation (16). The labelled diazonium ion is produced 
when the triazene 10 decomposes (equation 16). 

H H 
+ - - H i  I I 

C6H,’5NH,+CsH,N~N 7 C,,H,”N-N=NC,H, 7 C,H,”N=N-NC,H, 
(9) (1 0) 

a+ 4. - C,H,’5N=N+CsH,NH, (16) 

A similar reaction has been observed between diazoniurn ions and phenyl- 

(1 7) 

h y d r a ~ i n e ~ ~  (equation 17). 
-n+ 

C,H$=N+C,H,NHNH, C,H,N=N-N-NC,H, 
I I  
H H  

The presence of the tetrazine intermediate (11) was suggested by a 15-nitrogen tracer 
study. When benzene[a-15N]diazonium ion was used as the reactant, the label was 
found in almost equal amounts a t  the a-nitrogen of the azide and the nitrogen of the 
aniline. This is also in accord with a tautorneric equilibrium, (equation 18). 
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C,H,---”NH, + fi=h=NC,H, 

-c 
C,H,--”N=N=N + CbH5NH, 

C I u s i ~ s ~ ~  has also investigated the reaction of the two specifically labelled 
diazonium ions with ammonia. The phenyl azide produced in this reaction is formed 
i-jkii  the additioii complex (12) is oxidized by the bromine (equation 19). In this 

Ur, , C,H,”N=N=N (19) 
+ -  + 

C6H,I5N~N+NH, - C,H,”N=N-NH, 

(12) 

case, however, there is no rearrangement of the addition product. For example, the 
phenyl azide formed when benzene[~-~~N]diazonium ion was used in this rcaction 
had the label only in the nitrogen bonded to the benzene ring. These results are 
consistent with a linear structure for phenyl azide but cannot be rationalized on the 
basis of a cyclic structure (13). 

(13) 

c. Reaction wiih hydroxide ion. The reaction of diazonium salts with hydroxide ion 
has been studied by groups of Swana1 and of CIusius42. Both groups were interested 
in determining whether the phenyl group of a benzenediazoniunl salt migrated from 
one nitrogen to the other in the isodiazotate formed when hydroxide ion reacted 
with the diazonium ion (equation 20). Clusius concluded that the phenyl group did 

+ 
C,H,N=N+OH- - C,H,N=N-OH O U -  > C,H,N=NO- (20) 

not migrate since reduction of the isodiazotate salt isolated from the reactions of 
both the a- and the P-15-nitrogen-labelled benzenediazonium salts to phenyl- 
hydrazinc and cleavage to aniline and ammonia gave aniline with no 15-nitrogen 
enrichment when ben~ene[F-’~N]diazonium ion was the reactant and ammonia with 
no 15-nitrogen enrichment when ben~ene[cc-~~N]diazonium ion was the reactant. 
Swan“ reached the same conclusion from an  identical experiment using benzene- 
[a-lSN]diazonium ion as the reactant. The analysis for the 15-nitrogen label in 
Swan’s experiment was done by another technique, however. The isodiazotate was 
converted back to the diazonium salt which was coupled to p-naphthol and then 
cleaved to aniline (equation (21). 

(21 1 
+ IlCl  C,H,--’5h=N+OH- - C,H,--”N=N-0- - > C,H,--”N=N 

W o H a H  N =”NC,H, Sodium &H 

0 0 + C,H,--”NH, 
dilhionlte *oo - 
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The possibility of the 15-nitrogen label rearranging during the coupling with 
(3-naphthol and subsequcnt cleavage to  aniline had been ruled ou t  by Holt19 who 
showed that ben~ene[a-~~N]diazonium ion only gave aniline 15-nitrogen in this 
reaction. 

2. N,, N, exchange in diaronium ion decomposition 

The second general usc of 15-nitrogen as a tracer was to investigate the fate of the 
nitrogens in  the diazonium ion both before and during decomposition in acidic 
medium. Holt and coworkers“, 4 3  have shown that the 15-nitrogen in ben~ene[P-~~N]-  
diazonium ion was not decreased even after very long exposures with unlabelled 
nitrous acid. This important result demonstrates that the formation of the 
diazoniuni salt (equation 22) is not reversible and hence allows the use of P-15- 
nitrogen-labelled benzencdiazonium ion i n  tracer experiments. The rcversc experi- 
ment, reacting unlabelled benzene- and p-nitrobenzenediazoniuni ions with 
15-nitrogen-enriched nitrous acid, also failed to lead to exchange of the P-nitrogen. 

+ 
ArNH, i- HNO, y l  A r N s N  + H,O (22) 

Another problem associated with diazonium ion decomposition was to determine 
i f  internal a- and F-nitrogen exchange (equation 23) occurs during the reaction. 
This problem has been under active investigation for over 25 years. In 1950, HoltIg 

ArN,=Np f ArN,=N, (23) 

reacted be~izene[a-~~N]diazoniurn ion with P-naphthol and tested for exchange by 
cleaving the resulting azo compound with SnCl, t o  give aniline (equation 24). The 

+ + 

C,H,”N=N 

aniline was converted to nitrogen gas and analysed by mass spectrometry. The results 
showed that all the 15-nitrogen label had remained in the a-nitrogen and thus Holt 
concluded that the N,-Np rearrangement, i.e. phenyl migration from N, to Np, 
did not occur. SwanJ1, in an identical espcriment, obtained the same results. 

The next investigation of this problem was by Insole and Lewis in 1963?’. Studies 
of diazonium salt reactions had suggested’J that an intermediate existed along the 
reaction coordinate for diazonium salt decomposition and Lewis attempted to learn 
how nitrogen was involved in the intcrmediate. To this end, Lewis reacted 
benzene[~-~~N]diazonium fluoroborate (99% 15-nitrogen) to 80% of completion, 
recovered the unreactcd diazonium salt, reacted i t  with azidc ion (see previous 
section) and collected the secondary nitrogen. A mass spectrometric analysis showed 
that the nitrogen gas was 2.6% enriched in 15-nitrogen (natural abundancc of 
15-nitrogen is 0.36”/,), thus indicating that the a- and P-nitrogens had exchanged 
during the reaction. This small amount of exchange obviously eliminated the 
symmetrical intermediate (14) but was consistent with the phenyl cation intermediate 
(15) originally proposed by WatersJs where the two nitrogens are not equivalent. 
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Lewis favoured an intermediate in which the carbon-a-nitrogen bond was mainly, 
but not completely, broken. He proposed this intermediate to account for the 
exchange because no cvidence for the reaction between nitrogen gas and the phenyl 
cation in the reverse of the first step in Water's mechanism (equation 25) could be 
found. 

+ 
C,H,N=N 7- C,H,+ N=N (25) 

Lewis extended these exchange studies to other para-substituted ben~ene[a- '~N]- 
diazonium J G  and found that the ratio of exchange to solvolysis varied slightly, 
but in a non-regular fashion (Table 3). The kexch/ksolv ratio was found to be 
independent of temperaturez5. The almost constant value of the exchange to solvo- 
lysis ratio for compounds whose rates varied by as much as 20,000 times, and the  
fact that this ratio is temperature independent, led Lewis to conclude*G that similar 
intermediates must be involved in the exchange and the solvolysis reactions. 

TABLE 3. Ratio of cxchange to solvo- 
lysis for the decomposition of some 
para-substituted benzene[~-'~N]dia- 

zonium fluoroborates 

Substituent 

0.038 
0.029 
0.03 1 
0.01 8 
0.014 
0.023 

Reference 

46 
22 
46 
46 
22 
46 

Lewis and Holliday used the n.m.r. technique designed by Bose and Kugajevsky?' 
to study the N,-NB exchange in the hydrolysis of p-me!h~xybenzene[a-~~N]- 
diazonium ion'20. This compound was chosen because it  had the largest kexch/ksolv 
ratio. After the labelled diazonium ion had reacted part way to completion, the 
unreacted salt was reduced to p-methoxyphenylhydrazine and then converted into a 
phenylhydrazone (16, equation 26).  If the labelled nitrogen had rearranged during 

the reaction t h e  product would contain some 17. Integration of the l5N-H doublet 
(lSN has a nuclear spin quantum number of 1/2 and J ~ ~ N - H  = 91 Hz) and the broad 
I4N-H multiplet indicated that N,--NB exchange had occurred and, more important, 
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that the amount of exchange \vas within expcriniental error of that found mass 
spectrometrically by Lcwis. 

H 

C,H, 

/ 

\ 
p-CH,OC H N--”N=C 

‘ I  
H 

(1 7) 

This conclusion Ceceived support when Swain and  coworker^?^ found almost the 
same amount of exchange. Swain reacted benzene[ ~-lSN]diazonium fluoroborate 
part way to completion and then coupled the unreacted diazoniuin ion with the 
disodium salt of 2-naphthol 3,6-disulphonic acid. Reduction of the resulting azo 
compound gave aniline (equation 27) which was subsequently oxidized to nitrogen 
gas (equation 25). The nitrogen was analysed mass spectrometrically. The  results 

C,H,N =“N 

C,H,NrI5N + + moH -+ &H N a 2 S 7 0 4 ,  

OH - 
-0,s so,- -0,s so,- 

a:)- C,H,NH, + 
-0,s 

Kleldahl h-nOI3r 
dloe9tl011 

C,H,NH, NH, - N, 

indicated that the kexcll/ksolr ratio was 0.016 which is within expcrimental error of 
the krxc~,/ksolv ratio of 0.014 reported by Lewis (Table 3) for the reaction of benzene- 
diazonium ion labelled at  the F-nitrogcn and using a different method of analysis. 

The observation of N,-NB exchange does not establish, however, the structure of 
the  intermediate in these reactions. The results are consistent with a phenyl cation 
intermediate (15) although attempts to find the reverse reaction, the reaction of the 
phenyl cation with nitrogen gas, had failed. In fact, Lewis has attempted to detect 
this reverse reaction in two ways. In  his first attempt2’, he carried out the decomposi- 
tion of the diazonium salt under a pressure of 50 atm of carbon monoxide but was 
unable to dztect any reverse reaction of the phenyl cation even though carbon 
monoxide is more nucleophilic than nitrogen. In a subseqiieiit cxperiment, Lewis 
studied the reaction of 15-nitrogen-labelled benzencdiazonium ion in a reaction 
vessel swept with unlabelled nitrogen gas in an effort to reduce the return of the 
labelled nitrogen to the phenyl cation. Even under these conditions, the ratio of 
kercl,/ksolv was within experimental error of the results obtained in the absence of the 
sweeping (excess) unlabelled nitrogen. 

It is interesting to note that Lewis and Holliday found a slight incrcase in the 
N,-Np exchange in another experiment where the 15-nitrogen labelled diazonium 
ion was reacted in a closed system where thc atmosphere bccomcs enriched in 
labelled nitrogen gasz5. The authors, however, ignored this evidence and concluded 
that the reverse reaction did not occur. Consequently, Lewis proposed an un- 
symmetrical intermediate (18) with a very weak bond between the phenyl carbon and 
the @-nitrogen, and a weak (mainly broken) bond bctween the phcnyl carbon and t h e  
a-nitrogen. 

25 
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The  final, definitive proof for the phcnyl cation intermediate originally proposed 
by Waters in 1 94F5 was provided by Zollinger's group8. 30. 'These workers decomposed 

(1 8) 

ben~ene[(3-'~N]diazonium fluoroborate in trifluoroethanol rather than in water and 
observed a dramatic increase in  the amount of N,-Np exchange. In  fact, the 
kexcb/ksolv ratio increased to 0.072 at 30 "C and 0.079 a t  5 "C in trifluoroethanol from 
the ratio of 0,013 found by Lewis in aqueous medium. More important, however, 
was the observation that the amount of 15-nitrogen in the diazonium salt recovered 
after benzene[P-15N]diazoniuni ion had reacted part way to  completion, decreased 
as the pressure of the external nitrogen gas was increased (Table 4). This relationship 
between the exchange and the pressure of the external nitrogen gas is consistent with 
a phenyl cation intermediate since the labelled nitrogen produced in the formation 
of thc phcnyl cation would become less and less concentrated as the amount of 
external, unlabelled, nitrogen is increased. 

TAULE 4. The efTcct of external nitrogen pressure on the 15- 
nitrogen content of the iinreactcd ben~ene[~-~"N]diazoniun~ 

fluoroborate 

Unreacted diazonium 

(27) (atm) 15-nitrogen atom ('A)" 
Reaction Nitrogen pressure ion containing a 

0 - 99.2 
70.4 1.0 98.6 +. 044 
73.2 20 98-23 
69.9 300 95-23, 96.99 
62.5 1000 94.7 1 0.43 

" Thc analysis for the 15-nitrogen content of the unreacted 
diazonium ion was done by analysing the azo compound pre- 
pared by coupling the unreacted diazonium salt with $- 
naphthol niass spectrometrically. 

Zollingers. 30 showed that the loss of the 15-nitrogen label from an arene diazonium 
salt is a general phenomenon. Thc label decreased from 98.9% to 97.55 k 0.44% for 
p-meth~xy[~-~~N]diazoiiium ion and from 99.33% to 97.88 k 0.307/, for p -  
n i t r ~ b e n z e n e [ ~ - ' ~ N ] d i a z o n i u n ~  ion when they were reacted t o  between 60 and 70% 
of completion a! an  external nitrogen pressure of 300 atm. 

Further evidcncc for the reaction bctween the phenyl cation and nitrogen was 
obtained by Zollingers. who showed that carbon monoxide reacted with the plienyl 
cation to yield the benzoyl cation, which was recovered as trifluoromethyl benzoate, 
when bcnzencdiazoniuni ion was decomposcd in trifluoroethanol under a n  external 
pressure of 320 atni of carbon monoxide (equation 29). 

Zollinger** has also found that the ratio of keXcll/kwlr increased in niore viscous 
solvents and with less nucleophilic solvents. The kexchlkPolv ratio increased from 
0.016 in 1 M-sdphuric acid to 0.087 in 85% phosphoric acid. These solvents have 
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appoximately the same acidity but a very different viscosity. The increased Na-NB 
exchange would occur because the labelled nitrogen gas released in the ionization 
step cannot escape from the vicinity of the phenyl cation in the more viscous 
phosphoric acid. 

The kach/kmlv ratio is also larger in the less nucleophilic solvent, trifluoroacetic 
acid. This result would be expected because the reaction between the solvent and the 
cation would be slower with a less nucleophilic solvent. This would obviously 
increase probability of reaction between the labelled nitrogen and the phenyl cation, 
and a larger kexch/ksolp ratio would be found. 

Finally, Zollinger showed that the  exchange reaction between the labelled 
diazonium ion and external nitrogen was slower than the N,-Np exchange reaction. 
The  relative rates in trifluoroethanol were kexchange with caternal nitmsen/kmlv = 0.0246 
whereas the exchange resulting from reaction with the labelled nitrogen produced 
in the ionization step (kcxch/ksolv) was 0.072. These results suggest that the phenyl 
cation reacts primarily with the a-nitrogen atom of the released nitrogen with no 
N,-Np rearrangement. The second most probable reaction is between the phenyl 
cation and the P-nitrogen atom of the released nitrogen. Finally, the least probable 
reaction is with the external nitrogen. 

Zollinger explains his results in terms of an  ion-molecule pair (19) produced in 
the first step of the reaction (equation 30). This ion-molecule pair can dissociate 
into a free phenyl cation. It is tempting to suggest that the N,-NB exchange proceeds 
by way of the ion-molecule pair whereas thc frce phenyl cation is the reactant 
with the external nitrogen, the solvent or  other nucleophiles. 

+ 
Ar-N,GNp 

IT 
[Ar + N,ENp] Ar-NB’N, + 

(19) 

+ 
Ar X A r - N s N  

The results of 15-nitrogen tracer studies were also used by Zollinger and co- 
workerss to determine the relationship between the Na-Np exchangc reactioz and 
the solvolysis reaction. They found that the plot of /celeb versus kmlv had a slope of 
1 .OO, i.e. the kexcb/kwlv ratio remains constant for reactions a t  different temperatures, 
pressures of external nitrogen, and even with different substituents on the phenyl 
ring (Table 5 ) .  This constant ratio of kexch/km,v can only be possible if the solvolysis 
and exchange proceed via the same rate-determining step, i.e. formation of the 
phenyl cation. 

Finally, 15-nitrogen has been used in traccr experiments on the photochemical 
reaction of diazonium ions. Sincc LewisJ7 found that the photochemical decomposi- 
tion of diazonium ions occurs much faster and gives different product ratios than the 
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TABLE 5. The kexch/ksol,. ratio for benzei ie[~-l~N]diazonium ions 
under differcnt reaction conditions 

Conditions" para Substituent 

85 ~1-x  TFE, 30 "C 
97 \Vt-% TFE, 30 "C 
TFE, 30 "C 
TFE, 5 "C 
TFE, 1000 atm N2, 25 "C 
TFE, 64 "C 
TFE, 40 "C 

H 
H 
H 
H 
H 
Me0 
Me 

kesciilksolv 

0.069 
0.074 
0.072 
0.079 
0.072 
0.075 
0.082 

a TFE = trifluoroethanol. 

thermal decomposition in water, he concluded that these reactions might involve 
different intermediates. The keSc~/ksol, .  ratio was determined for two para-substituted 
benzene[a-15N]diazonium ions under thermal and photochemical conditions 
(Table 6) .  

TABLE 6. The kescll/kwlr ratio" for the photo- 
chemical and thermal decomposition of para- 

substituted benzene[or-15N Jdiazonium ions 

(ke7ch!ksolv) (kexchlksolr) 
Substituent Photochemical Thermal 

p-Me 0.1 3 0.03 
p-Me0 2 0.066 0.038 

The N,-NB exchange \vas determined by 
examining the secondary nitrogen produced &hen 
the unreacted diazoniuni was treated with azide 
ion, in a mass spectroscopic analysis 

The ratio of kusch/ksolv is much higher for the photochemical reaction than for the 
thermal reaction and indicates that a dilferent intermediate is involved in the 
photochemical reaction. LewisJ7 and othcrslY have proposed structure 20 which 
should lead to greater N,-N@ rearrangement than the intermediate proposed for 
the thermal process. 

3. Use of a 15-nitrogen tracer to determine the decomposition mechan- 

KirInse and coworkers" have used 15-nitrogen-labelled coinpounds to denion- 
strate that cyclopropaiicdiazonium ions are more siablc and thus rcact via a difTerent 
mechanism than alkanediazoniuni ions. Thc authors found that the cyclopropyl 
azidc obtained from the decomposition of cyclopropane[ F-lSN]diazonitiiii ion in 
the presence of azide ion was labelled with 15-nitrogen ( 6 5 7 3  at the ccntral nitrogen. 

ism of diazonium ions 
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This indicatcd that the cyclopropyl azide was formed via the pentazene (21) and/or 
the pcntazole (22) intermediates (equation 3 1). In contrast, the rz-butyl azide 

produced from t~-butyl[F-~~N]diazoniurn ion did not contain any  of the 15-nitrogen 
label and must have been formed when azide ion reacted with the carbonium ion 
(equation 32). The fact that cyclopropanediazonium ion reacts in the same way as 

arenediazonium ions indicates that the cyclopropanediazonium ions are consider- 
ably more stable than alkyldiazoniuni ions which decompose before they can react 
with azide ion to form the pentazene intermediate. 

B. Use of Deuterium as a Tracer 

1. Deuterium tracer studies on the reactions of diazo compounds 

that the tosylhydrazones of aliphatic and aromatic 
aldehydes and ketones, whcn treated with base, undergo thermal dccomposition to 
give diazoalkancs in the Bamford-Stevens reaction (equations 33 and 34). The 

It has long been 

- 
Base  

ArCH=N-~-SO,-p-tolyl I __f ArCH=N-N-so,--p-tolyl (33) 
H 
- + -  .. .. 

ArCH=N-~-SO,--p-lolyl - ArCH-N =N + p-Tolyl SO,- (34) 

diazoalkanes therinally dccoriiposeS1 to give carbencs in aprotic media (equation 35). 
In protic solvents (SH) such as ethylene glycol on  the other hand, compctitivc 

(35) 
- .. + .. + -. 

ArCH=N=N t-f A r C H - N E N  - t A ~ H . +  N, 

protonation of the diazoalkanes occurs", and diazoniuni and/or carbonium ions 
are formed (cquation 36). 
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In order to  distinguish between the competitive carbenic and cationic pathways, 
the anion of 2-methylpropanal tosylhydrazone was decomposed in ethylene 
glycol-d, 53 (equation 37). It was found that the product, methylcyclopropane, 

- 
c H,- c H - c H = Fi - N - SO, I DOCH,CH,OD 

c H3 
(37) 

contained do, dl and d2 species in yields of 23, 5 5  and 22% respectively. The following 
reaction scheme, (equation 38) was proposed. The presence of the do and d ,  products 
shows that the methylcyclopropane is formed by competitive carbenic and cationic 
pathways respectively. The d2 product was accounted for by proposing a prior 
hydrogen-deuterium exchange to give (CH,),CH-CD=&=N which on reaction 
with D' and subsequent loss of N, and a proton gives rnethylcyclopropane-dI,. 

,W 

CHz 

(cH,),cH-~H. H , C - C ~  \ I 
-1. - - ,  do (C H,) c H - c H = N = N 

+ 
(CH,),CH-CH D - N r  N 

Y 4  

\N,. -H+ (38) 

+ 
CH, 

-Y 
(CH,),CHCH=N =N 

I 

/D+ c + 
(C H,), CH CD, N = N 

-N2, -H+  1 
CH, 
I 

CH 
/ \  

H,C-CD, 

d2 

CH 
/ \  

H,C-CHD 

A further study of the effect of solvent on thc decomposition pathway of the anion 
derived from a ketone tosylhydrazone was carricd out by Nickon and Werstiuk"'. 
They studied the thermal decomposition of the anion derivcd from norbornan-'-one 
(233) and its 6-exo-deutero-(23b) and 6-rtrdo-deutero-(23c) analogues in 'aprotic' 
medium (diglyme containing an excess of dissolved sodium niethoxide), and in 
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‘protic’ medium (ethylene glycol containing a n  excess of sodium) to  give nnrtri- 
cyclene (24)37 (equation 39). The nortricyclcnc (24) was isolated and analysed for 
deuterium mass spectroscopically (Table 7). 

TABLE 7. Decomposilion of norbornan-?-one tosylhydrazone 

Solvent 233 23b 23c 
- 
24 in the hydrocarbon Aprotic > 99 > 99 > 99 

product (%) Protic 93.’ 92.9 92.3 
Loss of original Aprotic - 

deuterium (%) Protic - 19 57 
0 0 

In the ‘aprotic’ experiments i t  is noted that the nortricyclene contained the same 
amount of deuterium as its deutcrated precursor. Therefore, nortricyclene (24) 
arises entirely by the inseriion pathway with transfer of a hydrogen in the case of 
23b and a deuterium for 23c (equation 40). 

0 
Carbene from 23c 

Each labelled substrate lost an apprcciablc amount of deutcrium (loss of 19 and 
52% from 23b and 23c, rcspcctively) when thc reaction was carried out i n  the protic 
solvent. This partial loss of the 6-hydrogen (deuterium) in the protic medium has 
to bc balanced by a gain in hydrogen from the solvcnt. It was suggested that proton- 
ation of the diazoalkane produced from 23b to givc ;I diazonium ion o r  its cquiva- 
lent (25) must occur bcfort: the nortricyclenc is fornicd (equation 41). I t  was pointed 
out that csu protonation should be favourcd stcric;~llys~ and hcnce the C-N bond 
is s h o s ~ ~  in the crrclu position. 1,3-Elimination from 25 uill gi\e dcuteratcd or  
non-deuteratcd nortricyclene depending upon whether 1-1’ or I)+ is lost from 
position 6. 
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D D&H 

N t  H H N=N 

from 23b (25) 

A related invcstigation using deuterium as a tracer was carried ou t  by Closs and 
coworkers56 who studied the  acid-cstalysed reaction of phenylcliazornethane (26) in 
olefinic solvents a t  - 70 “C to give the products, (27-31) shown in equation (42). 
When 26 was reacted in trifluoroacctic acid-d, with rtms-2-butene, the products 28, 
30 and 31 have a considerable amount of deuterium ( S O X ) .  A somewhat surprising 

CH,Ph CH,Ph 
\ /  \ /  \ I  

/ \  / \  / \  PhCHN, + H A  + C=C - 

result was that only 21% of the phenylcyclopropane (27) contained a deuterium. One 
must conclude, therefore, that the products are not all derived from a common 
diazonium or carboniuni ion since this would rcquirc that 27 be formed with at  least 
half of the deuterium incorporated in the other products. Closs suggested that in the 
non-polar medium there is a hydrogen bond formation at the diazo carbon to give 
complex 32 (equation 43). Reaction of 32 with olcfin lcads to the formation of the 
cyclopropane via 33, and loss of nitrogen and rcaction with olefin leads to the 
other products via intermediate 34. 

C 

I 

H “‘3) _I  
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The results of the previous studies on the Bamford-Stevens reaction, i.e. the 
thermal decomposition of the anion derived from an aldehyde or ketone tosyl- 
hydrazone, have been interpreted i n  terms of a carbene intermediate in ‘aprotic’ 
solvents while decomposition of the diazo intermediate (formed when the anion 
loses the tosyl group) proceeds through the diazoniuni and/or carboniuni ion  in 
‘protic’ medium. A more recent study5’ using dcuterated solvents has shown, 
however. that the decomposition of a diazo compound proceeds mainly via a carbene 
even in the protic solvent, acetic acid-d,. 

Thc decomposition of dictliyl diszosuccinatc (35) to give a mixture of diethyl 
maleate and fumarate (36) has been studied5’ in a series of dcuterated hydroxylic 
solvents witli varying pK,. I t  was reasoned that olcfin formation could follow path A 

0 0 0 0 
I1 I1 I1 I1  

EtO-C-CCH,C-OEt EtO-C-CH=CH-C-OEt 

(36) II 
N2 
(35) 

(insertion of the carbene in to  the C9-H bond) or path B (F-elimination from the 
diazonium ion, equation 44). I f  the dcconiposition was carried o u t  in deuterated 
hydroxylic solvent, SD, deuterium would not be incorporated into the olefin if 
path A were f.Alowed. while path B involves a prior addition of D’ from solvent 
to  give the a-deuterodiazonium ion which would subsequently undergo 1,2 elimina- 
tion to give the deuterated olefin. 

0 0 
II I I  

0 0 CI-H bond 
l i  I 1  insertion 

Et  0 - C - ?- C H, - C - 0 E t + EtO-C-CH=CH-C-OEt 

0 0 
I1 II 

EtO-C-C-CH,-C-OEt 
II 
N2 

SD, D * b  

(44) 

Thc pcrcentage of deutcriuiii introduccd into the olcfinic positions for reaction of 
the substrate in scveral deutcratcd solvents is shown i n  Table 8 along with thc 
calculatcd perccntage from the carbenic process. 

Thc rcsults show that dcconiposition of 35 in strong mineral acid, DCI-D,O, 
procccds entircly via the diazonium ion-carbonium ion, pathway B. Ho\vevcr, 
deuterium incorporation \vas considerably less for reaction in  the other less acidic 
hydroxylic solvents. i.c. i n  cyclohexanol only 47; deuterium was incorporated anti 
hence the cliniination process procecdcd approximately 92‘x via thc carbcne path- 
way. It was concluded, therefore, that the carbene process could proceed in protic 
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solvents and that the percentage of the carbene pathway decreases as the acidity of 
the solvent increases. In fact, a plot of the pKa of the solvent versus the amount of 
deuterium incorporation into the olefin (the amount of the ionic process) was linear. 

TABLE 8. Percentage of deuterium incorporated into the 
olefin formed by thermal dccomposition of diethyl 

diazosuccinate 

Percentage D Percentage via 
incorporated carbenic 

Solvent into 36 process (calc.) 

DCI-DZO 5 1  + 3  0 

Cyclohexanol-d, 4 + 2  92 

Acetic acid-d, 17+3 66 
Et hanol-d, I l k 5  78 

Primary and secondary a-diazoketones react by a reversible carbon protonation in 
acidic media", 5(1. Wentrup and DahnGo have recently studied the reaction of both 
primary and secondary diazoketones in supcr-strong acids. Contrary to the rapid 
exchange reaction of the a-hydrogens in acidic D,O, primary cc-diazoketones did 
not incorporate deuterium when treated with FS03D-SbF,-S0, at - 80 "C nor 
exchange deuterium for hydrogen when the u-deuteratcd diazoketone was reacted 
with HF-SbF, at -60°C. N.m.r. spectroscopy was used to establish that the 
diazoketoncs were protonatcd entirely at  oxygen in these acid solutions at low 
temperatures, i.e. where decomposition of thc diazoniuni ion is not appreciable. 

When solutions of protonated diazoketoncs were allowed to warm up to - 25 "C, 
nitrogen gas was released and the deamination product, the fluorosulphate (37), 
was formed. These authors used a deuterium tracer study to investigate the mechanism 

0 
I I  

R-C-CH,OSO,F 

(37) 

for the formation of the fluorosulphateGO. It was considered that the carbon- 
protonated form of the diazoketone could react with fluorosulphuric acid in a n  Sh.2 
reaction to yield the fluorosulphate. 

When p-methoxydiazoactophenone-d, was reacted in fluorosulphuric acid, the 
fluorosulphate product had one deuterium in the methylene group (equation 45). This 

0 0 
II H +  k, II + FBO,H, 2,  

p- C H3 0 C, H, C - C D - Nz <L p-C H 3O C6H, C - C H D - N 
-11+ L-, --N, 

0 
I I  

p-CH,OC,H,C-CHD-OSO,F (45) 

lack of exchange shows that. if protonation occiirs on carbon, deamination must be 
fastcr than deprotonation, i.e. k,+k-,.  This behaviour is in contrast with that in  
aqueous acids where deprotonation by the base, water, is much faster than its 
attack on carbon. This is reasonable because water is a much stronger base than 
FSO;. 
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2. Mechanism of alkylamine diazotization 
A deuterium tracer study in both protic and aprotic solvents has been used to 

elucidate the mechanism of alkylamine diazotization. The aprotic diazotization of 
isobutylamine-d, in benzene produced a C ,  hydrocarbon mixture that contained 
deuterium to the extent of approximately 36% d, and approximately 13% d.. However 
in protic solvents such as DOAc and D,O-DOAc, deuterium uptake was diminished 
and only monodeuterated products were observedG1 (Table 9). 

TABLE 9. Diazotization of isobutylamine 

Dcuterium content 
of product 
(mol.-%) 

- -- Dcutcrium 
source Solvent do d, d2 

DOAc C, 1% 52 36 12 
DOAc DOAc 96 4 0 

~~~~ ~ 

In order to explain the results obtained in thc aprotic medium the authors proposed 
the reaction scheme in equation (46). The primary intermediate is considered to  be 

(CH,) 2CHCH2 N o 2  

AcONO 

OOAc- AcONO 

\* 
+ -  

(CH,),CHCH,-N=N-OAc (CH,),CHCH,N,OAc - ----7 do products 

( 3 8 4  

( 3 r H 0 A c  * AT 
(CHI) ,C HC H = N, 

\ 

+ -  
(CH,),CHCHDN=NOAc 2- (CH,),CHCHDN,OAc ---+ d,  products  

(CH,),CHCD= N, 

‘A 

+ -  
d, products 

l)--DOAc 
I 

(CH,),CHCD,N=NOAc (CH,),CHCD,N,OAc - -  - 
(41 1 
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the covalent diazonium acetate (38) which is converted to the diazo compound (39) 
by the elimination of HOAc. Addition of DOAc to 39 leads to  40a and thus to 40 
with incorporation of one deuterium atom. Similarly, 41 and 41a could be formed 
leading to incorporation of two deuterium atoms. The formation of non-, mono- 
and di-deuterated products will arise from 38a, 40a and 41a, respectively. 

In the aprotic solvcnt, benzene, the solvating power of the medium is low and the 
covalent diazonium acetate (38) would predominate over the ionic form (38a), and 
thus the amount of deuterated products would be greater than in protic solvents. An 
increase in acid concentration, on the other hand, would decrease the conversion 
of the covalent diazonium acetate (38) to the diazo compound (39) and the overall 
deuterium uptake would be lessened. 

3. Decomposition of diazonium ions in alkaline medium 

The decomposition of several arenediazoniuni salts and arylazo phenyl sulphones 
has been investigatedG2-s1 in CHJOD solution with varying methoxide concentrations. 
The results observed for the reactions of 2-chlorobenzenediazoniu~ii ion (42) and 
the 2-chlorophenylazo phenyl sulphone (43) are shown in Table 10. In  both 
instances, the principal product was chlorobenzene and the incorporation of the 
deuterium occurred at the ring position vacated by the nitrogenous leaving group. 

TABLE 10. Pcrcentage monodeuteration of denitro- 
genation products obtaincd with NaOCH, in CH,OD 

“aOCH31 Monodeuteration 
Reactant [Substrate] of chlorobenzene (%) 

42 1.0 

43 1 .o 
20 

20 

3 
91 

8 
91 

When 1 mol of methoxide ion was reactcd with 1 niol of 42 or 43, i.e. 
[NaOCH,]/[siibstrale] = 1.0, very little dcuteriuni was incorporated into the 
chlorobenzene product. This rcsult was rationalized i n  tcrnis of a radical mechanism 
i n  which the hydrogen atom added 10 the benzene ring during the reaction was 
abstractcd from the methyl group of the solvcnt, methanolG5. 

I n  solutions where nicthoxide ion was in  large cscess, i.e. 20 : 1,  a significant 
amount of deuterium is incorporated into thc product for the rcsction of both 42 
and 43 in CH,OD. I t  has bccn suggested that deuterium is incorporated into the 
chlorobcnzcnc whcn the aryl anion abstr;icts a deuterium from CH,,OD (equation 47). 
The niethoxide anion first attacks the diazoniuni ion to form a covalent diazocthcr 
(44) and then a nielhyl hydrogen is removcd by mcthoxide to give the aryl anion 
in an E3 elimination reaction. 
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The results for compound 43 are very similar to  those for the reaction of the 
diazonium salt (42). This is expected since the arylazo phenyl sulphones dissociate 
readily in methanol to diazonium and benzenesulphinate ionsc6, equation (48). 

N=N-SO,C,H, 3 ‘“OH QN: + C,H,SO; (48) 

CI CI 
(43) 

4. Aryne intermediates in diazonium salt reactions 

Cadogan and Hibbert found that anthracene is converted into a triptycene 
derivative in reactions where diazonium ion intermediates are produced in dipolar 
aprotic (equation 49) and concluded that an aryne intermediate must be 
produced when diazonium ions decompose in aprotic solvents. 

0 
0 

f - B u  N I I  0 I I  b . ‘ = N  

> 

Franck and YanagilO designed a deuterium tracer expcrinient to check this 
hypothesis. They prepared 2,5-di-f-butyI-4,6-dide~tcroaniline and converted i t  into 
the diazonium salt by reacting i t  with n-butyl nitrite and one equivalent of a 
carboxylic acid in methylene chloride. Whcn thc deuterated diazonium ion dc- 
coinposed in niethylenc chloride-furan solutions, three of the products were I ,J-di- 
1-butylbenzcne (45), a 2,5-di-f-butyIphenyl cster (46) and the Diels-Alder type 
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1 - B u  

cycloaddition adduct 47 (equation SO). If furan was not present in the solvent, 
product 47 was not observed, but the amount of 45 was increased by an amount 
equal to the yield of 47 in the methylene chloride-furan reaction (Table 11). 

TABLE 11. Deuterium content and yield of some products from the 
decomposition of 2,5-di-f-butyl-4,G-dideuterobenzenediazonium ion 

~ 

Yield Percentageu Percentageu 
Solvent Product (%) d' d2 

Methylenc 45 16 12.8 84.9 
chloride-furan 46 25 6.2 92.0 

41 11 88.4 8.4 
Met hylene 45 28 45.9 50.1 

chloride 46 26 17.6 81.1 
- - 47 0 

The deuterium content of the products was determined mass spcctro- 
metrically. 

I f  the products are  produced from the aryne intermediate, L in equation (50) 
would be a hydrogen, and the products would be monodeuterated. I f  the products 
45-47 are produced from either a phenyl cation or a phenyl radical however, they 
will contain two deuteriums per molecule. When the reaction was carried out in a 
furan-methylene chloride solution, 47 was 89% d, and the authors concluded that a 
major portion of this product is produced from the aryne. Only a small amount 
(< 13% and < 6%) of 45 and 46, respectively, were formed by the aryne pathway. 
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0 

D D 

PAC- 

I-., (51) 

&&EN + 
D H 

D 
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These rcsults, which suggest that dpproxiniately 14% of the product is formed from 
an aryne intermediate, were confirmed when the reaction was carried out in  the 
absence of furan. In this case, almost half of the 1,4-di-t-butylbenzene is niono- 
deuterated and has, therefore, been produced by the aryne pathway. It is also noted 
that the amount of d, ester has increased over that formed in the presence of furan. 

Cadogan and coworkersS used 2,4,6-trideuterobenzcnediazoniuni ions generated 
from a deuterated aniline, pathway A, and from a deuterated nitrosourethane, 
pathway B, to investigate the mechanism of benzyne formation during diazonium 
salt decomposition. This study involved determining the deuterium content of the 
cycloaddition adduct formed when the benzyne intermediate reacts with tetra- 
phenylcyclopentadiene (equation 51). 

Analysis of the 1,2,3,4-tetraphenylnaphthalene recovered from these reactions 
showed that only one deuterium per molecule is lost during the reaction and thus 
an ElcB mechanism with k-,$k,, which would lead to a loss of more than one 
deuterium per molecule (equation 51), can be eliminated. Only one atom of 
deuterium would be lost if the benzyne intermediate were formed via an ElcB 
mechanism where proton abstraction (the k ,  step) is fully rate determining, i.e. 
k, s k - , ,  or a concerted E2 mechanism where the proton abstraction and elimination 
of nitrogen occur simultaneously. 

The possibility that a benzyne intermediate is involved in the diazoniuni salt 
decomposition in protic niedia has been investigated by Swain's groupG8. These 
workers determined the deuterium content of the phenol produced when benzene- 
diazonium ion was decomposed in a D,O-DCI solution. The benzyne intermediate, 
if  formed, would react with D,O to give phenol-d, as the final product (equation 52), 

V 

whereas phenol produced from the phenyl cation would not contain any deuterium. 
The phenol isolated from the reaction only contained 0.05% deuterium and the 
authors concluded that a benzyne intermediate does not form to any significant 
degree when diazonium ions are decomposed in protic media. 

C. Use of 18-Oxygen as a Tracer 

1. 18-Oxygen as  a tracer in diazoester decompositions 

IS-Oxygen has been used as a tracer in experiments designed to elucidate the 
details of the thermal decomposition mechanism of diazoesters. White and co- 
workersGS. prepared several diazoesters labelled with 18-oxygen at the  carbonyl 
oxygen by the nitrosourethane route (equation 53). One of the products isolated from 

0 
II 
N ''0 "0 
I I1 I I  

(53) 
(1) N,O. 

RNH, RN-CC,H, ----+ R-N=N-0-CC,H, 
"0 

II 
(2) C,H,CCI 

the decomposition of the 18-osygcn-labelled diazocsters was an 1 S-osygen-labelled 
alkyl propionate that fo rmd  \vhen thc ions in the carbonium ion-carbosylnte ion 
pair 49 collapsed together in a fast stcp of the reaction (54). 
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I I  
"0 

II 
R-N=N-0-CC,H, + Rf N G N  6--CC,H, 

l80 0 
fast R-0-CC,H, II + R"0-CC,H, I I  

(54) 

Complete 18-oxygen scrambling is observed when the R group is I-apocamphyl, 
i.e. decomposes via a bridgehead carbonium ion. The IS-oxygen label is mainly in 
the carbonyl group, however, when the R group is either a secondary (55-60% 
IS-oxygen in the carbonyl group when R = I-phenylethyl-) or a tertiary (63-740/, 
15-oxygen in the carbonyl group when R = 2-phenyl-2-butyl-) alkyl group. The more 
extensive scrambling of the 18-oxygen label in the bridgehead diazoesters indicates 
that the lifetime of the diazonium ion-carboxylate ion pair (48) is longer in the 
bridgehead systems and almost certainly results from a difference in the rate of 
conversion of the diazonium ion-carboxylate ion pair (48) into the carbonium ion- 
carboxylate ion pair (49). The conversion of (48) to (49) would have a much larger 
free energy of activation and thus be more rate determining for the bridgehead 
system where a highly strained carbonium ion intermediate is produced. 

IV. I S O T O P E  EFFECTS IN DlAZONlUM SALT R E A C T I O N S  

A. Theory of Kinetic Isotope Effects 

1. Heavy atom kinetic isotope effects 

The Bigeleisen based on Eyring and coworkers' absolute rate 
assumes that there is a single potential energy surface along which the 

reaction takes place, and that there is a potential energy barrier separating the 
reactants from the products of the reaction. The reaction occurs along the path 
corresponding to the lowest potential energy, i.e. i t  passes over the lowest part of the 
barrier. The transition state is located at  the top of the barrier on the reaction path, 
i.e. i t  lies a t  the energy maximum for motion along the reaction coordinate but at  an 
energy minimum in all other directions, and is assumed to have all the properties of a 
stable molecule for all degrees of freedom except that corresponding to the path of 
decomposition (motion along the reaction coordinate). 

The expression for the rate constant (kj of the reaction according to these assump- 
tions may be expressed by equation (55) 

where k is the Boltzrnann constant, T is the absolute temperature, h is Planck's 
constant, K is the so-called transmission coefficient and K *  is the equilibrium constant 
between the activated complex (the molecule at the transition state) and the reactants. 
I t  is assumed that the transition state complex is in  equilibrium with the reactants. 
The degree of freedom corresponding to the reaction path is not included for the 
activated complex, K represents a factor which takes into account the non-classical 
correction required to allow molecules with insuficient classical energy to surmount 
the barrier to 'tunnel' through it7L.  Using equatior! (56 )  with a knowledge of the 
potential energy surface, A'* may be calculated using the methods of statistical 
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mechanics, since : 
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where Q’s arc the conlplete partition functions for reactants A, R, ..., etc., and Q+ is 
the partition function for the transition state complex, omitting again the one 
vibrational energy level corresponding lo thc degree of frcedom along the decomposi- 
tion pathway. 

The calculation of the potential energy surface from first principles is, at present, 
insufficiently accurate to allow this approach to yield reliable values of Q* and 
therefore of K * .  However, the effect of isotopes on these quantities can be predicted 
more accurately than can the quantities themsclves and isotopic rate ratios may be 
calculated for fairly complex reactions with some confidence. For the reaction : 

A+B+C+ ... - [T.S.]*  ~ > Products (57) 

where the subscripts 1 and 2 refer to the molecules containing the lighter and heavier 
isotopes, respectively. 

The assumption is that K~ = ic2 initially, although these transmission cocficients 
are not known with certainty. To  correct for any error introduced in this assumption, 
a ‘tunnelling correction’ factor is introduced. Bigeleiscn and G ~ c p p e r t - M a y e r ~ ~  
expressed the partition functions in terms of the vibrational frequencies of the 
molecules in the gas phasc. Hence, in  the harmonic approximation, for all non- 
linear gas molccules cscept hydrogen, Q2/Q,  is given by equation (58) where S1 and 
S, are the symmetry numbers of the respective molecules, the M’s  are the molecular 
weights, the Z’s are the moments of inertia about the three principal axes of the 
n-atoni molecules and t h e  u’s are the fundamental vibrational frequencies of the 
molecules in wave numbers. 

Using various approximations, B solution to the isotopic rate ratio equation can 
be obtained. It is found that thc isotope rate ratio, k , / k , ,  is dependent on the force 
constant changes which occur in passing to the transition state. Consequently, if 
C-X bond rupture, where X can be halogen, sulphur, nitrogen, etc., has not 
progressed at the transition state of the slow rate-determining step for the overall 
reaction, a rate ratio k,,/ks- equal to one is cspccted. Accordingly, a value of the 
isotope rate ratio greater than one will be observed if  there is a decrease in the force 
constants at the transition statc of the slow step. The greater the decrease in the 
force constant the larger will bc the magnitude of the isotopc effect. 

The observation of a heavy atom isotopc effect, thcrefore, allows one to determine 
whether C-X bond weakening, decrcasc in force constant, has proceeded at the 
activatcd complcx of the slow rate-dcterniining step. The magnitude of the isotope 
effcct provides information ccnccrning the relative degree of C-X ‘bond rupture’ 
and hence provides information concerning the structure of the transition state. 

Saunders7‘ has recently calculatcd thc dependencc of thc leaving group isotope 
effect o n  the extent of C--S ru?ture for trirncthylaniine and dimethyl sulphide as 
leaving groups. The calculations were performed for cliniination processes where the 
dcgree of carbon-hydrogen cleavagc was taken as 50%. A plot of the leaving group 
isotope effect versus the extent of C-X rupturc is shown in Figure 1 .  It  is noted 
that the heavy atom isotope effects are esscntially linearly related to the extent of 



16. Preparation and uses of isotopically labelled diazoniuni and diazo compounds 739 

C-X rupture. Sirns and coworkers, i n  a similar calculation, found that the same 
relationship between the magnitude of the leaving group isotope effect and the 
extent of C-X bond rupture, existed for a nucleophilic substitution reaction78. 

0 1  0 5  0 9  
C -  X bond rupture In the trans1t:on stale 

FIGURE 1. Relationship between the magnitude of the heavy atom kinetic isotope effect 
and the amount of C-X bond rupture in the transition state. 

2. Primary hydrogen-deuterium kinetic isotope effects 

It is apparent that the Bigeleisen formulation can be used to  calculate transition 
state force constants with some confidence if a large computer is available. F o r  
some purposes, however, i t  is sufficient to have only a qualitative idea of the changes 
in force constants which have occurred at  the transition state, and acceptable 
estimates of the isotope effect can be obtained without recourse to a complex 
calculation. I t  has been observed that zero-point energy differences between the 
isotopic molecule's vibrations, while not the only contributor to the isotope effect, 
are, however, often the dominant term. This is particularly true for the cases of 
hydrogen-deuterium where the zero-point energy difference is large, and also for 
large molecules where isotopic substitution does not affect the mass and moment 
of inertia term significantly. I t  is usual to assume that the stretching modes are the 
most important in determining the isotope effect. This is based on  the assumptions 
that the bending vibrations are generally of a lower frequency and therefore have 
smaller zero-point energy difTerences for isotopic molecules, and further that the 
bending motions in the transition state will be largely similar to those in the 
substrates. 

For  a single C-H bond undergoing rupture in a unimolecular process 
kn  

(59) 

where V B  and YD are the ground-state symmetric stretching frequencies for the C-H 
and C-D bonds, respectively. Substitution into equation (57) leads to an expected 
isotope effect of approximately seven at  25 "C. 
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For  reactions involving a proton transfer from one molecule to another, however, 
the situation is more complex since bond formation and breaking are occurring 
concurrently and, as  We~theimer’~ points out, it is essential to realize that new 
stretching vibrations are created in the transition state which are not present in 
the reactants. 

Westheimer considers the reaction : 

AH+B - [A* . .H . * *6 ]  - A+HB (60) 

where [A-H-B] is a linear transition state. If this transition state is regarded as a 
linear molecule, there would be two independent stretching vibrational modes which 
may be illustrated as follows: 

A ... H ... B A ... H ... 
c ? +  c -> c 

symmetric antisymmetric 

Neither of these vibrations corresponds to stretching vibrations of AH or BH. The  
translational mode in the transition state may be identified with the ‘antisymmetric’ 
vibrational mode, but the ‘symmetric’ mode is a real vibration, with a positive force 
constant. We~theimer‘~, and more recently More O’FerrallRo, show that the 
‘symmetric’ vibration (transition state) may or may not involve motion of the central 
H(D) atom, depending on the relative ‘force constants’ for the A-H and H-B 
partial bonds. If the motion is truly symmetric, the central atom will be motionless 
in the vibration and thus the frequency of the vibration will not depend on the mass 
of this atom, i.e. the vibrational frequency will be the same for both isotopically 
substituted transition states. It is apparent that under such circumstances there will 
be no zero point energy differences between deuterium- and hydrogen-substituted 
compounds for the symmetric vibration in the transition state. Hence an isotope 
effect of k E / k D  = 7 a t  room temperature is expected since the difference in activation 
energy (ED - Eu) is the difference between the zero point energies of the symmetric 
stretching vibrations of the initial states. 

For instances where bond breaking and bond making at  the transition state are 
more or less advanced, the ‘symmetric’ vibration will be no longer truly symmetric, 
the frequency will have some dependence on the mass of the central atom, and there 
will be a zero point energy difference for the vibrations of the isotopically substituted 
molecules at the transition state. Hence: 

where Au, corresponds to the frequency difference of the symmetric mode of the 
transition state on isotopic substitution. For such situations, kH/kD will have values 
smaller than 7. 

It may be concluded that for reactions where the proton is less or more than one- 
half transferred in the transition state, i.e. the A-H and H-B force constants are 
unequal, the primary hydrogen-deuterium isotope effect will be less than the maxi- 
mum of 7. The maximum isotope effect will be observed only when the proton is 
exactly half-way between A and B i n  the activated complex (Figure 2 ) .  

3. Secondary P-deuterium kinetic isotope effects 

I n  the preceding sections the bond involving the isotopic atom was broken or 
formed in the rate-determining step of the reaction. In these cases, the change in rate 
is referred to as the primary kinetic isotope effect. Isotopic substitution at other sites 
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Degree of proton tronsfer 

FIGURE 2. Plot of kn/kD versus degree of proton transfer. 

in the molecule gives smaller rate effects and these are collectively referred to as 
secondary effects. 

Secondary P-deuterium isotope effects arise when the hydrogen(s) on the P-carbon 
(adjacent to  the carbon where the C-X bond rupture is progressing) are replaced 
by deuterium(s). These isotope effects ( k ~ / k ~ )  are greater than unity for solvolytic 
processes. In addition, the magnitude of the isotope effect increases as the amount 
of positive charge (carbonium ion character) on the cc-carbon in the transition state 
50 is increased. For  example, the isotope effect per CD3 group increases from about 

(50) 

1.03 for ethyl compounds which undoubtedly react by an Sh-2 mechanism to approxi- 
mately 1.37 for a /-butyl compound which reacts by a limiting SKI mechanisms1. A 
wealth of experimental evidences2 indicates that these isotope effects are primarily, 
if not completely, a result of hyperconjugative electron release from the CB-H 
bondsR3. Other studies by ShinerJ4$ 85 have demonstrated that the magnitude of 
these isotope effects vary with the dihedral angle between the CB-H orbital and the 
developing p orbital on the u-carbon. Thc maximum isotope effect in any system is 
observed when the dihedral angle is either 0" or 180°, i.c. where the overlap between 
the CB-H and the p orbital on the u-carbon is maximized. 

B. Nitrogen Kinetic Isotope Effects in Diazonium Salt Reactions 

The first nitrogen kinetic isotope effect determined for a diazonium salt decomposi- 
tion reaction was measured by Lewisec. Unlike later workers who used the normal 
competitive nicthod of nicasuring the nicrogcn isotope efTects7, Lewis dcterrnined an 
isotope effect, k * l / k l "  = 1.019 k 0.004, by measuring the individual rate constants 
for the reactions of p-methylbcnzenediazoniunl and p-methylbenzcnc[v.-..-'jN]- 
diazonium ion at  49 "C. 
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Brown and Drury2s determined the nitrogen isotope effects for the thermal 
decomposition of several substituted benzenediazonium ions. The isotopic ratios 
required for the calculation of the isotope effect (equation 62) were obtained by 

analysing the nitrogen gas released in the first few percentage points of reaction and 
samples of nitrogen gas obtained from a reaction taken t o  completion, in a 60" 
sector isotope ratio mass spectrometer. Equation (62), where f is the extent of 
reaction expressed as a fraction, R, is the NI4/Nl5 ratio in the starting material and 
R, is the N'.'/NI5 ratio in the product after a few percentage points of reaction, is 
used to calculate the isotope effecta8. 

If the isotope ratios determined in their experiments arc  used to calculate the 
nitrogen isotope effect, a value of 1.022 is obtained. However, since two nitrogen 
atoms are freed in the reaction, the Nl4/NI6 ratio in the nitrogen recovered after a 
few percentage points of reaction is not the isotopic ratio of the a-nitrogen, the atom 
involved in the bond rupture process. Consequently, an  accurate a-nitrogen isotope 
effect could not be determined. These authors assumed that there would be n o  
isotopic fractionation of the (3-nitrogen, i.e. k14/k15 = 1.000 for the (3-nitrogen, and 
concluded that :he change in the isotopic ratio in the nitrogen recovered after a 
few percentage points of reaction was due to the change in the isotopic ratio of the 
a-nitrogen. When this assumption was incorporated in to  the calculation of the 
isotope effect, a value of approximately 1.044 was obtained. 

The nitrogen kinetic isotope effects determined by Brown and Drury, using the 
method described above, for the thermal decomposition of several arenediazonium 
ions at  40.5 "C are shown in Table 12. I t  is secn that the nitrogen kinetic isotope 
effect is independent of both the counter ion in the diazonium salt and the substituent 
on the benzene ring. 

TABLE 12. Nitrogen kinetic isotope effects for the 
thermal decomposition of arenediazonium ions 

at 40.5 "C 

Substituent Counter ion k14/k15 
~~~ 

H c1- 1.044 f 0.003 
H BF, 1.043 f 0.005 
o-CH, BF, 1.045 f 0.001 
t?I-CH, BF,- 1.047 f 0.001 
P-CH, BF; 1.047 -t- 0.001 
n1-CI B F, 1.044 f 0.001 

The temperature depcndence of these isotope cffects was normal, i.e. the magnitude 
of the isotope effect increased from 1.043 at 68.5 "C to 1.053 a t  6.9 "C. Finally, these 
values are as large as the maximum theorctical kinetic nitrogen isotope effect of 
1.043 a t  59OCEg and it  was concluded that the C-N, bond is almost completely 
broken in the transition statc of thc rate-determining step for the decomposition 
process for all the compounds studied. 

Brown and Drury2* measured the  infrared stretching and bending frequencies 
associated with the diazonium group in benzcne- and ben~enc-[lx-~~N]diazonium 
fluoroborate (Table 13). The authors used t h e  observed and other estimated 
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frequencies to calculate the nitrogen kinetic isotope effects for thesc reactions. They 
were able to duplicate the experimental results (Table 12), including the temperature 
dependence, to within the limit of experimental error. 

TABLE 13. Infrared frcquencics of benzene- and benzene[z-lGN]- 
diazonium ion - 

Frequency (cm-I) 

-+ +. - 
Vibration C c H S - N ~ N  BF, C8HS--"N=N BF, 

C-N-N bend 455 45 1 
C-N-N bend 533 526 
N = N  stretch 2296 2251 

In  another study, Loudon, Maccoll and Smithgo found nitrogen kinetic isotope 
effects of 1 a043 for the decomposition of arenediazonium ions in  water thus confirming 
thc results of Brown and Drury. They found, however, that thc nitrogen isotope 
effect did vary with the concentration of addcd salts when the substrate was p -  
nitrobenzenediazonium ion, and was considerably smaller for p-methoxy- and 
p-hydroxybenzenediazonium ion, which werc not studied by Brown and Drury 
(Table 14). 

TABLE 14. Nitrogen kinctic isotope clTcctsa for the dccornposition of 
pam-substituted benzencdiazoniuin fluoroborates at 40 and 69 "C 

Substituent 

P - H  
p-H 
m-C1 
P - N O ,  
P-NO, 
P - N O ~  

p-OH 
p-Me0 

Addcd salt /i Ir/k 15 Tcmperature ("C) 

1.043 k 0.005 
1.016 k 0.001 
1.042 k 0.007 
1.044 0.004 
1.03 1 5 0.003 
1.039 k 0.004 
1.028 k 0.004 
1.02Sb 

40 
40 
40 
69 
69 
69 
69 - 

Calculated on the asstimption that  tlic beta-nitrogen kinctic 
isotope effect is 1.000. 

Value is uncertain. 

The authors stated that the reaction of the compounds with an isotope effect of 
approximately 1.044 are Ssl processcs where the formation of the phenyl cation 
occurs in the slow step of the reaction. Thus all of the compounds studied by Brown 
and Drury and by Maccoll and  coworkers react by an Ssl  mechanism with the 
cxccption of the rcaction of the p-nitrobenzenctiiazonillm ion i n  the presence of 
added salt, and the reactions whcrc the bcnzcne ring is substitutcd with strongly 
clectron-donat ing groups, i.e. thc p-niethoxy- and p-hydroxybenzenediazonium ions. 

The kinctic expression for the dccomposition of the p-nitrobenzenediazonium 
salt in the prescnce of bromide or other anions has a second-order term. This 
suggests that p-nitrobenzcnediazonium ion reacts in the presence of bromide ion or 
hydrogen sulphate ion by concurrent S s l  and Sx2 mechanisms. 
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The observed nitrogcn isotope effects in these reactions are a composite of the 
nitrogen isotope effects for the Ssl  reaction of the diazonium ion and the Ss2 
reaction of tlic diazoniuni ion with either bromide or hydrogen sulphatc ion. Using 
the assumption that the SSI component had an isotope effect of 1.044, Maccoll was 
able to calculate the nitrogen isotope effects for the Ss2 component of these rcactions 
and found much smaller isotope cffects, i.c. k l J / k l S  bctwecn 1.014 and 1,021 for thc 
bromide ion assisted reaction and approxiniatcly 1.036 for thc hydrogen sulphate 
ion reaction. 

h4accoll concluded on the basis of the lower nitrogen kinetic isotope effccts that 
the  p-methoxybenzene- and the p-hydroxybenzencdiazoniuni ions react entirely by 
an Ss2 mechanism. Thc Ss2 mechanism was prefcrrcd by Maccoll since the p -  
methoxy and p-hydroxy groups would stabilize the reactants (51, 513) by resonance 
to a much greater degree than their respective transition statest (52, 52a) i n  t h e  
Ss l  reaction. The resonance stabilization of the transition state for the Ss l  process 

Pcter J. Smith and Kenneth C .  Wcstaway 

would be minimal because the developing positivc charge in thc empty sp? orbital is 
perpendicular to the x systcm of the benzenc ring. As a result, the Ssl mechanism 
would have a higher free energy of activation than the Ss2 mechanism. 

Maccoll's interpretation90 of the smaller kinctic isotope effects for the p-mcthoxy- 
benzcnediazoniuni ion seems doubtful, ho\vcver, since other properties of the 
rcaction of the p-methosydiazonium ion rcquire the formation of a p-metlioxyphcnyl 
cation. For example, i t  is impossible to cxplain the k e r c ~ / k s o ~ , .  ratio (0.038 i n  water 
and 0.075 in trilluorocthanol) observcd for the decomposition of thc p-niethosy- 
benzencdiazonium ion without assuming that an aryl cation is formed. In addition, 
the exchange between cxternal nitrogen and the p-nietliosyt?cnzenediazoiiiiim ion is 
consistent with the formation of an aryl cation but is diHicult to oxplain on thc basis 
of an Sx2 mechanism. Finally, thc much slo\ver rate for thc p-niethosy compound 
( k p - ~ / k p . ~ l c : ~  2 15,000/1) is consistcnt with an Ss l  mechanism (see above) although i t  
docs not rule ou t  an Sr:! process. 

An alternative esplanation for the smaller isotopc effect is that the p-mcthosy- 
phenyl cation intermediate is produced, b u t  that i t  rex'crts to starting material p- 
niethoxybcnzcnediazoniurn ion, to a much greater estent than the phenyl cation 
reverts to bcnzcnediazoniiim ion. Thus, the k - ,  and /iuscI1 steps combined are largcr 
than thc kmlV stcp (equation 63) when Z is methoxy, whereas the k - ,  and kcsch stcps 
arc smallcr than the stcp for benzcnediazoniurn ion, i.e. Lbhcn Z = hydrogen. 
This means that thc k ,  step is almost, or is coinpletcly. rate determining i n  thc cast 

where Z is hydrogen, the C-N, bond is brcaking in  thc slow step of the  reaction, 
and the observcd isotope cflect is large. When Z is mcthosy, the ksc:~,. stcp is more 

1 Thc magnittide of thc nitrogcn isolopr: cll'ccts sho\vs t1i;it  tlic transilioii st;itt's ;1Ic 

vi r t ti a I I y i de n I i ca 1 I o t lic i 11 t c r med i 3 ~ c s  . 
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rate determining (the kcsch/kso~v ratio is 0.035 rather than the  0.014 found for the 
unsubstituted compound and  the k-lp.,,cO/k-la.l, would be large), the C-N, bond 
is breaking i n  a step which is only partially rate determining, and :he observed 
nitrogen isotope effect will be small. A precedent for this phenomenon, i.e. change in 
the magnitude of  the observed isotope effect with a shift in  the rate-determining step 
of a reaction, has been observed by Graczyk and TayloPl in the rcaction of p -  
nicthoxybenzyl chloride with azide ion i n  water. Finally, although the aryl cation 
milst exist, i t  is possible that concurrent Ss l  and Ss2 rcactions are responsible for 
the snialler isotope effect. 

More recently, Swain has  questioned Brown and Drury's, and Maccoll's assump- 
tion that the P-nitrogen kinetic isotope effect is 1.000, and has determined both the 
a- and the ?-nitrogen kinetic isotope effects in an elegant set of e~perinients?~.  
Swain was able to obtain nitrogen gas from the c/-nitrogen and from the F-nitrogen 
separately. The nitrogen gas from the x-  and the P-nitrogens was obtained separately 
by converting the unreacted diazonium ion from a partial reaction into an azo 
compound with the disodium salt of 2-naphthol-3,6-disulphonic acid, and then 
reducing the azo compound to aniline and disodium I-aniino-2-naphtho1-3,6- 
disulphonate (equation 64). The aniline containing the a-nitrogen was separated by 
steam distillation, converted into ammonium ion in a Kjeldahl digestion and then 
oxidized to nitrogen gas with sodium hypobroniite in a vacuum line (equation 65). 
The $-nitrogen could be recovered by treating the 1 -nmino-2-naplithol-3,6-disul- 
phonate ion in the  same way. 

Ar-N%=N 

N a 2 s , 0 . i 
A r N E N  

-0,s so,- -0,s s0,- 

y H2 

so; 
ArN,H, -t 

-0,s 

(65) 

In addition, hc recovered the nitrogen gas released during the reaction, i.e. both 
the ct- and the F-nitrogens togethcr. This nitrogen \\as rccovered whcn the benzcne- 
dinzonium ion slightly enriched with 15-nitrogen at  the 8-nitrogen, %'as reacted part 
way to completion. Thc isotopic composition of all the nitrogen atonis in  [he starting 
niaterial was obtained from a mass spectrometric analysis of the nitrogen gas from a 
reaction taken to completion. 

U P ' '  KnOIlr 
ArNH,+H,SO,+ K,SO, y> (NH,),SO, ~ N2 
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Swain used the isotopic ratios obtained by the above procedures to show that the 
@-nitrogen kinetic isotope was 1.0106 -t 0.0003 and the cr-nitrogen kinetic isotope was 
1.0384 2 0.0010 at 25 "C. 

It  is worth noting that Swain's experiments were internally consistent. For example, 
the same value of the P-nitrogen isotope effect was obtained whether the isotopic 
content of the nitrogen gas from the F-nitrogen was measured directly or obtained 
from the difference between the total nitrogen and the gas from the u-nitrogen. 
Swain also showed that his experiments led to the same isotope effects as those found 
by other investigators if the data were treated in the same way. 

Finally, the a-nitrogen kinetic isotope cffect of 1.0384 is near the theoretical 
maximum nitrogen isotope eflect of 1.043 28 and indicates that the C-N, bond is 
almost completely broken in the transition state leading to the phenyl cation. The 
smaller P-nitrogen kinetic isotope effect of 1.0106 is similar to tha t  obscrved in bond 
formation reactionsg2 and probably results from the tightening of the N,=No triple 
bond a t  the transition state.? In  fact, the N,=N, bond frequency increases from 
2298 cm-l in the diazonium ion to 2331 cm-I in the nitrogen gas. 

C. Secondary (3-Deuterium Kinetic Isotope Effects in  Diazonium Salt 
Reactions 

Strong evidence supporting the existence of the  phenyl cation intermediate in the 
decomposition of arcnediazonium ions in  acidic solutions has rccently been 
published by Swain and coworkers7. These authors argued that large secondary 
P-deuterium isotope effects characteristic of those found for Ss l  solvolysis reactions, 
i.e. kB/kn of 1.1-1.393, " I ,  should be obscrvcd in the decomposition of deuteratcd 
benzenediazonium ions if  the phenyl cation intcrnicdiate is produced during the 
reaction. These isotope effects should be large because the dihedral angle between 
the ortho C-H bonds and the empty p orbital of the phenyl cation is zero degrees 
and orbital overlap should be at  a maximum (equation 66).: 

I n  fact, the secondary P-hydrogen-deuterium kinetic isotope effects measured in 
these systems are large. The actual isotope effects obscrved for 12 different deutcrated 
benzenediazonium ions showed that the isotope effect was 1.22 2 0.01 for each 
ortho hydrogen, 1.0s 2 0.01 for cach rnctn hydrogen and 1.07 k 0.01 for a parn 
hydrogen. For example, the calculated isotopc effect for the dccoinposition of 
2,4,6-trideuterobenzenediazoniuni ion should be (1  .22)s ( 1  .OS)I = I .5?. The observed 
value was 1.52 t 0.03. 

7 The temperature-dependent factor (the ternis relatcd to the change in  vibrational 
frequencies) can have a value less than un i ty  i n  a rcaction where 3 bond is strcngthcned in 
going to the transition state. The tcniperatiirc-indcpendcnt factor (the term rcprescnting 
the rcduced mass effect), on the other hand. is al\\ays greater than u n i t y  and tlius a sniall 
isotopc cfTect is  obscrvcd. 

1 The carbons of the benzcne r ing  are in the plane of the paper with thc cloud above arid 
below this plane. The x bond formed by hyperconjugation is in the plane of the papcr and 
perpendicular to the li cloud of the benzene ring. 
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Thesc isotope effects remained cons tan t  under several different experimental 
conditions, i.e. in H,SO,-water mixtures o f  various concentrations, in acetic acid,  
in trifluoroethanolt a n d  in methylene chloride. Consequently, the  au tho r s  concluded 
that the diazonium ion must  decompose by the same  mechanism, i.e. through the  
phenyl cation intermediate, in both protic a n d  aprotic solvents. 

The  isotope effects for the  orflto hydrogens, i.e. o n  the carbon beta to the  ca rbon  
bearing the  positive charge, a r e  the largest that have been observed in a romat ic  
systems. Swain,  on  the  basis of both theoretical calculations a n d  experimental 
results, has concluded that these isotope effects a r e  a result of hyperconjugation 
between the positive carbon a n d  the or tho  hydrogens, a n d  to a lesser extent t h e  
ritefa a n d  p a r a  hydrogens. Hyperconjugation is particularly impor tan t  in these 
reactions because i t  is the only  means of stabilizing the carbonium ion. This  occurs 
because the positivcly charged sp2 orbital of the phenyl cation is perpendicular t o  
the ;5 cloud of the benzene ring and  canno t  be delocalized by the ring in the usual 
manner. 
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1. INTRODUCTION 

Ethyl diazoacetate is without doubt the best-known representative of diazoalkanes 
bearing electron-acceptor substituents, which are the subject of this survey. Its 
synthesis by amine diazotizationl was the starting point of a continuing develop- 
ment?-", the end of which is not yet in sight, since not only the diazo group but also 
the substituents attached to the diazo carbon atom participate to  a greater or lesser 
degree in the reactions of the compound. As electron-acceptor substituents they 
retard reactions based on the nucleophilic character of the diazo C atom and of 
course promote those i n  which the terminal electrophilic nitrogen plays a decisive 
role. Hence one would expect C-protonation to be slow in comparison to that of 
non-acylated diazoalkanes, or even not to occur at all, and indeed their stability to 
acids is greater than in the case of the non-acylated compounds. Disregarding 
nitrodiazoalkanes and cyanodiazoalkanes, the other CO-, PO- and SO,-substituted 
diazo compounds considered below show little tendency to undergo spontaneous 
explosive decomposition. 

11. SYNTHETIC METHODS 

The following account is based on the general survey of synthetic approaches for 
diazoalkanes presented in another chapter in this volume and on the secondary and 
alternative reactions also reported therein; they will be supplemented in specific cases. 
In contrast to the general survey, however, the acyl cleavage of N-alkyl-N-nitroso- 
amides is practically without significance in the present context; the field is clearly 
dominated by the dehydrogenation of hydrazones, the Bamford-Stevens reaction 
and by diazo group transfer, a method which came to the forefront only 10 years 
ago, as well as by substitution reactions. 

A. Carbonyl Diazo Compounds 

The historicai significance of ethyl diazoacetate has already been mentioned in the 
introduction. This class of conipounds has also acquired considerable importance 
as synthetic aids; a correspondingly large number of carbonyl diazo compounds have 
been synthesized and we can only cover a representative selection in this section. 

1. Diazotization of amines 

(equation 1) was subsequently optimized owing to its synthetic 
Diazotization of glycine ester hydrochloride to give ethyl diazoacetate by Curtius' 

Aniine diazotization was alrcady applicd to the peptide scries by Curtius h i m ~ e l f ' ~ - ' ~ ,  
and recently also ~itilized in the production of D- and L-2-amino-3-diazoacetoxypro- 
panoic acid (azaserine)14s 15. 
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Only poor yields are obtained in the synthesis of hornologues of ethyl diazo- 
acetateIG, as well as diethyl d i a z o s i ~ c c i n a i e ~ ~ - ~ ~  and diazoglutaric diestersIg. Diazotiza- 
tion of v.-amino carbosylic esters with isoaniyl nitrite in  the presence of u p  to 30% 
of acetic acid fulfils a Ical synthetic need (equation 2)". 

1-C,II,,OSO 
C H  C1)OII R'-CH - COOR' I--> R' - C -COORZ 

I  II 
N H2 N, 

R' = CH,, Rz = CH,C,H, (61%) 

R' = (CH,),CHCH,, RZ = CzH, (690.6) 

R' = CH,SCH,CH,, Rz = CH, (64%) 

The successful double diazotization of aminoacetohydrazide is to be regarded as a 
curiosity: i t  afl'ords the highly interesting compound diazoacetyl azide (1) which 
is very stable, in spite of the cumulation of the diazo and the azide group2]. 

NaNO,/HC' 
0% CH,CI,/H,G. -5 'C 

,C-CH,-NH, - 
H,N-NH 

During the production of a-diazo ketones, aniine 

0% ,C-CH=N, 

N3 
(1 1 

10-1 5% 

diazotization is sometimes 
for example on attempted followed by deamination and rearrangement2?- 23, as 

synthesis of 2-diazocyclohexanone by this method (equation 3)??. However, other 

representatives of the same class such as 3-diazocamphor2', o-diazoacetophenone25 
or benzyl 6-diazopenicillinate (2)2G are accessible by diazotization of corresponding 
amines. 

NaNO,. acetonelwater , "'U'$H, 

..COOCH,C,H, 
H 0 H 

Closely related to a-diazo carbonyl compounds are o- and p-quinone diazides; 
according to the principle of vinylene homology the latter are comparable with the 
orrho isomers. Pertinent diazonium salts occur as intermediates according to  
equations (4) and ( 5 ) " s  2s. 

Formation of quinone diazides from amino-substituted aromatic compounds is 
sometimes associated with secondary reactions such as subsitution and oxidation. 
The former type includes the transformation of 9-amino-10-nitrophenanthrene 

26 
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N H ; ~  CI- 

Diazol izat ion 

OH OH 0 

94% 

(4) 

NH,+ CI- 

DIazoti:atton 

(-HCI) 

65% 

into phenanthrenequinone diazide (equation 6)29 and also the formation of 
3,4,5-trifluoro-6-nitro-1,2-benzoquinone from 2,3,J,5-tetraRuoro-6-nitroaniline 
(equation 7)30. 

NO, NaNO,. H,SO. 
-1210 - 1 5 ' C .  fQL J 

F 
F 

In the second type of secondary reaction, diazotization and 'phenol oxidation' 
are seen to be intimately related, as illustrated by equations (8)31, x and (9)33. 

2-Diazo 1,3-dicarbonyl compounds (4) are in general readily accessible by arnine 
diazotization because the deprotonation 3 -> 4 is further facilitated by the second 

NaNO,/H,SO. 
(dlazotlzation and 
oxidation) 

HO OH OQ: 0 (8) 

"@OH N H2 N2 

NO'HSO:/H,SO., 40'C 

oxidation) 
H (dlazotlzatlon and 

N H, 
OH 0 

(9) 
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acyl group, and their resistance to acids is further enhanced by electron delocaliza- 
tion according to 5. 

(3) (4) (5) 

Diethyl dia~omalonate~ ' .  35, ethyl diazoacetate2G and 3-diaz0-2,4-pcntanedione~~. 37 

can be viewed as historic examples; the parent substance, diazonialondialdehyde, has 
only recently become available38. Diazo derivatives of cyclic /mns-fixcd (Miketones 
such as 2-diazo~yclohexane-l,3-dione~~, 2-diaz0-5,5-diniethyIcyclohexanc-l,3-dione'~ 
and 3-diazospir0[5.5]undecane-2,4-dione~~~ have likewise only becn synthesized in the 
comparatively recent past. 

Table 1 lists other u-diazo carbonyl derivatives, quinone diazides and u-diazo 
P-carbonyl derivatives which have been synthesized. 

2. Forster reaction 

In general, the production of carbonyl diazo compounds by the Forster reaction 
proceeds via initial oxirnation of the rncthylenc components of the diazo products 
and subsequent reaction with chlorarnine solution. A typical reaction sequence is 
encountered in the conversion of 3,3-diphenyl-l-indanone via the oxinie (6) into 
2-diazo-3,3-diphenyl-l -indanone (7)"". A further aspect of this reaction is also of 

0 0 

@: Oxlrnation, wNoH (-H,O. NH,CI -HCI) + @N2 

H5C6 C6H5 H5C6 C6H5 H 5 C 6  C 6 H s  

(7) (6) 

general interest: the Barnford-Stevens reaction starting from 3,3-diphenyl-l,2- 
indandione affords only the structural isomer I-diazo-3,3-diphenyl-2-indanonesc, 
probably due to steric reasons. 

Disregarding the historical example of azibenzils7 and the synthesis of 5-diazo- 
acetyluracils8, i t  is striking that only diazo derivatives of cyclic ketones have been 
prepared by the Forster reaction. This is imprrssivcly demonstrated by the bicyclic 
derivatives 8 (60%)57, 9 (85%)511 and 10 (670/,)G0, and by the aromatic derivatives 
11 12 (57%)G2, 13 (GS%)G2 and 14 (66%)c3. 
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T A D L E  1. Diazo carbonyl compounds by arnine diazolizntion 

Yield Refcr- Yield Rcfer- 
(%) ence Structure ('x) cnce Strucluic 

-____. - ~ __ - - .. - -_ . ... 
0 

N,=CH-COOCH,-CH=CH, 

N,-CH - COOC(CH,), 

3 N,=CH-CO-N 

COOCH,C,H, 

c'fJNz CI CI 

61 

o$JN2 0 

12 

7s 

22 

30 

90 

I00 

92 

42 

43 

44 

45 

46 

47 

48,49 

N-N 

'.i\r. I 

0 

0 

&:? 0 

73 

83 

1 5  

47 

72 

86 

50 

5 1  

52 

53 

54 

55  

Excellent results are also obtained on applying the  F0r;te.r reaction t o  the steroid 
series; a s  shown by the examples 15 (72"/,)'j4, 16 (80%)65, 17 (68"/,)6G, 18 (75%)'"* '*, 
19 (77%)69 a n d  20 ( 8 1 % ) ' O ,  the  diazo g r o u p  can  be incorporated into ring A or into 
the  five-membered ring. 



t

I n  the  special case of the oxime (21), condensation with phenylhydrazine gives 
3-diazo-2,4-chromandione (23)"; assumption of the  intermediacy of the triaza 
compound (22) docs not appear unjustified: decomposition of 22 into aniline 
a n d  the diazo compound would then display a certain analogy to diazo group 
transfer. 

0 0 

After prior bisoximation, cyclic ketoncs having unsubstituted a,  a'-positions can 
be readily converted into a.l;r.'-bis(diazo)cycloalkanones (in specific cases, 1,3. 
bis(diazo) compounds  can also be synthesized by the Barnford-Stevens reaction and  
diazo g roup  transfer, see pages 763 and  767. 2,6-Bis(diazo)- 1 -cyclohexanone (24)72-71, 
the cisltrnns isomers of 1,3-bis(diazo)-2-decalone (25)7s and  the Z,J-bis(diazo). 
17F-hydroxy-Sa (and (3)-3-androstanoncs (26)76 arc pertinent examples. 
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3. Dehydrogenation of hydrazones 

In the dehydrogenation of hydrazones the synthesis of the monohydrazones from 
a-diazo carbonyl compounds and hydrazine plays a crucial role in  cases where they 
are unsymmctrisally substituted or the CO groups diKer in their reactivity. Thus 
isatin can be converted into 3-diazo-2,3-dihydr0-2-indoIone~~, alloxan into S-diazo- 
barbituric acidi8 and diethyl mesoxalate into diethyl d i a ~ o m a l o n a t e ~ ~ ,  without 
formation of isomers. In contrast, both possible isomers are formed on reaction 
of phenyl-2-pyridyl-I ,2-ethanedione with hydrazine*O. Such problems are circum- 
vented by use of a-methylene ketones as starting compounds; bromination and treat- 
ment wilh 3 moles i;f hydrazine give the  desired hydrazones. The proposed reaction 
course is shown in equation (lO)H1. 82. 

2 H:N-NH, 

-H,N-NH, Br-  
R' Nt i -NH,  

R' 

R' 

Ti 
H,N-NH. 
<-d 

-NU, 
R' 

H 

Secondary reactions of hydrazone dehydrogenation have already been described in 
another chapter of this volume; that account will merely be supplemented by a 
specific reaction of carbonyl diazo compounds sometimes observed on dehydrogen- 
ation with mercuric oside. The reaction in question is the formation of mercuriobis- 
(diazomcthylketones) according to equation (1 which is dependent upon the 
presence of an acidic diazometliyl hydrogen. 

Mes = O C H ,  

H,C' 

As for non-carbonylated diazo compounds, thc principal dehydrogenation 
reagents arc mercuric oxide, manganese dioxide and silvcr oxidc (sce Table 2). Apart 
from these reagents, usc has also been made in  individual cases of lead tctraacetate 
(mcthyl diazophenylacctnte)x', nickcl peroxidcss (diethyl diazomalonate)RG, calciiini 
hypochlorite (azibcnzil, 3-diazocaniphor, 7-diazo-l.5,5-trimctliylbic~clo[2.2.1]- 
hcptan-3-0ne)~~, alkalinc hydrogen pcroxidc (5-diazobarbituric acid)i8 and oxygcn 
with coppcr(i1) chloridc/pyridinc catalysis (azibcnzil)a3. Howevcr, thcir significancc 
is vcry lirnitcd compared with that of the above-mcntioned metal osidcs, as also 
dcrnonstrated by Tablc 2. 
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TABLE 2. a-Diazo carbonyl compounds by hydrazonc dehydrogenation 

a-Diazo carbonyl compound Solvent (%) Refcrence 
Dchydrogenation reagent/ Yield 

- ___ -_-______ 
CH3- C- C- CH3 

I I  II 
0 N, 

c) -c  II -c- II C,H, 

M nO,/chloroform 
Ag,O/ether 

HgO/petroleum cthera 
MnO,/chloroform 

HgO/ether" 
MnO,/chloroform 

HgO/e t her" 
MnO,/chloroform 

HgO/bcnzenc 

HgO/bcnzcne 
MnO,/chloroform 

Mn02/ether-dioxane" 

90-100 
76-79 

75 
I00 

87-94 
90-100 

80 
80 

- 

81 
90-100 

.- 

87 
89 

90 
87 

91 
87 

80 
80 

92 

93 
87 

94 

a With addition of KOH as catalyst. 

4. Bamford-Stevens reaction 

T h e  basis a n d  possible secondary reactions of t h e  Bamford-Stevens reaction haw. 
a l ready  been considered in another chapter ;  in the  case of 3.-diazo carbonyl 
compounds  only 1 ,S-cyclization is of importance. For  instance, reaction of plienyl-2- 
pyridyl-1 ,Z-ethanecfione with tosyl hydrazide gives thc triazolopyridine (29). there 
being no doubt  a s  to thc intermediacy of the  diazo ketone (27) which preferentially 
aroniatizes via the abovc-nientioncd ring closure 27 -> 29!"'. 

The rcaction also affords thc tosylhydrazone (28) (as the hydrate) which is cleaved 
wi th  aqueous  sodium hydroxide in  thc usual way to give (30)". T h u s  t h e  same 
ques t ions  arisc ;is in  the transform;itiorl of 3-dikctoncs into r-diazo ketones by 
t rea tment  with hydrazine and  dehydrogenation of the hydrazoncs. 
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i i i  methanol 

The synthesis of a-diazo carbonyl compounds can be accomplished under much 
milder conditions than that of the non-acylated diazoalkanes. In particular, the 
cleavage of tosylhydrazones with basic alumina illustrates the difference in drastic 
mannerg5. Preparation of condensed quinone diazidrs by the title method requires no 
addition of basesG> DG, 87, as  demonstrated by the transformation of phenanthrene- 
quinone into phenanthrenequinone diazide with t~sy lhydraz ine~~ .  OG. Table 3 shows 
the Bamford-Stevens reaction to be a highly versatile method for synthesis of u-diazo 
carbonyl compounds and quinone diazides, whose only serious competitor at the 
present state of the art  is diazo group transfer. 

TAULE 3. u-Diazo carbonyl compounds by  Bamford-Stevens reaction 
~ ~ _ _ _ _ _ _ _ ~ ~  ~ 

a-Diazo carbonyl compound with yield. reaction conditions and reference 

R-C-C-R (R = CH,, 86%) 

0 I1 N2 II (R = C,H5, 84%) &N2 (65%) 

CH,CI,/NaOH/20 "C sG 

CHsCI.JA120,/20 "C O5 

H,C, C,H, 

<-c'P 

cYd, 
(CHd"4 I 
L 

( 1 2  =: 6-9,11 = 6 : 75%) 

(73%) CH,CIz or petroleum ether/NaOH3', O8 

CH,CI,/NaOH/20 "C 6c 
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TAOLE 3. (tour.) 

u-Diazo carbonyl compound with yield, reaction conditions and reference 

N? 

OH 
--lNaOH/SO "C loo 

&Nz (75%) 

CH,CI,/NaOH/ZO "C lU1 

(90%) 

0 
CH,CI,/AI,O,/ZO "C O5 

Nl 

Pentane/NaOH/ZO "C 

& (76%C, 99%05) 

N2 

Petroleum ether/NaOH/?O "C 5G 

CH,CI,/AI,03/10 "C 35 

tO-CH, 

CHCI,/A120,/20 "C 

H-CI 

Pentane/NnOH/-- 103 

-/NaOH/20 "C lo' 

H,CO 

0 6, (68%) 

N2 

CHCI,/A1,O3/20 "C Io5 
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Another method which should not go unmentioncd is the  formation of sometimes 
complex Ir.-diazo carbonyl compounds from tosylhydrazones with a further group 
capable of condensation. One such suitable compound is tosylhydrazonoacetyl 
chloride, which is tracsformed into diazoacetic esters with unsaturated alcohols 
according to equation (1 2)’OG, and another one is a-oxophenylacetic acid tosyl- 
hydrazone, which can be utilized in the synthesis of a-diazo carboxamides as shown 
in equation (13). These compounds play a kcy role in  the production of 6-phenyl- 
penicillanatesl07. 

C’ \ 4C - CH =N -NH - T o s  
0 

(CH,)n 1 CH,CI,/N(C:W, t (CH,)n a E - C - C H  1 
I I  II 

n 5 3,4 O N  
I 

NH-ToS 

m : H  - 

~ H : c I , / N ( c , H , I ,  (12’ 

(CH?)n 1 a:-- C-CH I 1  I 1  

0 N2 

C,H, 

HY;cHCOOCH, HOOc-c’ \\ N-NH - TOS H,C COOCH, 
--___ + H,C+-( 

-HH,O (In t h e  presence of 
dlp hen ylca r I iodi  I ni tde) S,NH SvN-C- C-C,H, 

II II 
O N  

I 
NH-TOS 

Hy;c+fC 0 0 C H , 

11 I 1  
0 N2 

SvN- C-C - C,H, 

The reaction of dinicthyl acetylenedicarboxylate with tosylhydrazide to give 
dimethyl 2-diazobutanedioate (equation 14) does not appear to be general since it 
fails with acetylcnedicarbonitrilc’O~. 

COOCH, 
I 

C 
1 1 1  
C 

I 
COOCH, COOCH, COOCH, COOCH, 

The Baniforti-Stcvcns rcnction. has o n l y  limited synthctic u t i l i t y  for thc preparation 
of ;/.-diazo [3-dicarbonyl compounds. Whilc i t  is indccd the central CO group of 
iillor;;in, pcrinaplithindantrione or dicthyl niesoxalatc which is in each case converted 

COOCH, COOCH, 
I 

CH, 
I 

C-NHNH-TOS C=NNH-TOS C= N ,  
I I I 

COOCH, 

(14) 

I I K,CO,/H:O 
80 ‘ C  --+ - H  CH, 

- 1  H,NNH-Tos C H  
--:- II 
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smoothly into the diazo owing to its greatcr rcactivitg, thc corresponding 
reaction in ninhydrin shows the formation of 2-diazo-] ,3-dioxoindan to be accom- 
panied by three further competing condensation reactions (cquation 15)110. 

N- N H-T 0s 

0 0 2 N-NaOH 

,r 
I N- N H-- T o s 

' /  0 m:: + H2NNH-Tos (A,  CH,OH) 

0 

I 

NZ 

5. C1 eavage of N-al kyl-N-n i trosam ides 

The method given in the title is not only the oldest but still the most important 
preparation of non-acylated diazoalkancs. Although suitable i n  principle, i t  has 
nevertheless attractcd hardly any  attention for thc preparation of a-diazo carbonyl 
compounds. 

Thus the thermal cleavage of A'-nitrosourethanes (31) presuinably proceeds \,ia the 
isomeric azo compounds (32) to give the u.-diazo carbosylic ester (33), with 
potassium carbonate acting as catalystll'. 

K,CO,. 125-1:O C .  N=O 
* C2H500C-  O-N=N-CH-COOCzH, 

C,H,OOC-N: I 
CH-COOC,H, R I 
R (32) 

(31 (HOCOOC,H,~ 

N := c - c 00 C, H ., 

(33) 

R ::: H, 74%: R = Ctl, ,  71q: 

I 
H 



164 M. Regitz 

Ethyl diazoacetate was also produced on  acyl cleavage of ethyl N-acetyl-N- 
nitrosoaminoacetate when barium oxide/barium hydroxide was used in methanol as  
a base (equation 16)112; i t  could not be predicted that use of ammonia in methanol/ 
ether as base would lead to generation of diazomethane. The reaction course shown 
in equation (16) was postulated on  the basis of 18-oxygen-labelling experiments to  
account for its 

o\ ,NO BaO. Ba(OH), .  C H , O H  
N,=CHCOOC,H, 

CH,COOC,H, 
S-N,  

H,C 

N H,+ 

Several a-diazo ketones, such as 2-diazo-I -ph~ny l -3 -bu tanone~~~ ,  3-diazo-5- 
me thy l -2 -hexanon~~~~ ,  3-diaz0-2-heptanone~~.' and 6-diazopcnicillanic esters 
(34)'15. IlG, have also been obtained by cleavage of the corresponding N-alkyl-N- 
nitroso carboxaniidcs. 

(34) 

R' = C,H,, R' = CH,-CCI,, ( A ,  pyridineichloroform) 

(chromatography on si l icagel  with chloroform) 
R'  = OC,H,, R' = CH,-C,H,, 

6. Diazo group transfer 

The principle of diazo group transfer consists in  the transfer of a complete diazo 
group from a donor D=N, to an acceptor A according to reaction (17); the latter 
must of course possess replaceable substituents o r  be unsaturatedllG-ll$. Tosyl azide 

D=N,+A - N , = A + D  (1 7) 

is most frequently cmployed as diazo group dcinor, being cxceptionally stable and 
easy to handle; in particular cases, azidiniuni salts and diazoalkanes theinselves (sec 
below) have proved their value. Thc spcclrum of diazo group acceptors is very large, 
ranging from active niethylene compouncls via z-acyl aldehydes, alkeiies, alkynes, 
cyclopropenes to metliylcnepliosplioraii~s, a i i c i  still expanding. 

a.  Ac/icc> nic/lrj-/cvw coiiiportds. Most diiizo group transfers to active methylene 
compounds probably occur by a 'triazcnc iiiccl~anisin'""-"', such as is shown in 
equation (18). 
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R1\ 
,C=N, + H,N-Tos 

R1\ 
,CH, + N,=N-Tos __f 

R’ R’ 

765 

Base I-. . 
- 

R’  - : I ; = N - - N - T ~ ~  R’  H-.. - 
*. > \C’i ~ T ~ N - T o s  

R?’ \N=N 
-3.. 

‘C= 
R’’ ‘H 

Diazo group transfers to activc mcthylene coinpounds are therefore dependent 
upon the presence of a suitable base. I n  complete contrast, the highly reactive 
azidinium salts119, which can bc regarded as N-diazonium sa11s120, transfer the N2 
group in neutral to acid media. The occurrence of triazene-type intermediates can 
again be assumed (equation 19)”’. 

C2H5 

A firm indication of the intermediacy of a triazene in diazo transfer is provided 
by the reaction of 1 -aryl-2-phenyl-l -ethanones o r  their potassium salts with tosyl 
azide (aryl = mesity1)122. In the case of aryl = phenyl, however, all available 
evidence suggests a triazoline structure of the intermediate, which can be isolated. 
Under the conditions of diazo group transfer i t  decomposes into azibenzil and 
potassium tosylamidate, while acid dcconiposition affords N-tosyldiphenylacetamide. 
Reaction (20) shows how its formation can be envisagedlz2S lZ3. 

0- Kf 
I 

I I  
:N: N,+ 

I 
Tos 

K f  -0 H Ki 
- 

II  
Tos-N, H5Cs*C6H5 Ring opening + H,C,-C-CH-C,Hs H,C,-C -?H-c,H, TosN, 

- 0 N 

(20) 
I 

H5Cs- C=CH-C,H, I p x  
0- Kf 

OH 
I +  /CbHs -C.H,. - H  H5CS-- C- CH-CsH5 

L C H  I 
:N:- / /  

TOS-HN CSH5 I 
T O S  

The decisive influence of the base upon the mechanism and product formation of 
diazo group transfer is illustrated, for instance, by diazo transfer onto diethyl 
malonate: while diethyl diazomalonate is expectedly formed in acetonitrileltriethyl- 
amine, ethyl N-tosyldiazomalonate is produced in ethanol/sodium ethoxide. A 
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plausible explanation of these facts could assume thc intermediacy of the triazene 
salt (35) in weakly basic media, but that of the triazoline salt (36) in the strongly 
alkaline rangcl?'. 

Thc  samc applies to cthyl ( 4 - n i t r o p h e n y l ) a ~ e t a t e ~ ~ ~  and to soinc extent also to 
the reaction of dicthyl nialonate with 5-azido-~-mctho>tycycloheptatrieiione in 
c t h a no I /sod i 11 m c t h ox i d c1 X. 

In  recent years the preparation of cr.-diazo 9-dicarbonyl compounds by diazo 
transfer has completely ousted all the other mcthods. Organic amines, such as 
piperidine, di- or tri-cthylamine in solvents such as acetonitrile, methylene chloride or 
ethanol, normally suffice to  transform the reactants into the reactive carbanions. 
Tosyl azide is used almost exclusively as diazo transfer agent127; azidiniiim salts are 
employed whenevcr a iicutral or acid reaction nicdiurn prevents azo coupling, e.g. 
in the convcrsion of phloroglucinol i n t o  1,3,5-tris(diazo)-2,4,6-cyclohexanetrione 
(95%)12R. If diazo group transfer fails to go to completion then the use of excess 
4-carboxybcnzenesulphonyl azide is reconinicnded since it can easily be removed 
together with the corresponding amide i n  an alkaline nicdiiim'?". Polymer-bound 
sulphonyl azide has recently also been cniployed as diazo transfer agcnt (equation 2 I ) ,  
without any obvious advantage130. 

A n i b e r l i t e  XE 305 (1) CIS0,H. 70 C C,H,C)tl/H,O/dioxanc 
NaN, 

? t P S O , H  - _____f 

(20% c r o s s - l i n k e d  (2, -1. CCI. 

pol y s t y r e  n e jd  I V I  n y I be nz e n e 

p o l y m e r j  R'COCH,COH' (21 1 
R'- C- C-C-R' 

? @ S - - N H ,  + II II II C,H,Ot;;N(C,H,), 

0 N, 0 
@-S-N, - 

0 2  0' 

Although of theorctical interest, diazo group transfers with diazo compounds 
themselves (o-diazoacctophenone", ethyl diazoi i i t roaceta~r~~")  are of no synthetic 
i n i  port ance. 

Examples involving acyclic a-diazo F-dicarbonyl compounds arc so numcrous tha t  
they cannot all be considered individually. Apart from syrnnietrica113no. 133-135 and 
u n s y in me 1 r i  ca I I 36 - :I8 diazonialonic dicstcrs [(37) and (38). respectively], diazo- 
malonarnic csters (39)139-181, diazoacetic esters (4O)lz78 133. lJ0- , and diazoacetaniides 
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(41)141e la2, a large number of 2-diazo I ,3-dikctones bearing alkyl, aryl or heteroaryl 
groups (42) have been synthesized'". lJ3-'I5. 

R? 
/ 

R'O- C-C- C-N, RO- C- C - C--OR R'O-C - C- C-OR' 
I1 I1 II I 1  I1 I1 II II II 
0 N, 0 0 N, 0 0 N, 0 R' 

/ 
H3C-C-C -C-OR H,C-C- C-C-N R'- C - C- C-R2 

I1 I I  I1 11 11 11 \R I I  I I  I 1  
0 N, 0 0 N, 0 0 N, 0 

(40) (41 1 (42) 

Diazo group transfer onto acyclic 1,3,5-tricarbonyl cornpounds undoubtedly first 
yields 2-diazo 1,3,5-tricarbonyl compounds (43), which then rapidly undcrgo 
sccondary rcactions. Givcn the correct stoichionietry of the starting componcnts and 
an appropriate choice of reaction conditions, reaction affords the 2,4-bis(diazo) 
1,3,5-tricarbonyl compounds (45)lJ6; otherwise the monodirlzo compounds (43) are 
subject to intramolecular azo coupling to give 3,5-diacyl-4-pyrazolones (44)Ia7. 

Intramolecular 
azo coupllng 

/ 

(45) 
(44) 

Further secondary rcactions following upon diazo transfer are observed when i t  is 
applied to a-niethylene ketones with an additional C=N or C=S group. Thus p-0x0 
imines are converted into triazolcs according to equation (22)11G. IJ8. 2-Acylmethyl- 
pyridines bearing an etido azomethine group undergo a completely analogous 
reaction to give triazolopyridines (equation 23)'.'9. In both cases, 1 ,S-cyclization 
occurs as a result of the electrophilicity of the terminal diazo nitrogen and the 
nucleophilicity of the imino N atom. 

Acylthioacetamidcs also react with tosyl azidc to give 4-acyl-5-amino-l,2,3-thia- 
diazoles via diazo group transfcr and subsequent 1,5-cyclization (equation 24)150. 
Diazo transfers onto rrutrs-fixed p-dicarbonyl compounds have also become so 
numerous that only a representative selection can be given (examples 46-57). 

In some cases, the formation of azo compounds, e.g. having structure 60, is 
observed alongside or even instead of diazo transfer onto cyclic $-dicarbonyl 
compounds (58). Their occiirrencc should be interpreted by assuming initial 
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R = CH,, C,H,, C(CH,),, 2-furyl ,  C,H, 

II I I1 
O H S  

H TosN,. CIH,OH or CH,CI, 
I N(C,H,), R'- C - C - C- NH-R' 

> I I  I I  I I  
0 N, S 

R'- C -C - C - NH -- R2 

(24) 

/ .  
H COOCH,C,H, 

(48)"' 

(52)'24 

0 

I 

C d 5  
(56)'59 

CH,- S-CH,C,H, 

N+$, 0 C H,- C,H I 

(49)'54 

& W 

(53) I I' 
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formation-in the usual manner-of the diazo compounds 59 which possess a highly 
electrophilic CN, group100; this group undergoes the unusual aliphatic azo couplipg 
reaction with unreacted 58 (58 + 59 -+ 60)'68. 160, IG1. Piior choice of the molar ratio 
methylene compound/tosyl azide readily permits the reaction course to be steered as  
a diazo or azo transfer (59 or 60). 

0 0- 

(60) 

The triazole isomerization already observed in diazo-group transfer onto acyclic 
p-0x0 imines also occurs in the cyclic series116. lJ8.  loz, 163 and has been studied 
particularly thoroughly in the 3-imino-1 -indanone system'", 163. It was found that 
para donor substituents in the phenylimino group promote 1 $ring closure (triazole 
formation in the case of X = OCH3), while acceptor substituents (X = NO,) or 
the unsubstituted group arrest the reaction at the diazo imine stage (equation 25). 

TosN,, C,H,OH 
C,H,OK 

(0 r taut o m er s) 

u-Methylene ketones 
are also accessible t o  

1,5-R1ng closure 
for X = OCH, 

Q 
x 

exhibiting additional proton activation by aromatic groups 
diazo group transfer (equation 26); alkali alkoxides a re  
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necessary as bases'?'. lZ3. In the case of 4-nitrophenyl groups. formation of the 
a-diazo carbonyl compounds also occurs in the  presence of organic amines8'p lC** 165. 

H 
I 

(26) 
'IiAY, 

R-C-C-Ar ___ > R-C-C-Ar 
I I  I I1 I I  
O H  0 N, 

R = CH,, Ar = C,H, (72y0)'220 l z 3  

Fi = Ar = C,H, (71y0)172*123 

R = 1-naphthyl, Ar = C,H, (76%)'229123 

R = C,H,, Ar = p-O,NC,H, (80%)16' 
R = OCH,, Ar = p-O?NC,H, (60%)" 
R = N-CO-C,H,, Ar = p-O,NC,H, (-)I6, 

b. a-Ac~Ialdclr~des.  At the close of the last section i t  became clear that successful 
diazo group transfer orito a-niethylcnc ketones requires the presence of at  least a 
further proton-activating substituent (e.g. the aryl group), weak though its effect 
may be. I f  such a substituent is absent, Claiscn condensation can be employed to 
introduce the strongly proton-activating formyl group which is released again in the 
course of the transfer reaction (equation 27). 

\ 
R2 = H, alkyl NH-Tos 

This reaction, known as deformylating diazo transfer11G-118, has found wide 
acclaim within a few years. Two variants of equation (27) are commonly encountered 
in preparative work. Either the sodium salts resulting directly from the Claisen 
ester condensation (generally with R' = H), or the free formyl compounds or their 
tautomers (generally with R? = alkyl) arc used as starting materials. In the former 
case a mechanistic alternative is conceivable, as shown in equation (28); the 

R-C- 
II 
0 

Na' 
- 

EH-CHO 

3. I / 
1 

T o s  

R- C- C- 
I1 I1 .. - 

- T o s - N H -  N a '  0 N, 
C H O  

(28) 

C,H,OH 
-HCOOC,H, I TosN,. C,H,Oti 

R-CC-CH 

0 N, 

::H H 
R - C - H O -  NaC 

0 I1 II 
N+ ,N-Tos // 

R -C-CH=CH-0- \A 

Nat 

-HC 
\r. 

N 
N - T o s  Na' 

pathway leading via a triazene or a-diazo F-0x0 aldehyde intermediate and 
subsequent solvolysis represents one possibility, and the triazoline mechanism 
anothcr. A decision in favour of one  pathway or the other on the basis of the product 
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distribution has SO far proved impossible because the sodiiim salt of A’-tosyl- 
fornianiidc formed by triazoline cleavage transforms into the sodium salt of tosyl 
amide under authentic conditionslGc. 16’. That the IoLvcr path\vay is followcd at least 
when free formyl compounds or their tautomers (27, R‘ = alkyl) arc subject to 
diazo transfer in the CH,CI,/N(C,H,>, system follows from the isolation of 
N-tosylforniamidelGGo 16’. 

The cyclic transfer mechanism is even more significant in  the conversion of v.- 
forniyl- or a-liydroxymethylenecycloalkanoncs into I-diazo-2-cycloalkanoncs 
(equation 29)lGC, lG8.  On the one hand, the postulated N-tosylforniamide is isolated in 
all cases and, on the other, formation of N-tosyl-2-oxocycloalkylcarboxaniides is 
also observed, albeit to a lesser extent. The lattcr reaction, which is associatcd with 
elimination of N,, is best understood in ternis of a branching of thc rcaction at the 
triazoline stage. The homologous serics of 1 -diazo-2-cycloalkanoncs with 5 to 12 
carbon atoms thus becomes readily accessiblclCG. icy, 

I 

H 

0 
TosN,. CH,CI, ,--Cc” 
N(C,H,), D cc  o rn 110 s I I 1 0  n --+ K H 2 L - 7  l,N\ ___- 

0 ’  
--C N 4 

\ / HA-.‘, -’-‘ NH -To5 

.OH 

Ring o p e n , n c /  OH Tos 
NH -To5 

Ring o p e n , n c / -  OH T o s  

A variant with respect to the second proton-activating group consists in replace- 
ment of the forniyl by the alkoxyoxalyl group: the few examples reported so far do  
not permit any conclusion as  to its value1i0* l i l .  

The scope of deformylating diazo transfer, on thc other hand, is so broad that 
o n l y  a rough survey can be given in  Table 4. The method has bceii applied to thc 
preparation of diazomethyl ketones, a-diazoalkyl ketones, a-diazo aldchydes, 
u-diazo carboxylic esters, u, P-unsaturated a‘-diazo kctones and of I -diazo-2-cyclo- 
alkanones of widely differing kinds. 

c. AIketzes. Diazo group transfers onto alkcnes occur primarily via 3 + 2  cyclo- 
additions of azides, as demonstrated by the following examples; subsequent 
decomposition is spontaneous and isomerization with ring opcniug usually requires 
base catalysis. 

Electron-rich enamincs display a pronounced tendency to add azidtsl*o; addition 
is regiospecific and affords t r i a z o l i n e ~ ~ * ~  which can be isolatcd i n  some cases’”’, lX3.  

However, on prcparation of a-diazo aldehydcs according to equation (30) thc tri- 
azoline intermediates prove just as impossible to isolatc133-1yj ;is i n  thc s)’nlhesis of 
ethyl diazoacetatc by the same method (equation 31)1“. 
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dione are also accessible via suitable enamines1*6. 
Diacylated diazomethanes such as dicthyl diazomalonate or 3-diazo-2,4-pentane- 

R’ = R’ = H,  R’ = C,H, (71%); R’ = R2 = CH,, R’ = CH, (68%); . R’ = R’ = CH,, R’ = C,H,(77%) 
N,=CH-COOC,H, 

C6H5-NH- C=CH-COOC,H, NH-C6H5 (31) 
TosN,. CH,CN. A + C H, 

I 

/ 
W - C \  

N-Tos 

Diazo group transfers onto electron-poor acylated alkenes naturally occur with 
relatively electron-rich azides. Thus dimethyl fumarate and benzyl azide give the 
triazoline (61), which isonierizes to the diazo ester (62) only in the presence of 
trie~hylarnine’~’ ; the reaction spontaneously goes to completion with phenyl 
azideI8’. 

CH,OOC H 
C.H,CH,-N, H++COOCH, 

’ C,H,CH,-N, ,N 
N’ 

X 
CH,OOC H 

(61 1 

.1 
CH,OOC-CH-C -COOCH, 

I II 
N H  N,  

I 
CH2 

I 
C6H5 

(62) 

Diazo transfers onto acrylic esters with aryl az ide~’~’  or glycosyl azideslEd all 
require base-catalysed opening of the triazoline ring. Reaction between acrylonitrile 
and phenyl azide leads to an equilibrium mixture of the cycloadduct and diazo 
isomer187. 

Diazo transfers from diazonlkancs onto cyclopropenes have recently become 
topical. Thus diazomcthane adds to dirnethyl 3,3-dirnethyl-l,2-~yclopropenedi- 
carboxylate to form the bicyclo[3.1 .O]diazahcxene (63) which can be transformed in to  
the diazo ester (64) by irratliationls3; this reaction is to be interpreted as a cyclo- 
reversion. A potrritial sourcc of interference is sccn in the possihle isomerization 
of 63 to the 1,4-dihydropyridazInc (65): howcvcr, in the present case this reaction 
only occiirs on proton 

Diazoalkane adducts with cyclopropcnoncs are far less stable: The bicyclic 
intcrmediates (66) cannot bc isolatcd, apparcntly undergoing spontaneous isomeriza- 
tion to the 2-diazo ketones (67)ls‘’# 190. 
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R’*O 
R’ 

H,C=N, 

COOCH, 

COOCH, 

(66) 

R’ = H, R’ = C,H,; R’ 

COOCH, 
/ 

N,=C 

775 

\ P COOCH, 

(64) 

+L CH,OOC 5 C O O C H ,  

H 

(65) 

Spontaneous R\  / C ,  R’ 
isomerizatlon c c’ -- II I I  

(67) 

0 
II 

N’ R’ /c\ R? 

= C,H,, R’ = CH, 

d. h.lefliyIeti~p.phosphoranes. Carbonyl-substitutcd niethylenephosphoranes react 
with azides either to form t r i a ~ o l e s ~ ” ~ ~ ” ’ ,  which is of no interest in the present 
context, or via diazo group transfer. Both the triazcnc (68) and the h”-phosphatriazole 
(60) are regarded as intermediates of the reaction by which ethyl diazoaccta!e191 and 

+ 
(C,H,),P-CH-COOR 

CH,CI, I 
(C,H,),P=CH-COOR + TosN,. N 

Tos-!, // 
- N  

(68) 

Rinq closure 1 R = CzH,, C(CHJ, 

H 

Decomposi t ion (‘6 5’3,‘ 

(C6H,y 
HC-COOR 

T ~ s - N  N I 1  + N- 
NZ I “4 

Tos  

(69) 

2-butyl diazoa~etatc1~3 have bccn synthesized. The preparation of N,N-dicthyldiazo- 
acetamide and of ethyl 2-diazopropanoate by the  same procedurelgl seems to be 
i ncorrcct19 I .  

e. Akytics.  P-Carbonyl ynaniines react with sulphonyl azides cntirely in the scnse 
of diazo group transfer; the It-acyl-5-amino-l-ar~lsulphon~l-l,2,3-triazoles u n -  
doubtedly formed as intermediates transform quantitatively into diazo isomers 
(cquation 32)’”. 

A complctcly analogous rcaction is observed between FH-ynamines and sulphonyl 
azidesIgG. Even though no direct proof is availablc for thc interinediacy of the triazole 



776 M. Regitz 

R’, /,o 
C 

I 
c 
111 + 
7 

,N\ R’ R’ 

Y 
so, 

I 
R‘ 

so2 
I 
R‘ 

Ring opening 

t? 
I 

R t  ,c, 
R” 0, 

N N-S-R‘ 

OCH, C2HS 

OCH, C2H6 

85 

63 

63 

93 

in diazo transfer onto P-carbonyl ynamines (equation 32), i t  nevertheless provides 
the only plausible explanation of the reaction course. In  numerous other cases, 
which will not be discussed in this context, 5-amino-] ,2,3-triazoles could be 
isolated or detected in equilibrium with the a-diazo amidine isomers by IH-n.m.r. 
~ p e c t r o s c o p y * ~ ~ - ~ ~ ~ ;  this also applies to the products of diazo transfer onto 
alkoxyacetylenes202- 

Understandably, diazo group transfers onto the electron-poorer, carbonyl- 
substituted acetylenes are performed with electron-rich diazo donors. One of the few 
examples reported so far utilizes methyl phenylpropiolate and 2-diazopropane. The 
cycloaddition is non-regiospecific and yields thc adducts 70 a n d  71 which can be 

H.C 

hv in 
benzene 1 Irv in 

benzene 

CH,OOC, ,C6% CH,OOC, F b H 5  

c-c //c-c\\ / / \  C-CH, 
N’ I H,C-C NZ 

c H, 
(72) 
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transformed photochemically into 72 and the structurally isomeric a-diazo carboxylic 
esters (73)?05- ?06. The reaction of dimethyl acetylenedicarboxylate with the same 
diazo transfer agent proceeds in a less clear-cut fashion since the normal reaction, 
shown in the above scheme, is masked by a double cycloadditionCo7. 

7. Substitution reactions 

The following substitution reactions at the diazomethyl carbon atom bear witness 
to the stability of the diazo group, even under drastic chemical conditions. Although 
the acylation of diazomethane208, which probably represents the most important 
reaction type, had long been known in numerous examples, the substitution approach 
has only come into its own during the past 10 years. 

a. Nitrofioti. Dinitrogen pentoxide in carbon tetrachloride is P suitable nitrating 
agent for ethyl d i a z o a ~ e t a t e ~ ~ ~ .  ? l o .  , loss of 1 mole of ethyl diazoacetate, which 
reappears as nitric acid estcr as shown in equation (33), simply has to be accepted 
and cannot be obviated by use of auxiliary bases?Io. 

YO, 

I+ NO,- 

- 

H-?-COOC,H, H-cC-cooC2H5 N,O,, CCI. 
-30 c H-C-COOC,Hs 

+N <---+ !+ I 
I 

Ill II 
I? ..N: - 

N 
(33) 

.. 
HC-COOC,H, 4 II 

v + 
H,C--COOCzHs Decomposition H,C-COOC,H, O,N-C-COOC,H~ 

I I1  
* - N ,  Nzf NO,- N, 

I 
ONO, 

f-Butyl diazonitroacetate prepared in the same way, and which is also accessible 
from di-f-butyl n1ercuriobis(diazoacetate)?'"# 21', warrants further attention. Degrada- 
tion of the ester group with trifluoroacetic acid in  ether affords diazonitro- 
methaneIy3. ':I1 whose acidic hydrogen can be nitrated afresh with dinitrogen 
pentoxide'", (equation 34). 

N2 N2 N, 

b. Acylu/ioti. Although acylntion reactions with diazoacetic ester were known 
earlier2I3, the work of Arndt and Eistert?O* provided the foundation for the ensuing 
rapid devclopmcnt of the method2'4-2'G when they conductcd the acylation of 
diazomethane in a manner that suppressed the formation of %-halo ketoncs2Ii-??'. 
Possible acylation reagents are acyl halides, carboxylic anhydrides (or mixtures of 
carboxylic acids with carbodiimides) and acyl isocyanates. Sulphonyl chlorides do  
not react with d iazomet l~ane~?~;  i t  remains t o  be seen how far this statement must be 
qualified in the light of the reported sulphonylation of diazophenylmethane by 
tosyl chloride2?3, In any case, equation (35) clearly shows that carbonylation takes 
precedence over siilphonylation when the two are  in  competition'". 
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0 0 

Evidence has also recently become available in support of sulphoxylation of 
diazomethane, as indicated by its reaction with phenylsulphinyl chloride; formation 
of the a-diazo sulphoxide (74) is accompanied by production of the. S/CI insertion 
compound (75)22s. 

CE,=N,, -78' c 
C6H,-S-CI + C6H,-S-CH+C6H,-S-CH,CI 

0 0 I1 0 

A mechanism was formulated for the reaction between diazornethane and acyl 
chlorides some time agozt6 and has rcmained unquestioned to this day. It invokes 
initial nucleophilic addition of the diazoalkane to the highly electrophilic carbonyl 
group and in its second step accounts for the loss of 1 mole of diazomethane during 
this reaction (equation 36). 

Loss of a mole of diazomethane is generally acccpted, although several examples 
are known in which its basic function (rcmoval of HCI from the diazonium inter- 
mediate) can be accomplished by organic a r n i n e ~ ~ ~ ' - ~ ~ " .  Diazoniethane can also be 
replaced by precursors such as N - m e t h y l - N - n i t r o ~ o u r e t h a n e ~ ~ ~  or N-methyl-N- 
nitrosourea232. Steric factors can prevent acylation of diazomethane, as demonstrated 
by the failure of 2,4,6-trimethylbcnzoyl chloride to reactz3:', or strongly suppress it, 
as in 2-chloro-6-tnethoxybenzoyl chloride234. One of the  rare cases in which diazo- 
methane is not acylated in spite of favourable structural conditions is encountercd 
in the reaction of hippuric acid. C0ntrar.y to thc original reports235, diazomethane 
acts only in its capacity as a base in the cyclization to the oxazolone (76) which 
involves elimination of HCIz3'j. 

H 
N-CH, N-CH, 

/ \  / / \  
b- c., C=O * C6H,-C. c=o ~ \\ I ? 

O CI 

Secondary reactions are to bc espectcd on acylation of diazoniethane with a,(% 
unsaturated ncyl chlorides. Hence in the reaction between diazomethane and 
cinnamoyl chloride, which has repeatedly been exaniincd172- 233i -212 , acylation is 
always found to be accompanied by 1,3-dipolar cyclorlddition; whether AI- or Ax- 
pyrazolincs are formed will depcnd upon thc  duration of reaction, and whether 
further acylation of thc cycloadducts occurs ivill dcpend upon thc molar ratio of the 
reactants (equation 37)IT2- 2 '1 -  1 1 2 .  
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0 

119 

Diazoacetylpyrazolines also appear during acylation of diazomethane with 3,4,5- 
tris(acetoxy)cyclohesenc-1 -carbony1 chloride2a3, a-(4-chlorophenyl)cinnamoyl chlor- 
ideC4', ar.d a-bromocinnamoyl chlorideCa5. In the last-named example the reaction 
can also be directed SO as to largely suppress 3 -k 2 cycloaddition. That steric factors 
are responsible for this behaviour follows from the corresponding reaction of 
a-methylcinnamoyl chloride, which initially leads to 77 and then only slowly to 
78 240. 

I // 2 H,r;=N, H C=N 
c,H,-CH=C-C, --CH,C,, -.,,t C,H,-CH=&-C-CH 

II II 
0 N2 CI 

Pyrazoline formation does not occur at  all with chlorinated acryloyl chlorides246G. 247. 

This also applies to acyl chlorides having carbon-carbon double bonds or triple 
bonds in the p,y position o r  more remote from the carbonyl group (for examples, 
see Table 5) .  

Acylation reactions with carboxylic anhydrideszaR likewise require 2 moles of 
diazomethane, one for diazo ketone formation and one for carboxylic ester formation 
as shown in equation (38)249s wo. 

2 LI,C=N, 
R' - C-0  - C- R' - 

-S, 
R' -C-CH + R* -COOCH, 

II  I1 II  I1 
0 0 0 N, 

R' = C,H,, Rz = OC'H,; R' = CH,CH(CH,),, R' = OC,H,; R' = H, R' = CH, 

The uniform course of cleavage of unsymmetrical anhydrides can be attributed to 
preferential attack of the more electrophilic CO group by diazornethane (when 
RI-CO is considerably more reactive than R'-CO). A directed diazo ketone 
synthesis is therefore accompliShcd by SLIbJCCtIng carboxylic anhydrides with co 
groups of diil'erinp rcactivity to rcaction with diazomcthane. Unsymmetrical 
carboxylic anhydrides mccting these rcquirenicnls can bc synthcsized from carboxylic 
acids and ethyl chloroformate i n  the presencc of triethylamine. Sclcctcd examples 
illustrate the utility of this variant (79 21r1,  80 251, 81 35J). 
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The acylation reactions can also be carried out with carboxylic acids after prior 
treatment with dicyclohexylcarbodiimiae to forin the corresponding anhydrides, 
which are then subjected without isolation to reaction with diazornethanc; the diazo 
ketones 82a 251 and 82b were obtained in this way. 

Acylations of a-diazo carbonyl conipounds are restricted almost exclusively to 
reactions bctwcen acyl chlorides and diazoacetic ester. Once again nioisturc must be 
excluded because ester and anhydride formation have been observed as a consequence 
of partial hydrolysis of thc acyl chloride to the carboxylic acid255- 25G . In principle, 
ethyl diazoacetate can also be acylated with anhydrides, as demonstrated by the 
reaction with trifluoroacetic anhydride shown in equation (39); consumption of 
diazo ester can be reduced by neutralizing the trifliioroacetic acid inevitably formed 
with pyridine257v 25R. 
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n h 

ti 

Acyl isocyanates have recently been found to be suitable acylation reagents for 
diazomethyl carbonyl compounds (equation 40)25'Jv 260. The success of this reaction, 
which has still not been exploited to the full, appears to be attributable to the 
enhanced electrophilic nature of the heterocuniulene CO group due to the acyl group. 

A C,H,--C-N=C=O+HC-C-R A C6Hs-C-NH-C-C-C-R (40) 
I1 II I I  II I1 11 I1 
X Nz 0 X 0 N, 0 

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

Since diazoacetic esters show less tendency to undergo cycloaddition with electron- 
poor olefins Ihan diazoniethane, they are smoothly acylated by cinnamoyl bromide213. 
In other cases 3 + 2 cycloaddition is actually observed, but acylation still 
dominates2G1. 2G2. 

The synthetic examples presented in Table 5 arc intended to demonstrate the 
versatility of diazoalkane acylation. 

c. Mclalurion. Systematic studies on the metalation of diazoalkanes were 
investigated only a few years ago, although the niercuration of ethyl diazoacetate 
has been known for SO years"8". Thc same diazo compound is rnetalated by butyl- 
lithium in ether or tetrahydrofuran/ether at  - 110 0C290. 291. Ethyl lithiodiazoacetate 
is also accessible by transmetalation from diethyl mercuriobis(diazoacetate) 
(cquatiuli 41)2g". Since the lithium compound is unstable it is reacted directly with 
electrophiles at low 291. 

C'H LI C II LI CIl Lior 
-1 , j"C idsi i ,  --170 'c  

HC-COOC,H, LiC-COOC,H, - Hg C-COOC,H, (41) 

Nz II N Z  II [:, 1, 

NZ N, II  [:. I, 

Metalation of ethyl diazoacetate with methylmagnesium iodide is likewise feasible 
a t  very low temperatures; i t  remains an open question whether the ethyl(iod0- 
magnesio)diazoacetatc (83) coexists with 84 and magnesium iodide in a conceivable 
'Schlenck equilibrium'2B1. 

2 H,CUJTI, ether/THlz 

-2 en, > 2I-Mg-C-COOC2H, Mg C-COOC,H, +MgI, 
-G5 "C 

2 HC-COOC,H, 
II  

(83) (84) 

While 83 is known only in solution, diethyl zincio- and cadmiobis(diazoacetate) 
can be isolated as tolerably stable oils202. They are prepared by metalating ethyl 
diazoacetate according to equation (42) with zinc or cadmium bis(trimethylsily1) 
amide. 
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Mercuration of ethyl diazoacetate occiirs on mere treatment with mercuric oxide'80, 
apparently due to its CH acidity. The reaction takes place in ether, light petroleum, 
or methylene chloride and can be applied generally to diazomethylcarbonyl com- 
pounds, as shown in equation (43). 

R = 0-CH(CH,), (50y0)293 R = CHI (83y0)293 
R = 0-C(CH,), (72y0)"' R = C(CH,), (817'0)29s 

R = 0-C,H, (79%)''' R = CH=CH-CH=CH-C,H, (67y0)"' 

R = C,H, (97%)29' 
OCH, (76%)'94 R=CH=CH 

An alternative to mercuration of ethyl diazoacetate with mercuric oxide is provided 
by metalation with mercury bis l t r imethyl~i1yl)amide~~~;  mercuriobis(diazomethy1 
ketones) are also accessible via the  same methodzgG. Apart from the metal amide 
method29g?, 29G , a second possible approach to the preparation of alkyl- or aryl- 
mercuriodiazomethylcarbonyl compounds consists in mercuration with mercury 
a l k o x i d e ~ ' ~ ~  (equation 44). 

RY-CO-CH.=N, R'-Hg-C -C-R  
R'-Hg-N SiYCH, I I  II ( CH, ' N, 0 ' -HN SC-CH, 

(44) -C,H,OH R'-CO--CH=N, T (Method A) :H, 1, 
R'  = CH,, R ' - - OCH, 
R' = C,H,, Rz -- OC'H, 
R' = C,H,, R' = OCH, (6, 84%) R'-Hg-OC,H, 

(B, 86%) 
(A,  60%) 

(Method E; 
R' = CH,, R' = CH, 
R' = CH,, RZ = C,H, 

(A, 95%, B, 79%) 
(A,  90%, B, 75%) 

The acidity of diazomethylcarbonyl compounds also permits the analogous direct 
introduction of silver with silver 288. Unlike the corresponding Hg deriva- 
tives, argentiodiazomethylcarbonyl compounds (85) are thermally unstable and can 
be isolated only with difficulty. 

GO ' C  -n,o > 2 AS-C-C--R 2 H-C-C-R+Ag,O 
I1 I I  I I  I 1  
Nz 0 Nz 0 

R = OCzil,, CH,, C,ti, (85) 
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Methyl diazoacetate can only be silylated by a circuitous route proceeding via 
methyl diazotricthylstannylacetate, which exchanges its metal group on warming 
with br~motrimethylsilane (equation 45)300. 

Nz N, 

In contrast, ethyl diazoacetate can be germylated directly by the ’nietal amide 
method’ to give ethyl diazotrimethylgermylacetate””?~ 301. Ethyl diazotrimethyl- 
stannylacetate and other stannylated diazomethylcarbonyl compounds (86) are 
obtained by the same method30°, 302. 

R:Sn-N(CH,),+HC-C-R2 m, R:Sn-C-C-R2 
ether 

I I  I I  I1 I I  
N, 0 Nz 0 

(86) 

R’ = CH,, Rz = OC,H,(100%); R’ = C,H,, Rz = OC,H,(lOO%);R’ = C,H,, Rz = CH,(80%); 
R’ = C,H,, Rz = C,H, (100%). 

Bifunctional stannylation reagents such as  bis(dimethylaniino)dimcthylstannane 
react with ethyl diazoacetate in the molar ratio 1 : 2, as demonstrated by the 
formation of 87302. 

(CHJzSn“(CHs)z1?+2 HC-COOC,Hs --2 IIN,CLI,,, (CH,),Sn C-COOC,H, 

NZ I1 i:, i, 
(87) 
60-70% 

The ‘metal amide procedure’ is also the method of choice for introducing 
organolead groups in to  diazomethylcarbonyl compounds; some examples are shown 
in equation (46)*02, 303, 304. 

Ethcr, -3010 + 2 0 ‘ C  (CH3),Pb-cC-cC-R 
I1 II 

(46) 
N2 0 

+ HC-C-R 
II I t  
N, 0 

R = OC,H,, CH,, C,H, 

The ethyl diazodimethylarsenio(antin1onio and bismuthi0)acetates are the first 
known representatives of diazomethylcarbonyl compounds bearing an As-, Sb-, or 
Bi-containing group on the diazo carbon atom; they were also synthesized by the 
‘metal amide method’305. 

d. Sithstitution via nietalated deriuatices. Since metal atoms such as lithium, silver 
or mercury are more readily replaced than hydrogen in substitution reactions at  the 
CN2 group, attention has recently been directed to performing transmetalations, 
halogenations, and also alkylations, via such derivatives of diazomethylcarbonyl 
compounds. 

For instance, the highly reactive compound ethyl lithiodiazoacetate reacts at  as 
low a temperature as - 100 to - 110°C with trialkylnietal halides to form the 
correspondingly metalated diazoacetic esters (88)291. 3u3. 

27 
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R,Me-C-COOC,H, R,MeCI Li-C-COOC,H, 

-LIcI 
i- I I  

N, -LiCI 
II 
Nz 

t 

(88) Me = Si, R = CH,zql 
M e  = Sn, R c C,H, 
Me = Pb, R = CH, 301 

The same method was used to prepare the first representative of the previously 
unknown boron-substituted diazoacetic esters, viz. 89 2s1; i t  can also be synthesized 
from diethyl mercuriobis(diazoacetate) and 2-chloro-l,3,2-benzodioxaborole?g'. 
Applying the same approach to the Hg derivative and trisubstituted iodosilanes 
affords silylated diazoacctic esters (80-90%)306. A variant of the procedure consists 
in the introduction of organosilicon, organotin or organogermanium groups by 
reaction of diethyl mercuriobis(diazoacetate) with corresponding organometal 
sulphides (equation 47)303. 3 0 7 s  308. 

Hg C-COOC,H, +(R,M),S - 2 R,M-C-COOC,H,+HgS (47) 
I1 [:, 1, N2 

R = CHI, M = Sj3071J08, Ge303, Sn303 

Direct halogenation of diazoniethylcarbonyl compounds has not yet been reported. 
Hence, the reaction of metal derivatives with halogens or halogenated reactants 
represents the only possible method of halogenating the diazomethyl carbon atom. 
Some details concerning the preparation of halogenated diazoacetic esters by this 
procedure are given in equation (48)"09- 310; they are rather unstable oils. Bromina- 
tion3OQ and i ~ d i n a t i o n ~ " ~  are also possible via ethyl argentiodiazoacetate. 

HnlonemLion 
> X-C-COOC,H, 1 I I  

J, N, 
X = CI (SO,CI, in CICF, at -30 "C, 30Y0)309 
X = Br (Br, in ether/THF at -100 "C, 80-90~0)300 
X = I (I, in ether at O"C, 70-90~0)30D~3'0 

Diazomethylcarbonyl compounds can be C-alkylated by reaction of their lithium, 
mercury or silver derivatives with Sxl-active halides. Thus ethyl lithiodiazoacetate is 
smoothly alkylated with ally1 iodide to give 90 the analogous reaction with 
tri-1-butylcyclopropenylium tetrafluoroborate plausibly affords 91 311. 

% 

&--COOC,H, 
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Carbon-alkylations are most successful with silver compounds; several examples 
arc shown in equations (49)2gss 

R'-CH,Hal+Ag-C-C-R' - R'-CHz-C-C-R'+AgHal (49) 
II  I1 II II 
N2 0 Nz 0 

R' = CH=CH,, Rz = OCzH5 (66%); R' = C,H,, RZ = OC,H, (59%); R' = CH=CH,, 
Rz = CH, (25%); R' = CH=CH,, Rz = C,H5 (55%); R' = CH=CH,, Rz = 2-thienyl (52%) 

Particular mention should be made of the reaction between ethyl argentiodiazo- 
acetate and crotyl bromide since i t  affords an isomeric mixture of 93 and 94 (51%, 
85 : 15)z00. Its interpretation assumcs the intermediacy of the ion pair 92 which leads 
to branching of the reactionzY9. 

Ag- C-COOC,H, 
CH,-CH=CH-CH,I + II 

Nz 

1 
CH3-CH=CH-CH2- C -COOC,H, 

I1 
NZ 

(93) 

CH,=CH-CH-C -COOC,H, 
I II 

CH, N, 

(94) 

Finally, the C-alkylation of diethyl mercuriobis(diazoacetate) with broniotri- 
phenylmethaneZg9, which inexplicably fails when attempted with ethyl argentio- 
diazoacetate, also warrants attention. 

e. Addition reactions. The CH acidity of the diazo component is of decisive 
importance for addition reactions of diazomethylcarbonyl compounds to C=O or 
C=C double bonds which leave the diazo group intact. An historical precursor of 
this kind of reaction is the aldol-type addition of ethyl diazoacetate to alloxan 
tetrahydrate which gives the diazo ester 95 312. 

N Z  
I I  

HC-COOC,H,, without solvent HO C. 

O 2  r n  N, 
HN N H  '4Hz0 
Y- 

O 

-COOC, H, 

--+ O+? 

HNKNH 0 

(95) 

The base-catalysed reaction of I-diazo-3-phenyl-2-propanone with bcnzaldehyde 
is of particular interest in that reaction occurs cxclusively at the diazomethyl carbon 
to form 96 and not at  the active CH, group (formation of 97Y3. 
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C,H,-CH.-C---CH + C.H.-CH 

(97) 

Numerous cases of such base-catalysed aldol additions of ethyl diazoacetate and 
I -diazo-2-propanone to aldehydes have been discovered ; equation (50) shows some 
representative examples".'. 

KO11 in etlinnol 
or mrtllniiol 

(50) R' - C H 0 + H C - C - R2 > R'-CH-C-C-R' 
I I  I I  I I l l 1  
Nz 0 OH N, 0 

R' = CH,, R' = OC,H, (90%); R' = CH(CH,),, R' = OC,H, (80%); R' = C(CH,),, 
R2 = OC,H, (70%); R' = Cyclohexyl, R' = OC,H, (90%); R' = C,H,, Rz = OC,H, (60%); 
R' = C,H,, R' = CH, (68%); 

R' = O ' N O ,  R' = CH, (86%) ; R' = CI , R' = C,H, (40%) 

C l  

1,2-Additions of ethyl diazoacetatc and 1-diazo-2-propanone to aldehydes occur at 
very low temperatures on use of organometallic bases such as lithium diisopropyl- 
amide or ~ z - b ~ t y l l i t h i u m ~ ~ ~ .  The diazomethylcarbonyl compound may of cnursc be 
metalated first and then reacted with  aldehyde^'^". 

The result of the reaction between I -chloro-3-diazo-2-propanone and benzaldehyde 
depends upon the molar ratio of the reactants; 1 : 1 reaction proceeds stereoselec- 
tively via Darzens condensation to give 98, while working with an excess of 
benzaldehyde leads to both 98 and a diastereomeric mixture of 99314ib. 

0 0 

(98) (99) 

The importance of the electron density at  the carbonyl carbon atom for aldol 
additions becomes plain on going to the less reactive ketones. Hence ethyl diazo- 
acetate still adds to cyclobutanone in  a KOH-catalysed reaction314; however, other 
ketones require use of organometallic bases such as n-butyllithiuni which enhance 
the nucleophilic character of thc diazo carbon atom (equation 51)291. 

HC-COOC,H, 

I1 
N2 n = 4 (KOH); n = 5 (C,H,Li); n = 6 (C,H,Li) 
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Aldol additions lead to cyclization if the diazomethyl and the carbonyl group are  
components of the same molecule; this is demonstrated by equations (52) and (53)315. 

There are only few examples of addition reactions with acyclic a-dicarbonyl 
compounds, such as that of ethyl phenylglyoxylate with ethyl diazoacetate leading 
to 10O3l3. Addition of the same diazo compound to dimethyl acetylphosphonate is 
also of interest in this context; i t  proceeds \vithout catalysis and leads to 101 316. 

H,C-C-P(OCH,), ”% ,CooCzHs C,H,-CO-COOC,H, I1 I1 C C,H,OH/C,H,ONa HC-cOOC,H, 0 0  
I It  f 

C,H,-~H-COOC,H, ‘ N 2  

By way of contrast, addition reactions to cyclic 1,2-di- and I ,2,3-tricarbonyl 
compounds are numerous. Owing to the pronounced reactivity of the central CO 
group, the latter compounds d o  not require base catalysis; neither do  sGme of the 
1,2-dicarbonyl compounds. Compounds 102-106 represent typical adducts. 

Disregarding the  addition of ethyl diazoacetate to N-cyclohexylidenebenzyl- 
amine3* I, I ,2-addition has only been reported for azomethines bearing powerfully 
electron-withdrawing substituents, as illustrated by examples I07 and 108 325. 

HsC, CbHs wo HO Yz C-C-R‘ :: H s c ; H H s  

OH 
C-COOC2H, 
I I  HO C-COOCzH, 

II 
N2 

I O Nz 
(103) 

c2Go 
RZ 

(1 02) 59%3‘0 (104) 
(86%)”’ 99%’,’ R = OC,H,, R’ = CH, 

R = C,H,, Rz = CH, 
R = CH,, R’ = H 
f? = OC,H,, R’ = OCOCH, 

(40%) ”’ 
(50%)”* 
(74%)’19 
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N* 
I1 

HO C-COOC,H, 

O Q  (1 05) 

80%322 

FS, 
NH-Tos C=N-C -C,H, 

CI,C-CH=N-To5 HC-cOOC,H, F.C’ 8 I 
CIJC-CH-C-COOC,H, < - II 

N, 
II 
N, 

(1 07) NH- C-C,H5 
I1 

F3C-C - C-COOC,H, 
52% l o  

I I1 
F,C N, 

(1 08) 
78% 

Electron-rich olefins such as 1,1’,3,3’-tetraphenylbis(imidazolidin-2-ylidene) (109) 
react with 2 moles of diazomethylcarbonyl compounds to give a-diazo aminals 
(l12)325. The reaction mechanism could involve initial protonation of the olefin 109 

7 e H S  7 6 H 5  
HC-C-R 

78, y5 
- 

:C-C-R II I! N H  

N ,  0 ~ CNY-(3 [)=(I I I I I 

A 

;? 8 
C6H5 C6H5 C6HS C6HS 

(1 09) (110) 

C,Hs 
HC-C-R I 

7 6 H I  

N H  

HsL6 N2 

II II 
N, 0 [): [ Nxc- II C-R II 

I 
C6H5 

(111) 

R = OC,H5 (78%); OC(CH,), (72%); N(C,H,), (‘12) (69%); N 3 (100%) 

by the CH-acidic diazo compound to give 110, which decomposes to form the  diazo 
aminal 112 together with the nucleophilic carbenc 111. I t  has not yet been established 
whether the latter product undergoes direct CH insertioil with the diazomethyl- 
carbonyl compound to give 112 or re-enters the reaction after dimerization to 109 325. 
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Diazomethylcarbonyl compounds react with enaniines in ihe manner of a C -  
alkylation without cleavage; the possible 1,3-dipolar cycloaddition fails to occur 
(equation .54)314. This reaction is also to be interpreted as a consequence of the CH 
acidity of the diazo component. 

.--Rl 
, R' = OC'H, (81%); : =c R' = CH,, R' = OC,H, (81%); 

L - - RI 
- - -RI  

, R' = C,H, (36%) 
L -. Rl =c 

f. Acyf clenvagc. %-Diazo P-dicarbonyl compounds have long been known to 
undergo acyl cleavage in basic media (equation 55)2131 328. The first-mentioned 

(55) 

A Ihllnc-awl 
clcavane tx-0n1 R' - C - C- C - R' - R' - COOX + H C -C- R' 

II I1 I I  I I  II 
0 N, 0 N* 0 

R' = C,H,, Ra = OCH,, X = CH,?', 
R' = Rz = CH,, X = H lZ6 

example and the following cleavages clearly show that in cases of unsymmetrical acyl 
substitution of the diazo carbon atom the group removed is always the one which is 
most susceptible to nucleophilic attack. 

This reaction on!y acquired synthetic utility since a-diazo P-dicarbonyl compounds 
had become readily accessible by diazo group transfer. The most important examples 
are  those involving a-diazo p-0x0 carboxylic acid derivatives of type 113 from which 
the acetyl group is generally removed to give 114. The reaction can also be executed 

by starting from suitable methylene compounds and choosing conditions that will 
permit diazo group transfer and acyl cleavage to occur in a one-pot reaction142. In 
some cases it is convenient to work in a two-phase system with addition of a quater- 
nary ammonium 
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The acyl cleavage of cyclic a-diazo P-dicarbonyl compounds is of course 
accompanied by ring opening, as demonstrated by the reaction of diazodimedone 
with caustic soda solution (equation 56)'?O. Ring cleavage may, however, also be 
followed by other reactions, as in the case of 2-diazo-] ,3-dioxoindan (equation 57)327. 

B. Phosphoryl Diazo Compounds 

In contrast to carbonyl diazo compounds, our knowledge about phosphoryl diazo 
compounds is all very recent. Parallels and differences in syntheses and reactions are 
apparent from studies performed during the past 10 years; thcy were motivated in 
part by problems of organophosphorus chemistry. 

I. Diazotization of amines 

Although they are weaker proton activators than carbonyl groups, the influence 
of PO groups nevertheless suffices to promote deprotonation of the diazonium 
intermediates generated on diazotization of amines. Hence it  is understandable that 
aminomethylphosphoryl compounds can be transformed into diazomethylphosphoryl 
compounds by reaction with nitrous acid (equation 58)328-331. 

P-CH 
NaNO,. H,C--COOH R'\ __- P-CH, 

R'\ 

,'I1 I ,'I1 II 
R-  0 N H ,  0 N, 

R8 := R? = OCH,l>8; R' ~ R? = OC,H,I-'?. , R '  = C,H,, 
R ?  = OCH,lJO; R'  = R' = CgH,l:*,JJI 

Apart from the above compounds, only (diazobenzy1)diphenylphosphine oxide 
(R' = R2 = CeH5, CsH5 in place of H)332 and (diazobenzyl)bis(4-methoxyphenyl)- 
phosphine have been synthesized by this method. Mineral acid media should 
be avoided to prevent acid-catalysed d e c o m p ~ s i t i o n ~ ~ ~ .  

2. Bamford-Stevens reaction 

The Barnford-Stevens reaction is an extremely good method for the synthesis 
of a-diazo phosphonic esters and a-diazo phosphinic esters; whether the procedure 
also leads to a-diazo phosphine oxides is not yet known. Its use requires ready 
availability of the @.-ox0 phosphoryl compounds, a condition generally satisfied by 
the Michaelis-Arbusov reaction which rarely fails to give the desired compound. 
The overall sequence is depicted in equation (59). 
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- K‘X 
P +  

0 R’ 
R?O’ I 0 

R ’  = Aryl. OAlkyl 

NH-Tos 

kH- (59) 
R’ 

In  numcrous cases i t  is possible to isolate sjw/mzfi isomeric tosylhydrazones and to 
cstablish the configuration at the C=N double bond by n.m.r. spec t r~scopy~: ’~-  335, nsc; 
however, this is of n o  consequence for thc ensuing alkaline cleavage (e .g  115 -* 117 
and 116 -> 117)3335. 

‘P- 
C, H ,0’ 8 C-C,H, 

II 
0 r- 

I 

T G S - N H -  NH,.’ 
1, C,H,OH i 

i 

Dimethyl z-tosylhydrazonophosphonate has recently also been found to undergo 
cleavagc to dimethyl z-diazophosphonate and toluenesulphinate on treatment with 
sodium borohydride in methanoP7. However, the method does not appear to have 
any advantage over the usual alkaline cleavage. Surprising!y, when the same reaction 
is attcmpted in the aprotic solvent tetrahydrofuran, the tosylhydrazones are reduced 
to methylene 

Table 6 conveys an impression of the scope and vcrsatility of the Bamford- 
Stevens reaction as applied to the preparation of v.-diazo phosphinic and a-diazo 
phosphonic esters. Many phosphoryl diazo compounds can be purified by distillation, 
being much more thermally stable than their carbonyl a n a l o g ~ i e s ~ ~ ~ ~  338. 

Two secondary reactions may attend the synthesis of unsaturated phosphoryl- 
diazoalkanes, viz. intramolecular 3 + 2 cycloaddition and I ,5-cyclization. The latter 
process is observed during the synthesis of dimethyl (I-diazo-2-alken-1-y1)phosphon- 
ate (11s) and is extremely dependent upon the substituents attached to the double 
bond. Hence 11% defies direct detection by rapid ring closure to give 119a347; 118b 
and l l S c  can be isolated but cyclize slowly to 119b and 119c, r e ~ p e c t i v e l y ~ ‘ ~ . ~ ‘ ~ ;  
while 118d and 118e do not display any tendency to undergo 1,5-ring 
~ l o s u r e ~ ~ ’ ~  31G, 317. The chemistry of the  carbenes derived from 118 has become a 
topical field of study during recent years34G# 348. 34’5. 
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R’ 
OCH, only for a-c 

R< / 
R’ 

OCH, Na,CO,in H,O ,,c=c, RI / /c=c\ 
R’ c- P\ (R‘ = h) 

P R’ c- P, / hexane or  elher 

/!, AOCH,  i2 8 OCH, 
I 
NH-TOS (1 18) 

a: R’ = C,H,, R’ = H. R’ = CH, ( fast  cyclization) 
b: R’ = C,H,, R‘ = R1 = H (s low cyclization) 
C: R’ = CHI, R’ = H, R’ = CH, (slovr cyclization) 
d :  R ’  = R? = CH,, R3 = H ( n o  cyclization) 
e :  R’ = C,H,, R’ = CH,, R’ = H (no cyclization) 

Ri R3 

(119) 

The second reaction typc, viz. intramolecular I ,3-dipolar cycloaddition, is 
encountered with cl-diazo phosphinic esters (120) bcaring an unsaturated ether group. 
In all cases the diazo compounds can bc detected at  least by the appearance of the 
diazo stretching frequency in the i.r. spectrum; they transform a t  various rates into 
heterobicyclic compounds of type 121350. A methyl substituent attached to one of the 
two double bond sites of the ally1 group in the cases of R = C,H, considerably 
retards the intramolccular c y c l ~ a d d i t i o n ~ ~ ~ .  

O R  O R  0 
I1 I I 1  I 

I I 
0 4  0.4- 0 

C6H5- P-C=N-NH--Tos -+ C,H,-P-C=N, -+ 

(1 20) (121) 

R = C,H, (62%); -OCH,(66%); Cl(31%); CH,C,H, (35%) 

3. Diazo group transfer 

Diazo group transfer has a very important part to play in the preparation of 
or-diazo phosphine oxides, u.-diazo phosphonic esters and x-diazo phosphinic esters; 
this applies to both CH-acidic compounds and diazo acceptors containing partially 
unsaturated structures. 

a. Active ttietliyletie coriipoutrds. As with thc Bamford-Stevens reaction, the 
Michaelis-Arbuscv reaction again proves invaluable for the synthesis of the starting 
materials. Deprotonation of the niethylene compounds to give the reactive carbanions 
is cffected with organic arnines, alkali alkoxides, or organometallic bases as required; 
tosyl azide serves almost exclusively as diazo transfer reagent*z7 (equation 60). 
Table 7 reveals the wide range of variation of substituents R* to R3. 

RI ( 1 ) De pr olonit 1 ion 

+ P-C-R’ (60) 
RI (”1 TosN. HalC-R’ .\ P-cC-RR3 2 

-?- H, - RHal --TOSNH, /I1 I t  
R f I I  H* 

RI 
R’O N, t l  

R- OR 0 

An account of some secondary rcactions associated with diazo transfer onto 
PO-activated methylene compounds completes this impression of the scope of the 
method. For instance, reaction of the pliosphorylacetaniide (122) with tosyl azide 
furnishes the triazole (124) which, however, can undergo thermal conversion into the 
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TABLE 7. Phosphoryl diazo compounds by diazo group transfer 

\ 

,;-;-"' 
R? 0 N, 

Yield 
R' R, R3 Solvcnt/basc (%) Reference 

C I O  

C6H5 

. .  

CG H5 

COCH, 

Ether/nionoglynie, CGHjLi 30 

Bcnzcne/THF, C,HBLi 25 

Benzene, (CH,),COK 44 

C6H.5 C6H5 

c6 H.5 

100 

75 

72 

71 

CGH, 
C,H50 

CH,O 

C ,  H,O 
C2H50  
OCH, 
OCH, 

O w l  

COOC,H5 

C6H.i 

COOC,H, 
PO(OC,HJ2 
COCH, 
COC,H5 
COOCH, 

BcnzenePHF, (CH,),COK 
Benzene, C~HSLI  

Benzcnc, (CH,),COK 

Benzene, (CH,),COK 
Benzene, (CH,),COK 
Benzene/THF, (CH,),COK 
Benzenc/TH F, (CH,),COK 
BenzenciTHF, (CI-I,):,COK 

57-60 
24 

35 

37 
35 
31 
42 
33 

338, 351 

340 

338, 351 

338, 351 

35 1 

352 

353 

354 

351, 355 
338, 335 

336 

335 
335 
330 
330 
330 

diazo isomer (123). The recyclization of the latter product observed in the presence of 
alkoxide suggests an intermediate role of 123 on the reaction pathway leading to 
124 ,jl. 

A diazoalkane intermediate again appears very likely in equation (61), although 
subsequent ring opening of the triazolopyridine is i n ~ p o s s i b l e ~ ~ ~ ;  an analogous 
reaction is known in the carbonyl serieslJY. 
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0 TosN,. benzene HsC6 
Rlng closure 

4 -  \ 4 (CH,),COK \ 
H5C6 

-TosNH, A. DMFA 
P-c-c\  

H5C./& HZ NH, 

(123) (122) 

OH 

N NH 

(1 24) 

H5cb/ 

* /  
N 

797 

N=N 

The first cyclic phosphoryl diazo compound has recently become acccssible with 
the preparation of 125 by diazo t ~ a n s f e r 3 ~ ~ ;  125 is exceptionally sensitive to protic 
reagents and is cleaved, e.g. by methanol to  the diazomethyl ketone (126)3s4. 

(1 25) (1 26) 
A surprising ligand exchange is observed on diazo group transfer onto diethyl 

phenacylphosphonate in the presence of phenyllithium as base. The expected diazo 
ester (127) is accompanied by the diazo phosphine oxide (128): precisely at  what stage 
substitution occurs remains an open question335. 

C , W \  
P- C-C- C6H, 

CZH,o/& N, II 0 II 

(1 27) 
P-C-C-C6H, + 

TosN,. ether 
C,HSO\ C,H,Li > 

c H 0’11 Hz 11 
\ 

H5C6 2 s  0 0 
P-C - C-C6H, 

HC’II 1 1  1 1  
N , O  

(1 28) 
The influence of the base on the product distribution is again apparent in diazo 

transfer onto methyl dimethoxyphosphorylacetate. Amide formation is found to 
accompany introduction of the diazo group only on working in methanol/sodium 
ethoxide (equation 62)35es 357. 
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/' \ 

/ \  (C H,) C 0 K 
N,=C\ OCH, 

COOCH, 

Diethylphosphorylacctonitrile fails to undergo diazo transfer with aryl azides but 
instead affords 1 : 1 adducts of composition 129, which suffer Dimroth rearrange- 
ment to 130 on heating in acetic anhydride3". An analogous reaction is known to take 
place between malononitrile and tosyl azide; it  occurs s p o n t a n e o ~ s l y ~ ~ * - ~ ~ ~ .  However, 
if diazo transfer onto the phosphorylacetonitrile is executed with an azidinium salt in a 
weakly acidic medium then a modest yield of diethoxyphosphoryldiazoacetonitrilc 
(131) is obtainedlZ1. 

b. a-H~rlroxyt?~c?fliyle,lepl~osp?ioryl cot,ipoutids. In contrast to the situation 
described for a-diazo carbonyl compounds, deformylating diazo transfer plays only 
a minor role in  the preparation of x-diazo phosphoryl compounds. Diethyl(diaz0- 
methy1)phosphonate is admittedly accessible in mediocre yield301, but not so 135b 
and 135c. Assuming the intermediacy of triazolincs 132 in all the reactions. that is 
where branching will occur. One pathway consists in  cleavage after the manner of 
diazo and the other one in a kind of PO-activated olefination leading to 
the 1,2,3-triazole (133) and the anion 134-it being immaterial at  what stage the 
tosyl group is 351. This reaction apparently prevents formation of 135b 
and 1 3 5 ~ ~ ~ ; .  351. 
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0 

R' (1) Base R"' 
R \  II 

R', I (2) TosN, 

RI/ 11 N+ ,N-Tos 
P-C=CHOH --H'> 

0 / N 

(1 33) (1 34) (135) 
a: R' = OC,H,, R* = H ;  b: R' = OC,H,, Rz = C,H,; c:  R' = R* = C,H, 

c. Cyclopropcnes. Diazo group transfers onto cyclopropenes can be effected both 
with azides, which will be considered later, and with diazoalkanes. In the latter case 
the initial products are bicyclo[3.1 .O]diazahexenes having thc steric arrangement 
shown in structure 136. They undergo thermal or photochemical isomerization to 
the a-diazo phosphonic esters (137)3J6. 3G3. 

0 

benzene -+ 4- N,=C, ~4i.H \ I  

/ Ether.O'C 

R5 R' R' .. 
0 

.. 

R' R? R3 RJ RJ 

In the corresponding reactions of ethyl diazoacetate and dimethyl (diazomethy1)- 
phosphonate the cycloadduct of type 136, which undoubtedly represents the primary 
product, isomerizes immediately. Without exception, the y,S-unsaturated a-diazo 
phosphonic esters predominate over the 1,4-dihydropyridazines in the approximate 
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ratio 2 : 1 .  That the competing reaction occurs at all can most probably be ascribed to 
the CH-acidity of the diazo transfer reagent, which promotes rearrangement involving 
a proton shift (equation 63)3G2. 

0 
I1 

+ N,=CH-R’ 

R ’  R’ 0 R’ R’ 

H 
R’ = R’ = CH,, R’ s COOC,H,; 
R’ = R’ = CH,, R’ = PO(OCH,),; 
R’ = CH,,R’ = C(CH,),, R3 = COOC,H,; 
R’ = CH,, R’ = C(CH,),, R 3  = PO(OCH,), 

Diazo transfers onto the same cyclopropenylphosphonic esters with methyl and 
phenyl azide again fail to give bicyclic intermediates. In contrast to equation (63) ,  
however, ho heterocyclic isomerization occurs; exclusive ring opening takes place to 
give a-diazo y-imino phosphonic esters. Apart from the last example, they readily 
hydrolyse at  the imino group (equation 64)3G2. 

0 0 R’ R? 0 1, R’ R’ II  

~(ocH,), R,N, - H+~(ocH,), -- H.,drolys,s >ll H /% r( ‘(ocH,)~ (64) 
r; N2 0 NZ 

R” 

R ’  -- R‘ 7 CH,, R’ = CH,: 
R’ = R? = CH,. R’ = C6HS: 
R’ = CH,, R’ r- C(CH,),, R’ =; CHI; 
R’ = CH,, R’ = C(CH,),. R’ = C,H, 

R‘ d Rz 

d. AIkynes. Diazo transfers onto alkynes take placc in the phosphoryl ynaminel 
sulphonyl azide or  phosphorylacetylene/diazoalkane systems; primary cycloaddition 
reactions are a common feature of both variants. 

Arylsulphonyl azides bearing a wide variety of substituents react with phosphoryl 
ynamines to give 1 :1 adducts which exist predominantly as 2-diazo-2-phosphoryl- 
acetamidines (139), both in the crystalline state and in CDCJ3 solution. The examples 
appended to the reaction scheme reveal that electron-donating substituents in the 
aryl group of the sulphonyl azide promote formation of the triazole isomer (138). Its 
contribution to the solution equilibrium decreases along the series phosphoryl, 
thiophosphoryl, selenophosphoryl and phosphorimidoyl 

Diazo transfers onto phosphorylacetylenes with 2-diazopropane and 1 -diazo-I - 
phenylethane proceed initially via 3 + 2 cycloaddition to form 3H-pyrazoles (140)3G’; 
in some cases this primary step also encounters opposition from cycloaddition of 
noo-specific orientation since isomeric cycloadducts and, as a result, isomeric diazo 
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H5Cb x 
‘+9 
/ \ 2 2  

H,C, x 
H5Cb x ‘ 9  

C 

0 2  

\4 
P 

111 
C 
I R’ 

N3 
I 

I 
+ so, --> 

I 

R’ R I 
R’ R2 

/ 
/N\ so2 

(I 38)’ (1 39) 
Equilibrium 1 3 8 z  

139, 40 “C, CDC13 
x R’ R? R3 crysIallIne state 138 (%) 139 (%) 

Isomer in the 

0 
0 
0 
0 
S 
S 
S 
S 
Se 
Se 
Se 
= N-TOS 
~ N - T o s  
=N-Tos 
=N-Tos 

CH, C,H5 
CI-1, CGH5 
CH, CGH5 
CH, C,H5 
CH3 C,Hs 
CH3 C,H, 
CH, C,H, 
CH, CGH5 
CH, CGH, 
CH3 C,H5 
CH, CGH, 
CH, C,H, 
CH3 C G H 5  

CH3 CGH5 

CH3 CGHj 

138 
139 
139 
139 
138 
139 
139 
139 
139 
139 
139 
138 
138 
139 
139 

30  
8 
0 
0 

60 
38 
21 
0 

39 
20  
0 

65 
32 
15 
0 

70 
92 

100 
I00 
4 0  
62 
79 

100 
61 
80 

100 
35  
68 
85 

100 

hv (350 nm) 
benzene. -N, 1 
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compounds can arise. Irradiation of the 3H-pyrazoles (140) in the 350 nm region 
(presumably 12 +T;* excitation) leads in all cases to the desired ring opening, i.e. 
to formation of diazo isomers (141), possibly having the opposite configuration at  
the C=C double bond"'. Since not only the 3H-pyrazoles but also the diazo isomers 
(141) are subject to 12 --f z* excitation, photochemical decomposition of the latter to 
cyclopropenes (142) via the carbenes (143) cannot be avoided36'. 

4. Substitution reactions 

As with carbonyl diazo compounds, substitution at the diazomethyl group of 
phosphoryl diazo compounds has developed into a synthetic method in its own right 
whose potential is far from exhausted. 

a. Nitmfion.  The reaction scheme deduced for the nitration of diazoacetic esters 
with dinitrogen pentoxide is also valid without restriction for dimethyl (diazomethy1)- 
phosphonate, (diazomethyl)diphenylphosphine oxide, and methyl (diazomethy1)- 
phenylphosphinate. In all cases, their nitro derivatives are obtained together with the 
corresponding nitric esters (equation 65)3G5. Thus, once again, loss of 1 mole of 
(diazomethy1)phosphoryl compound cannot be avoided. 

R' R '  

R' = R' = OCH, (48%); R' = R' = C,H, (40%); R' = OCH,, R' = C,H,(20%) 

b. Acylnfiotz. Acylation of dimethyl(diazomethy1)phosphonate and (diazo- 
methy1)diphenylphosphine oxide with acyl chlorides is always performed in the 
presence of triethylamine as auxiliary base so that no diazo compound is lost (equation 

R' = C,H,, R' = OC,H, (57%); R '  = RZ = C,H, (75%); R' = OCH,, 
Rz = C,H, (61%); R' = C,H,, R' = CH, (47%); R' = C,H,, R' = C(CH,), (68%) 

66)356. 360. Double reaction takes place between oxalyl chloride and (diazomethy1)- 
diphenylphosphine oxide to form 1,4-bis(diazo)bis(diphenylphosphoryl)-2,3- 
butanedione (71%)3G6. 

Acylation reactions with benzoyl isocyanate proceed under very mild conditions; 
yields are impaired by competing formation of oxazolinones. The point of branching 
of the reaction could be the primary adduct having betaine character (equation 67)3c5. 

The same reaction carried out with benzoyl isothiocyanate also involves initial 
acylation which is, however, followed by spontaneous 1,5-cyclization to  give 
1,2,3-thiadiazoIes (equation 68)3G6. 

c.  Mcralarion. Owing to its CH-acidity, diethyl (diazomethy1)phosphonate can be 
metalated directly with iz-butyllithium in e t h e r / t ~ t r a h y d r o f u r a n ~ ~ ~ .  The same 
property makes for extremely facile metalation of diazomethylphosphoryI compounds 
with mercuric and silver oxide to give the metal derivatives 144329 and 14532Q0 330, 

respectively. The silver derivatives are considerably more stable than their carbonyl 
analogues. 
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H' 
H C -C-NrzCz:O / 

+ HC-P\ 
h',Cb- C--NH-C-C- 

I1 I1  
II I I  I I R ?  

5 6  

Ii 
0- 0 0 N2 

N, 0 
0 

/ - 9.- N=C H / 

/ I-- > H,C,-C c R'  
\\ / \ '  

0 N?+ ;\R? 0 
R '  = R' = C6H, (15 and 47%) 0 -  
R'  = Rz = OC,H5 (27 and 41%) 
R'  = OCH,, R' = C6H, (5 and 60%) 

R' 
P " 
;\R: 

R' 

Nz 0 2 N, 0 N, 0 R? 

/ 
2 Ag- C - P\ 

R' 
/ Ag.0 

I 1  I 1  Hg[$-F'] <= -'" 2HC-P I I  ti'Rz - H,O ' 

(144) 
R'  = R? = C,H, 
R' = R 3  = OC,H, 

(1 45) 
R' = Rz = C,H, 
R '  = R' = OC,H, 
R' = OCH,, R? = C,H, 

d. Sirbstitrrtion cio mctolated dericatiws. Diazomethylphosphoryl compounds can 
be halogenated via their silver derivatives; cyanogen bromide or iodine act as 
halogenation reagents, as seen in equation (69); the halogen compounds are very 

R 
/ 

R BrCN o r I ,  

(69) 
-10 to -20°C / 

A 9- C - P, > x-c-P\ 
I I  II R I I  II 
N, 0 N, 0 

R = C,H,, X = B r ;  R = C,H,, X = I; R = OCH,, X = Br; R = OCH,, X = I 

unstable. The same silver derivatives and also methyl argentiodiazomethylphenyl- 
phosphinate have been subjected to numerous alkylation reactions with Sh.1 active 
halides such as  ally1 iodide, methallyl iodide, crotyl bromide, 3-bromocyc!ohexene, 
benzyl iodide and 4-substituted benzyl halides (equation 70)2e'1 330, 367. 
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R' R' 

lie fc Ic nce o,, ," R' RZ R :I 
~ ~~~~ 

C,H, COHS H,C=CH-CH, 70 '94 
CG H5 CGH, CH,-CH=CH-CH, 52 244 
C6H.5 C6H5 H,C=C(CH,)-CH, 67 294 

C,HS C6H5 0 53 294 

C,HS C6H5 C,H,--CH, 54 294 

CGH, CcH, c H 3 0 0 C H 2  35 294 

OCH, OCH, H,C=CH-CH, 62  367 
OCH, OCH, CH,-CH=CH-CH, 48 367 
C6H5 OCH, H,C=CH-CH, 59 330 
CG H5 OCH, CGHi-CH, 72 330 

Alkylation of dimethyl argentiodiazomcthylphosphonate with Hiickel aromatic 
species such as cyclopropenylium and cycloheptatrienylium salts also warrants 
attention. This approach was adopted for synthesis of 146 and 147 which hold 
promise of interesting carbene reactions3G5. I t  is hard to understand w h y  attempted 
C-alkylation with broniotriphcnylmethane should fail with the silver salt and yet 
proceed without difficulty with tetrainethyl rnercuriobis(diazomethylphospho~iate)~~~. 

e. Addition reactions. Diazomethylphosphoryl compounds undergo base-catalysed 
aldol addition according to  equation (71) with aliphatic, aromatic, heteroaromatic, 
and a,P-unsaturated aldehydes. In  some cases the equilibrium character of the 
reaction is manifested in decomposition of the adducts into the starting materials on 
attempted r ec rys t a l l i~a t ion~~~ .  (Diazomethy1)diphenylphosphinc oxide is scen to be 
more prone to addition than is dimethyl (diazoniethy1)phosphonate. Therefore the 
phosphonic ester adds only benzaldehydes bearing electron-wit hdrawing substituents, 
whereas the phosphine oxide also reacts with the parent 

Simple ketones react only in exceptional cases: hence an adduct has so far only 
been synthesized from cyclohexanone and (diazomethy1)diphenylphosphine oxide 
(equation 72)3G9. No plausible explanation has yet been obtained for the failure of 
cyciobutanone, cyclopentanone, cycloheptanone and cyclooctanone to react in 
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(71) 
R’\ KOH or N(C:H,), 

P-CH + R’-CHO <d P-C-CH-R’ 
R \  

f I I  II f l l  II I 
R O  N, 0 N, OH 

R’ = R7 = C,H,; R’: CH, (85%), C,H, (63%), 2-naphthyl  (68%), 
9 - p h e n a n t h r y l  (49%), 2-fury1 (58%), 
4-pyridyl (84%). C,H,-CH=CH (55%), 
C6H5- C= C (66%) 

R’ = R7 = OCH,; R’: C,H,NO,-p (50%), 2-naphthyl  (22%) 
R’ = OCH,, R’ = CsH5; R’: CsH,NO,-p (67%) 

this way. Numcrous addition reactions to 1,2-dicarbonyl compounds have been 
reported. Reaction of phenylglyoxal with (diazomethy1)diphenylphosphine oxide 
takes an unusual course in that the  diazo aldol doubtless formed as primary product 
yields a ‘dioxane-like’ dimer. The latter reaction can be reversed, however, in a 
weakly acidic medium (equation 73)370. 

CSH, 
/ CbH5 / 

CsH5-C-CH- C-P, 
I I  I I1 II 
0 OH N, 0 CsH5 

__f 
C,H =,- C - C HO HC-P, 

II + I l l 1  
0 N, 0 CbH5 

Dirnerization (73) tl H’-catalysis 
CH,OH/CHCI,, 55 ‘C 

HO H v / c b H 5  

cb  HS f+ ‘- p\ 
H5C6 0 0 CJ-4 

H5C, 0 1,H OH 
‘P-C- C,H, 
/ I1 

Diacetyl undergoes smooth hydroxyl-ion-catalysed addition to  the same diazo 
compound, yielding 2-(diazodiphenylphosphorylmethyl)-2-hydroxy-3-b~tanone~~~. 
a - 0 x 0  phosphonic esters (148), of comparable reactivity to 1,2-dicarbonyl com- 
pounds, readily add (diazomethy1)diphenylphosphine oxide at the CO group to 
form 149 369. Examples of aldol-type additions of diazomethylphosphoryl compounds 
to cyclic 1,2-di- and i,2,3-tricarbonyl compounds are numerous; the latter are so 
reactive that base catalysis becomes unnecessary. 

,Cd, 
N2\ / P \ 

C,H, OCH, 
/ /CbH5 NGH,), ~ 

HC-P R-C-P 

0 0  
I 1  WOCH 

3 I1 II ‘c I ,OCH, 
R-C-P N , O  6 5  

(1 48) HA POCH,  

(149) 
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In the case of 1,2-indandiones, isatin, N-substituted isatins and coumarandione, 
reaction takes place at  the benzoyl CO group. This is due to  steric effects of the 
substituent in position 3 in the 1,2-indandiones, and to carboxamide and ester 
resonance in the heterosubstituted 1,Zdicarbonyl  compound^^^^^ 370, 371. Only in the 
case of thionaphthenequinone does addition occur at  the ‘thioester CO group’, as 
shown in equation (74)370. 

In 1,2,3-tricarbonyl compounds reaction invariably ensues at  the ‘central’ CO 
group, whose pronounced reactivity toward nucleophiles is general knowledge. 
Table 8 provides a representative survey of the aldol adducts hitherto synthesized. 

Enamines are alkylated a t  the P-carbon atom by diazornethylphosphoryl com- 
pounds, no evidence being obtained for the seemingly likely 3 + 2 cycloaddition of the 
two A hydrogen-bonded species is postulated as intermediate leading to  
formation of the p-amino a-diazo phosphoryl compound (equation 75)372. 

n 

N, 0 K‘ 

R’ = CH,, = (9, R’ = C,H, or OCH, (89/89%) 

, RZ = C,H, or OCH, (95(92%) 
(75) 

R’ = CZH,, O N - - (l), R’ = C,H, (97%) 

n 

R’ = CH,, ‘ N = CJ, R’ = OCH, (60%) 

C. Sulphonyl Diazo Compounds 

Although current interest in sulphonyl diazo compounds was awakened at about 
the same time as that in phosphoryl diazo compounds, synthetic exploitation and 
practical utilization have progressed much more slowly. The principal method of 
preparation has been diazo transferllG-llP; considerably less significant are the 
cleavage of N-alkyl-N-nitrosourethanes and several other methods whose scope has 
not yet been ascertained. 
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TABLE 8. Aldol addition of diazomethyl phosphoryl compounds onto  1,2-Di- and 
1,2,3-tricarbonyl compounds 

807 

~~ ~~~~~ 

Yield Yield 
Diazoaldol (%) Reference Diazoaldol (%) Reference 

Y 2  r: 
C - P(OCH,), 

0 

65 

64 

90 

70 
60 
71 

86 

370 

370 

370 

37 1 
371 
330 

37 1 

Nz 0 R' 
II II/ 

I 
Rf 

94 370,371 
R' = R2 = C,H,; R3 = OCOCH, 78 370,371 
R1 = R2 = OCH,; R3 = OH 81 370,371 
R' = R2 = OCH,; R3 = COCH, 56 370,371 
R1 = OCH3, R2 = C6H5, R3 = H 95 

6FR2 
R' = R? = C,H5; R3 = H 

330 

f2 :: 
HO C-P(C,H,), 

HNKNH 
0 

0 

38 370 

71 37 1 

78 366 

c,H,-c-C-C-C~H, 83 366 
II I II 
0 O H 0  

1. Forster reaction 

T h e  reaction of the oxime 150 with chloroamine proceeds inhomogeneously; 
benzonitrile a n d  benzyl p-tosyl sulphone are formed a t  t h e  expense of the expected 
diazo (pheny1)tosylmethane (151), which is obtained in only modest yield. The  
intermediates involved in their formation are n o t  yet known373. 374. 
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C . H , - C - S ~ C H 3  I 1  0, + C,H,-CN + C,H,CH2-S 

N2 

2. Dehydrogenation of hydrazones 

Much to  the detriment of sulphonyl diazo chemistry, u-0x0 sulphones are still 
unknown. This has greatly restricted the utility of hydrazone dehydrogenation and 
completely ruled out use of the Bamford-Stevens reaction. ’There appears to be only 
one alternative route to suitable hydrazones. This is shown in equation (76) and 
affords bis(ary1sulphonyl)formaldehyde hydrazones, which can be dehydrogenated 
with manganese dioxide375, 376.  The transformation of the tetrasulphonylated azine 
into bis(benzenesulphonyl)diazomethane, mediated by benzenesulphinate (92”,)37‘c, 
has no parallel in the literature. 

X = H, CH,, (CH,),CHO, CH,CONH, NOZ 

3. Cleavage of N-al kyl-N-nitrosourethanes 

Alkylsulphonyl and arylsulphonyl diazo compounds first became accessible by 
cleavage of N-alkyl- lV-ni t rosouret l iane~~~~~ 37H. In most cases the acyl group is 
released by chromatography on a l i ~ r n i n a ~ ~ * ’ - ~ ~ ~ .  Secondary sulphonyldiazoal i ta i~~~ 
have rccently also been obtained by ‘conventional’ KOH cleavageJJ1, whilc both 
variants are  employed in the preparation of F-sulphonyl diazo conipoundsJs2. 
Selected examples are appended to the general reaction scheme in equation (77). 
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NO 

R' 
Yicld 

R2 Base (%I Reference 

809 

(77) 

KOH 50 377 

H AI,O, 30-60 379 

CH, KOH 55 38 I 

4. Diazo group transfer 

a. p-0x0 sii/p/iony/ conipoioids. The conditions for successful diazo transfer with 
cc-methylene sulphones are analogous to  those valid for a-methylene carbonyl 
compounds: i t  proceeds smoothly only if  the CH, group is activated by a second 
proton-activating substituent such as a carbonyl or a sulphonyl group. Remarkably, 
the first diazo transfer onto a p-0x0 sulphonyl compound leads to a surprising result: 
on treatment with tosyl azide in alkaline medium, 3-oxo-2,3-dihydrothionaphthene 
I,l-dioxide < i 3 j  aftorded not the u.-diazo F-0x0 sulphone (155) but instead the 
dipotassium salt of the azo compound (153) or, after acidification, the hydrazone 
(154)3R3. Disregarding the problem of tautonierisin, a diazo transfer has therefore 
actually taken place. A simple interpretation would assume that the primary product 
155 undergoes fast azo coupling with 152 to give 154Is3. Fortunately, 154 can be 
uncoupled to regenerate the methylene compound 152 and 2-diazo-3-oxo-2,3- 
dihydroihionaphthenc (155) by heating in polar solvents. The anion 156 may occur 
as intern1ediate3~~. In contrast, diazo transfer with 1-ethyl-2-azidobenzothiazolium 
tetrafluoroborate in neutral to acidic media effects sniooth transforniation 

The nucleophilic alkoxy displacement observed in the carbonyl and phosphoryl 
series during diazo transfers onto carboxylic esters in the alkanol/alkoxide system 
(see relevant sections) also occurs with sulphonyl compounds, as demonstrated by 
equation (78). 

Although a number of smooth diazo transfers onto 1,3-disulphonyl compounds 
are known (see Table 9). some entirely unexpected secondary and side-reactions have 
also been Hence diazo transfer onto bis(mesitylsulphonyl)methane leads 
not only to the expected diazoalkane (157) but also to the thiosulphonate (158) and 

152 --> 155 35'. 



TosN,, elhanol/ethor, 0 
(78) 

C,H,ONa // 
(CH,),C- S -CH2-COOCzH, f (CH,),C-S-CC-C, - 

0 2  'I C-Tos Naf 
N, .. 

the vinylhydrazone (159)386. A large excess of tosyl azide favours formation of the 
diazo compound; a reasonable interpretation of the complex reaction course is 
found in the 

(1 57) 

0, %Mes 

0 2  Mes-s S-Mes 

(1 58) 

Mes-S, / 

i- Mes-S-S-Mes + / C=N-NH-CH=C \ 

0 2  0 2  

(159) 

Table 9 lists some representative preparations of a-diazo F-0x0 sulphonyl and 
rx-diazo P-disulphonyl compounds. Triethylamine, potassium hydroxide and, in 
special cases, organolithium compounds served as bases. 

b. a-Acyl  aidelrydes. Diazo transfers onto phenylsulphonylrnethanes are not 
feasible directly, but only after formylation with formic 3 7 L ;  the diazo 
transfer reagent employed is 4-carboxybenzenesulphonyl azide whose acidic proper- 
ties are of distinct advantage in work-up (equation 79).  

c.  Tlriirene 1 ,l-dioxides. Compared with carbonylated and julphonylated cyclo- 
propenes, diazo transfers onto thiirene 1,l-dioxides such as 160 take a more coinplcx 
course. Addition of diazoalkanes undoubtedly leads to the sulphur heterocycles 161 ; 
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TABLE 9. a-Diazp p-0x0-sulphonyl- and a-diazo P-disulphonyl compounds by diazo group transfer 

R'-SOz-C-RR" R'-S02-C-RR? 
II II  
N2 N2 

Yield Refer- Yield Refer- 
R' R' (%) ence R' R? (%) ence 

COCGHs 
COCH, 
COCH, 
COCH, 
COC,H, 

CO 0 C, H, 
CON(CH,), 

C0CsHdN02-1, 

COCCOC6H5 
II 
N2 

91 
62 
70 
45 
63 
62 
84 
69 
60 

387 
387 
385 
388 
339 
387 
339 
339 
146 

C2HS 
C6H5 

FQ- 
F 

S02CzHs 
S0ZC6H5 

SO+F 

F 

46 
70 

84 

50 

389 
389 

389 

389 

although they are not isolable their interniediacy follows compellingly from the 
product distribution. Both the ring opening, characteristic of diazo group transfer, 
giving (162) and pyrazole formation (163) with extrusion of SO2 are o b s e r ~ c d ~ ~ ~ ~  391. 

R-CH=N, 

C6H5 CeH5 

lsornerization 

4- 
H5C6 C6H5 

(1 60) (161) ' P N  
a: R = C,H, (44% 162, 6% 163)'90 
b: R = CH, (37% 162, 52% 163)19' -so,  R 

N' 

(163) 

H 

5. Substitution reactions 

In contrast to the other two classes of compounds already considered, substitution 
reactions of diazomethylsulphonyl compounds are  still comparatively rare. The 
long-known and versatile acylation of diazoalkanes with acyl chlorides cannot be 
applied generally to sulphonyl chloride, even though an exception has been 
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d e ~ c r i b e d ? ? ~ .  T h e  CH-acidity of diazomethylsulphonyl compounds  has so far only 
been successfully exploited on a broader scale in the  C-alkylation of enamines 
(equation 80)3Q3. 

N,) + HC-S-R' wl thou t  CH,CN (or solvent)  (1) (80) 
R'\ ,c= c, / II 0, ' R; I 

N, C-C-C.-S-R' 
R' R' R / I  I II 0, 

H R' N, R '  = R' = CH,, R' = H. R' = C,H,CH,-p (89%) 
R' = C,H,. R' = R' = H, R' = C,H,CH,-p (50%) 
R' = R7 = H, R J  = c , ~ , ,  R: = C,H,CH,-~ (78%) R '  = R' = CH,. R' = H, R' = C(CH1),(88%) 

R '  = R' = CH,, R' = H, R' = CH,C,H, (82%) 

Acyl cleavage o f  a-diazo F-0x0 sulphonyl compounds  are of limited synthetic 
utility; acyl cleavage of the  carbonyl-containing group is effected by alumina in 
water  or triethylamine in methanol, as shown by formation of 164a and 164b393. 

a: X = NO,, 
b: X = CH, 

1. 
2. 

3. 

4. 
5. 
6. 
7. 
8. 
9. 
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11. 
12. 
13. 
14. 
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INTRODUCTION . 

A. 1,3-Dipolar Additions of Diazoalkanes . 
I. CYCLOADDITION REACTIONS . 

1. Additions to X=Y systems . 
a .  Simple olefins and substituted olefins other than ketones and aldehydes 
b. Imines . 
c. Isonitriles . 
d. Carbonyl groups . 
e.  Thiocarbonyl systems . 
f. -N=N- systems . . 
g. -N=O systems . 
h. Oxygen . 
a. Allenes . 
b. Ketenimines . 
c. Ketens . 
d. Sulphines 3nd sulphenes . 
e. Isocyanates . 
f. Nitrile oxides . . 
g. Isothiocyanntes 
h. Isoselenocyanates . 
i. Azasulphines . 
j. Sulphur dioxide . 

2. Additions to X = Y = Z  cumulene systcnis . 
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INTRODUCTION 

The role of diazoalkanes in synthesis has been surprisingly limited to a few very 
common reaction types although there are numerolis examples where potentially 
dificult targets could in principle be attained efficiently using diazo chemistry. The 
first application to a major natural products synthesis dates back to the  now classical 
synthesis of equilenin by Bachmann, Cole and t where an Arndt-Eistert- 
Wolff Rearrangement sequence was employed to convert an  acetic acid into a 
propionic acid. Very extensive studies by G u t ~ c h e ' ~ ~ ~ - ~ " ~  were directed towards the 
synthesis of colchicine. These studies ultimately proved unsuccessful because of the 
inherent nature of the target molecules. The use of diazomethane for ether formation 
playcd an important, though almost trivial, role in the first two successful syntheses 
of c o l ~ h i c i n e ~ ~ ~ ~ .  2311 where a highly hindered hydroxyl group was involved. The 
synthetic role of diazoalkanes is well established in the area of valence isomerization 
processes*824 where syntheses of tropilidenes, honiotropilidcnes, barbralcnes, 
homobarbralcncs and bullvalenes are well documented2214. In addition, syntheses 
in the troponelGa4, t r o p ~ l o n e ~ ~ ' ~ ,  and azulcne2269 fields frequently cniploy diazo- 
alkane chemistry. Numerous examples of diazoalkane application can be found in 
some rccent treatises on the syntheses of natural and on classical 
s y n t h e s e ~ ~ ~ * ~ ~  1717 and include syntheses of r?garospiro1104g, bokheiiolide17sd, haeman- 
thidinelBGO. 18G1, illuden-s202', I u c i d u l ~ n e ~ ~ ~ ~ ,  m u s c o ~ i e ~ ~ ~ ' ,  patchouli a l ~ o h o l ~ ~ ~ ~ ,  
sireninls'G. l S z 7 ,  s e s q u i ~ a r e n e ' ~ ~ ~ ~  Is?', trichoderminljae, aristoIonc1j1', (3-ciibebene21.10, 
sabinene231J and cycIopropanone1850. 

The fact that diazoalkanes are not used more widely may wcll reflcct their bad 
reputation as toxic substances and as explosives. Much of this is undoubtedly 
deserved but techniques for safe handling have removed many of the problems and 
some diazoalkanes arc amazingly stable. Diazomalonic esters fall nicely i n t o  the 
'safe' category, and even diazoacetates arc moderately stable i n  non-polar solvents 
such as benzene and toluene at elevated temperatures. The fact that the C-N bond 
energy of diazomethane is estimated to be over 100 k ~ a l l ~ ~ ~  (one theoretician statcs 
over 230 kca11a33") suggcsts that spontaneous generation of carbcnes and nitrogen 
may not be the rnodc of decomposition, and that dilution leads to stabilization 
because appreciable activation by local hot spots resulting from chain reactions is 

The reputation for carcinogenic activity is well documented in  a few cascs and 
surely warrants caution with any diazo compound just as it docs with other untested 
chemicals. 

prevented1440, 148Y.  1.198, 1556, 1580, I J I U ,  1867, 1913, 1371-1879, 2018, 1113 

1. CYCLOADDlTlON REACTIONS 

In this section we are concerned with four basic cycloaddition reactions, threc of 
which fall in to  the 1,3-dipolar addition category and oiic in thc 1,4 category. Of 
these, two of the 1,3-dipolar processes carbonyl ylides (2 )  and kctocarbcnes (3) 
result from the loss of nitrogen from adiazoalkanc (1) and at best are normally difficult 
to study transient species. The most estensivc literature lies in the area of 1,3-dipolar 
additions of diazoalkanes with an X=Y and X=Y bond systemso1. Traditionally one 
associates such work with Huisgen and c o l l e a g ~ e s ~ ~ ' ~  5 a 8 3  8 8 8 ,  501, 132fi- llqs, l H g l ;  howevcr, 
a very large and important contribution has been made by the groups of Carrie, 
Vo-Quang, Franck-Neurnann and Bastidc. Since the work of thc hlunich school has 

t References bclow 1400 occur at [lie cnd of Chaptcr S. Those above 1400 appcnr at  th;: 
end of this chapter. 
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been treated cxtensivcly in the English language literature as well as  in the German, 
our current emphasis lies heavily upon work which has appeared almost exclusively 
in French (some unpublished) and upon the extensive pyrazoline investigations of 
the two Canadian schools of Crawford and McGreer. 

( 3 4  (3b) 

The fourth category of reaction ( I  ,4-additions of diazo functions) might better 
appear in Chapter 8 but the first corrcction appeared after the completion of that 
chapter and this paper is supplemented with recently obtained unpublished data 
furnished by Sheppard of DuPont. Since much of the chemistry of the DuPont 
workers involvcs heterocyclic analogues of diazocyclnpentadiene i t  appears in  th i s  
chapter. The basic features of cycloaddirion reactions have becn treated extensively 
by Huisgen5", Woodward and Hoffniann?"5~~, Dewar'"- and by others. The 
reactions of interest liere all appear to proceed by cis additions but may not be 
fully concerted. The processes involving diazoalkanes clearly exhibit appreciable 
solvent effects in protic solvents; this is suggestive of sizeable charge separation 
in the transition One primary concern is that of regioselectivity. This 
question has been carefully examined in the diazoalkane case with a large variety of 
systems. Of equal importance for this chapter are the subsequent reactions of the 
cycloaddition products. I n  sonie cases the primary product is not isolable or even 
demonstrably an intermediate. Thus, some A'-pyrazolines and 3 H-pyrazoles are 
not observed and only the A2-pyrazoline or products resulting from loss of N, are 
found or the pyrazole is isolated directly. 

A. I ,3-Dipolar Additions of D i a z ~ o l k a n e s ' ~ ~ ~  

At first glance i t  would appear that diazoalkanes can add across almost any 
multiple bond whether it  possesses polar character or not. This is perhaps an 
extreme view, but the probabilitv is high althnrigh the rate and/or equilibrium 
constants may not be favourable. Both of these problems can in part be overcome 
by changing solvent polarity1935 (perhaps the mechanism as well) and by employing 
very high pressures2?". The latter both specds up the reaction and shifts the 
equilibrium (if  any) to  the right. 

Huisgen18** and coworkers measured the relative rates of addition of diphcnyl- 
diazoniethane to a number of olefins (Table 1). 

The relative reactivity of cycloalkcnes towards diazomcthanc and diazocthane 
has been examined by Paul and ~ o l l a b o r a t o r s ~ ' ~ ~  (Table 2). 
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TABLE 1. The relative rates of addition of diazomethane to sonic multiplc carbon-carbon 

b O d S ' ~ ~ a  
~~ ~~ 

Dipolarophilc lo7 k ,  ( I  mol-1 s-1) 

Acetylenes 
Phenylacctylene 118 
Prop-2-ynal di(n-proplI)acetal 222 
Ethyl phenylpropiolate 333 
Methyl propiolate 106.5 x 103 
Dicthyl acetylenedicarboxylate 968 x 103 

Cycloalkenes 
Norbornene 286 
Dicyclopen tadiene 345 
Dirnet hyl endo-bicyclo[2.2.1 ]liept-2-ene-5,6-dicarboxylate 526 
Diethyl 2,3-diazobicyclo[2.2. I]hept-S-ene-2,3-dicarboxylatc 2900 

Conjugated olefins 
1,l-Diphenylethylenc 
Benzalacetone 
Ethyl cinnamate 
Styrene 
Ethyl crotonate 
Ethyl p-nitrocinnamate 
Ethyl mcthacrylate 
Dimethyl rnalonate 
Acrylonitrile 
Ethyl acrylate 
frans-Di benzoylet hylene 
Dirnethyl furnarate 
Phenyl acrylate 
Maleic anhydride 

21 
72 

125 
140 
24 6 

s x  102 
5.05 x 103 
6-85 x 103 
4-34 x 10' 
7.07 x 10' 
9.79 x 10' 

2.5 x 1o j  
5.53 x 10' 

2.45 x 105 

TABLE 2. Tlic effect of ring size on  the addition of diazoalkanes lo 
cyclic oleG ns212B 

Ring sizc Reagent 

4 C&N, 
5 CH2N, 
6 CH,N, 
4 C H3 C H N, 
5 CH,CHN, 
G CI-I,CHN, 

- 

Reaction time 
(days) Yield (%) 

10 
20 
25 
3 
6 
10 

42 
31 

< I  
G I  
I6 
2.2 syt1 
3.3 anti 

Basingdale a n d  Brook"93 have examined the cffect of structure upon the  addition 
of silyl diazomethanes to diethyl fumarate and  found relative rates Mc,SiCN,Me(l) > 
Me,SiCN2C,H5 ( 2  x lo-')> (CGH,),SiCN,Me (2.5 x (C,H,)3SiCN2CGH5 (2.5 x 

All of the  silyldiazomethanes and pyrazolines 
have enhanced thermal stability. The trimethylplumbyl pyrazolines from trimethyl- 
plumbyl diazoalkanes also appear  to possess high stability'8dG. 

> Me2SiCN2C0,Et (2.5 x 
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K a d a b a  a n d  C ~ l t u r i ~ ~ ~ ~  compared  t h e  reactivity of diazomethane towards sub- 
st i tuted styrenes using anhydrous  ether a n d  wet dioxane a s  solvents. T h e  wet dioxane 
w a s  clearly the better solvent (Table 3j. T h e  reactions involving equilibria can, on  
occasion, be further enhanced by subsequcnt conversion of t he  primary product 
i n to  a secondary product by a n  irreversible process. 

TABLE 3. The addition of diazoalkanes to substituted styreneslQS 

Reaction time Yield 
Substitucnt (11) wet dioxane (x)  Ether 

p-OCH, 91 42 
p-Me 96 36 
H 168 GO 28 
p-c1 168 76 57 
In-CI 95 4s 
~ I - N O Z  90 58 50 

1. Additions to X=Y Systems 

By far  the  most thoroughly examined class of substrate is the olcfinic link with or 
without activation by substituents in  conjugation with the C=C bond. A common 
activation process is the  introduction of strain in to  a cycloalkene14G8~ 1s57, 1587. 1i86. 

operating a t  pressures in the  a rea  of 5000 a tm.  Thus ,  d e  Suray a n d  
were able t o  prepare the  A’-pyrazolines from tram-stilbene in 100% yield in 170 h 
at ambient temperature whcreas n o  product resulted after 72 h a t  1 atrn (Table 4). 

1787, 2123. 2388, 234’3, 2357. 2361, 2373, 2188, but this problem in part can  be Overcome by 

TABLE 4. The effect of prcssure upon the I ,3-dipolar additions of d i a z o m e ~ h a n e ~ ~ ’ ~  

Reaction timc Pressure Yield 
D i pol n rop h i le Product (h) (at m) (73  

9-Carbomet hoxy 
phcnant hrene 

Methyl cis-u-methyl 
cinnamate 

Methyl trans-u-phenyl 
cinnamate 

Methyl-cis%-phen yl 
cinnamate 

trans-Stilbcne 

cis-Stilbene 

p-Nitro-trans-stil bene 

Benzylideneaniline 

p-Nitrobenzylideneaniline 

.A’-Pyrazolim 

A’-Pyrazoli ne 

A1-Pyrazoline 

A’-pyrazoline 

A’-Pyrazoline 

A2-Pyrazoli ne 

A2-Pyrazoline 

Triazoline 

Triazoline 

49 

49 

49 

49 

72 
170 
72 

199 
144 
144 

70 

70 

1 
5000 

1 
5000 

1 
5000 

1 
5000 

1 
5000 

1 
5000 

1 
5000 

1 
5000 

1 
5000 

7 
45 
15 

100 
0 

66 
33 

100 
0 

100 
0 

40 
5 

70 
5 

650 
34 
72 

T h e  dircction of addition t o  a n  unsymmetrical olefin can in principle occur in 
t w o  senses, a n d  too frequently does so cven when the double bond is strongly 
polarized by substituents. I t  is attractive to  assign such behaviour t o  steric effects, 
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since when this phenomenon occurs, i t  usually involves disubstituted diazomethanes. 
This assumes of course that the carbon of the diazoalkane possesses excess electron 
density and the terminal nitrogen is partially positive. (A point of some dispute 

but gener- 
ally felt to be the case by most theoreticians and by experimentalists, see References 
1440 and 21 13 for altcrnative conclusions.) 

amongst theoreticianslllO, 1198, 1199. 1556. 1530,1838, 1857, 1912, 1977, 1 9 i d .  1979,2113. 2216 

(4) 

Normal sense 
N 
' X  Y-c, I ' 0  

/ 

(5 1 

(6 )  

The early studies of Parhani211J-2119 upon the addition of diazoalkanes to nitro- 
olefins rcvealcd that diazomethane and diazoethane add normally whereas diphcnyl- 
diazomethanc givcs the rcverse orientation. With allenic ketones and csters this 
effect is not Howcvcr, the anornaloiis addition was observed by 
Franck-Neumann in the addition of 2-diazopropane to a 43-P-octaIone'511. 
Anomalous orientation was not observed with alkylidenc and benzylidene malonates, 
cyanoacetates and acetylacetoncs. Anomalously oriented products are observed with 
arylacetylenes and d i a ~ o m e t h a n e ~ ~ ~ ~  while disubstituted diazomcthanes furnish only 
the anomalous lolc, lgz1. Other acetylenes furnishing at  least some 
anomalous prodiicts include alcohols192'. 2058. 2061, etherSllO1, 2185 , phcnyl 
pr~piolateSlJ9C, 1525, 3365, 2238, 2322 ketoneS119G, 1631, IC52 , aldehydes and alkoxy- 
a c e t y l e n c ~ ' ~ ~ ~ .  

Huisgen has compared the relativc reactivity of diazoalkanes as 1,3-dipoles. 
The general trend is 2-diazo- 1,3-dicarbonyl compounds c diazoketones .: diazoacetic 
ester < diphenyldiazomethane < diazornet bane??'?. 

a. Simple olefins mid siihtiti/lcd nk~firrs orlier tlrnri ketoncs mid nld~4ycles. A wide 
variety of diazoalkanes has been found to add across double bonds to furnish 
pyrazolines. These include diazomethane, diazoethane, diazocyclopropane. ?-diazo- 
propane, diazoacetic esters, dimethyl diazonialonate, aryldiazornethanes and 
diaryldiazoinethancs as well as  diazocyclopentadienes. The reactions often tend 
to be slow or non-existent unlcss the double bond is (i) activated by bcing part of a 
straincd ring system (cyclopropencs, cyclobutencs and cyclopentcncs show decreasing 
reactivity), (ii) in conjugation with an elcctron-witlidra\\.~ing or  -donating substituent, 
(iii) elevated teniperaturcs or  pressures arc employed or (iv) polar solvents are 
employed. Since many diazo compounds a n d  1'-pyrazolines are quite temperature 
sensitive, the temperature variable is normally not attractive. 
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Strained five-membered rings are more reactive if they are part of a bicyclic system 
such as norbornene or dicyclopentadiene. I n  the last case, the relatively unreactive 
dimethyl diazomalonate adds quantitatively in -60 days at 30 "C to the  8,9 double 
bond while failing to react with cyclopentene under identical conditions or with 
the 4,s double bond of d i ~ y c l o p e n t a d i e n e ~ ~ ~ ~ .  

D. S .  Wulfrnan, G .  Linstrumclle and C .  F. Cooper 

MeOOC 

MeOOC 

(1 0) - 100% 

The addition of diazomethane or diazoethane to cis-3,4-di~hlorocyclobutene~~~*~ 
is illustrative of one of the problems of stereochemistry; i t  furnishes the 

syn-pyrazoline quantitatively with the alkyl residue e s o  (equation 4). 

& RCHN, $ RCHN, p: (4) - __f 

K /  N N N+ 

(13) 2 N 
X = CI, I, Br, OH, OAC R H R H  

(14) (1 5) 

When, however, 7X-substituted norbornadienes are employed, erido-anti addition 
occurs for the first diazoalkane molecule and the  second enters ex0 (X = CI, Br, 
I, OAc or OH). With dimethyl tetracyclo[3.3.2.0'~'.0~~a~dec-9-ene-2,4-dicarboxylate 
(14), addition is on the least hindered and least unsaturated face (15)2283. With 
diazoalkanes and t r a m  dichloronorbornene or  cis-enclo-dichloronorbornene, only 
exo adducts are obtained1J88. liY5. With several diaryldiazornethanes the addition 
to 7-nnfi-1-butoxynorbornene occurs exclusively o n  the CSO facc while the results 
with the related norbornadiene exhibit little sclectivity except that  the f-butoxy 
group considerably reduces attack on that face. 
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x 

829 

The work of Callot, Cohen and B e n e ~ r a ~ ~ s ~ .  I 5M7 with aryldiazoalkanephosphonates 
and alkyldiazoalkanephosphonates employing norbornene and norbornadiene as 
substrates furnished only the ex0 adducts 19, 20, 21, and 22. The relative amounts 
of the two possible orientations of the substituents R’ and R2 were found to be a 
function of steric and electronic factors (Table 5). 

TABLE 5. The reactions of some diazophosphonates with 
norbornadienc and norbornene 1557, lSn7 

100 
81 19 

100 
78 
95 
90 
90 
95 
93 
91 

100 
100 
90 
75 
60 
50 
0 

55 

22 
5 

10 
10 
5 
7 
9 

10 
25 
40 
50 

100 
45 

With open-chain olefins and unsymmetrical diazoalkanes, two possible orientations 
exist in the resulting pyrazolines. The reactions proceed stereoselectively in a cisoid 
fashion with steric factors dominating’4J2. 1J82, 2110 ( e q ua t i on 7). 

A variety of functional groups can serve as activating substituents and these can 
be electron-withdrawing groups such as nitro, cyano, ester, aldehyde, keto or 
sulphonyl, or electron-donating groups such as thioether, amines and ethers. In some 
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cases, the activating group has been part of a heterocyclic ring. Thus the benzthio- 
phene S,S-dioxide (30) has been converted into both the A’- and A?-pyrazolines 
(31 and 32) depending upon the reaction temperature21g0. Similarly the thietane- 
],I-dioxide (33) has been used successfully to prepare a number of substituted 
p y r a z o l e ~ ’ ~ ~ ~ .  

& R‘R’CN, -> bR, + hN R’ 

N//N N” 

(21 1 (22) (23) 

R‘ = Me, C,H,, p-MeOC,H,, p-MeC,H,, p-BrC,H,, 
R’ = R’, p-NO,C,H,, p-AcOC,H., o-MeOC,H,. 

R’ = P(0) (OCH,), 
4-naphthyl, p-naphthyl, Et, i-Pr, I - 6 1 1 ,  C,H,CH, 

(7) 
-t some - x = OC’H, + 

x = CI + 
a 

X 

+ xwx 
(281 

X = H, 50 C, 6% 
80 “C, 8.8% 

Ojima and Kondo?lo2 have compared the relative reactivities towards diazomethane 
of vinyl and ally1 ethers with thc related thioethers. They concluded that there was 
px-dx interaction between sulphur and the double bond. With benzyl ally1 sulphide 
they obtained only a single pyrazoline, whereas the related ether furnished both 
possible orientations. With the related vinyl systems, the reverse situation occurs 
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(equation 9). It is perhaps noteworthy that acrolein acetals arc claimed to furnish a 
single (normal) orientation. Subsequent removal of N, furnishes the cyclopropyl- 
carboxaldehyde acetals in good yield22c8. 

R'CHN,  

-T--+ 

Hisher temp. I 

R R' YieLd (yo) 

34 35 
Ph H 55 
CH, H 60 
Ph Ph 50 
Ph c H, 83 
CH, CH, 60 
H H 73 
C,H, heat 50-57y0 38 

hv 45% 38 
H heat 52% 39 

An amusing application of the cycloaddition of a diazomethane to an enamide 
has been developed by Barton's group148u. I4O1. They treated 50 with diazomethanc 
and subsequently reacted the product 51 with Zn and acetic acid or KOBu-r/r-BuOH 
to furnish the p-lactam (52) (equation 10). 

Unlike the Diels-Alder addition to c y c l ~ h e p t a t r i e n e ~ ~ ~ ~  (which proceeds via the 
norcaradiene form), the reaction of the azepine (53) with diazomethane occurs with 
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both valence isomers214L. This point has been employed as an argument against the 
presence of a dynamic equilibrium in the diazepine (58). The product with diazo- 
methane furnishes a tetra-aza-azulene (60) which upon treatment with Pb(OAc), 
gave a diazanorcaradiene (63). When 2-diazopropane is employed, thermolysis 
yields the diazahomotropilidene (61) which does not undergo the cxpccted Cope 
rearrangement (61 Z 62)18.13. 

Sharp and  coworker^'^^^^ 1640, 2250 have examined the intramolecular cyclization of 
vinyl diazomethanes to furnish 3H-pyrazoles. Some of these are able to undergo 
isomerization to 3H-1,2-diazepines. In some cases the 3H-diazepines are formed 
directly. 

The parent 3H-pyrazol synthesis was first observed by Hund and Liu in 19351808 
and the bimolecular cycloaddition of vinyl diazomcthane has been examined by 
Tabuski and and by Salomon21s8. The transient participation of an  
intramolecular cycloaddition nicely accounts for the conversion of 73 into 75, 76 
and 771060. 
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The presence of two geminal activating groups on an olefin apparently d9es not 
lead to abnormal addition. Thus, Carrie and collaborators have carried out extensive 
studies upon alkylidene~yanoacetates?~~~ 1845-1817, a l k y l i d e n c m a l ~ n a t e s ' ~ ~ ~ ,  nl- 
kylid~neacctoacetates*~~~~ 1613-1G17s 1621, 1624$ 16251 2a23, a1 kylidenedi b e n z o y l m e t h a n ~ s ~ ~ ~ ~ ,  

(57) 

Y = COOEt, PhCO, p-ToS 

cinnamylidenecyanoacetateszo22, cinnamylidenemalononitriIes2022, cinnamylidene- 
malonic esterszaz1, benzylidenemalonic esters256* 1618e 184*1 lSp9, alkylidenecyano- 
a c e t a m i d e ~ ' ~ ~ ~ ,  alkylidenenitroa~etates~~~, alkylidenenitroacetonitrile~~~~, nitro- 
ole fin^^'^, benzylideneacetoacetic esters256, benzylidenecyanoacetates266, and benzyl- 
idenenitroacetates2lD. The diazoalkanes primarily employed were diazomethane, 
diazoethane and diazoacetic ester. The reactions studied are summarized in equations 
(14)-(33) and the products arising initially and after thermolysis 2re given there and 
in Tables 6-17. The basic processes observed are summarized in equation '(14). 
The large variety of products arise in part because of the conformational equilibria 
between the two possible conformers, e.g. 81a and 81b (see also equation 30). 

What is surprising, are the reaction conditions successfully employed when 
diazoacetic ester was the 1,3-dipole. Some of the reactions (e.g. 143 -+ 142, equation 
23, Table 8) were run in refluxing toluene or benzene and the cycloaddition reaction 
occurred preferentially to simple loss of Nz to  furnish 'carbene'-derived products. 
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H 32 20 46 
F 38 26 36 
CH, 37 20 43 



18. Synthetic applications of diazoalkanes 835 

0 CH N -.- 

? 
0 

I 

X P  - 
COOMe . 

(74) 

0 
I 

-> 

COOMe COOMe 

"g + R'H'CN, -> 

R'  Y (79) 
(78) 



T
A

B
L

E
 

6.
 A

dd
it

io
ns

 o
f 

so
m

e 
di

az
oa

lk
an

es
 to

 o
le

fi
ns

 

O
le

fi
n 

78
 

D
ia

zo
 7

9 
-

~
-

 
R'
 

R
? 

x 
Y

 
R

3 
R

4 
Y

ie
ld

, o
th

er
 p

ro
du

ct
s 

an
d 

co
m

m
en

ts
 

R
ef

er
en

ce
 

Ph
 

H
 

C
H

, 
H

 
C

H
, 

H
 

PB
O

Ph
 

H
 

PB
O

Ph
 H

 
Ph

 

Ph
 

Ph
 

Ph
 

P
h 

ti
-P

r 

EI
 

Ph
 

Ph
 

n-
Pr

 
E

t 
P

h 
Ph

 
P

h Ph
 

C
H

, 
C

H
3 

n-
Pr

 
ri

-P
r 

tz
-P

r 
n-

Pr
 

P
h 

P
h 

H
 

H
 

H
 

H
 

H
 

H
 

H
 

H
 

H
 

H
 

H
 

M
c 

H
 

H
 

H
 

H
 

H
 

tl
 

H
 

H
 

I-I H
 

H
 

N
O

2 

N
O

2 
N

O
* 

N 
O

z 

N
O

2 
N
 01

 

N
O

2 
N

 O
z 

N
O

2 

N
 O
2 

N
 0

3
 

N
O

2 
N

 O
2
 

N
O

z 
N

 O
2
 

N
 0

2
 

N
O

2 
C

E
O

 
A

c 
A

c 
C

M
O

 
A

c 
C

M
O

 
A

c 
C

E
O

 
A

c 
C

M
O

 
A

c 

H
 

H
 

H
 

H
 

H
 

I3
r 

B
r 

H
 

M
ea

 

E
ta

 

M
C

Q
 

E
I 

M
e 

E
t 

M
cb

 
E

lb
 

H
 

A
c 

C
E

O
 

C
E

O
 

A
c 

C
M

O
 

A
c 

C
M

O
 

A
c 

C
E

O
 

A
c 

C
M

O
 

P
h 

P
h 

M
e 

PI
1 

Ph
 

H
 

H
 

H
 

H
 

H
 

H
 

H
 

H
 

H
 

H
 

H
 

P
h H H
 

H
 

H
 

H
 

H
 

H
 

H
 

H
 

H
 

H
 

P
h Ph

 
M

C 
Ph

 
PI

1 

H
 

H
 

H
 

H
 

H
 

H
 

H
 

C
O

,E
1 

C
0,

E
t 

C
O

,E
t 

C
O

zE
1 

Ph
 

H
 

H
 

H
 

H
 

H
 

I-I H
 

H
 

H
 

H
 

H
 

A
S

 

A
 

82
 (4

1%
)- 

3,
4,

5-
Ph

3 
py

ra
zo

le
 (

10
0%

) 
82

 (2
7%

) -
 3-Mc-4,5

-P
h2

 p
yr

az
ol

e 
(9

G
%

) 
In

te
rm

ed
ia

te
 o

bs
er

ve
d,

 8
2 
_

_
_

_
 

3,
4,

5-
M

e3
 p

yr
az

ol
e 

(1
0.

5%
) 

82
 (4

1.
5%

) -
 3-PBOP

h-
4,

5-
Ph

2 
py

ra
zo

le
 (

96
%

) 
82

 (1
9.

7%
) 

(2
0-

37
%

) 
-
 3-PMOP

h-
4,

5-
Ph

z 
py

ra
zo

le
 (1

00
%

) 
80

 (4
2.

3%
) -
 2-Br-3-PI

i 
py

ra
zo

lc
 

80
 (4

2.
3%

) -
 2-N02-3-

Ph
 p

yr
az

ol
e 

-
 

Po
ly

m
er

 (
1 0

0%
) 

80
 (1

00
%

) 7
 

3-
M

e-
4-

Ph
 p

yr
az

ol
e 

(8
4%

) 

80
 (1

0%
) i
\
 p

yr
az

ol
e 

(9
2%

Y
 

80
 (1

 O"
,) 
7
 

py
ra

zo
le

 5
3 

(7
7%

) 

80
 (1

0%
) 7
 

py
ra

zo
le

 (
57

%
) 

-
 

py
ra

zo
le

 (
92

%
) 

-
 

py
ra

zo
le

 (
68

%
) 

-
 

py
ra

zo
lc

 (
48

%
) 

-
 

py
ra

zo
le

 (
25

%
) 

-
 

az
in

c 
+ P

h,
C

=C
Ph

, 
80

 (I
 00

%
) 

80
 (I

 0
0%

) 
80

 (I
 0

0%
) 

80
 (1

00
%

) 
80

 (1
 00

%
) 

80
 (

 1
00

%
) 

80
 (1

 00
%

) 
80

 (1
 0

0%
) 

80
 (1

 00
%

) 
80

 ( 
10

0%
) 

A
 

A
 

a 
ac

ld
 

ba
se

 

R
+

 

H
+

 

H
+

 

a
+

 

21
 I6

 

21
16

 
21

 1
6 

21
 18

 
21

 1
8 

21
 1

4 

21
 1

4 
21

14
 

21
 14

 

21
14

 

21
 1

4 

21
 1

4 
21

 1
3 

21
 1

4 
21

 1
4 

21
 1

4 
21

 1
6 

16
14

 
16

14
 

16
14

 
16

14
 

16
14

 
16

14
 

16
14

 
16

14
 

16
14

 
16

14
 

16
14

 



P
N

P
h 

H
 

PN
Ph

 
H

 
E

t 
I1

 

n-
Pr

 
tI 

ti-
Pr

 
H

 
1

i
-

B
~

 
H

 
ti

-B
tI

 
14

 
C

H
3 

C
H

, 
P

N
P

h 
M

c 
PC

Ph
 

M
c 

M
e 

Ph
 

M
e 

PT
L

 
M

e 
P

N
P

h 
Ph

 
P

h 
M

e 
M

c 
M

c 
Et

 
Bz
 

Bz
 

Bz
 

Ph
 

P
M

P
h 

M
e
 

h
lc

 
PM

O
Ph

 
PC

Ph
 

M
e 

P
T

L
 

M
c 

M
e 

M
e 

M
e 

Et
 

E
t 

M
e 

M
e 

B
P

R
 

B
Pr

 
M

e 
H

 
M

e 
H

 
Et

 
H

 
ti

-P
r 

H
 

ti
-Y

r 

H
 

Ph
 

H
 

Ph
 

M
c 

P
T

L
 

C
E

O
 

A
c 

C
M

O
 

C
M

O
 

C
M

O
 

C
M

O
 

C
E

O
 

C
M

O
 

C
N

 
C

N
 

C
N

 
C

N
 

C
N

 
C

N
 

C
N

 
C

N
 

C
N

 
C

N
 

C
N

 
C

N
 

C
E

O
 

C
N

 
C

N
 

C
N

 
C

N
 

C
N

 
C

N
 

A
c 

A
c 

A
c 

A
c 

A
c 

A
c 

C
N

 
M

e 
P

T
L

 
C

N
 

M
e 

PT
L

 
C

N
 

A
c 

C
E

O
 

C
M

O
 

C
M

O
 

C
M

O
 

C
M

O
 

C
E

O
 

C
M

O
 

C
E

O
 

C
E

O
 

C
E

O
 

c E
O

 
C

E
O

 
C

E
O

 
C

E
O

 
C

E
O

 
C

E
O

 
C

E
O

 
C

E
O

 
C

E
O

 
C

N
 

C
E

O
 

C
E

O
 

C
E

O
 

C
E

O
 

C
E

O
 

C
E

O
 

C
M

O
 

C
M

O
 

C
M

O
 

C
E

O
 

C
M

O
 

C
E

O
 

C
E

O
 

C
E

O
 

C
E

O
 

H
 

H
 

H
 

H
 

H
 

H
 

H
 

H
 

H
 

H
 

H
 

H
 

H
 

H
 

H
 

H
 

H
 

H
 

H
 

H
 

H
 

H
 

tl
 

H
 

H
 

H
 

H
 

H
 

H
 

FI
 

H
 

14
 

H
 

H
 

H
 

H
 

H
 

H
 

H
 

H
 

H
 

H
 

H
 

H
 

H
 

H
 

H
 

H
 

H
 

H
 

H
 

H
 

H
 

H
 

H
 

H
 

H
 

H
 

H
 

H
 

H
 

I-1 II
 

H
 

H
 

H
 

H
 

H
 

H
 

H H
 

H
 

80
 (I

 00
%

) 

A
 

A
 

A
 

80
 (1

00
%

)- 
84

 (5
5-

60
%

)+
86

(1
5-

20
%

)+
88

 
(2

5%
) 

80
 (1

00
%

) 
84

 (5
5-

60
%

) 
+ 8

6 
(1

 5-
20

%
) 
+ 8

8 
(2

5%
) 

80
 (I

 0
0%

) 
84

 (
55

40
%

) +
 86

 (1
 5

-2
0%

) 
+ 8

8 
(2

5%
) 

80
 (1

 00
%

) 
80

 (1
 00

%
) 

80
 (1

00
%

) -
 84 (33%

) +
 88

 (6
7%

) 
80

 (8
2%

) 
80

 (8
3%

) -
 84 (36%)

" +
 86

 (4
2%

)"
 + 

88
 (2

2%
)"

 
80

 (8
4%

) -
 84 (29%

)"
 +

 86
 (4

1 %
Id 

80
 (8

7%
) -
 

80
 (8

5%
) 

80
 (

- 
10

0%
) 

80
 (

- 
10

0%
) 

80
 (

- 
10

0%
) 

80
(-

10
0%

) 
80

 (
- 

lo
o%

),
 8

4 
(8

9%
)"

+ 
86

 (8
%

)'' 
+ 8

8 
(3

%
)''

 
s.

m
. 

80
, 8

4 
(4

8%
Id

 + 8
6 

(I
 8

%
)"

 + 
88

 (I
 8

%
)"

 
s.

m
. 8

0,
 8

4 
(7

8%
)''

 +
 86

 (5
%

)d
 + 8

8 
(4

%
)"

 
s.

m
. 

80
, 8

4 
(8

8%
)''

 +
 86

 (2
%

)"
 + 8

8 
(7

%
)"

 
s.

m
. 8

0,
 8

4 
(3

5"
/,)

",
 8

6 
(3

5%
)"

, 
88

 (1
9%

)''
 

80
 (l

oo
%

),
 8

4 
(6

5%
Id

, 
88

 (3
5%

)''
 

80
 (l

C
C

%
))

, 8
4 

(5
2%

)d
, 8

6 
(l

o%
)"

, 
89

 (3
8%

)''
 

80
 (

lo
o%

),
 8

4 
(2

4%
)',

 
86

 (4
0%

)"
, 

88
 (3

6%
)"

 
80

 (l
oo

%
),

 8
4 

(4
2%

)"
, 8

6 
(2

4%
)"

, 
88

 (3
4%

)' 
80

 (l
oo

%
),

 8
4 

(I
 2%

)'',
 

86
 (6

2%
)"

, 
88

 (2
6%

)"
 

s.
m

. 
80

, (
62

%
) 

E
t,N

H
, 

A
'-p

yr
az

ol
in

c,
 

15
 d

ay
s 

at
 0

 "
C

 in
 E

t,O
 

s.
m

. 8
0,

 (
58

%
) 

as
 a

bo
ve

 
s.

m
. 

80
, (

55
%

) 
as

 a
bo

ve
 

s.
m

. 8
0,

 (
48

%
) 

as
 a

bo
ve

 
s.

m
. 8

0,
 (

75
%

) 
as

 a
bo

ve
 

s.
m

. 8
0,

 (
95

%
) a

s 
ab

ov
e 

s.
m

. 8
0,

 8
4 

(5
0%

). 8
6 

(5
0%

);
 to

lu
en

e 
so

lv
en

t 
s.

m
. 

80
, 8

4 
(2

7x
1,

 8
6 

(7
3%

);
 m

et
ha

no
l 

so
lv

en
t 

s.
m

. 8
0,

 8
4 

(4
6%

), 
86

 (5
4%

);
 a

ce
to

ni
tr

ile
 s

ol
ve

nt
 

A
 

A
 

A
 

A
 
+

 8
4 

(7
4%

)d
 + 8

6 
(6

%
)d

 + 8
8 

(7
%

)"
 

A
 

84
 (9

2%
)"

+ 
88

 (8
%

)"
 

16
14

 
16

14
 

16
18

 
16

18
 

16
18

 
16

18
 

16
18

 
16

18
 

18
45

 
18

46
 

18
46

 
I8

46
 

18
46

 
18

46
 

18
46

 
18

46
 

18
46

 
18

46
 

18
46

 
18

46
 

18
46

 
18

46
 

I8
46

 
18

46
 

18
46

 
18

46
 

18
46

 
16

17
 

16
17

 
16

17
 

16
17

 
16

17
 

16
17

 
18

47
 

18
47

 
18

47
 



838 D. S. Wulfman, G .  Linstrumelle and C. F. Cooper 

h g 
2 

G &  r a  
0 0  

c a 



H
 

H
 

H
 

H
 

H
 

D
 

H
 

H
 

H
 

H
 

M
e 

E
t 

rr
-P

r 
a-

Pr
 

M
e 

M
e 

P
h Ph

 
Ph

 
M

e 
PI

1 
H

 
H

 

H
 

H
 

H
 

H
 

H
 

D
 

H
 

M
e 

M
e 

M
e 

M
e 

M
e 

H
 

H
 

H
 

H
 

H
 

H
 

H
 

H
 

M
e 

Ph
 

M
e 

P
I1

 

Ph
 

C
M

O
 

C
M

O
 

C
M

O
 

C
M

O
 

M
e 

M
e 

M
e 

M
e 

H
 

H
 

C
M

O
 

C
M

O
 

C
M

O
 

C
E

O
 

A
c 

P
hC

O
 

A
c 

P
hC

O
 

P
hC

O
 

A
c 

A
c 

C
N

 
C

N
 

C
N

 

M
e 

M
e 

H
 

H
 

H
 

H
 

H
 

H
 

M
e 

M
e 

C
M

O
 

C
M

O
 

C
M

O
 

C
E

O
 

A
c 

A
c 

A
c 

A
c 

P
hC

O
 

C
M

O
 

C
M

O
 

P
hC

O
 

P
hC

O
 

PO
E

 

M
e 

M
e 

M
e 

M
e 

H
 

H
 

H
 

H
 

H
 

H
 

H
 

H
 

H
 

H
 

H
 

H
 

H
 

H
 

H
 

H
 

H
 

H
 

H
 

H
 

H
 

I3
 

H
 

H
 

H
 

H
 

H
 

H
 

H
 

H
 

H
 

H
 

H
 

H
 

H
 

H
 

i-i H
 

H
 

H
 

H
 

H
 

H
 

H
 

I 
z 

88
 (2

5%
) +

 89
 (5

6%
) 

s.
m

. 
80- 

s.
m

. 8
0 
-
 88 (61%

) + 
89

 (2
3%

) 
St

er
eo

ch
em

is
tr

y 
de

fi
ne

d 
s.

m
. 8

0- 
88

 (
66

%
)+

89
 (1

8%
) 

s.
m

. 
80

 -
 88 (22%

) +
 89

 (6
5%

) 
s.

m
. 8

0 
-
 88 (43%

) +
 89

 (4
3%

) 
s.

m
. 8

0 
-
 88 (42%

) +
 89

 (4
2%

) 
s.

m
. 8

0 
-
 88 (44%

)+
 89

 (3
5%

) 
s.

m
. 8

0 
-
 88 (43%

) +
 89

 (3
8%

) 
s.

m
. 

80
 -
 88 (46%

)+
 89

 (2
2%

) 
s.

m
. 

80
- 

88
 (2

5%
)+

89
 (4

1%
) 

80
 (9

0%
) -
 83 (33%

)+
88

 (6
7%

) 
80

 (1
00

%
) -
 83 (61 %

) +
 85

 (1
 5%

) +
 88

 (2
4%

) 
80

 (1
 00

%
) -
 83 (52%

) + 
85

 (2
2%

) +
 88

 (2
6%

) 
80

 (1
00

%
)- 

83
 (5

8%
)+

85
(1

3%
)+

88
(2

9%
) 

80
 (1

00
%

) 
80

 (I
 0

0%
) 

80
 (1

 0
0%

) 
80

 (I
 0

0%
) 

80
 (1

 00
%

) 
80

 (1
 0

0%
) 

N
o 

in
te

rm
ed

ia
te

, 8
3 

N
o

 in
te

rm
ed

ia
te

, 
83

 

80
 (7

5%
) -
 83 (39.8

%
) t
 8

5 
(1

6.
2%

);
 

A
 

hu
 

A
 

hv
 

A
 

A
 A hv
 

A
 

hV
 

re
la

tiv
e 

to
 C

H
, 

A
 A

 

A
 

A
 

A
 

+
89

 (
lo

o%
, 2

5 
"C

, 2
 d

ay
s)

 

20
07

 
20

07
 

20
07

 
20

07
 

20
07

 
20

07
 

16
05

a 

20
5 1

 

16
05

a 
20

5 
1 

16
19

 
16

19
 

16
19

 
16

19
 

16
20

 
16

20
 

16
20

 
I6

20
 

16
20

 
16

21
 

16
21

 
16

21
 

16
31

 
16

22
 

A
bb

re
vi

at
io

ns
: 

PB
O

Ph
 =

 p
-b

en
zy

lo
xy

ph
en

yl
; 

P
M

O
P

h 
=

 p
-m

ct
ho

xy
ph

en
yl

; 
C

E
O

 =
 c

ar
bo

et
ho

xy
; 

P
N

P
h 

=
 p

-n
it

ro
ph

en
yl

; 
C

M
O

 =
 

ca
rb

om
et

ho
xy

; 
PC

Ph
 =

 p
-c

hl
or

op
he

ny
l;

 
PT

L
 =

 p
-t

ol
yl

; 
B

z 
=

 b
en

zy
l; 

C
A

 =
 -

C
O

N
H

,;
 

Ph
C

O
 =

 b
en

zo
yl

; 
P

O
E

 =
 P

(O
)(

O
Et

),;
 

s.
m

. 
=

 s
ta

rt
in

g 
m

at
er

ia
l. 

Py
ra

zo
le

 s
ub

st
it

ut
ed

 a
s 

in
 s

up
po

se
d 

or
 re

al
 p

yr
az

ol
in

e.
 

St
er

eo
ch

cm
is

tr
y 

no
t 

de
te

rm
in

ed
. 

In
 c

as
es

 w
he

re
 t

w
o 

po
ss

ib
le

 s
te

re
oc

he
m

is
tr

ie
s 

ex
is

te
d 

fo
r 

th
e 

ol
ef

in
, 

th
e 

th
er

m
od

yn
an

iic
al

ly
 m

os
t 

st
ab

le
 h

as
 b

ee
n 

as
su

m
ed

 w
he

re
 s

te
re

o-
 

ch
em

is
tr

y 
ha

s 
no

t 
be

en
 s

up
pl

ie
d.

 
T

hi
s 

w
as

 b
as

ed
 o

n 
th

e 
sy

nt
he

ti
c 

ap
pr

oa
ch

es
 a

pp
lie

d 
in

 t
he

 o
le

fi
n 

sy
nt

he
se

s 
w

hi
ch

 m
ig

ht
 b

e 
ex

pe
ct

ed
 to

 
fu

rn
is

h 
su

ch
 p

ro
du

ct
s.

 

St
er

eo
ch

em
is

tr
y 

no
t 

sp
ec

if
ie

d.
 

A
ss

um
e 

ci
s 

al
ky

l 
gr

ou
ps

. 



840 D. S. Wulfman, G .  Linstrumelle and C. F. Cooper 

CH, 
I 

R’-C=C(COR’)(COR’ 

JPR, < I‘“ R’ COR’ 

\ /  

FC\ R‘ 

CH, C(0H)R’ / N  
(94) 

R’CH,CH=C(COR’)(COR’) 

COR’ 
/ 

\ 

(95) % 
R’CH=CHCH(COR’)(COR’) R‘CH=CHC 

(97) 

(96) C(0H)R’ i ? 
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RICH,( E=C (C 0 R ') (C 0 0 R' ) 

84 1 

COOR' 

R' .cryR4 
11 R'CH,C H=C(COR') (COOR') 

R'CH,=CH(COR')(COOR') 
(1 04) 

Z +  E 

(106) 
E + Z  

b' = YC.H, 

COOR' 

(108) Y 

I C N  I Z-h H 
0 
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R = H, Ph 
Y = CN, COOMe, COOEt 

H 
CN 

A t  
\ 
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125 CH,N, l:(R = H) 

l j 6  

R = H, Me; X = Ac  - 
R = M C  131 

CH,N, 23% 

(Reference 219) 

0 

29% 
(138) R = Me (22) 

R 
RCH=CXY + N,CHCO,R' --+ :b-(xy 

H L T L x Y  
(1 39) (140) R'OOC R*OOCANMNH 

R' = Me, Et 
(141) (143) . .  

(Reference 256) 

R X F  + 
H Y 

(143h) 

RZ 

(23) 
OEt COOEt 

X = Ac; Y = C0,Me (146) 
X = C0,Me; Y = Ac (145) 

"'4;;; R5 (Reference 256) 
R' R' 

(142) 

R' RZ R3 R' R5 R6 

*COOEt CH, C0,Me "H C0,Me H 142b 
COOEt C6H5 CN H H  COOMe 142c 
COOEt C,H5 COOMe "H H COOMe 142e 

"COOEt p-CIC,H, COOMe "H H Ac 142h 
'COOEt p-CIC6H, AC 'H H COOMe 142i 

Assignment not given. 
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PhCHN, + PhCH=C(CN)COOR 

a45 

(C N )COO R 

Ph (1 49) \A 

/ \ Ph(PhCH,)C=C(CN)COOR 

Ph Ph,CHCH=C(CN)COOR 

(151) 
(150) 

VCC IC O0 

(Reference 256) Ph 
(1 53) 

TABLE 7. Additions of some diazoacetates to alkylidene cyanoacetatessO 
~ ~ ~~~ ~~~ ~ ~~ ~ ~ 

Compound 139 
- 140 Condi- Time 

No. R X Y R' tionso (days) A(%) B(%) 

139a 
139b 
139c 

139d 

139d 
139eb 
139fb 

139g 

139h 

139ib 

139h 

139ib 

(cis) 

( I f U I l S )  

(c is)  

(rruns) 

CN 
CO,CH, 
CN 

CN 

CN 
CO,CH, 

CN 

COCH, 

C0ZC2H5 

p-ClCSHJ COCH, 

p-ClCeHd COCH, 

p-CIC6H4 COCH, 

CO,CH, 
CO,CH, 
CO,CH, 

COZCZHS 
CO,C,HS 
COzCH3 

CN 

C 0 , C Z I i ~  

CO,CH, 

COzCHj 

COZCHI 

O02CH3 

1 
1 
3 

3 

(3 3 

3 

3 

3 

- 15 5 0  
15 100 

30 

- 
3 50 30 

35 
3 50 30 
3 4 5  30 

10 100 92 
13 100 85 

- 

3 0 
2 0 
6 100 

10 looc 65 

6 100 90 

- 13 1 o o c  

O 1, Room temperature in solvent; 2, at reflux in ether; 3, at 5 0  "C in  solvent. 
Excess of diazo compound relative t o  olefin 139 was 15%, except for the compounds 

Olefin 139i isonierizes partially during the reaction and the pyrazoline 143i (or 143'i) 

A indicates the percentage determined by n.m.r. of'the pyrazoline existing in the product. 
B indicates the yield of pyrazoline-2 relative to starting material. 

139e. 139f and 139i where the excess was 25%. 

obtained is contaminated with a small quantity of isomer 143h (or 143'h). 
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CH,CH=C(CN)COOCH, + p-XC,H,CHN, 

(1 54) (1 55) 

TABLE 8. Addition of some diazoacetic esters to scme activated double bondss0 

Compound 141 
Condi- 

R x Y R' :ionsa 143(%) 142(%) 144(%) 
~~ 

CO,CH, 
CO,CH, 

C02CH, 

C02C2H5 

C02&H5 
CO,CH, 

C O  C H 
CN2 
CO,CH, 

CO,CH, C2H5 

~~ 

1 50 30 20 
1 loo 0 0 
3 0 100 0 
2 50 30 20 
3 0 60 40 
2 50 30 20 
3 0 60 40 
2 45 30 25 
2 100 0 0 
3 b 100 0 
2 100 0 0 
2 0 50 50 
2 100 0 0 
3 40 60 0 
4 1 o c  90 0 
2 100 0 0 
3 1 o c  90 0 
4 1 o c  90 0 

(cis) 
i p-ClC6H, COCH, C02CH, CHI 2 100 0 0 

(trans) 

a 1, Without solvent a t  room temperature; 2, without solvent at 50 "C; 3, in solution 

* Traces. 
c Compounds 145 and 146 result from reaction with the A? in the reaction mixture. 

(benzene) at reflux; 4, in solution (toluene) at reflux. 
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p -  XC,H,(CH,)C=C(CN)CO,Et + PhCHN, ___f No reaction 
(2 months, room temperature; 
12 days, reflux C,H,) 

(160) cis 

(161, X = H) -- 162 

(161) trans X = CI 

CH CHN PhC\HCH, ,CN 
,c=c 

\ 

(26) H COOEt (Reference 256) 

(1 63) 

PhCtCH, ,CN 
c=c 

(164) cis 

\ 
C6, COOEt 

TABLE 9. Reactions of some benzylidene cyanoacetates with ethyl diazoacetatez6 

Olefin 139 
A B C D 

R X Y (%) (%I (%) (%I 

C6H5 ci9 CO,CH, 
G H ,  C N  C02C2H5 
G H 5  C N  CN 
CH, CO,CH, CO,CH, 
p-CICe H, COCH, CO,CH, 

p-CICsH4 COCH, CO,CH, 

C6H5 C0,CH3 CO,CH, 

(cis) 

(trans) 

0 
0 
0 

26 
10 
0 

60 
15 
58 
67 

20 
20 
10 
20 
30 

100 
50 

115 
0 
0 

20 
20 
10 
100 
100 
100 
500 
200 
500 

X 

a 
a 

a 
a 
b 
a 
b 
a 
b 

C 

A Olefin 139 (in %) not transformed after 12 days' reaction. 
B Excess (in %) of diazo compound utilized in the preceding reaction. 
C Excess (in %) of diazo compound necessary for complete transformation of the 

D Conditions employed for complete transformation. 
x 

a Refluxing benzene, 12 days. 
Refluxing toluene, 12 days. 
50 "C, 45 h, no solvent. 

olefin 139. 

The reactions were not worked up until all olefin had been consumed. 
Ethyl diazoacetate employed as diazo compound. 

TABLE 10. The reaction of methyl-a-cyanocrotonatc 
with para-subst it u ted p h e n y l d i a z ~ m e t h a n e s ~ ~ ~  

159 (%) 

X 157 (%) cis trans 
~ 

H 80 10 10 
CHJO 79.5 14 6.5 
N 0 2  84.5 15.5 0 
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(CH,),C=C(CN)COOEt (CH,), v(CN)COOEt 

(165) / ':166) 

\ CH1 (168) cis 

C\H, ,COOEt 

I 
CH, 

c= C\ 
PhC6 CN 

(169) trans 

Temperature 166 (%) 168 (%) 169 (%) 

10 "C 24 40.5 35.5 
Room temp. 41 *5 24.5 34 

(Reference 256) 

TABLE 1 1 .,Decomposition of some A'-pyrazolines derived from some monocyclic olefins 

H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
CO,R 

H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
COIR 

H CH2=CH- 100 1415 
H H  2.7 15 1416 
H H  90 1416 
H H  59 1 1416 
H CH, 11 8.1 72.8 b 

5.3 21.2 67.2 b CH, H 
H CH, 9.0 62.2 21.3 b 
CH, H 5.8 61.0 29.8 b 
H CH, 68.9 31.1 b 
CH, H 40.6 59.4 b 
H H  + C 

a hv (T)=photolytic, triplet state; IIV (S)=photolytic, singlet state. 
* P. B. Condit and R. G. Bergman, J. Cheni. Soc. Chenr. Conrniun., 4 (1971). 

H. Prinzbach and H.-P. Martin, Chitniu, 23, 37 (1969). 



18. Synthetic appliations of  diazoalkanes 849 

(Reference 256) RTvOMe Ph Ph 

TABLE 12. Decompositions of some A*-pyrazolines derived from bicyclic olefins 

CHX 
Y (GI 

R’ 

H V  

~ 

R 

- ~ ~ 

G H  Refer- 
(%) (%) Conditions ence 

- CH2- 
-CH,- 
-CH2- 
-(CH2l2- 
-CH2- 
-CH2- 
-CH2- 
-CH2- 
-CHOBtl-y (a / i / i )  
CH 0 Bu-y (anti) 
-CHOBU--~  (oirri) 
- CHOBtj-.( (u /{ f i )  
- CHOBu-*f ( c / / r / i )  
-CHOB u-.; ( S J ’ I I )  

-CH=CH- 
-Cli=CH- 

h \I 
Sensitized 
I1 v 
11 *J 

h *I 

Sensitizcd 
I1 \I 

h v 
A 
A 
A 
A 
il 
A 
A 
A 

I557 
1557 
1557 
I557 
1557 
1557 
1557 
1557 
2336 
’-316 
2346 
2336 
2346 
2235 
2235 
22.35 

29 
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C0,Me 

p 
kCO + 

Et  NO, 
(1 76) (177) (Reference 988) 

TAUI.I: 13. Reaction conditions for  tlic I ,3-cycloaddition of sonic diazoncetic acid csters to 
some benzylidcnc cyanoacetates. malonates and  acetoacetates2s6 

Condi-  Rcaction 
Olefin R R' x Y tions" timeb 

1393 

139c 
139d 
139e 
139g 
139h 

139i 

139j 

139e 

139111 

139d 

(trans) 

(cis) 

( t ram)  

CN 

CN 
CN 

CN 
COCH, 

COCH, 

CN 

CN 

C N  

C N  

CO,Cf-I, 

CO,Cl4, 

CO,CH,, 
C0,C2H, 
CO,CH, 
CN 
C02CH3 

C02CH, 

CO,C,H, 

CO,C,H, 

C02H5 

CO,C,H, 

1 
2 
I 
1 
2 
1 
1 

1 

1 
2 
2 
3 
2 
3 
2 

30 niin 
10 min 
4 h  
4 h  
36 h 
30 niin 
1 2 h  

12 11 

12 days 
3 days 

60 days 
10 days 
60 days 
10 days 
60 days 

a I .  Solution (ether) a t  10 "C; 2, solution (cther) at 25 "C; 3, solution (benzene) a t  40 "C. 
* Time necessary for reaction to go to coniplction. 

With p-methoxy- and p-nitro-phcnyldinzomethancs, the  rcaction is complete after 4 days 
a n d  5 minutes, respectively. 
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T A B L E  14. Conversion of some alkylidene cyanoncetates to c y c l o p r o p a n e ~ ~ ~ ~  

85 I 

Compound 
Cyclopropane 

Olefin R R' X Y obtained Yield (%) 

139a CH, H CN CO,CH, 1 5 7 ( X  = H) 50 
157(X = 0 - M e )  55  

139c COH, H CN CO,CH, 153 15 
139d co H, H CN C0,C,H5 150 50 

139g C6 H, H CN CN 150 55 
153 15  

TABLE 15. Addition of diphenyl diazomethane to some benzylidene and nlkylidene 
cyanoacetatesZ5'j 

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

RR'C-CXY Reaction 
__ Condi- time Yield 

R R' x Y lions" (days) A(%)  B(%) (k3 

139 CH3 H CN CO,CI+J 1 21 8 5 55 
H CO,CH, COJH, 1 20 9 20 80 

- 4 1 7  15 63 
139 CH, 
139 CGH, H CN C0,CH3 
139 cti H, H CN C0,C2H:, 3 4 1 7  15 64 
139 GH:,  H CO,CH, CO,CH, 3 20 78 400 
139 CG H; H C N  CN 2 3 10 10 66 

3 

139 p-CICGH, H COCH, COZCH, 3 15 33 200 

139 p-CICBH, H COCH, COiCH, 3 15 49 200 

139 CH, CH, CN CO,C,I-I, 1 -b  81 5 

(cis) 

( tram) 

I ,  Solution (ether) at 25 "C; 2, solution (bcnrene) at 50 "C; 3, solution (benzene) at 40 "C. 
The solution was left at 25 "C for 14 months. 

A (%) Olefin unreacted. 
B (%) Excess of diphenyl diazomethane added. The last colurnn gives the yield of 

cyclopropanc isolated. 

TABLE 16. Reaction of isopropylidcne norboacelatc with diazoi~icthnne"~ 

Temperature ("C) Solvent 176 f 177 ('x) 178 (7;) 179 (x)  
0 Without solvent 17  3 3  50 

20 Without solvcnt 20" 35 4 5 
70 Bcnzene 40 35 25 
90 Toluene 43 39 19 

1 1 0  Toluene 50 37 13 
I40 Xylene 56 40 4 

Q Relative percentage 176 42% and 177 58%. 
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TABLE 17. Pyrolyses of some 4-ary1-3-cyan0-3-nitro-l-pyrazolines~~~ 

191a H 85 10 5 
191b p-CHIO 34 16 50 

- 191~ p-NO, 88 12 

(Reference 988) 

H3C1 Nr(NOz)COOMe 

(186) 

CH,CH=C(NO,)COOMe + CH,N, __f 

(1 85) N" 

(31 1 
H,C + v y e  + (CH,),C=C(NO,)COOMe 

H3 v , " o " b  M e (1 89) 
(1 87) (1 88) 18% 
27% 27% H3CnCooMe (Reference 988) + 

0' '0 
(1 90) 
45% 

(Reference 988) 

+ 
Ar q:, 

CN 

(1 93) 

+ 
'0 

In a number of studies, initially formed A'-pyrazolines undergo prototropy to the 
A*-pyrazoline. Related processes occur with 3-acyl and  3-silylated h'-pyrazolines to 
furnish N-silyl-A?-pyrazolines and N-acyl-A'-pyrazolines. i t  is clear that many 
A'-pyrazolines have very appreciable stabilities whereas others are on ly  transitory 
in nature, either undergoing loss of No_ or rearrangement to the A? systems. 

The latter phenomenon is clearly facilitated by the presence of a hydrogen on  
C3 or C5 which is accompanied by a strong electron-withdrawing group such as 
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I /  

R' 

(34) 

acyl or carboalkoxy. The migration of an acyl group was shown by Danion-Bougot 
and Carrie to result from base catalysis and was rationalized by equation (34), and 
supported by the data in  equation (35)I6l7. 

The thermolyses of diacyl A'-pyrazoIines lead to a number of products (equation 
IS). Some of these represent various tautomers 95,96 and 97 and 93 and 94, whereas 
the two possible dihydrofurans, 99 and 100, may well be secondary products arising 
from rearrangements of the cyclopropane 98. Similar but less complex results are 
observed with monoacyl systems (equation 16). 

The possibility must be considered that the dihydrofuran 109 is a secondary 
product. 
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COOMe COOEt 
w p h  + y w p h  Et,NH> E t O O C n P h  + 

N=N N=N N-NvO 
X 

X = Me; Y = Et 

EtOOCPfPh 

N-r'Yo (35) 
Y 

(21 4) 

(21 
E1,NH + EICONEt, t 

x 
5) 

The loss of N, from A]-pyrazolines has been studied extensively b y  Crawford and 
C O W O ~ ~ ~ ~ S ~ ~ ~ ~ - ~ ~ ~ ~  and McGreer and C O W O ~ ~ ~ ~ S ~ ~ ~ ~ - * ~ ~ ~ .  Much of this work has been 
reviewed by Bergman151s. The A'-pyrazolines have been broken down into four 
basic categories by McGreer. There appears to be only one reported and verified 
example of the copper salt catalysed decomposition of a A1-pyrazoline2361 (see 
equation 3, page 3 of reference). 

A not uncommon process occurs with A'-pyrazolines capable of losing a molecule 
HX between C3 and C4 (X is a reasonable leaving group). Several common combi- 
nations are HOAc 1881, HCl 1881, (C6HJ3P0 2371, (C,,H5)3P 2217 and H N 0 2  2114-2119 

(equation 39). 

R' 

QR5 

R' 
(21 8,. , 

rr or II 

R+' V 

(221 1 
rn  

%p5 R' 

(225) 
r i  

R3 
(219) 

ir or ri 
R' tf R' (36) 

v r = riteliticjn 
(222) i = inversion 
in n = no information 
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(229) 
r r  

k / 
R*D - 

''-fNH I 

(235) (236) 

-N 
R' R6 R '  

X = Halogen, NO,, OAcyl, OR, $PHI, SIR,, OP(O)(OR), 

R, R' R' 

X H H 
H X H 
H H X 

I t  is possible to convert A?-pyrazolincs in to  A'-pyrazolines by the action of 
Pb(OAc),. The resulting 3-acetoxy-h1-pyrazolines can be converted into pyrazoles 
by loss of acetic acid or into cyclopropyl acetates by pyrolysis. 

OAc 

(240) 

b. Inlines. The formation of triazolines via the I ,3-dipolar cycloaddition of 
diazoalkanes to imincs has bcen examined extensively by Kadaba1932-1338 . The reaction 
is facilitated by the employment of very high pressures (see Table 4)2272. Kadaba 
has investigated the effects of changes in solvent dielectric constant, the use of 
protic and dipolar aprotic solvetits, and the use of wet solvents. This work expanded 
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upon an earlier obscrvation of Mustafa that diazomethanc formed stablc addition 
complexes with anils. With the substitutcd anils, the rate of addition is modestly 
altered by substituents with p-NO, causing a 10-fold rate increase in DMF and only 
a two-fold change whcn p-dioxane is the solvent. The additions are accelcrated by 

R' R' 
\ R' 

N C-R' (40) 

N& 
R'N=CR'R' + R'R'CN, I \  

(241 1 (242) %N' \ 
R 5  

(243) 
-/ 

R'N, + R2R'C=CR'Rs 

the presence of ortho substituents, presumably as a conscquence of relicf of steric 
inhibition of rcsonance. The use of aqueous dioxane greatly improves the yields of 
triazolines and, in fpct, facilitated the formation in very modest yield of 3,4-diphenyl- 
I-pyrazoline from diazomethane and cis-stilbcne; this lattcr reaction goes somewhat 
better under 5000 atm presslire in  ether. Apparent!y the combination of wet dioxane 
and high pressure has not been examined. 

The introduction of strain into the irnine substrate such as is encountered in a 
3H-azirene leads to enhanced rates of cycloaddition accompanied by subsequent 
ring opening to furnish azidcs (equation 41). 

N CH,N, ,H CH,N: , ArCH=C, / 

CH, 
Me-C-C, 

A r  

Ar = 2,4-(NO2),C,H, 

(246) (247) 

This behaviour of triazolines can under sonic conditions be reversible in  a modified 
form where triazolincs are i n  equilibrium with diazo conlpounds. Himbert and 
reg it^'^^^ have carried out extensive investigations in this area which are summarized 
in equation (42) and Tables IS, 19 and 20. The reaction is not new. D i r n r ~ t h ' ~ ~ ~  
observed similar phenomena both with thc reaction of phenyl azide with malonamide 
and the related half methyl ester half amidc in 1910. A somewhat similar reaction is 
observed when phenyl azide reacts with ethyl a ~ r y l a t e ~ ~ ~ ~ .  

A slightly different phcnomenon occiirs with the aryl hydrazones of I-nitro- 
aldchydcs (equation 43). With diazomethane thcsc hydrazones furnish methyl 
nitronate csters with concomitant conversion of thc hydrazone into an azo 
func(  ion14'5-1J81 

c. 1soiriirile.s. The reactivity of diazoalkancs towards isonitriles has apparently 
attracted little attention. although isonitriles can bc lookcd upon in one sense as 
imino carbcnes and should be active in thc formation of azinc-typc products as well 
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R' 
I 
C 
111 
C 

N R' Et 

R; C-N R', C& 

I 

(253) 

Y 3  so, -+ Et\ // \\ 
I I /N--C, N /N 

Et , N ,- + N s 0 , R2 
I / \  

Et Et (251) S 0 2 R z  
(250) (252) 

A 6  C D  
R' = CH,, C,H,, C,H,, Ph 

R' 
I 

C-N 

N 

C N3 R< 
C 111 so, I - + Me\ 11 \\ - R'+JZ 

I N-C, /N - I I 
N R' 

Me\ /c+ 

C D E  (257) 

N NSO,R? 
Ph' I / \  

(254) (256) Ph 
SO,R' / 

Me Ph (255) 

A E  
R' = CH,, C,H,, CH,=CHCH,, C,H,, Ph 

ArN=N-C=N-0-CH, 
CH,N, / 

.4r NHN=C, 
R R 

TAULE 18. Equilibria between triazolines and  diazoimines'sG9 

Equilibrium 252 2 253 
R' R? 252 (%) 253 (%) 

33 
32 
30 
49 
45 
59 
62 
63 
80 
84 
90 

100 

100 
100 
100 
78 

67 
6 8 
70 
51 
52 
41 
35 
37 
20 
16 
10 

857 

(43) 
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TABLE 19. Equilibria between triazolines and diazoimines'86D 

Equilibrium 252 253 
R' R? 252 (%I 253 (%) 

0 
0 
0 

10 
13 
14 
50 
0 
38 
77 

I00 
0 

8 0  

100 
100 
100 
90 
87 
86 
5 0  

100 
72 
23 
0 

100 
20 

TAULE 20. Equilibria between triazolines and d i a z o i r n i n e ~ ~ ~ ~ ~  

Equilibrium 256 257 
R' R" 256 (%) 257 (%) 

4-CH,OC,H, 
4-CH,C,H, 

4-NOZCeHa 
3 - N 0, CG H, 
2-NO,C,H, 
2-NOzCc I-1, 
4-CH3CGHa 

3 - N 0, CG Ha 
2-NOZCGH4 
4-CH,C,jH, 
4-NO2CGtIa 
3 - NO,C, Ha 
2- N O,C,j H 4 

4-C HsCG Ha 

4- NOZC6 Ha 
4-NOzC,H, 
3-NO3CGHa 
3-N 0,CG Ha 

CG H5 

4- Br C, H, 

4-BrCGH, 

~~~ 

100 
100 
100 
80 
88 
30 

I00 
93 
88 
18 

100 
75 
87  
20 

100 
I00 
I00 
76 
79  
17 

7 7  -- 

20 
12  
7 0  
78 
0 
7 

1 2  
82 

25 
13 
8 0  

24 
21 
83 

as ketenirnines. S t a ~ d i n g e r ~ ~ ~ ~  found aryl isonitriles very reactive towards diphenyl- 
diazomethane and obtained the ketenimines. The reaction can be photocatalysed. 
Diphenyldiazomethane does not react with cyclohexyl isonitrile in the dark, only 
upon p l i o t o l y ~ i s ~ ~ ~ ~ ~  Thermolysis of methyl phen) ldiazoacetate in the presencz 
of r-butyl isonitrile also furnishes a ketenimine. More detailed studies of Staudinger's 
systems indicate that the reaction furnishes many products of which the ketenimine 
is only a minor product. Other diazo compounds and isonitriles were examined 
as 
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d. Cnrboriyl groups. The reactions of aldehydes, ketones and a few special 
categories of esters with diazoalkanes encompass two basic cycloaddition processes: 
(i) those involving addition to the carbonyl group, and (ii) those involving addition 
to  double and triple bonds in conjugation with the carbonyl groups. However, 
unlike the a, (3 unsaturated esters, the reactions of this latter category are not limited 
to the C=C bond and both processes often occur simultaneously. One can therefore 
expect to encounter complex mixtures, and often does with members of this last 
category. 

i .  Unconjugated systems. Considerable space has been devoted in the literature 
to the question of homologating aldehydes and ketones by employing diazoalkanes. 
Two very thorough reviews .178. Eistert and coworkers have published a 
series of papers on the transformations of substituted aldehydes with diazo- 
alkanes.'735. 174?. Their results are summarized in equations 45 and 46. 

RHC-CH,  
\ /  

(269) 

CY.N. 
R C H O  -+ RCHCH,N,+ - 

I 0 
(267) 0- 

(268) a: 15% 
R = R' b :  30% 

a: R = o-FPh 
b: R = r1l-FPh 

R C H C H N ,  
I 

H 
Q, 

,,,. (272) 

,:' R'CHO 
b< (273) 

R C H C H C H R  R C H C R H C H O  
+ R C H = C R C H O  

(277) 



860 D. S. Wulfnian, G .  Linstrumclle and C .  F. Coopcr 

TABLE 21. Reactions of some aldchydcs u i t h  diazomethanc and 
diazoethane to furnish epoxides and ketones 

267 
CIJ ,N, 
A 269 + 274 267 

CH,CLLU, 
A 280 

R = 0- M C S  C, H, 100% 
R = o-MeS(O)C,H, 100% 
R = o-MeS(O,)C,H, 100% 
R = p-MeS(O,)C,H, 35% 65% 
R = m-MeS(O,)CoH, 100% 

a: 
b: 

100% 
100% 

The principal rcactions with diazomethane are formal insertion into the aldehyde 
C-H bond and epoxide formation. These products can be nicely rationalized as 
resulting from loss of nitrogen from an intermediate oxadiazoline. The remaining 
products represent aldol-type condensations and/or further homologations. An 
interesting feature of this latter group of reactions is thc ability to bring about 
cross condensations between highly electron-deficient aldehydes such as chloral 
and the intermediates in the homologation. An unusual product from such a 
reaction is 286 which apparently arises from the generation of the diazoalcohol 288 
followed by attack upon the chloral (equation 47). The diazoalcohol 288 is the 
primary product if 2 equivalents of diazomethane are cniployed. It can then be 
condensed with a second aldehyde to furnish a P-ketol. 

Eistert's group173s- l i50  compared the reactivities toward diazomethane of 
several substituted benzzldehydes where the substituents were SMe, S(O)Me, 
SO,Me, CF3, CN and CI (equations 44, 46). Thc presencc of electron-withdrawing 
groups in the ortho and porn position facilitates formation of the epoxides, whereas 
the same substituents in  the nicfn position have a much weaker influence. The use of 
diazoetliane with the same aldehydes leads to excellent yields of the propiophenones. 

The reaction of diazomethane with chloral and other aldehydes was examined by 
and more recently by Bowman and 

G u t s ~ h e ~ ' ~  points out that proper credit for discovering thc honio- 
logation of ketones and aldehydes should go to Buchner and Curtius (1SS5)1s1s, 
von Pechniann (lS95)?:)23 and Meyer (1905)?011, rather than to Schlotterbeck (1907)?196. 
However, the actual developmcnt of the processes should be credited to work by 
Arndt1.'j0, Eistert172J, M e e r ~ e i n ~ " ~ ~  and M o ~ e t t i g ? ~ ~ ~  in the late 1920's and early 
1930's. 

The homologation of aldchydes proceeds in yields ranging from 20 to 10074 for 
the formation of ketones. The principal side reactions are the formation of epoxides 
and higher homologues. The reaction is not liniited to diazomethane and good to 

Arndt and EiStertl151-14S3, 1158, 1738, 1742, l i j 0  
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H 
0' 0 
I II 

0 
II 

CH,N, 
267 Re 269 + 271 + 272 + R'CHCH,C-R + R'CH=CHC-R 4- 

(282) y A N *  (28') 
RCH,CHCH,CR + 274 

I 

861 

(47) 

o-NCC,H, R 
o-CIC,H, R 
O-NCC~H, CCI, 

O-NCC~H, p-NO, 

m-CIC,H, R 8.7 
m-NCC,H, R 10 

p-NCC,H, R 6 2 

p-CIC,H, CCI, 

p-CIC,H, R 14 

33 
13.1 5.3 36 
38, R = R' 

+4-2 
4.3 32 
9.6 44 

13 3 42 
24 27 

6 2 35 
11, R = R' 
11 2 35 

(5% e poxi d ensc2) 

excellent yields are  obtained with diazoethanelao2* *OS8*  2260, d i a z ~ p r o p a n e ~ ~ ~ ~  and 
d i a z o b ~ t a n e ' ~ ~ ~ .  The  reaction with diazoacetic ester apparently goes beyond the 
formation of P-keto esters and furnishes dioxolanes instead1E3E. The presence of 
alcohols such as methanol appears on occasion to have a deleterious effect upon 
the yield and even the course of reaction. Methanol in some circumstances tends to 
fzvour aryl migration with aryl aldehydes to  furnish an aralkyl aldehyde and 
subsequent products whereas the methanol-free reaction leads to H migration and 
formation of a methyl ketonezo5'. The choice of diazoalkane also influences the 
course of the reaction with a n  aryl aldehyde. When nitropiperonal is treated with 
diazomethane, 90% of the product is the oxide and only 10% is the methyl ketone. 
When diazoethane is employed, the ethyl ketone is obtained in 73% yield2058. With 
piperonal an 84% yield of ketone 

H 
0- 0' 
I I 

(285) 0 

CI,CCHO + CH,N, - CI,CC H c H,N,+ c I,CC HC H - c HCCI, 
\ /  (284) 

0 - H  C I,C CH - C H, 

(287) 

/ 
CI,CCH \ /  \ 

0 CHN, 

(288) 
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and 
occurs with acyclic and cyclic ketones. The  mechanism is probably the same as 
that with aldehydes. The reactions are slower than with aldehydes and the use of a 
polar solvent such as  methanol is frequently ?030. The acyclic 
ketones give only fair yields of homologues with the yields decreasing with chain 
length4". The major products are the related oxides and can often be obtained in 
very high yields. When enolization is favourable (e.g. acetoacetic ester) one may 
encounter 0 and C alkylated products a s  well as the oxide145J. ?02". 

With 1,2-diketones, methylenedioxy derivatives may result. This holds both with 
simple 1,2-diones and o-quinones2?12 although exceptions existl"?"~ 173'. lS3l (equation 

The homologation of ketones has been extensively reviewed by G ~ t s c h e ~ ~ ~ .  

49). 

R" OCHR', R R "0 
R '1: + CR',N, __f R xo 

2 R QR; +_ lo 
R 

(291 1 (292) 
(289) (290) 

R = Me; R ' =  H- > 290 
R -- Me; R' = C,H, or p-MeOC,H, -- > 291 
R = Me,OMe; R' = H --> 292 

L__., 291 R' = C,H,, p-NO,C,H, 

(49) 

(298) 
,-". I 

With cyclic ketones the smallest ring might be considered as two, that in ketene, 
but  i t  will be treated in Section I.A.2.a along with the product, cyclopropanone. 

The carbocyclic ketones up through at least cyclopentadecanone undergo 
homologations along with some oxide formation. The relative rates have been 
measured2124. 212e and are  quoted by G u t s ~ h e ' ~ ~  as:  cyclopentanone, 1.00; cyclo- 
hexanone, 1.80-2.65 ; cycloheptanone, 1.25 ; cyclooctanone, 0.62; cyclopentadeca- 
none, 1.70 and cycloheptadecanone, 2.42. A frequent side reaction is bis homo- 
logation accompanied by epoxide formation. When cyclohexanone is treated with 
2 equivalents of diazomethane, cyclooctanone is obtained in - 60% ?Ic6. 

The presence of substitueots on a cyclic ketone frequently leads to the formation 
of both poss.ible isomers if the starting ketone does not possess a C, symmetry axis. 
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This holds whether the substituent is CL or far from the reaction site. Thus Tchoubar2284 
obtained both possible cycloheptanones from 3,5,5-trimethyl cyclohcxanone. 

The reaction with a-tetralone is extremely slow and yields oxides. Benzophenone 
is unreactive. In contrast, moderate yields of phenanthrones are obtained with 
fluorenone and tetramethoxyfluorenone'002. 1832. 

The use of higher diazoalkanes has been examined. Gutsche and coworkers have 
inserted ethyl a-diazocaproate into cyclohexanone and 4-(3',4',5'-trimethoxypheny1)- 
1-diazobutane into the same substrate as  part of studies directed towards the synthesis 
of c o l ~ h i c i n e ~ ~ ~ ~ .  1832. 

ii. a$-Unsaturated ketones and aldehydes. Although many a,P-unsaturated 
ketones and aldehydes undergo pyrazoline formation faster than homologation, 
examples do exist where this is not the case. Johnson and have homo- 
logated AJ-3-ones i l l  steroid systems to  furnish A-homosteroids by employing 
Lewis-acid catalysts and diazomethane (equations 50 and 5 1). 

+ 

An uncatalysed homologation of the steroidal A ring has been accomplished 
using diazocyclopropane and a A4-3-one. The reaction is accompanied by pyrazoline 
formation at  the Ale-20-one function as well as by subsequent attack of the saturated 
keto group in the homologated A-ring. This secondary product presumably arose 
from the transitory generation of a cyclopropylidene epoxide or a cyclopropyl 
carbonium 
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The addition of diazoalkanes to a,P-unsaturated ketones occurs in  the normal 
sense i f  the diazoalkane is monosubstituted or diazomethane. The intermediate 
products are 3-acyl-A1-pyrazolines and therefore possess a hydrogen acidified by 
both the acyl group and the -N=N-. Since diazoalkanes are reasonably basic, i t  
is not surprising that the product actually isolated from such a reaction is not the 
A'-pyrazoline but rather the A? isomer which possesses the conjugated chromophore 
H- fi-N= C- C= 0. If, however, the diazomethane is disubstituted, simple 
prototropy will not furnish the A? system unless the substituent o n  C,,, is electron 
withdrawing. In such a case, the identical arguments apply. It is not surprising that 
dimethyl maleate and dimethyl fumarate both react with diazomethane and with 
diazoacetic ester to furnish identical products irrespective of the stereochemistry of 
the d i p o l a r ~ p h i l e ~ ~ ~ .  

EtO,C, / H 
+ N,CHCO,Et + 

H/c=c\ COIEt 

(3091 
EtO,C, C0,Et 

/ 
C-C-H 

(310) 

When geminally substituted olefins are employed where an acyl group serves as a 
substituent along with some additional activating group, the possibility of acyl 
migration exists and has been observed with one  system. Danion-Bougot and Carrie 
found that they could isolate the A1-pyrazolines derived from diazomethane and 
some monosubstituted r.-acyl acrylic esters but that these rearranged in the presence 
of excess diazornethane, secondary amines and  primary amines but not by tertiary 
a ~ n i n e s ' ~ ' ~  (vide sicpya; pp. 853-4). 

The addition of diazoalkanes to  polycarbonyl compounds bearing unsaturated 
substitucnts and unsaturated ketones such as cyclopentadienones has been examined 
by E i ~ t e r t ~ ~ " .  1715-1i50. He found that both isatin and ninhydrin add p- and -;-pyridyl 
diazomethanes to furnish homologated ring systems. A number of other quinisatins 
tvere examined and found to furnish kctals, epoxides and homologues. 

With p-quinones the reactions outlined in equations ( 5 5 )  and (56) were observed. 
Schonberg and coworkers examined related processes using o-quinones and diary1 
diazomethanes. They obtained only epoxides with isatin and ninhydrin2212. 

With cyclopentadienones i n  the presence of alcohols, diazoalkanes lead to the 
addition of alcohol across a double bond1714. I n  aprotic solvents such compounds 
can form pyrazolines which o n  expulsion of nitrogen furnish bicyclo[3.1 .O] systems, 
but if they are isorncrized first to A' pyrazolines, furnish phenols on expulsion of the 
nitrogen. I f  the reactions are r u n  i n  methanol rather than benzene, epoxides, hyckoxy- 
fulvenes and phenols can result. 
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V 

O'H 

865 

(317) 

21 H 



866 D. S. Wulfman, G .  Linstrumelle and C. F. Cooper 

A' 

N%W II N 

0 

- N, a I I / N  
N 
H O  

Y (55) 

(330) 
X = Y = CI, Br 
X = CI, Br; Y = H 

I b CHINI, y*F N 
N 'mN H O  

0 0 (334) 

JRCHN, (56) 

N' 
I I  

H CI CI 
0 0 0 
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Ph@; ;s X X =  COOMe 

R = H, CH3 x 
OCH,R A X  0 

(344) (345) 

Although esters are  supposed to be inert to attack on the carbonyl group by 
diazoalkanes, Dean has reported the isolation of an cpoxide from the reaction of 
diazoethane and 3-nitro c o u n ~ a r i n ~ ~ ~ ~  (equation 5 8 ) .  This observation strengthens 
the earlier claim of Fleming and coworkers that attack on  an ester carbonyl group 
was a part of the reaction sequence responsible for the conversion of 348 i n t o  

The reactions of quinoidomethanes148G and imines2Ogs with diazomethane have 
350 1 6 2 1 ,  17i1i  

been examined and representative examples appear in  equations (59) and (60). 

OLH q i 2  CH,CHN,,  ' 

N 
H 

N 
H 
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QPh 0 Ph - h 

(353) 

N 
X C 5 ,  

(354) 
40% 

X = Me, OMe, Br, H, NO, (360) 

e. Thiocar.boizyl systems. The variety of products available from the reaction of 
thiocarbonyl systems and  diazoalkanes is large1513n. 1513b* lge3% 1g68n, 2014a. A few 
observed possibilities a re  given in equations (61)-(65). Extensive studies in this 
area have been carried out  by Schonberg and Some of the newer 

The reactions of diazocarbonyl compounds with thioamides offers a reasonable 
route to a variety of t h i a z ~ l e s ~ ~ ' ~ ;  however, thiolactams may be attacked on nitrogen 
or 1815. 

work has corrected old errors in the literature20J3. 2188 .  2199, z251,  2257,  2259,  2371. 

f. -N=N- sys/et?ls. The addition of diazoalkanes to the azo linkage dates 
from at least 1952 when Ginsburg and coworkers1804 treated hexafluoroazornethane 
with diazomethane and obtained N.N'-bis(trifluoromethy1)diaziridine. The reaction 
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does not, however, appear to be general since the examples reported in the literature 
all possess electron-withdrawing substituents on both nitrogens. Extensive studies 
have been performed since 1962 by Fahr and C O W O ~ ~ ~ ~ S ~ ~ ~ ~ - ~ ~ ~ ~ ~  *OIQ , using a variety 
of diacyl derivatives. All of the above work was apparently overlooked in a recently 
published diaziridine Some representative reactions of diazocompounds 
with the -N=N- bond are given in equation (66). In all of the examples, nitrogen 
is ~oSt175S-1764, 1800, 1010, 1840, 201s , but the processes can be rationalized as passing 
through a tetrazole. Only in the Ginsburg study has a tetrazole been isolated. 

SCHR’R4 
S R’ R’(4) 

+ I1 R’+R‘(J) + R’\ / 

R,/c=c\ R2 
R’CR’ f R’-R‘CN __+ 

S 
(363) 

(362) (361 1 

(365) 

R’ R’ R5 R4 R’ Ra 363(%) 364(%) 367(%) 368(%) 369(%) 

Me i-Pr H H H H  70 25 
Me t-Bu H H H H  63 35 
Et i-Pr H H Me H 85 5 E  

5 2  
Me t-Bu Me H H H 75 25 
Ph f-Bu M e  H H H 70 15 Z 

15 E 
H H 20 
H Me 75 

85 
55 p ;i i; 60 40 

Et0,C H 

H H 45 20 
H Me 95 

90 
45 

20 
75 

Q=s $? i; 
Et02C H 70 

H H 75 10 
Me 90 

00 as ;; ;e 50 70 
Ph Ph 
Et0,C H 25 35 

The yields for the last three thioketones are the maximum values reported and are a 
function of temperature and order of addition, 

85 
45 

85 
90 
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R’ R’ .. 

-t CH,S-C=CR’R’ + CH,S H S C H ,  + 
sYs I 

R’ 

Me 
Et 
i-Pr 

Ph 
Me 

Et 

i-Pr 

I - B U  

I-BU 

Ph 
Me 
1-Bu 

H H 
H H 
H H 
H H 
H H 
Me H 

Me H 

Me H 

Me H 

Me H 
Me Me 
Me Me 

Not isolated 

40-60% 
42 11 
40 13 

66 33 
40 E 10 E 
40 Z 10 z 
30 E 20 E 
40 Z 10 z 
50 E 4 E  
40 Z 6 Z  
3 E  32 E 

60 Z 5 2  
60 

Yields of 371 and 372 not given 
Suggestion that GC converted 365 and 366 to 371 

and 372 

g. -N=O systems. The n i t r o ~ o ’ ~ ? ~  and nitro groups2o91 have both been topics in 
this series17G9, and both undergo reactions with diaroalkanes. Whether the reactions 
proceed via cycloaddition to the N=O group is a matter of conjecture. I t  is a 
reasonable h y p o t h ~ s i s ~ ? ’ ~  since the N=O group is isoelectronic with -CHO, and 
cycloaddition has been demonstrated as being involved in attack on  carbonyl 
groups. An adduct has been observed between trifluoronitrosomethane and diazo- 
methane which subsequently loses N? 2015.  

The nitroso group reacts with diazoalkanes to furnish nitrones or their oxidation 
products to furnish bis-nitrones147t, IG85, 1537 .  1974-1978, 2015, 2213. 2327 . The nitrones are 
1.3-dipoles in their own right and undergo cycloaddition reactions with suitable 
substrates. 

CF,CHN, f (CH,),CN=O - CF,CH=N(O)C(CH,), 

2 C,F,NO + 2 CH,N, [01 C,H,N(O)CHCHN(O)C,H, 

The reaction of diazoalkanes with the nitro group furnishes nitronic esters when 
there is a sufficiently acidic proton on the carbon atom bearing the nitro 
It is not clear whether nitro groups on non-enolizable carbon are attacked to furnish 
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s R'O R'(') 
R'P) 

+ R'o\ / 
S \ I  
I I  R'R'CN, II c-c, 

R'COR' R'CR3R'COR' RI' \s/ R'(3) + /c=c\ 
(377) (378) R' R'O) 

378 379 380 381 382 383 384 
R'  Rz R' R' (%) (%) (%) (%I (%I (%I (%I 

H E t H H  50 10 30 
CH, CH, H H 30 40 
CH, Et H H 30 60 
Et Et H H 30 50 
Ph Et H H 30 
M e  Et H H + in presence of 
PhH Et H H +} CH,OH 
M e  Me Me Me + + + (not isolated) 
i-Pr Me Me Me + + + (not isolated) 
M e  Me Me H 20 80 
M e  Me Me H 5 0 E  

50 Z 
Et Et 45 E 

55 z 
Ph Me 20 E 20 E 

30 Z 30 Z 

Ph 
0 N. I 

0 TI ii' Ph-C-S 
2PhC-CPh + CS' I I 11 (Reference 2043) O=C, ,C=C-CPh 

I 
Ph 

(385) 

PhC-S 

PhC, 0 \ (Reference 2251) (64) 
385 + S=CCI, __j I1 

0 CI (387) 

(388) 

0 
II 0 S 

XC,H,C-C- N I1 II 
387 + XC,H,CCHN, __j I1 11 + XC,H,C-CHCICCI 

CI A, s 'N (390) 

0 
II 

- 

(Reference 2168) 
(389) 
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0 S 
II II  PhC-N 

PhCCHN, + H,NCPh R- I1 I I  
HC, ,c, (Reference 1945) 

(391 1 (392) S R  

R = NH, (Reference 2334a) (65) 

0 

2 S 
I1 

(394) 

H,NCNH, + 391 

0 ' 
'C-NMe 

I I 
PhC-NH C H N  PhC-N C-NH CH,N,  

II I + II II I I 

S 
PhC, ,c\ 0 s  

Ph 
(397) (398) 

F,CN=NCF, + CH,N, /N =N\ 
HZC, ,NCF, 

Y (399) 

c F3 

(4001 

C80 'C 
EtO,CN=NCO,Et + N,CHCO,Et I 

I_ > 100 'C  

H,C- NCF, - \ /  
*" I (Reference 1 804) 
c F, 

(401) 

Et0,CN -N 
I 

EtO,CHC, )OEt 
0 

(Reference 1760) 
(403) 

EtO,C, 
'N-N =CH -COEt 
/ 

Et0,C 
(404) 

homologated nitro compounds, oxatriazolines or any other products. Nitronic acids 
react directly with diazomethane to furnish methyl nitronic esters14Go. 18*G, lgG0, 222J. 

The related nitro compounds also furnish the esters14G0. lgG0. 

When there is an electron-withdrawing group present on the same carbon as the 
nitro group there exist two possible geometries for the nitronic esters1J6o. lB60. Both 
isomers are formed. Their relative amounts for some nitronic esters derived from 
diazomethane and diazoethane and four monosubstitutcd nitromethanes were 
determined by Gree and Carrie1817 and are given in equation (67). They have examined 
the cycloaddition reaction of these 1 , 3 - d i p o I e ~ ~ ~ * ~ - * ~ ~ ~ .  

The formation of a-arylazonitronic esters via the reaction of diazomethane with 
aldehyde I-nitrohydrazones is discussed in Section A.l .b. 
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The NO molecule reacts readily with phenyldiazomethane to furnish the dirner 

of the nitrile oxide (416). This on treatment with excess NO converts i t  to benz- 
aldehyde and benzalnitramine in - 25% yield, presumably via 418 

OR' 0 

0 

R\  / + R\ f 

"'C=N 
J= (67)'"' L 

(407) 

RCH,NO1 1- R'CHN, __+ 

(405) 
(406) 

CN CH3 51 43 
COCH, CH, 45 55 
CO,CH, CH, 60 40 
P-NQGH, CH, 40 60 
CN C2H5 60 40 

C0,CH3 C2H5 70 30 
COCH, C2H5 61 39 

Oximes are tautomers of nitroso compounds and undergo reactions characteristic 
of both tautomers with orrho alkylation and nitrone formation often occurring in the 
same reaction2?42, 2261, 2280,  2281, 2291, 2295 

PhCH =N 

(4091 

The reaction with 412 and diazomethane indicates the range of products 

Engbcrsen and Engberts175' have found the reaction of diazoalkanes with N203 a 
available1 170, 2261 

convenient route to oxadiazole oxides. 

h. Oxygo i .  Diphenyldiazoniethane reacts photochemically with oxygen, i n  t he  
presence of a singlet sensitizer and benzaldehyde, to furnish benzophenone (67%) 
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the triphenylethylene ozonide (26%) and N,O. Somewhat similar observations were 
made with phenyl diazomethane and benzaldehyde where the ozonide is formed 
in 50% yield*867. 

Ph,CN, 
methylene blue 

R Yield (yo) 

C0,Et 
m-O,N C,H4S02 
m-CIC,H,SO, 

/J-O,NC,H,CO 

p-CH3C,H4S0, 

PhCH,SO, 

PhCO 

~ 

a9 
100 
100 
97 
71 
62 
75 

Ph,C-0 
I \  

N N+ 9 

(69)”s4 

-+ PhCHO 
4 Ph,CO6 - 

(70)’8b7 

Ph,C-0 
I \  + Ph,CO 

(41 81 
0, ,CHPh 

0 

Diphenyldiazomethane reacts under photolysis conditions without a triplet 
sensitizer to furnish b e n ~ o p h e n o n e ~ ~ ‘ ~ .  Whether this involves a cycloaddition reaction 
as proposed for the singlet-sensitized case has not been demonstrated, nor has a 
free carbene as suggested by NagaiZ2’O been proved. Similar results are encountercd 
with diazobenzi12115. The reaction requires photolysis. Simple treatment with oxygen 
a t  room temperature does not lead to any reaction; however, in refluxing benzene, 
diazobenzil does In a related experiment, Hillhouse18G8 measured the rate 
of disappearance of the chromophorc with dimethyl diazomalonate dissolved in 
extremely pure and oxygen-free cyclohexene using a medium-pressure Hg lamp and 
a Pyrex filter. When air was admitted to the system the rate of reaction doubled and 
then slowly fell back to the original value. Such behaviour suggests that the diazo 
compound in a photoexcited state is involved and not the carbene; hence the 
intermediate 416 (equation 70) seems a probable candidate to explain the 

2. Additions to X=Y=Z cumulene systems 

The reactions of diazoalkanes with various cumulene systems have received very 
little attention compared with X=Y and X=Y systems. There exist a number of 
examples for most of the cumulenes and no attempt at eshaustivc coverage has been 
made. 
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3. AIlolcs. The addition of diazomethane to allcne furnishes 4-methylene-12- 
pyrazoline in good yield1718 i f  the product is allowed 10 stand for a prolonged period, 
or the A1-pyrazoline i f  i t  is isolated carcfully'e"2. When the allene bears electron- 
attacking groups, the double bond bearing the substitilent becomes part of the 
pyrazoline ring. With electron-donating groups wch as acyloxy and alkoxy, addition 
occiirs on the  b-C=C Therrnolysis of the product 420 leads to the 
me!hylenecyclopropane (422) and  not to 421 which ariscs as a consequence of 
prolonged reaction times (equation 71). The addition can occur in two ways and does 

575 

H,C - C ;H2 HC - 6"' 
H,C=C=CH, + CH,N, --+ / \ // 

N,, ,CHI N, ,w 
(41 9) N N (71) ix~ .  1 6 0 2 . 1 1 i u  

I 

(421 1 
H,C-C=CH, (420) H \ /  

C 
/ \  

H H  
(422) 

so with diphenyldiazomethane with both types of substituted a I l e n ~ s * ~ ~ ~ ~  (Table 
22). The relative rates of addition of diazomethane to a number of substituted 
allenes have been measured and are summarized in Table 23 lZo6. Kinetics have also 
been run on  substi:uted 1 ,2 ,3 - t r i enc~ '~~~ .  With allenic ketones, one obtains 1'- or 
A'-pyrazolincs and pyrazoles if diazomethane, diphcnyldiazometlianc or diazoacetic 
ester are e ~ n p I o y e d ' ~ ~ ~ *  1504, lSo6. 

TARLE 2 2 .  Additions of diazoalkancs to substituted a I l e n e ~ ~ ~ ~ 3 ~  1504, 15'J69 

Yield (%) 

Methyl A?- 
pyrazole Pyrazoline 
dcrived derived 

R' R2 R3 R4 R5 428 429 430 431 from from 

H 
H 

f-1 
it 

,H, 

,H, 
St0,C 
Et0,C 

,"H,CO 
ZH,CO 
2H,CO 

>H,CO 
C3H,C0 
VeO,C 
MCO$ 
Mc0,C 

23H7CO 

EtOOC 

CH,O 
C6H50 

CH,O 
C6H60 

C6H5 

CGHSO 
H 
c H3 

€1 
H 
H 
H 
H 
H 
H 
H 
H 
Fi 

H 
H 
H 
H 
H 
H 
H 
CH, 

H 
H 
H 
H 
H 
H 
H 
H 

H 
n 

H 
H 
n 
C, HS 

C6H, 

c6 H5 

c61'5 

H 

H 
C0,Et 

H 
C6 H5 

co, El 
c, t j 5  
1.1 
C0,Et 
C,H5 
H 

75 

61 
69 
60 

73 
75 
4 3  

49 ( E + Z )  
7 

34 (EfZ) 
58 

84 ( E + Z )  
40 

44 
48 

429 
429 

(51%) 429 
429 
429 

(74%) 429 
429 
429 

( 2 5 3  429 
429 
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EtO,C, CH, 
\ / /  

+ H I  \ 
N+ ,CPh, 

Et0,C 
,c -c (,,)1501 

\ EH2 
EtO,C, ,c-c 

C=C=CH, + Ph,CN, 4 H I \ 
PhzC\ fiN 

H/ (424) N N 
(423) 

R’ 
R’ R; / 

H W )  N 

R; / + R‘R’CN, R’-/C-y=C\H and/or f 
R* \ R‘R’C, #N 
/c=c=c 

(73) ”06 

(428) (427) 

R’  R’ R’  R’ R’ R’ 
\ / \ / \ / 

I \  H k  I \ ‘ t i + _  < I  \ 
N,, ,CR‘RZ R‘R’C, 4N R N+ ,CR‘RS 

N N N 
(429) (430) (431 1 

R’-C-C=C, R’-C=C - C C=C-C-H 

AC 438+439 H H 49 
PrCO 438+439 H H 34 
MeOCO 438+439 H H 84 
EtOCO 439 H H 48 

Prolonged reaction time 

Ac 439 Et0,C H 7 
PrCO 439 Et0,C H 58 
MeOCO 439 Et0,C H 40 
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TABLE 23. Rates of addition of CH,N, to substituted allenes16°8 
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Allene 427 
Absolute rate, k2 

Re R' R2 R3 Relative rate (1 mol-' s-1) 

H H H H 1 6 x 
-- 

H C H 3 0  H H 30 1.8 x 10-3 
H CBHbO H H 148 8.9 x 10-3 
H Et0,C H H - 1200 (34) 7.7 x 10-2 

2.2 x 10-3 
H EtO& Me Me ( - 5 )  
CH3 EtOzC Me Me (1) 1.OX 10-2  

H Et0,C Me H ( - 5 )  1 . 1 6 ~  

b. Ketenimines. Ketenimines can be prepared from isonitriles and diazoalkanes 
(videsupra, p. 8561, and i t  is clear from the work of Muramatsu and  coworker^^^^^ that 
they are  reactive towards excess diazoalkane. Diazoalkanes also react with carbo- 
diimides to furnish triato1es2180. 

c. Ketens. Keten is relatively reactive towards diazomethane even at - 15 "C. The 
reaction leads to cyclobutanone via cyclopropanone which is very reactive1QP7* 10B7* 

18881 2182. 2302. Turro isolated cyclopropanone by operating a t  - 78 "C in methylene 
chloride with an  appreciable excess of ketenzSo*. DeBoer obtained the hydrate by 
operating in wet ether a t  0 0Cz102. 

Anhyd. ether H2C-cH2 
\ /  

C (Reference 2302) 
II 

--7aac H,C=C=O + CH,N, 

(443) I 0 

H,C-CH, 
Wet ether 

0 ' C  
t \ 1 (Reference2192) 

1% 
HO OH 

(445) 

Diphenyl diazomethane reacts with diphenylketen in the abnormal sense to  furnish 
a methylene oxadiazole ( 4 4 7 ) 1 9 4 7 .  With diazoacetic ester, a n  indene and a furanone 
result'B41. When dimcthylketen and ethyldiazoacetate react, a furanone and an 
acrylic estcr result*1'41. The latter product involves loss of CO and N2 probably from 
an intermediate AI-3-pyrazolone which could also furnish the furanone. The reversed 
sense of addition will not account for either product. 
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(447) \ (77) 

*/Et 
\ N,CHCO,Et ei + 

Ph 0' 

(449) 
Ph 

(448) 
(Reference 1947) 

N,CHCO,Et + (CH,),C=C=O - (CH,),C=CHCO,Et i- 
(cH3)z7-c=o I 

HC, ,o 

(452) 

C 
OEt 

(4501 (451 1 
(Reference 1941) 

Ried2164n has examined the relative usefulness of the addition of 
diazoketones to ketens for synthesizing butenolides and found alkyl diazoketones 
gave better yields than their aromatic counterparts. 

0 RC=CH 
II (78)"" RCCNH, + R'R"C=C=O 0, ' ,CR'R" ' 

C 

0 
(453) (454) II 

(455) 

Carbon suboxide reacts with diazomethane in a rather messy fashion to furnish a 
large number of products. In the presence of methanol one obtains amongst other 
things, dimethyl succinate, dimethyl glutarate and methyl-3-osocyclobutane 
carboxylate21D9. 

d. Sirlpkincs mid siilpltencs. The reactions of sulphenes with diazoalkanes on 
cursory examination appears very well 2105 . However, almost all of the 
examples involve alkyl and aryl diazomethanes, and other substituted diazomethanes 
would appear to have been neglected. In Section A.2.j we discuss the reaction of 
diazo compounds with sulphur dioxide. This offers a route to sulphenes known as the 
Staudinger-Pfenninger method1775. 21u6, 2254. Sulphenes can also be prepared by the 
action of bases upon alkylsulphonyl chlorides possessing an cc-hydrogen. The 
normal technique is to employ a tertiary amine such as triethylamine to take up the 
hydrogen chloride and to operate in the presence of the diazo c o r n p o ~ n d ~ ~ ~ ~ ~  1i73. 

210c, 2164, 2254. Several products can arise from the reactions. Episulphones, olefins, 
I ,3,4-thiadiazoline-l, I-dioxides and ketazines are the major products. Thermolysis 
of the episulphones or the thiadiazoline dioxides furnishes a route to olefins. 
Similarly, treatment of the episulphones with bases furnishes olefins. Unlike the 
Staudinger--Pfenninger method, the use of this second method offers a route to 
unsymmetrical olefins. Representative episulphones available via this second 
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R ' R ' C H S 0 , C I  + R,N 

(456) (457) 
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R'R'C-CR'R' or base 
___f R ' R 2 C = C R 1 R '  \ /  

d &  (460) 

R'R'CN, 
[ R ' R ' C = S O , ;  - 

s 
0 0  

(458) 

(459) 

/N ="\ 
458 R1R'CN2 R'RZC, ,CR'R' 

5 
L J  

0 0  

(461 1 

approach are givenin Table 24 and olefins available by either method in Table 25. 
The tendency to form thiadiazoline dioxides is greatest with alkyl diazomethanes 
and their pyrolysis furnishes a t  best only modest yields of ole fin^^*^^ (equation 79, 
Table 26). Thiocarbonarnide-S-oxides are a-amino sulphines. Methylation of 
nitrogen occurs when they are treated with d i a ~ o r n e t h a n e ? ~ ~ ~  (equation 80). 

(80)"" 

/Y 
R ' R ' C H S 0 , C  + R'R'CN, R'R'C-CR'R' 

Temperature Yield 
R1 RZ R3 R4 ("C) (%) Reference 

~ ~~ ~~ 

H H H H 0 64 2106 
C2H6 H H H 10 95 2106 
Cl3H.5 El H H - 20 90 1534 
8-Camphoryl H P-Pr H - 10 64 2106 
C,H5CH2 H P-Pr H - 5  75 2106 
c1 H H H - 10 83 2106 
8-Camphoryl H H H 0 92 2106 

H H FI 0 99 2106 
Br H H s 64 1561 

H 0 70 2149 
- 2  44 :  56 2149 

(cis : trans) 

C,H,CH2 
CH, 
C6H6 H CH, 

H C6H5 H Ct3H6 
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TABLE 25 

/"\"I 
R'R*C-CR3R' R'R'C=CR'R' 

R' 
Yield 

RZ R3 R4 Configuration (%) Reference 

CeH6CHz 
c2 H6 

CH3 
CH3 
C6HS 

8-Camphoryl 
8-Camphoryl 
8-Camphoryl 

C8H6CH2 

C6H6CH2 

C6HS 
p-BrC,H4 
CEH6 

H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
C2H6 
C6HS 

H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
CZH.5 
c6 H6 

(cis : tram) 3 : 1 
(cis : trans) 2 : 3 
(cis : trans) 48 : 52 
(cis : trans) 49 : 51 

70 
20 
11 
55 
93 
97 
71 
65 
54 
70 
49 
80 
48 

(cis: trans) 1 : 9 

(cis : trans) 2 : 1 
(cis : trans) 45 : 55 
(cis : trans) 1 : 4 

2149 
2149 
2149 
2087 
2106 
2106 
2106 
1510 
1510 
1774 
2294 
2312 
2026 

Yield 460 
R' R? Yield 461 (%) from 461 (%) 

CpH6 4-Oxocyclohexyl 19.5 26.3 
G H ,  Cyclohexyl 36 9.6 
CzH6 4-Cyclohexenyl 12.3 25.8 
CH, 4-0x0-I-methylcyclohexyl 63 10.7 
CH, 1-Methyl-3-cyclohexenyl 17.2 2.1 

Zwanenburg and collaborators have investigated the reactions of 2-diazopropane 
and diazomethane with arylsulphonyl sulphines and found that they furnish a 
regio-selective and stereospecific route to A3-1 ,3,4-thiadiazolene-l -oxides. The 
products from diazomethane undergo rearrangement to furnish 2-sulphonyl-l,3,4- 
thiadiazo]es1533, 2290, 2380, 2381. 

N=N N-N 
R' R'W, I \ 
\ C=S=O + CH,N, C CH, 0, R'C", >CSO,Rz 
/ RI' 'S' 5 

(466) (81 1 
SO, R' I I  

0 

(465) 
(464) 

Rl = RZ = P h ;  R' = p-MeOC,H,, Rz = p-MeC,H, 

e. Isocynnntes. lsocyanates react with d i a z o a I k a n ~ s ~ ~ ? ~ - ~ ? ~ ~  . Several sulphonyl 
isocyanates have been treated with hexafluoro-2-diazopropane and 1,2,3-oxathiazole- 
4-one-2-oxides have resulted. 
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0 

R - S = - N  
t 

(82)1??8 ?730 
RS0,NCO + (CF,)&N, ---+ ‘ ‘ 

0, ,co 
C 
/ \  

F,C CF, 

(467) (468) 

(469) 
R = F, CI, CF, 

f. Nirrifc oxides. Benzonitriie oxide reacts with two equivalents of diazornethane 
This represented to furnish l-nitros0-3-phenyl-4~-pyrazoline as the major 

the  first example of such a process. 

\ 

C-CH, 

N, N ,CH, 

NO 

P h C r N - 0  + CH,Nz -+ \ 

(469) I 

(470) 

(83) ’989 

g. Zsorhiocyanates. The reaction of diazomethane with phenyl isothiocyanate t o  
furnish S-anilino-1,2,3-thiadiazole was discovered by von Pechniann in 1 89523324, 2320 

and  later reinvestigated by Sheehan222a. More recently Martin and Mucke hzve 
extended the reaction2a2xsb where others had previously failedl”l~ 2292. With alkyl 
isothiocyanates the resulting initial product is an alkyl arninothiodiazole and these 
can  react further to furnish the related thiourea derivatives2a23.b. Diazomethyl 
ketones react with isothiocyanato forrnates and sulphonyl isothiocyanates to furnish 
similar ?IGB. 

RNHC-S 
RNCS i- R’CNH, - -+ I/ \N (w?oz‘2s 

R’C, // 
(471 1 (472) N 

(473) 

R R’ Yield (yo) 

H 4743 
H 59.6 
H 59.4 
H 27.6 
C,H,OCO 3.0 
C,H,OCO 3.0 
C,H,OCO 10.4 
C,H,OCO 23.3 
C,H,OCO 25.3 

C,H,OCO 62.8 
C,H,OCO 82.4 
C,H,OCO 34.6 
C,H,OCO 25.5 

C,H,OCO 48.5 

3 0  



883 

completely analogous to arylisotliio~yanatcs~~~~. 
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h. Isoselenocyntzntes. Aryl isoselenocyanatcs react with diazomethanc in a manner 

i. Azasirlphitias. Musser2031~ 2"8' has examined the rcaction oT Ar-N=S=O 
systems with diazoalkanes and found a variety of products, Table 18. The 
authors2OS1. ?08? rationalized thcir observations on thc basis that a carbcne inter- 
mediate was involved. The  argument was that although the reaction can proceed in 
the dark with several diazoalkancs, with diphenyldiazornethane the reaction is so 
slow that photolysis was required. However, no carbcne-trapping experiments were 
performed and all of thc products can be reasonably rationalized as resulting from a 
series of cycloaddition reactions (equation 86). 

R 
/ P 

11 Y N-S 
R-N=S=O + Ph,CN, N, + \ / R-N=CPh, + SO 

(474) (475) / \  C (477) (478) 
Ph Ph 

(476) 

R = C,H,, p-MeOC,H,, p-NO,C,H,, C,H,, 
(85) 

R'-N-SO R'- N -SO 
R'NSO + R,CN, '+ /Jc\ - R'N-CR,+ N,+ SO d< fCR2 R,C\n4N 

N N (482) 

R,C -SO 

N 

R'N, + R,CSO ___f /&<\ - R,C=CR, + N, + SO 

(484) 
R,C\P!N 

R,C=S + N,O R,C=O + N, + S 

(487) (488) 

The scheme suggested involves two inodes of cycloaddition of the diazo compound. 
The collapsings of the intermediates 479 and 480 are symmetry allowed. The SO 

produced will be in the singlet state and, like singlet oxygen (Section I.A.h), could 
add t o  the diazo compound in two senses which on collapse (symmetry allowed) 
will furnish thc ketone and the thioketone. Conversion of the intermediate 479 to the 
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TABLE 27. Rexiion of sulphiiies with 0.1 rnol diphenyl dirlzorncthanc 
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Yicld of 477 Yield of I'h,C==O 
A'-Sulphinyl compound (72) (%) 

~ 

/V-Sulphinylaniline, 0.  I niol 36.9 13.3 

N-Sulpliinylanilinc, 0,025 niol S6.8 U 

N-S u 1 p ti i n y I -p-n i t r oa 11 i I i  nc, 0.1 rnol 
N-Sulphinylcyclohcx~l~iniinr, 0.09 mol 47.1 cr 

N-S u I phi n y I a n i I i nc, 0.05 nio I 19.7 

N-Sulphinyl-p-anisidinc, 0.1 inol 43.7 17.9 

54.5 

25.1 c/ 

Not determined. 

sulphine 481 will lead to the formation of the interlnediatc 483 which can collapsc 
(symmetry allowed) to olefn.  The azide can decompose and react with diazo 
compound to furnish imine 477. The method of analysis employed would destroy 
any azide formed and fail to detect any N,O. Theoretical calculation by Halevi and 
collaborators1s38 and L C R O ~ ' ~ ' "  suggest that a photoexcited diazoalkane \vould be 
a hotter 1,3-dipolc than the  ground state. This contention is furtticr bolstered by 
recent kinetic evidence and was proposed previously to account for the photo- 
chemical beliaviour of dirnethyl diazonialonate1759- 23360, 

j. Sulphur dioxidc. Sulphur dioxide reacts with diazoalkanes to furnish olefins, 
azines, episulphones arid thiadiazoline 1 ,I-dioxides (Section I.2.A.c) in what is 
known as the Staudinger-Pfenningcr 210t'. 22?lr '  . Representative examples 
of results employing the method arc given in Tablc 2s. I f  the diazoalkane is in thc 

TAULE 28 

R ' R ' C N ,  i- SO, - R'R 'C-CR 'R '  

R' RS Yicld (%) Solvunt Reference 
-~ ~ ~ 

H G H ,  so, (I), 20 "C; 23 (cis, 
H CGH, SO, (0, 20 T; 60 (cis) 
H C6 H, SO, (aq), 0 "C; 55 (cis) 
H CGH, SO, (I), 60 "C; 6 (15/55; c//) 
C,H, C6HS 4s 
G H ,  cG HS so, (g), 0 "C; 33 (trmrs) 
C,H, p-BrC6H, SO, (g), 0 " C ;  80 (20/80; c/f) 
C,H, p-MeOC,H., SO, (g), 0 "C; 25 ( /TOI IS )  

Ether 
Hexnne 
H,O/cthcr 
Pcntane 

Ligroin 
Ligroin 
Ligroin 

cs2 

2312 
2312 
2312 
1534 
2026 
2312 
2312 
2312 

presence of excess sulphur dioxide i t  can be converted into the related carbonyl 
compound. Presumably this involves interception of the intermediate sulphenc by 
SO, I f  traccs of water are present. sulphite csters can arise1Hca and if  alcohols 
are present, mixed sulphite esters arc gcnccatedlJG5. Similarly, the presence of aniines 
leads to sulphonamides. W i t h  diazoacctic cster and anilinc, followed by heating at  
100 "C, ethyl N-phenyl-glycinate results'5Gg. 

On occasion pyrolysis of the episuiphoncs docs not lead to olefins1"5j (equation 87). 
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Ph,CN, + SO, --- + Ph,C- \ /  CPh, L.., .\ Q---o~ll 
S 

(489) d &  
0 0  P I1 

(490) (491 1 

(489) + SO, + Ph,CSO, - f 

(492) 

(References 1955a and 2254) 
% Ph,CHSO,SR 

(493) 
(Reference 1955b) 

5 Ph,CHSO,OR (87) 

(Reference 2254) 
(494) 

-----+ Pt12CHS02NRz 
R,NH 

(Reference 1955) 
(495) 

3. Addition to X=Y systems 

a. Acetylenes 
i. Simple acetylenes. The addition of diazoalkanes to acetylenes has been 

reviewedlag'. The products are pyrazoles and 3H-pyrazoles (pyrazolenines). The 
latter products only arise if the diazoalkane is disubstituted. With substituted 
acetylenes lacking a C,, symmetry axis, two possible modes of addition will exist. 
With terminal acetylenes the tendency is to attack the terminal carbon with the 
diazo-carbon and extend the carbon chain1497. I5lM. 1853s 2158-2160* 21G2 (equation 88). 

Dominant Minor 

RC=C-ti  RC=C-H 
RCfCH + R'R"CN, __t I \  k I \  

N,, ,CR'R" R'R"C, &N 
(496) (497) N N 

i f  R" = H 

RC-CH + RC-CH 

- R4,% 

H H 

The only  apparent exception to this rule is the reaction of diazomethane with 
phenylacetylene where the ratio is 10 : 1 in favour of the 'normal' 
With functionalized acetylenes the reactions are not as clear. Hence with a series of 
ethynyl carbinols both orientations occur even with diazomethane1816# 2061, With 
a series of ethynyl carbinyl ethers similar behaviour is observedl.'"j. 1817. Surprisingly, 
the additions of ethynyl carbinols by substituted diazoalkanes occurs in a single 
sense1517, 1518, 1630, 1852, 2061, 2187 
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'9 (89)IPZl, 2061. 218 

HCECC(0H)R'R' + CH,N, - 
(502) 

HOCR'R? HOCR'R' 

(503) (504) 

R' = H H  H Me (CH2)4 (CH,), 

504(Y0) 53 80 40 65 54 54 

Rz = H Me Ph Me 
503(y0) 2 20 60 35 46 46 

Me Me 

Me I I 
R= c H z o ~  i-oo CH,OMe CHOMe I 

506 (%I 67 79 

507(%) 33 21 
80 67 70 

20 33 30 

R =  C(Me),OMe C(CH,),OMe CHC,H40Me 
506 (%I 68 50 33 
507 (%I 32 50 67 

(,,)2061. 2 1 6 7  

4 F H O H R '  

HC=CCHOHR'+ RCHN, - 
R 

H (508) (509) 

(510) 

R' R 510 (%I 

H 
H 
Me 
Me 
Et 
Et 
Pr 
Pr 

HCECCOHR' Rz 

(511) 

R' 

EtOCO 
Ph-CO 

p-M eOC,H ,C 0 36 
p-O,NC,H,CO 23 
p-CI C6H .C 0 27 

p-O,NC,H,CO 37 

p - 0 ,  N C6H ,CO 16.5 
Napht hcyl 20 

+ RR'CN, --+ 

(51 2) (92)1517, 1518, 1610. I b 5 2  

R' R R' 513(%) 

Ph H Ph Ph 30 
Me Me Me Me 20 
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With acetylcnic esters the additions go well and thc orientation is normally 

However, 2-diazopropane gives predominantly reverse orientation with methyl 
buty-2-ynoate (70 : I 2)1631. With aryl propiolates and diazomethane, both senses of 
addition are observed1496G. lS2% 18G5. 2288, 2321. With alkynyl ketones and alkynyl 

controlled by electronic effects1551, 1552, 1769, 1779. 1830, 1854. 1981, 2321 

H 
H 
H 

Me 
Me 
MeOCO 
MeOCO 
MeOCO 

R 
Et 
Et 

Me 
Me 
Me 
Me 
Me 

H 82 

Et 0 C 0 (C HJ,, 70 

H 
EtOCO - 
CH,=CH 81 
EtOCO - 
EtOCO(CH,), - 

CH,=CH - 
(n = 1,2 ,3 ,4 )  

- 

(n  = 1, 2,3, 4) 

R'-C =c-C0, Rz 
I \  (94)102, lqo1  

RR'C, Q N  R'C=CCO,R' + RR'CN, __f 

(51 4) N 

(515) 

R' R2 R R' 515 (yo) 

H Et Me Me 80 
H Me Ph Ph 100 
MeOCO Me Ph Ph 100 
H Et p-BrC,H, Ph - 
H Et  p-MeOC,H, Ph - 

MeOCO Me 9-Fluorenyl 100 
MeOCO Me Me Me 65 

C=CCOOMe RC=CCOOMe 
RC=CCOOMe + Me,CN, I \ I \  

Me&\ QN N,, ,Ctvle; 
N N 

(95)1)12.1182 
(51 6) (51 7) 

R =  Me 12% 70% 
R = Ph 30% 70% 

aldehydes the problem of regioselectivity also occurs and can prcsent problems 
evcn with diazonicthanc. Some rcsults are suinniari7cd in Tnblc 3911e5, lJq6. lS2(l- 1G31. 

IGX, zoie . With aldehydes and thcir acetals, rcgioselcctiwly is strongly influenced by 
steric factors. The reactions with diuoalkancs arc diflicult and furnish poor yields in 
much the as s i m p ] e  aCCtYJeneSIMS', 1851, ltiti2, ld'J9-19U1. 1835. 2016 
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H Allyl 62 
C,H, Allyl 7 
CWl Allyl 20 

TABLE 29. Addition of diazoalknnes t o  acctylenic kctoncs1494i 1.'95* 201G3 

H 93 

95 
CsH.5 H 85 

C=CH H 57 

CH2=CH 94 
CH, 
CH, 
CGHS H 

p-McOC6H., H 90 

CH.3 H 65 35 
c6 HS H I00 
C6H.5 H 50 
CliH, H 60 
C6 H5 t l  95 

0 
II 

R'R'C, +N 

HC =CCR' 0 
I1 

z I \  (98) H C r C C R '  + R'R'CN, - 
N 

(521 1 
(References 1517, 1518, 1652) 

0 0 
0 II I1 
II PhC -CCCH, + P h C  -CCCH, 

PhC-CCCH, + CH,N, H"Qh $a,kH 

H H 

(522) 

65% 

(523) 
35% 

(Reference 14%) 
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ii. Enynes. The question of the relative reactivity of enynes toward diazoalkanes 
has been examined by the V o - Q u a i ~ g s ~ ~ ~ ~  and others1518. ?Og3, 2208. With the exception 
of v i n y l a ~ e t y l e n e ~ ~ ~ ~ ~  22g8, the triple bond in monosubstituted acetylenes (I-ynes) is 
preferentially The addition of diazomethane, diphenyldiazomethane 
and ethyl diazoacetate to butenynes, I-ethynylcycloalkenes and cis- and trans-l- 
methoxybuta-I-en-3-ynes has been examined by the ENSCP workers and the 
results are presented in Table 302320. 

TABLE 30. Addition of diazoalkanes to con- 
jugated enynes1518, ?OQI,  2325, 23'28 

Yield 
R' R2 R3 (%) 

c6 H5 

C6H6 
CG H, 
c s  H5 
CCH5 
Me 
Me 
cG H5 

37 
65 
65 
76 
65 
50 
50 
50 

They found that addition occurred preferentially or exclusively to the triple bond 
of alkcnynes. When the system is substituted the double bond is attacked, and the 
sense of addition is unique. The rates of reaction tend to be 15G6, lLo7, 20B48 

2262-22GJ and are summar- 
ized in equations (loo), (101) and Table 31. Not surprisingly, one encounters both 
senses of orientation. With electron-acceptor substituents the c+unsaturated bond 
is attacked and the regioselectivity favours formation of a new p-C-C bond. 
The reactivity of the acyl diynes decreases in order of reactivity, acyl> carboalkoxy > 
b e n z ~ y l ' ? ~ ~ .  2251. With mono-substituted diazomethanes and arylpropiolates, both 
senses of addition occur with the exception of 2-diazopropane while di-substituted 
diazomethanes give a single lSs1. Methyl phenylpropiolate and 2-diazo- 
propane furnish 30% normal and 70% abnormal 

The nuances are similar to those treated above for the acetylenic esters. 

2161, 2208,  2308, 2328 

iii. Diynes. A variety of diynes have been 

Numerous examples exist of the addition of diazoalkanes to acetylenic 
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HCGC-CGCH + CH,N, 

(526) 

889 

I 

(531) 

34% 

R ' C ~ C - C ~ C - C O , R z  + CH,N, 

TABLE 31. Addition of diazomcthane to some diyne ketones 
and carboxylic 

Yield of 533 Yield of 534 
I t 1  RZ (%) (%) 

Me 
Mc 
Me 
Me 
Me 
Me 
OMe 
OCsH, 
y-MeOC,H, 

85 
80 5 
78 7 
91 
95 
100 
72 G 
73 7 
63 5 

iv. Hetero-substituted acetylenes. Diazomethane does not add to hetero-substituted 
acetylenes of the type Ph2M-C=C- where M = P, P(O), As, A S ( O ) ~ ~ ~ ~ #  but 
does react with silicon and tin derivativcs22*CJ. as well as  sulphones182S. ",I3, 
sulphoxides182gl m3 and M = (EtO)2P(0)214G. 
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R' C - C R' R' C - C R' 

'0 \cR' 
R 'CZC-  R' R'CHN, 

&..N ?J, / 

Ph H H  30 3 
Ph H CO,C,H, 45 
P N O ' G H ~  H H  93 
2,4,6-(CHJ3C6H' H H 30 

R'CECCOOR' + RCHN, + R'--C-CC0,R' + R'C -CCO,R' 
I 

H H 

(537) (538) 

R Q S h  N g / k R  

(,03)155!, 1552-  I 7 6 8  1114 .  1016. 2111 

R' R' R 537 (%I 538 (%I 

Ph Me 
Ph Me 
Ph Me 
p-ivleC,H4 Me 
pNOzC,H, Me 
Me3CJ-h Me  
Ph 0-f-Bu 
Ph Me 
Ph H 
Ph H 

H 
H 
H 
H 
H 
H 
H 
Ph 
-(CH,),-CO,Et 
-(CH,)n-CO,Et 

n = 3,4 

50 
52 
23 
46 - 
- 
- 

25-30 
24 
- 

50 
48 
65 
44 
70 
70 
30 

70-75 
18 

2730 

R'CECC0,R' + RR'CN, + R'C=CCO,R' 
(104)14011. 16'1, IIJZ 1 

N+ ,\CR*R 
N 

(539) 
R' R' R R' 539 (%) 

Ph Et Ph Ph - 
Ph Et Ph Me 48 
Ph Et p-BrC6H4 Ph - 
Ph Et p-Me,NC,H, Ph - 
p-MeC,H4 Me Ph Ph 24 

b. Nilriles. Except under special conditions, the cyano group is inert to attack by 
diazo compounds. Photolytic and copper-catalysed decomposition of diazo carbonyl 
compounds leads to the generation of 'ketocarbenes' which can add to nitriles. This 
is discussed below. With highly acidic nitriles such as tricyanomethane and acetyl- 
malononitrile, attack by diazomethane leads to methylation of nitrogen and in the 
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latter, oxygen as well14G1. A similar phenomenon occurs with carboalkoxy cyano 
sulphones but some C-alkylation also occurs1638. When the cyano group is activated 
by a strong electron-withdrawing group attached to the cyano carbon, cycloadditions 
occur to form 1 , 2 , 3 - t r i a z o I e ~ ~ ~ ~ ~ ,  2104, 31341 2277 (equation 107). 

HC(CN), + CHZNZ + (NC)tC=C=N-CH, 

(105)!16l, 1161 

(540) 

0 

/ / + CH,N-C=C 
\ 

\\ C-CH, 0 OCH, 
I t  

(541 1 CH, CN 

CH,CCH(CN), + CH,N, --' I (NC),C=zC, 

(542) (543) 

(544) 

0 
I1 

R = H, COOEt R' = CN, CI, Br, --COCO,CH,, C6H,0C- 

Ph Ph CO,CH, 

Ph/ (545) Ph N=C (Reference 1519) 

\ \ /  
2 C=N, + MeOCOCN--+ C=C Ph 

I \ /  

\ 
Ph 

(546) 

Ph,CN, + CI,CCN T> Ph,:;CCI,CN 

(547) 

(548) 

EN? + 

(1 07) 13" (549) 

C r N  

(Reference 1886) 
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The reactions of methyl c y a n o f ~ r m a t e ~ ~ ~ ~  trichloroacetonitrile"3, benzoyl 
cyanide1519 and p-chlorophenyldiazocyanide1s86* are exceptions18QJ and their 
reactions are summarized in equation (107). 

H ~ b e r g ' * ~ ~  discovered that i t  was possible to activate C=N and C=N bonds by 
employing organoaluminium compounds. His results are summarized in Table 32 
and equation (108). 

R'R'RAI 
C,H,CN + CH,N, C,H,C = N C,H,C = N C,H,C - N 

I \  I \  I1 \\ 

N N N 
CH, 

(554) 

HC,, /NH HC\ , N W  HC, /N 

(552) (553) 

TABLE 37. Catalysed addition of diazomcthanc to ben~onitri lc '~ '~ 
~ ~~ 

Triazole (x) 
Ratio (rnmol) Ti me Tcmperat lire 

Catalyst Catalyst jCH,N,/PhCN ( h )  ("C) 552 5s3 554 

Et,AI 1 oo/ l00/200 2 0" 0 0 0 
E1,AI 1001 100/200 80 - 7s 4.9 30 10 
Et,AICI I oo/ I 00/200 0.5 0 30 23 7 

Et,AII IO0/1 00/700 I7 - 78 G 32 7 
Et2AICH2I I oo/ I oo/zoo 5 - 7s 9 33 12 
Et,AIOEt I00/1 oo/zoo 150 - 78 0 0 0 
Et,AICH,I 1 oo/ I oo/ I00 5 - 78 9 5 42.7 2.5 

Et,AICH,I I oo/ 1 oo/ I 00 50 - 78 39.4 7.4 9.9 

Et,AICH,I 50/200/200 20 - 78 4.9 19 7 

Et,AICI 1 oo/ 100:700 10 - 78 28 12.6 15.7 

E1,A 1 C M ,I 1 oo/ I oo/ 100 5 - 76 8.2  31.4 145 

AICI, I00/100/200 0.5 0 -- 3 1  6.3 3.8 
AICI, 1 oo/ 100/200 5 - 78 28 9 6.3 

a Polymethylene iiccounts for most i f  not all CH,N, not furnishing triazoles. 

B. Carbonyl Wid  Cydoadditions 

If a photoexcited ketone (singlet state) were to interact with a diazoalkane, a 
carbene were to intcract with a carbonyl oxygen, a 1,3,4-oxadiazole were to lose 
nitrogen or a photoexcited diazo compound interact with a carbonyl group, carbonyl 
ylids might result (equation 109). 

Until fairly reccntly the  existence of carbonyl ylids hcs been inferred591. ??03, but 
recently Hamaguchi and Ibata have isolated stable e x a ~ n p l e s ~ " ~ - ~ * ~ ~ .  1904-180G. There 
is, however, good reason to suspect their interniediacy and biological importance. A 
large nurnbcr of papers have appeared on the biological activity of diazo dipeptides 

23G3. I n  all cases i t  seems highly probable that the 
activity is cither due to the presence of carbonpl ylids or their isonierization to 
other heterocycles. Under the biological conditions employed, biniolecular carbenc 
or carbonium ion processes secrn highly unlikely (equation 109). The enzymic 

and related compounds14il, 1472, 1183, 1525, 1540-1512, 1 5 5 8 ,  1ROC-1814, 185?-1R51, 1809, 2030-2053, 20S0, 

'2100, 2101, '2120, 2119-?151, 2 2 i 5 ,  2 3 0 0 ,  '2301, 
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cleavage of diazoacetyl u n i t s  to furnish diazomethane may possibly occur but this is 
inconsistent with the observance of copper catalysis being effective prior to treatment 
of biological systems. Shermer"?"' has prepared 570 and 571 by thc schcrnes shown 
but, as he notcd, this did not establish the existence of the carbonyl ylide inter- 
mediates becausc reasonable alternatives exist. Hamaguchi and Ibata1*'0-1*'3. 1b03-1b0G 

(562) ~ _ _ _  557 A 

R '  
I 

R' 
I 

R' 

or I I 
O=C, ,N-H 

R' 

chose to trap their carbonyl ylids by forming them intramoleculariy. This approach 
proved successful and they have been able to isolate the products which they call 
iso-miinchons and employ them in cyclonddition reactions. They also ran similar 
reactions on  8-diazoacetyl methyl-1-naphthoate and o-carbornethoxyphenyldiazo- 
methanes. These compounds also decompose to carbonyl y l i d ~ ' ~ ~ ~ ,  IgoG. A summary 
of their results occurs in equations (111-114) and Tables 33 and 34. 
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0 
I1 

(568) 

CD,-C-CD, + (CH,),CN, 

(570) (571 1 

TAULE 33. Reactions of imidazoliuni-4-oxide (576) with acetylencs1*12 

Yield of 
Dipolaraphile Condition 1,3-cycloadduct (%) Furan 

CH,OCOC= CCO,CH, 30 "C" 92 5 
CH,OCOC=CCO,CH, 80 "Cb 42 54 
CH,OCOC= CCO,CH, 120 "Cb 0 83 
PhCOC=CCOPh 30 "C" 69 0 
PhCOC=CCOPh 120 "Cb 0 88 
€IC=CCO,Me 30 "C" 82 1 
HC= CC0,Me 80 OCb 35 44 
CH,C=CCO,Me 80 "Cb 0 81 
PhC=CCO,Mc 80 OCb 0 91 
PhCECPh  120 "Cb 0 27 
PhCECHPh so OCb 0 82 
tl-Cd H,C= CH 100 "Cb 0 75 

The imidazolium-4-oxide was generated by catalytic decomposition 
of the rclatcd diazoiniidc in the presence of the acetylenic substrate. 

The isolated oxazalonc was treated with the acetylenic substrate. 

TABLE 34. Reaction of imidazolium-4-oxide 
(576) with olefins'8a0? 

Dipolarophile Yield (%) 

cis-Stilbene 
rrans-Stil bene 

Tet rakis carbomethoxyethylene 
Norbornadiene 
Acenaphthylene 
N-Phenylmaleimide 
Dimethyl maleatc 

Dimethyl fumarate 
trans- 1,2-Di bcnzoyl ethylene 

59 
17 
29 
31 
55 

100 
87 
61 
34 

100 
23 
77 
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xc-=cx 
R -  

(576) 

+ 

4 

M e N S  0 X 

NO, 

(577) 

COOMe, R = Me 

1901-1906 

1840-1813, 1901-1906 

o=C A \ CHC0,Me 2~~~~ R'CcCR' n 
I 0 1  A 576 in sltu ' 577 + 578 + MeNCO 

MeN, /,CHCO,Me R =  Ph 5: 
P h  

(579) 
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q;' Cu(AcAL1, 

R R 

" e ~ & ~ ~ z ~ ~  (580) CH,N, MeO&Nz 
(581 1 

> 00 00 00 - 
(583) (584) 

I 

C. Ketocarbene Cycloadditions 

The loss of nitrogen from a diazocarbonyl compound is not a particularly facile 
process but it does occur. The resultant intermediate 'ketocarbene' (586) can be 
classified as a 1,3-dipole. With metal catalysis such a claim is probably spurious 
since there is reasonable evidence that the species is a carbenoid (587) and not a 
free carbene. Alternatively, one can argue that the species from photolysis is a 
photoexcited 1 $dipole (588) which reacts in two steps. Whatever the mechanism, 

- + + c-F=o * :c=c-o <--+ c=c-o + +  4- + + +  
(586) (115) 

+ 
N=N-C-C=/;r tf N=N-c=C-G t, N=N-c'=C-O 

L (t -q + .. 
+ +  .. + +  + +  

(587) 
L ,c u = CXY 

(588) 

it is possible to  add formal ketocarbenes to various substrates via formal 
1,3-cycloadditions. However, i t  should be remembered that acyl cyclopropanes 
undergo thermal rearrangement to furnish the same products as would arise from 
the 1 , 3 - d i p 0 l e ~ ~ ~ ~ ~  17:?. D ' y a k ~ n o v ~ ~ ? ~  has shown that the that the 
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furans (590) arising from reaction between ethyl diazoacetate and dialkyl and 
diary1 acetylenes come from 1,3-cylcoadditions is false and that the furans result 
from rearrangement of the related cyclopropenes (equation 116). Bien and Gillbn1620 
generated a furanone by the intramolecular cyclization of a ketocarbenoid, pre- 
sumably via a carbonyl-ylid intermediate (equation 117). The addition of keto 
carbenoids (using copper catalysis) to nitriles forms o x a z ~ l e s ~ ~ * ~ .  

(589) (590) 

R = C,H,, C,H,, Ph 

0 
R 0 
\ 4- 

CUL, c -c  
__f 

(1 16)”” 

(1 17)”” 

(591 1 
R = Ph, R‘ =: Et 

R = R’ = Et 
R = PhCH,, R’ = Me 

Ph 

(118)’95’ 

4 

7 i2 WCI PhC-C-Ph + CH,=CHCN 

(593) P h4 N’* 

Diazobenzil adds in the form of the ketocarbenoid to acrylonitrile in the presence 
of tungsten hexachloridc to furnish the 2-vinyloxazole in 50% yie1d‘”l. 

A rather novel olefin-forming reaction has been studied by Marchand and 
B r o ~ k w a y ~ ~ l ’  in which photolysis of ethyl diazoacetate in the presence of an alkyl 
bromide furnishes the alkene and ethyl bromoacetate. The desired process, insertion 
into the C-Br bond, only occurs if there is no possibility of 9 elimination. Hence 
with neopentyl bromide, no elimination or rearrangement occurs. The mechanistic 
data for the elimination are totally consistent with the Wulfman-Poling 
h y p o t h e s i ~ ~ ~ ~ ~ ~  2360, 2362 that many photochemical processes with diazoalkanes do not 
involve ‘carbenes’ (equation 119). 

CH,CH,Br + N,CHCO,Et hy CH,=CH, + BrCH,CO,Et + N, 
Br 
I 

A 
(CH,),CCH,Br (CH,),CH,CHCO,Et 

The potential of the C-Br insertion for synthetic chemistry is obvious and appears 
to offer a ready route to many, otherwise difficult to synthesize, compounds. 
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+ 
D. 1,4Cycloadditions t o  the --Nr N Function 

Until very recently, the reaction of diazonium ions with 1,3-dienes was felt to 
involve simple electrophilic attack. This has now been disproved and 1,2-diazines 
and derivatives have been shown to be the products. In some cases these processes are 
observed with neutral species such as diazocyclopentadienes and its heterocyclic 
analogues. These derivatives can be envisaged as internal diazonium ion salts of 
cyclopentadienylide systems. They serve as  a formal bridge (along with diazoxides) 
between diazoalkane and diazonium ion chemistry. 

The recent interest in diazocyc!oalkenes has arisen from the recognition that such 
compounds can furnish 'carbenes' in which there will be 4 n + 2  x electrons in 
contiguous orbitals in a cyclic array. With such a configuration, the resulting 
carbenes will be either nuclcophilic or electrophilic depending upon whether the 
two carbene electrons are not required for arornaticity (nucleophilic carbene) or  
required (electrophilic carbene). The subject of unsaturated carbenes has been 
reviewed cxtensivcly by Diirr31C. 

Nucleophilic carbenes 

D: 

Electrophilic carbenes 

Q: 

The chemistry of diazoxides (azido quinones) has also been examined by DiirP". 
Although the keyword 'diazoxide' appears with some frequency in Cllemical 
Abstracts, i t  refers to an anaesthetic agent which is not of interest to the chemist 
pursuing diazoalkane or diazonium ion chemistry. 
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Q 

0 
+ c>-iQ 0 
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+ olefin - ''I. . Cyclopropni ie -1- CH Insertloll 
Ptl 8'' (ratios statistically corrected) 

(61 5) >=/" 40:l 

(61 6) 

3 4 : l  

(617) (123)"O 

d,, 228: 1 
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H COOMe 
M e 0 0 C , v  H 

MeO,CHC=CHCO,Me >a+ 
1. Arenediazonium ions 

Recently Carlson, Sheppard and WebsterlGb0 have reinvestigated the reactions of 
aryl diazonium ions with butadienes and found that, contrary to the earlier reports 
in the literature, linear structures did not resultBB1~ 1.117, ?Oi2, 2280. 

The study was a direct outgrowth of earlier work with 2-diazo-4,S-dicyano- 
iniidazole and b~ tad iene??~?  where the DuPont works obtained a 1,G-dihydro- 
pyridazene. 

2232, 2233 that there are at  least two other general 
precedents where the N=N chrornophore serves as a dienophile (equation 126). 

Sheppard has pointed 

Some examples of the cycloaddition reactions of arenediazoniuni ions are surnmar- 
ized in equations (127-129). A number of otheradditions to diazonium ions have been 
observed by DuPont workers which will probably be published in the late 1 9 7 0 ~ ~ ~ ~ ~ .  
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X 

Roomtcmp.  
N t  PF, 

X Yield (%) 

H 42 
p-CI 60 
m-F 52 
P- F 72 
P - O J  79 

CH,CN 
pF6 ' Room temp? No reaction 

645 -I- CHICN PF6 (129) 
Room temp? 

(639) 

\ 

2. Diazocyclopentadiene and i t s  aza analogues 

The synthesis of diazocyclopentadiene from lithium cyclopentadienyl and p -  
toluencsulphonyl azide represents the first modern example of the  diazo transfer 
process and of a diazo c y c l ~ p e n t a d i e n e ~ ~ ~ ~ .  The diazo transfer process is treated 
extensively in another chapter in  this volume as well as being reviewed elsewhere by 
ReSitz1015, lOIG , and has been developcd i n t o  a very gencral method in his laboratories. 

Diazocyclopentadiene is of moderate stability. A number of substitutcd diazo- 
cyclopentadienes have been prepared and lead refcrences to other workers can be 

The diazocyclopentndienes undergo a series of intcrcsting cycloadditions to 
furnish spiropyrazolines which upon photolysis furnish a number of strained and 
unusual products. Some examples arc prcsented in equations (1 30-133). 

found i n  the of D ~ r r I G ~ J - 1 7 1 7  and of L~oyd17!ll-1737, 1990-2001 
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R' R2 R' R' R5 R8 

H H H H Me Me 
CI CI CI CI Et Et 
Ph Ph Ph Ph COOMe COOMe 
Ph Ph CH=CH-CH=CH H COOMe 
CH=CH-CH=CH CH=CH-CH=CH H COOMe 
Ph Ph Ph H Ph COOMe 
Ph H H Ph Ph COOMe 

R' R2 R' R' Yield (yo) 
~ ~~ 

Ph Ph Ph Ph 85 
Ph H H Ph 86 
CH=CH-CH=CH P I1 Ph 30 

0 
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The ‘carbenes’ available from diazo cycloalkenes fall into two categories, the 411 
such as cycloheptatrienylidene and the 4tz + 2 such as cyclopentadienylidene or that 
derived from p -benzened iazo~ ide ’~~~  (see equation 120). 

Such ‘carbenes’ can be generated i n  a variety of ways including the now classical 
routes to diazoalkanes such as basic decomposition of nitFosoamides, tosyl 
hydrazones, thermolysis and photolyses of the diazo compounds, and even 
decarboxylation of pyridinium c:irboxylates. 

6 Lv/ 

R = --(CH2)6-, COOMe 

An important reaction of such ‘carbenes’ is insertion into C-13 bonds. This 
reaction can proceed either directly or via abstraction processes which may lead to 
several products, including reduced dimers and oxidative coupling of the hydrocarbon 
RH. The presence of more than one type of C-H bond (e.g. primary, secondary, 
tertiary or allylic will lead to mixtures of products). The degree of selectivity is a 
function of the diazo precursor and some examples are summarized by Durr1087 
along with comparisons between C-H insertion and addition reactions. 

Hammett plots of the addition of cycloheptatrienylidene to para-substituted 
styrenes clearly reveal that the ‘carbene’ is nucleophilic and chemical evidence 
indicates that cyclopropenylidenc is also nucleophilic. The electrophilic nature of 
the cyclohexadienylidene system is not as clearly established although it  appears 
evident. The electrophilic nature of cyclopentadienylidene has been established by 
employing Harnmett Hence the overall trend seems to be a preference for 
electron-rich olefins. The reaction of diazocyclopentadiene with tetramethylethylene 
is illustrative20G0. 

With the diazo azacyclopentadienes there is less information available. Webster 
and S h e ~ p a r d ‘ ? ~ ~  have examined a number of reactions of 2-diazo-4,5-dicyano- 
imidazole (655) and these are summarized in equations (1 34-1 37). Diazo diaza- 
and triaza-cyclopentadienes undergo typical coupling reactions with P - n a p h t h ~ l ? ~ ~ ~  
in moderate to quantitative yields, and undergo conversion to the related azides 
under the influence of hydrazine or dimethyl hydrazine222G. Hence their reactions 
strongly resemble aromatic diazonium salts. 

Room temp. - No reaction 
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655 + 7 905 

Room temp. 
(135) 

- 40% - 40% - 20% 

655 

Mukai and coworkers20G2-2064 examined some nucleophilic carbenes, in particular 
cycloheptatrienylidene and barbaralylidene (equation 125), whereas Jones and 
coworkers examined cyclopropenylidene, cycloheptatrienylidene and 1 I-annulenyl- 

Lloyd and 1990-2001 have performed extensive studies on the 
forniation of cyclopentadienyl ylids arid related compounds. These include the 

idenelUO2, 1910, 1923-1826, 2057 
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dimethyl-l-thiapyran-4-thi0ne~~~~ (equation 138), t r i p h e n y l ~ t i b i n e ~ ~ ~ ~ ,  triphenyl- 
diphenyIteIluride2000, pyridine2001, t r i pheny lph~sph ine~ '~~~  IgQ7, triphenyl- 

a r ~ i n e ~ ~ ~ ~ .  loQ8, d i p h e n y l ~ e l e n i d e ~ ~ ~ ~  and diphenyl s ~ l p h i d e ~ ~ ~ ~ .  Ylid formation failed 
with triphenyl and diphenyIaminesZoo1. The reactions with triphenylphosphine also 

reactions of diazocyclopentadienes with 2,6-dimethyl-4-thiopyr0ne~~~~~ IgQ3 , 296- 

x = o , s  
lead to pho~phinazenes~'"~ Igg7. This process is sufficiently general that i t  is 
possible to employ the reaction for preparing derivatives of a large number of diazo 
compounds. In the cases of interest here, heating at  100 "C in the melt or in  benzene 
led to the phosphinazine, whereas heating at  140 "C for 1 h furnished the ylids. 

Both diazo tetraphenylcyclopentadiene and diazocyclopentadiene insert into the 
halogen bridge i n  halogen-bridged dirhodium species with loss of nitrogen to 
furnish perttnlrnptorhodium complexes1G32. 

I I. R E A R R A N G E  M E NTS 

Rearrangements involving electron-deficient species are well known and have 
been extensively studied and 202*, ?03(. By far the most common process 
employing diazoalkanes is the Wolfl i n  which a a-diazoketone 
furnishes a keten or  a keten-derived product. Thc Wolff rearrangement can be used 
for the purpose of ring or for chain homologation. Since both classes 
of diazo compounds required are readily obtained it  is not surprising that thcir use 
is widespread. The syntheses for homologation usually proceed via the Arndt- 
Eistert ~ y n t h e s i s ~ ~ * ~ - ~ ' ~ ~  where an acid chloride reacts with an excess of diazoalkane 
(normally diazomethane) to furnish an acyl tliazoalkane and an alkyl chloride. The 
formation of a-diazocyclanones has been greatly advanced by the work of Regitz 
and c o w o r k e r ~ ~ ~ " ~  ?15', who initially form the hydroxymethylene ketone and then 
subject i t  to diazo transfer conditions. This reaction also works with 1 , 3 - d i o n e ~ ~ ~ ~ ~  
and P-keto 
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CH,X 
II CHaN,  II 

R C X  + CH,N, RCCHN, + H X  
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$.C-C-R R = OEt, CH, 
II 

'c-c-cHi TosN, 
H' I Base ' 

c=o N2 
I 
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The other rearrangements of diazoalkanes primarily involve hydrogen or alkyl 
migrations to furnish olefins. 

A. Wolf Rearrangements 

Wolf€ rearrangements of a-diazo carbonyl compounds can be induced to occur 
by thermolysis, catalysis and photolysis. The processes observed are not always 
equivalent and in any particular instance one method may be preferable to the 
others. The photochemical process apparently involves a singlct carbene for  and^^^^' 
has successfully suppressed the rearrangement by employing triplet sensitizers. 
I n  general, copper-based catalysts also suppress the reaction whereas with silver 
catalysts the reactions proceed smoothly. 

1. Thermolytic processes 

Thermolysis occurs over a wide rangc of tempcratures (room temperature to 
750 0C)15'9. Stability is primarily a function of electronic effects, either as a consc- 
quence of substitution altering the clectron density of the COCN, unit o r  causing a 
twisting of the C-C bond and thercby altering thc extent of overlap betwcen the 
C=O and CN, c h r o m ~ p h o r e s ~ ~ ~ ~ ~  1817.  3039. Since a number of processes can occur 
in competition with the Wolff rearrangement, i t  may be necessary to experiment 
over a range of conditions to obtain optimized yields. Meier has noted that initially 
increases in  tcmperature tend to favour the Wolff rearrangcrnent over side 
reactions'034. The reactions are frequently carried out in boiling aniline1731. 1732, l i 3 ' ,  1'36 

or benzyl alcohol to furnish the anilides or  bcnzyl esters2344. Some examplcs are 
presented in equat ion ( 1 4 O ) l 5 l 3 ,  1511 ,  1565 ,  1581, 1731, 1731, 1736, 1805, 1835,  187U, ,157, 2299. 2314, 2375. 

2. Photolytic processes 

Photolysis in  the absence of scnsitizcrs providcs a convenient technique for Wolff 
rcarrangernents and in some cases (c.g. diazocamphor) whcre thcrniolysis 
fails. This has the advantagc that one is capable of employing low-boiling solvents 
such as methanol and can operate at very low tcniperatures if  the products arc heat 
sensitive. Mcicr2O3' has concludcd that one should operate a t  as long a wavclength 
as possiblc, but notcs that the lowcst singlet state is only niodcrately activc. Thc 
photolytic approach also permits thc incorporalion of sensitive reagcnts capable of 
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subsequent reaction with the keten and may actually furnish dilferent products 
than those available from catalytic 2035 (equation 141). Some typical 
photolytic Wolff rearrangements are summarized in equation (142)1628, 1801, 18781 1881v 

1917. 1059. 2035. 2037, 2336, 2337, 2342. On occasion the Wo]ff rearrangement will fail as a 
consequence of interaction with the nucleophile either by reduction (e.g. trifluoro- 
acetyl diazoacetic ester'335) or by nucleophilic attack upon the diazo carbon (e.g. the 
C u  powder CHJCN decomposition of diazoacetophenone in excess 

3. Catalytic processes 

The most common catalysts employed in Wolff rearrangements are based upon 
Ago and Agl. Some CuI1, Cul and Cuo systems and platinum systems have also been 
used; howqver, by far the best general systems involve silver. Copper and its salts 
tend to  form relatively stable transient copper carbenoids which do  not rearrange. 
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0 
I I  hn, 

PhCCHN, - 

HoH + PhCH,COOH 
Dioxane 

CH OH 
PhCH,COOCH, 

PhCH,CONHPh 
PhNH, 

Dloxane 

EISH + PhCH,COSC,H, 

@wCo0" HOH 

Methanol, hv 

8'- g C O O H  

COOCH, 
CH,OH 

id 

Some rather commonly employed silver systems include Ag,O/NazS,O, 2352, 

Ag,0/Na,S,0,/Na,C0,1~51, C,H,C0,Ag/t-amine?080 and CF3C0,Ag1727. The 
Newman amine system employing a tertiary amine has found wide usage. 
Surprisingly, one also encounters the use of catalysts in  a number of photolytic 
Wolff rearrangements. I t  is not clear whether the catalyst plays an active role or 
represents a retreat to the chemistry of von Hohenheim. The use of Ag,0/Na2S,0,/ 
Na,CO, is the classic condition employed in the Arndt-Eistert homologation 
syntheses'466". lJ6?. This approach was of sufficient importance in the early days of 
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steroidal synthesis that i t  was chosen as one of t h e  topics for review in Organic 
Reoctiom, Volume 1 3 * ,  and was employed by Bachmann, Cole and Wilds in the 
first successful steroidal total An examination of Bachniann's work 
from that period reveals a prodigous amount of work on the reaction". Some 
typical examples employing catalysis are given in equation ( I  43)l5"* L'045, 2089, 2 3 4 8 e  2372. 

Copper powder Small amount CH,OH 
CH,CN 

PhCOCHN, 

Large amount CH,OH 

I to luene ,% 
Benzene Cu powder 

V 

PhCH,CO,CH, 

P hCOCH,OCH, 

(143) 

0. Other Rearrangements 

A variety of processes can compete with the Wolff rearrangement. The processes 
arc not unique to a-diazocarbonyl compounds. These rearrangements involve 
I ,2-hydrogen and 1,2-alkyl migrations. Insertion reactions are discussed in Section V 
and in a strict sense do  not involve skeletal rearrangements of the type concerned 
here. A surprisingly large number of rearrangements are observed under Bamford- 
Stevens reaction conditions. These have been treated by Gutsche and RedmoreJi8~ 
Representative examples are presented in equations (144), (145) and (146). 

CH, 

PhC(CH,),CHN, 6o'c, (CH,),C=CHPh -I- Ph(CH,)C=CHCH, -I- Ph 

41 % 
50% 9% 

O=N-NCONH, Ph 
P& + Base 'h\ H,c=C=c, 1 

'*,H 

H Ph 

H & L , A  # -k + HCECH 

CH, H 

(144) 
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111. T H E  FORMATION OF DIMERS A N D  TELOMERS 
FROM DIAZOALKANES 

The formation of species containing two or more fragments of the starting diazo- 
alkane occurs frequently. Normally this is an  annoying side reaction of little 
preparative value and as  such its reporting is far too frequently hidden in experi- 
mental sections, far from the eyes of the usual reader and abstractor. In this section 
we shall treat the major ‘dimeric’ type processes, the formation of olefins, azines and 
pinacols but not the formation of ethanes, tetrazenes, polymerizations to furnish 
polymethylenes or trinierizations. Examplcs can be found for most with photo- 
chemical, thermolytic and catalytic origins. Several recent studies indicate that some 
of these reactions have some synthetic utility. KirmseG5’ has summarized some of the 
more pertinent data on the dimerizations reported up  to 1970. More recently, 
fairly extensive studies have been made which indicate that suitable conditions 
may be found to optimize the formation of some of the major ‘dimeric’ 

olefin formation by coupling of two diazo functions have becn realized. Frequently 
one will not observe all of these processes for a given diazo compound. There have 

produc~s177H, 1770, 2099, 2148, 2221. 2222, 2236, 2237, 2365, 2368, and several syntheses based upon 
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been few mechanistic studies regarding how these products arise and almost 211 
studies simply report the isolation of a particular set of products. Since the isolation 
and recognition of such products are not usually considered of prime importance, 
the absence of a particular product type in any given report should not be given 
great weight. Similarly, care must be exercised in accepting structural assignments. 
In a t  least one case an initially incorrect assignment made in 1893lSs3 has been 
repeated in the most recent review !1970)283, evep though the error had been noted 
previously (1901)1555~ lo5I. 2238. In  this instance !hc Crl'Gi was corr,aiitted with diazo- 
acetic ester, probably the most widely studied diazoalkane after diazomethane. 

31 
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The  formation of olefins during vapour-phase therniolyses or photolysis of 
diazoalkanes from two carbencs is an extremely un l ike ly  event, both o n  the basis of 
probabilities and because the reactions should bc sufliciently exothermic to favour the 
free carbene. Hence it  seems likely that the  ethylenes arising from diazoalkancs 
result from carbene + diazoalkanc or diazoalkane + diazoalkane processes. Since 
vapour-phase processes of this type would appear to offer no synthetic uti l i ty we 
will consider only reactions occurring in solution o r  in the solid state. 

213u- 2131, 2365 examined the affect of catalyst on  the formation of tetrakis- 
methoxycarbonyl ethylene from dimethyl diazomalonate. These studies, along with 
those of McDanie12004s m2 on the related processes with diazoacetic ester, are  
probably representative of the situation with all diazo-monocarbonyl and diazo- 
dicarbonyl compounds in which an aromatic chromophore is not in  conjugation 
with the diazo function. 

With dimethyl diazomalonate it was possible to prepare the ethylene in over 
80”/ O Y  ield213’ by employing ‘inert’ solvents such as benzene in the presence of a 
moderate amount of a soluble catalyst. High catalysi concentrations lead to poorer 
yields. 

With diazoacetic ester, the possibility of forming both diethylmaleatc and diethyl 
fumarate arises. McDaniel and Peace found this to be a function of the catalyst 
concentration and a mechanistic interpretation has been proposed23Gs. With ftiniarate 
and maleate formation i t  is also possiblc to obtain pyrazolinc formation, and the 
employment of an active catalyst (e.g. cupric fluoborate) is to be preferred to minimize 
the competing 1,3-cycloaddition. Since the unsaturated esters arc electron-deficient 
olefins, copper carbenoid addition to form a cyclopropane is suppressed. Peace and  
McDaniel found that low catalyst concentrations favoured maleate formation and 
high catalyst concentrations favoured fumaratc. Cases have been reported where 
only maleate was observed2189. Tables 35, 36, 37 list some results obtained with a 
variety of catalysts in  cyclohexene solutions which have converted diazoacetic ester 
to the ethylenes. 

TAHLE 35. Ratios of products from catalysed dccompositions of 
diazoacetic estcr in cyclohexene solutions233* 

Diethyl Dicthyl 7-Carboethoxy 
Ca tat ys t funiarate maleate norcaranc 

Ni(C,H,), I .4 2.6 1.0 
1.0 Ni(CO), 6.0 

c u  0.57 0.67 1 .o 
CuBr 0.50 0.5 1.0 
CUSOJ 0.7 0.5 1.0 
ZnI, 1.4 0.G 1.0 
Cr( C, HJ2 1.5 0.6 1.0 

- 

Seratosa and COWOr~erS1778 ,  1770. “ J i ,  2221, 2222 have decomposed diazoketorlcs to 
furnish sulphur ylid intermediates which then form ethylenes, and in one case 
bullvaltrione. These processes are not of great efficiency but may be capable of 
improvemcnt by optimization of catalyst concentration. In the bullvaltrione synthesis 
i t  is noteworthy that a cyclopropane (a trinier) is formed. This occurs because the 
second step involves addition of the nucleophilic ylid to the electron-poor 1 +dioxo- 
2-butene (equation 148). The process operates in competition with pyrazoline 
formation which is essentially unimolecular whereas the  desired process is 
bimolecular (e.g involving substrate and  catalyst). 
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TABLE 36. Product distribution in the reaction of cyclohcxenc wi th  cthyl tliazoacctate 
using [(CH,O),P],,.Cul as 

Norcarane Dimcr 
Catalyst - ~- 
(mmol) n eso etrrla Ibiio cis trails Ratio 

0.140 1 7.80 0.65 12.0 0.088 0.123 0.715 
5.00 1 2.91 1.16 3.51 0.218 0.710 0.307 
0.140 2 7.87 0.684 11.5 0.100 0.150 0.667 
5 .OO 2 0.965 0.946 I .01 0.077 0.254 0.304 
0.140 3 8.05 0.533 15.1 0 4 6 7  0.1 11 0.608 
5 .OO 3 0.333 0.832 0.40 0.00 0.00 - 

- -~ 

TABLE 37. The cffcct of C U ( A ~ P ~ C ) ~  concentration upon thc 
ratio of diethyl funiarate : dicthyl maleate from the dc- 
composition of diazoacetic CSICI‘ in cyclohexcne solutions’””” 

Catalyst concentration 
(mg/50 ml) Diethyl fumarate : diethyl malcatc 

0 
1 
4 

16 
32 
64 

256 

0.53 
0.69 
0.69 
0.89 
1.03 
1.39 
2.18 

Although i t  would appear that no  simple rule cxists for prcdicting when an  azinc 
will be formed photochcmically or  when an olefin will result, there is ample reason 
to suspect that azines will be formed whcn the ‘carbene’ will be in the ‘triplet’ state. 
The  formation of the intermediate diradical Ar,C ? N,C t Ar? will be estensively 
delocalized throughout the x systcms of the Ar grouping, whereas the ‘singlet’ 
species can collapse directly to olefin plus nitrogcn. The apparent esccption is 
d imes i ty ld iazomet l ia~ez~~~.  A reexamination of the published data  in this case is 
equally consistent with o,o‘-d isu bst i t 11 ted phenyld iazomc t hancs being unable to 
conjugate fully the diazo chroniophore with the aromatic rings and thus leading 
initially to the ‘singlet’ carbene rather than the ‘triplct’. The formation of glycols 
(or their csters) when mctal salts arc employed in aqueous media can be easily 
accommodated by cquation (149). 

Peace and McDaniel have presented evidence that the formation of olefins 
proceeds by two mechanisms of which equation (150) (path A and path C) most 
closely accounts for the observed rcsults’1J3- 0 3 5 v e  236’e 23G5. A summary of some azine, 
olefin and glycol (glycol ester) studies appears in Tables 35-4120s0~ 2236 . In those cases 
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TAULE 38. The catalytic decomposition of 9-diazofluorene by copper(r1) 
carboxylates in aqueous dimethyl f ~ r m a m i d e ? ~ ~ ~  

917 

A r,C 9 2  A r2C23= Ar,CO Ar,C=N tz 
AcO 

Cu@) carboxylate I 

Acetate 5 5  24 15 
Proprionate 4 1  17 18 
n-Butyrate 51 16 23 
lsobutyrate 36 36 19 
Tartrate 85 12 

TAULE 39. Dccomposition of diphenyldiazomethane by copper(11) 
carboxylates in aqueous dimethyl f ~ r m a r n i d e ~ ~ ~ "  

C u (n) car b o x y I a t e 
Ph,C= N +2 

CU(II) carboxylate 

Ace1 ate 
Proprionate 
n-Butyrate 
lsobutyrate 
Benzoate 
Tartrate 
Glycinate 
Salicylate 

70 
61 
54 
48 
14 
- 

- 
63 
4 

48 
45 

""36, 2237 TABLE 40. Decomposition of diazoalkanes by metal acetates- 

Solvent Ar,CHOAc Ar2Crf., A r z C h  I ArC(OAc), Ar,CO Azine 
AcO acetate 

Products from diazofluorene (% yield) 

Cr(OAc), D M F  (aq) 9 55 
Cu(OAc), D M F ( a q )  24 55 15 
TI(OAc), CH2C12 4 2  56 
Pb(OAc), CH2CI, 61 30 

Products from diphcnyl dinzonlethnne (% yield) 

Cr( 0 Ac), 
Cr(OAc), 
Cu(OAc), 
Cu(OAc), 
Cu( 0 Ac), 
AgOAc 
Hg(OAc), 
Hg(OAC), 
TI(OAC), 
T!(OAC), 

D M F  

D M F  
EtOH 
H 
D M F  
D M F  
Et,O 
D M F  
E t 2 0  

D M F (aq) 
35 
40 

30 25 
27 

52 40 
4 7  40 
52 3' 
17 20 

5 27 50 
5 0  3 30 

21 50 
53 Trace 
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where metal salts are eniployed as catalysts, we suspcct the intermediacy of carbcnoids 
in the olefin-forming step and thermal proccsses or MT-I process are responsible 
for any azines obtained. I t  is noteworthy that the processes examined by Nozaki and 
coworkers employ very large quantities of catalyst whereas those examined by 
Wulfman and collaborators operated at very low catalyst concentrations. 

TABLE 4 I .  Decomposition of Ar,CN, by coppcr(ii) acetylacetonates in benzene 

Yield (%) 

Ar A C C I ~ ~  acetone Ar,C=CAr, 

Ci3HS 2,4-Pcntadionc 60 

C,H5 1,3-Diphenyl-l,3-propadione 41 

p-MeOC,H, Acetoacetic ester 48 
c, H5 1,1,1-Trifli1oro-2,4-pentadionc 84 

C61-L l-Phenyl-l,3-butadione 47 

C6HS Acctoacctic ester 74 

Ar,C= N- N= CAr, 

30 
46 
50 
0 
0 

15 

Some additional examples of dimer formation and azine formation appcar in  

Internal dimers (acctylencs) can be prepared by decomposition of 1,2-bisdiazo- 
alkanes. The process has been revie\ved by M e i ~ r ? " ~ ~  and  sclected exaniplcs can be 
found there. 

e q u a t i o n  ( 1  5 1 ) 1 5 9 7 ,  1756, 1833, 2249. 2377 

IV. CYCLOPROPANATION REACTIONS 

A. Choosing Reaction Conditions 

Perhaps the most common techniquc used by chemists to establish reaction 
conditions is that of precedent. Onc examines a liniitcd sclection of the litcrature to 
find a reported reaction similar to the one under consideration, and adapts it to 
fi t  one's needs or, more commonly, uses i t  with a minimum of change. The precedent 
may well have arisen in the same fashion. Conscquently the conditions employed 
for performing a reaction may be far from optimum. I n  thc cstrcmc, precedent can 
become a case of thc blind leading the blind. Syntheses with diazo alkanes are not 
unique in suffering from this situation. There is very little data available to permit 
answering the questions-Should photolysis, thcrmolysis or catalysis be eniployed? 
Should a pyrazoline bc generated and then bc decomposed? What catalyst is best 
for the reaction under consideration? Will solvents and/or temperature changes 
improve yields? Is i t  advantageous to purify in order to  remove adventitious 
materials? If so, how? How might onc avoid the problcm? 

We know of two rclatively thorough analyses of the question whether photolysis 
or  catalysis is prefcrrcd for decomposing diazoalkanes to furnish cyclopropanoid 
products. They both indicntc that the catalytic approach is preferred. However, i t  
should be renicmhercd that this is not a n  all-cnconipassing rule. Thus, with dimcthyl 
diazomalonate, photochemical dccomposition leads to favoured generation of the 
most highly substituted cyclopropane whilc catalysis strongly favours the least- 
substituted cyclopropnne. I t  is not possiblc to generate the adduct 690 catalytically 
but i t  is possiblc to d o  so photolytically23GG". With I -metliylcyclohexcne, the methods 
appear comparable, but with cyclohcsene homogeneous catalysis is bettcr than 
hcterogencous catalysis \vhich is cqiial to or superior to photolysis. With cyclo- 
hexadienes, heterogencous catalysis appcars prcferablc for adding dinzonialonates. 
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CHX, X = COOCH, = n, 

X = COOC(CH,), = flb 

(656) n = 1 (657a, b) (660a, b) (663a, b) 
n r - 2  (658) (661 1 (663a) (152)2187. 23S8 

(663a) n = 3  (659) (662) 

a ‘9 a CHX, 
+ 0: + 663a 

H:. Rh/AI,O, 0 - 663a + 680 -4- 

+ 
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(690) 
COOEt COOEt 

+ + N,CHCO,Et - A.4, 
(691 1 (692) (693) (694) 

(695) 

Catalyst 694+695 (yo) 694 (rnol.-%) 695 (rnol.-%) 

CuOSO,CF, 84 
Cu( OS0,C FJ, 98 
Cu(BF,), 98 
CuI.P(OCH,), 36 
C u CI. P (0 CHI) 60 
Cu ( Ac Ac), 96 
c u s o ,  

20 80 
21 79 
19 81 
64 36 
58 42 
64 36 
64 36 

1 2.5 0.4 

(with Cu(AcAc), 1 : 1 : 0.6) 

With diazomethane, catalysis was found superior to photolysis. When two possible 
sites are involved with diazoacetate ester, the type of catalyst employed is of 
considerable importance and the same holds for diazomethane. Thus when copper(1) 
fluoroborate or copper(1) triflate were employed in the sequencc 691 +692-694+695, 
694 and 695 were generated 20: SO whereas with copper(1) iodide-trimethylphosphite, 
the order is reversed (64 : 36)?18’. 

The work of Peace and McDaniel clearly reveals that the concentration of the 
catalyst is important for the formation of all the products from dimethyl diazo- 
malonate and work with vinyl diazomethane also exhibits a yield maxima for cyclo- 
propanation as a function of catalyst concentration. One must therefore find the 
optimum catalyst concentration and the optimum catalyst. With the diazomalonate 
system, copper(i1) acetylacetonate proved to  be the best catalyst. Copper(i1) 
fluoroborate was comparable, but less convenient. The studies of Wulfnian, Peace 
and McDanic1?004, 2107-2133, 2355-2363 with diazomalonates and diazoacetates may be 
suitable for extrapolation to nearly all diazo carbonyl compounds and diazo- 
sulphones. (The only justification for including the sulphones is a strong similarity 
in  their mass spectral behaviour with the esters. Both classes of molccules fail to frag- 
ment to a P-28 ion when glass inlet systems are employed.) This classification system 
may prove to be of use i f  sufficient data are forthcoming o n  other diazo compounds. 

It is clear from tabulattions of relative reactivities that i t  is possible to find condi- 
tions which frequently favour one unsaturated substrate over another. The data in 
Table 42 compare the selectivity of ‘bis(methosycarbony1) carbene’ generated by 
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TABLE 4Foo4 

92 1 

X = CO,Me A B 

Means Solvent Temperature ("C) Product ratio (U : A) 

CuCI.P(OCH,), 

Cu(AcAc), 

Photolysis 
Photolysis (Ph,CO) 
Pho~olysis 

C u (B Fj 12 

CU(BF~), 

Cu(AcAc-f,), 
CU(ACAC-~,), 

Neat 
Neat 
C,  F, 
Neat 
Neat 
Neat 
Neat 
Neat 
Neat 

Reflux 1 : 4.90 
Reflux 1 : 13.82 
Reflux 1 : 2.29 
ReHux 1 : 2.73 
Reflux 1 : 2.96 
Reflux J : 2.58 
Reflux 1.1 : 1 
35 2 :  1 
35 3 :  1 

several methods. It also contains information relative to  the effect of temperature 
upon the processes. This information and that in Table 43 is almost non-existent for 
other systems. This may be a consequence of the view which has been put forth to the 
effect that the activation energy for adding a carbene to a double bond is zero651 and 
there should be no  temperature effect on product distribution for thermally and 
photochemically generated carbenes. There appears to  be no n priori justification 
for making the same assumption for catalysed processes and the data in Table 42 
demonstrate the importance of temperature. 

It is equally clear that the actual catalyst employed for catalytic processes is of 
importance. Wulfman, Peace and McDaniel examined a large nurnber of catalysts 
in their studies (Tables 43-47) and found that the yields and partial rate data were 

TABLE 4323G8. Effect of catalyst upon yield in the reaction of dirnethyl diazomalonate with cyclohexzncs 

Olcfin : Cyclohexenc 1 -Methylcyclo hexcne 1,2-Dimet hylcyclo- 
hexcne 

- 
Catalyst Products: 660ab 657ab 663ab 668$ 66Sb 666b 667b 663ab 673b 672b 663ab 

CU" 
CUCl" 
cuso,= 
( C H3 OXP- CU C 1 
( CH~O)SP-CLII~ 
Cu(AcAc)ZC 

(CH,O),P-CuN CS 

(C H30),P-Cu B F, 

t(CH,0)3Pl,CuIC 

(CH30),PCuCN 

( CH30)3 P- Cu BrC 

[(CH30)3Pl,CulC 

(C,HSO),PCu BrC 
[( CH,),CHO],PCuCIC 
AgBF," 

35.0 1 .71  
42.8 2.18 
45.3 2.0s 
63.7 4.67 
73.5 5.98 
78.1 5.92 
41.5 0.94 
28.1 1.80 
68.1 6.63 
59.2 7.99 
6 S . l  6.52 
63.0 6.56 
72.7 7.39 
66.0 5.39 
19.6 3 4 0  

8.05 22.9 1.23 3.13 18.5 5.63 27.5 7.S8 16.6 
8.38 19.1 1.35 3.67 17.5 4.S3 27.5 7.44 22.4 

18.4 29.6 2.30 10.7 26.0 5.15 32.8 10.4 19.5 
11.5 
12-4 

1.0 
1.8 

20.6 
10.0 -- 37.4 

27.0 
19.9 
2 7 4  

9.07 24.5 2.49 6.07 24.0 7.36 16.0 5 .55  21-9 

8.20 

0 Heterogeneous systems. 
b Yield (%) based on VPC analysis and available dimcthyl diazomalonate. 
c Optimized yield for cyclopropanc formation. 
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TABLE 44. Coppcr(i1) catalyst versus products in thc reaction of diazomalonatc in 
c y ~ l o h e x e n e ~ ~ ~ ~  

Product yield (rclativc to norcarane) 

Tct rakis- 
met hoxy- 
carbonyl 

Catalyst ligand 660a 657a 663a ethane 

Dipivaloylmet hane 
Acetylacetone 
Acetylacetone-/, 
Acetylacetone-f, 
Thenoyl t rifluoroacetylniet hane 
Benzoylacetylmet hane 
Acetate.(H,O) 
Octoate 
Stearate 
Ethyl acetoacetate 

0.89 (1.00) 
79.45 (1.00) 
8.47 (1.00) 

18.44 (1.00) 
21.42 (1.00) 
9.83 (1.00) 

22.59 (1.00) 
34-475 ( I  .OO) 
32.53 (1.00) 
27.67 (1.00) 

0.07 (0.09) 
2.54 (0.03) 
0.68 (0.05) 
0.94 (0.05) 
1.36 (0.05) 
0.26 (0.03) 
I .96 (0.09) 
1.57 (0.05) 
2.13 (0.07) 
1.70 (0.06) 

6.75 (7.52) 
8.07 (0.10) 
0.28 (0.03) 

17.25 (0.94) 
2.01 (0.09) 
7.37 (0.75) 
7.14 (0.32) 
4.20 (0.1 2) 
4.04 (0.12) 
8.75 (0.32) 

3.99 (4.43) 
0.93 (0.01) 
0.40 (0.05) 
0.72 (0.04) 
0.59 (0.03) 
2.47 (0.25) 
1.84 (0.08) 
3.50 (0.10) 
3.74 (0.1 1) 
2.24 (0.08) 

~~ 

Numbers in parenthcses are rclativc yields based on  660a 1 

TAULE 45. Products and yields from the reaction of dimcthyl diazomalonate with 
2- h c p t c n ~ s ~ ~ ~ ~  

0.14 mmol 2-Hcptcne Cyclopropane 
of ( p t I ri t y of Tc ni pera t u re C-H insertion 

(CH,O),P.CuX isomer) ("C) cis t r m s  products 663a 

X = I  
I 
Br 
Ci 
I 
I 
Br 
CI 

~~ ~~~ 

cis (96%) 
cis (96%) 
cis (96%) 
cis (96%) 
train (99%) 
f r m s  (99%) 
trarzs (99%) 
trans (99:Q 

9s 
85 
85 
85 
9s 
85 
85 
85 

95.6 
92.1 
87.6 
81.3 
0.00 
0.00 
0.00 
0.00 

Trace 
Trace 
Trace 
Trace 
76.0 
69.8 
72.5 
41.7 

0.52 
3.30 
7.08 

6.60 
12.8 

18.6 
18.4 
35.2 

3.36 
4.64 
5.32 
6.00 

17.4 
11.6 

23.1 
9.20 

TABLE 46. Effcct of additives upon yields and product distribution in the 
rcaction of cyclohcxcnc with dimcthyl diazonialonate using (CH,O),P.CuCI 

as 

Add i t i vc 
(30 mmol) 6603 663a 657a 

63.92 ( I  .OO) 
33.46 ( 1  .OO) 
46.07 ( I  .OO) 
68.13 (1.00) 
60.58 ( 1  .OO) 
49.93 (1 .OO) 
45.52 (1.00) 
55.00 ( I  .OO) 
59.54 ( 1  .OO) 

13.25 (0.707) 
33.44 ( 1  .OO) 
2 I . IS  (0.460) 
16.23 (0.238) 
19.20 (0.3 17) 
24.28 (0.486) 
17.34 (0.378) 
17.96 (0.326) 
25.14 ( 0 4 2 2 )  

4.69 (0.074) 
2.29 (0.07 1 ) 
3.75 (0.0SZ) 
5.92 (0.087) 
5.03 (0.084) 
4.61 (0.092) 
3.72 (0.081) 
5.34 (0.097) 
4.48 (0.077) 

Numbers in parentheses are relative yields based on 660a = 1. 
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a function of the associated ligands. These can be assuined to alter the hardness or 
softness of the catalyst, and likewise it is clearly possible to alter the hardness of the 
various species by changing the valence state of thc catalyst, the mctal ion, the solvent, 
the substrate and the diazo compound. With the majority of the diazo compounds 
which have been catalytically decomposed, copper salts were almost uniformly 
better than salts of other metals when one is considering cyclopropanation, dimeric 
olefin formation, pinacol formation and azine formation. For simple insertion into 
C-X bonds (Xf H) the picture is not as  clear as to which salts (Lewis acids) 
should be employed. 

6.0 
5 7  

$ 5 0 -  - 
0) .- 

- \ 
.- 
- 5; 3-5 
B 

2.2 

(Me02C),C =C(CO,Me), - -- \ - _--------- 

FIGURE I .  Product distribution as a function of [(CH,),CHO],P.CuCI concentration. 

.......................................................................... 

The choice between photocheniical methods (sensitized or unsensitized) is even 
less clear. MossB3' has summarized the relative rates of cyclopropanation for a 
number of 'carbenes' at 25 "C. It is not unusual to find suflicient selectivity to 
justify a choice. Whether the discrimination will be further enhanced by operating 
at  lower temperatures should probably be examioed on acase-by-case basis. However, 
with even a simple circulating system it is possiblc to operate at  - - 10 "C using 
brine cooling and one would expect selectivity to increase with decreasing tempera- 
tures if there is an observable temperature effect. 

The use of triplet sensitizers has been used by Jones and A n d ~ ~ ~ l :  to suppress 
Wolff rearrangements of diazoketones and favour bimolecular cyclopropanations. 
In addition Ando and coworkers have siiccessfiilly discriminated between C-X 
insertion and cyclopropanations by using catalytic systems or photolysis, when they 
employed an allyl-X type system (X = 0, S ,  halogen)1115. l l l G ,  1103-1127, 1432. Id3*. 

With diazoacetate and diazomalonate systems, homogeneous catalysis appears 
to be the preferred method when all methods give the same cyclopropane. However, 
the yield is a function of catalyst concentration0127. ?130, 2130, 2 1 ~ 8 v  03G8 and it  is desirable 
where possible to optimize against this variable (Figure 1). With diazoacetates the 
syn-nnfi ratio is a function of catalyst concentration. Similarly, for dinierizations, 
the cis-frmzs olefin ratio is a function of catalyst concentration (see Tables 35-37). 
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Cowan and  collaborator^^^^^ have examined the decomposition of diazoaceto- 
phenone in the presence of catalysts as well as photochemically and thermally. 
They concluded that better yields of cyclopropanes and greater stereoselectivity were 
obtained using copper catalysis. 

The question of which copper catalyst system should be employed for cyclo- 
propanation is fairly evident from the data in Tables 43, 44 and equation (152) and 
the best catalyst would appear to be copper(i1) fluoroborate if  a fairly accurate 
knowledge of the amount of water present can be made. Copper(i1) acetylacetonate 
is much more convenient, is soluble at  optimum Concentration and furnishes 
essentially the same results. However, the fluoroborate has the advantage that 
when selectivity is desired between two differently substituted double bonds, one 
can in some cases obtain complementary results by using it instead of the acetyl- 
acetonate. Of course this proviso only applies when a tendency to  give the most 
substituted cyclopropane exists, such as occurs with diazomethane or diazoacetic 

The reaction of ethyl diazoacetate with Cu(AcAc), has been studied by Sato2le9. 
The main product was found to result from a reaction between one 'carbene' 
species and two molecules of acetylacetonate. 

C H (C 0 Me), 
I 

I 
CH(COMe), 

CU(ACAC), + N,CHCOOEt - HC-COOEt 

Diethyl maleate, a frequent product from diazoacetic ester reactions, was isolated in 
45% yield. It is perhaps mechanistically significant that the thermodynamically 
more stable diethyl fumarate was not reported to be among the products. 

Peace, McDaniel and Wulfman have examined the dependence of the dimerization 
reaction upon catalyst concentration (Tables 35-37) and they found that maleate 
formation is favoured by low catalyst concentrations whereas fumarate is favoured 
by high catalyst concentrations when operating in cyclohexene solutions. They 
ascribe this phenomenon to dipoledipole repulsions in the transition states and t o  
increased steric requirements at  high catalyst concentrations2305. The rationale 
employed is that at low catalyst concentrations a carbenoid reacts with diazo 
compound to form dimer, but a t  high catalyst concentrations two carbenoids 
also react to furnish product. 

One of the few early studies which has compared the catalytic activities of copper 
chelates to copper salts was performed by Hammond and The  
copper(i1) dipivaloylmethide complex was shown to be inferior to other copper 
salts in the addition of u-diazoacetophenone to cyclohexene. However, all the 
reactioris were carried out at 28 "C and no effort was made to optimize reaction 
conditions or catalyst concentrations. It is most probably dangerous to draw 
conclusions from any study which fails to examine the obvious variables of 
temperature, concentration and olefin structure. 

There does seem to be some question as to the actual catalytic species present when 
the phosphite catalysts are used. M ~ s e r ' ~ ~ ~ .  ?OSG noted that the catalyst solution turned 
brown early in the addition of the diazo compound. House and Blankley noted the 
appearance of an apparently insoluble material in all room temperature reactions 
utilizing the trialkylphosphite copper(]) halide catalysts1Ed3. 

The observations of Peace and Wulfman cast doubt as to the actual catalyst present 
in Moser's studies. They found Moser's concentration conditions highly unsatis- 
factory for generation of bis(methoxycarbonyl) carbenoid. By operating a t  much 
lower catalyst concentrations they obtained far better yields (Table 44) and were 
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able to demonstrate that copper(r1) species are probably the active cataiysts. Since 
copper(1) salts are almost invariably contaminated with copper(i1) salts, the use by 
Moser of approximately 400 times as much formal copper(1) catalyst as Wulfrnan 
and Peace required under oxidative conditions is highly suspcct. Peace235g found 
that the amount of copper(i1) initially present significantly altered the melting points 
of copper(1) salt-phosphite complexes. Indeed, three different preparations of 
copper(1) chloride-trimethyl phosphite had three different melting points, exhibited 
different 31P magnetic resonance spectra but had essentially identical infrared 
spectra, proton n.ni.r. and total elemental analyses. The presence of the additional 
ligands when copper iodide catalysts are employed most probably alters the redox 
potentials of the CU(II), CU(I), I- and I? systems as well and further precludes using 
the non-existence of copper(i1) iodide in aqueous media as evidence of the presence 
of  copper(^) iodide systems [copper(ii) iodide is a known compound]. 

The  presence of phosphite is inherently bad from the standpoint of carbenoid 
generation, for phosphites trap carbeneslaeO and generate phosphinazeneslG1l from 
diazo compounds. All of these factors were examined and Peace found that several 
additives grossly depressed yields. In the case of copper(1) and copper(i1) chlorides, 
the effects may well result from the common-ion effect. With phosphite esters they 
found that the resulting phosphinazenes d o  not generate carbenes upon catalytic 
decomposition as is the case with phosphinazenes derived for diphcnyldiazo- 
met h a n e ~ ? ~ ~ ~ .  

Phosphorus derivatives do not always cause troubles. RegitzlOtG prepared a 
number of phosphorus-containing diazo compounds containing the phosphor0 and 
phosphenyl groups which undergo ‘carbene’ reactions. This is clearly a consequence 
of the phosphorus being pentavalent. 

Peace and Wulfman found the catalytic activity of Cu(AcAc), is completely 
independent of the presence or absence of peroxides (Tables 45-50)2358. Hence they 

TABLE 48. Copper(0) catalysed reactions2s9 

Yield (%) 

Condition 

A B C 

Thermal 12.7 Trace 0.00 
Cu metal 38.0 8.05 1.71 
Metal-free filtrate 36.0 7.20 2.78 

TABLE 49. The effect of peroxide upon the Cu(AcAc),-catalysed decornposi- 
tion of dirnethyl diazomalonate in cyclohexcnez35u 

Condition 

Yield (%) 

A B C 
~ ~~ ~ ~~ ~~~~~ 

Peroxide frec 78.5 12.4 5.92 
Peroxide present 78.1 12,4 5.8 1 
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believc that copper(ii) is the active catalyst spccies or  is at least far superior to 
copper(0) and coppcr(1) f o r  dccomposing diazocstcrs and, by implication, 
diazokctones. 

A somcwhat surprising result was obtained when A R  grade copper powder was 
cinployed as cataly~t'~"". Thc copper powder can be removed by filtration from the 
olefin after 4 h rcflux and the  supernatant solution will exhibit catalytic activity 
towards dimethyl diazomalonatc (Table 48). 

TAULE 50. Product distribution and yields in the reaction of cyclohexene and 
dimethyl diazornalonate as a function of catalyst and peroxide content of the 

o l ~ f i n ~ ~ ~  (A, B, C as in Tables 38 and 49) 
~~ 

Yield (%) 
(CH,O),P. CuZ 

0.14 mmol A B C Ratios 
~ ~ ~ ~~~~ 

Z = Bra 68.7 15.1 6.66 1 .OO : 0.2 19 : 0.097 
I "  74.3 12.9 7.43 1.00 : 0.174 : 0.100 
Brb 22.0 1.88 2.08 1.00 : 0.085 : 0.095 
1 b  19.9 2.02 1.79 1.00 : 0.101 : 0.090 
BrC 71.6 22.9 5.72 1 .OO : 0.320 : 0,080 
I C  78.8 15.0 5.92 1.00 : 0.191 : 0.075 

Nosatalystc 9.45 1.82 0.00 1.00: 0.192 
~ ~~~~~ ~~~~ 

" Commercial cyclohcxene. 
Commercial cyclohexene filtered through alumina. 
Cornnicrcial cyclohcxene filtered through alumina, then 0.07 mniol 

benzoyl peroxide added. 

The efTect of peroxide, hydroperoxide and molecular oxygen impurities is also 
of importance for the photochemical reactions of diazomalonate systems. Poling 
and W ~ l f n i a n ~ ' ~ ~ -  23G0, 2362 have found that the photolysis of dimethyl diazomalonate 
in cyclohexene in the absence of sensitizers has A& z 0 kcal/mol. They also found 
that the rate of cyclopropanation did not relate directly to the loss of diazomalonate 
and that the cyclopropane was being formed even after all diazomalonate was 
consumed and therefore must arise from an intermediate other than the carbene. 
They found that the presence of small quantities of peroxide could double the rate 
of photolysis, that filtration through alumina and working under an argon atmosphere 
did not remove and prevcnt peroxides from persisting (it only removed hydro- 
peroxides), and that addition of air to the system leads to a very impressive increase 
in rate of loss of diazo compound, perhaps by oxidation of the 'carbene'. In addition, 
Wulfman has shown that there is a symmetry-allowed pathway for stereospecific 
cyclopropanation with radical HugheslYB4 has recommended purifying 
olefins by filtration through a column of calcined magnrsir?. The magnesia is calcincd 
at -500 "C and cooled in an inert and dry atmosphere. This furnishes olefins 
suitable for metatheses, processes estremely sensitive to oxygen, peroxides and 
hydroperoxides. Filtration is of course performed under an inert atniosphere. 

The catalyst spccies most probably contributing to Peace and McDaniel's results 
with Moser's catalysts is an iindefincd copper(i1) alkosy halide. Fortunately, 
sufficient pcroxy impurities were always prescnt to cnsure attaining optimum 
conditions. This conclusion is not particularly unreasonable because thc amount of 
catalyst (0.14 nimol) is present in about 500 mniol of olefin. Thus, a peroxide 
content of only 0.03% will furnish sufficient alkoxy radicals to convert all catalyst 
present to the copper(l1) species. 
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ROOH "'L, RO. + .OH:RO- + N,CX, -+ RO~N,X, -+ Dx. + RO. 4. N, P 
Symmetry-allowed path for peroxide-catalysed cyclopropanation of olefins by diazoalkanes 

A comparison of the various catalysts generally employed for 'carbenoid' 
generation was made with cyclohexene and 1-methylcyclohexene (Table 43). In order 
to  perform these studies it was necessary to examine the variable, concentration, 
when operating in the homogeneous systems. The fact that there should be optimum 
catalyst concentrations for the various products is not surprising. 

Employing catalysts of the type (CH,O),P.CuX, Peace and Wulfman found the 
amount of allylic C-H insertion (the triploid behaviour) relative to cyclopropanation 
increases as the leaving group ability of X increases (Table 43). When common 
anions were added to reactions involving trialkylphosphite copper(1) chloride and 
iodide, the decomposition of diazo compound was severely depressed even though 
there was insifficient anion added to saturate the l i g a n ~ y ~ ~ ~ ~ *  23G7. On the other hand, 
addition of fluoroborate ion to  the same reaction mixtures had only a modest effect 
(Table 51). 

TABLE 51. Effect of common ion on the reaction of cyclohexene with dimethyl 
diazomalonate (A, B, C as in Table 48)2368 

Yield (%) 

Cat a1 ys t Salt A B C 

(CH,O),P-CuI None 74.23 (1.00) 11.88 (0.173) 7.42 (0.101) 
(CH,O),P-CUI (CHdaNI 3.33 (1 .OO) 0.00 7.08 (2.12) 

(CH,O),P-CuCI None 63.92 (1 .OO) 13.25 (0.207) 4.69 (0.074) 
(Ch,O),P-CUCI (CH3)aNCI 8.58 (1.00) 1-57 (0.163) 0.00 
(CH,O),P-CuCI (CH3),NBF, 49.33 (1.00) 5.26 (0.107) 4.08 (0.083) 

( CH30)3 P-CU I (CH3)aNBFj 63.66 (1.00) 11.36 (0.178) 5.00 (0.078) 

The question of what solvent to use when excess olefin cannot conveniently be 
employed was examined by Peace (Table 5 2 )  and when this is considered in con- 
junction with march and'^?^^^ and Ando's ~ t u d i e ~ ~ ~ ~ ~ - ~ ~ ~ ~ ,  i t  becomes clear that 
heteroatom-containing solvents such as ethers and halocarbons are generally to be 
avoidcd because of side reactions. 

Conversely, RegitzlOaG has decomposed a number of phosphorus-substituted 
diazoalkanes ic Ci12Ci2 and obtairxd excellent yields. Apparently the phosphorus 
substituents moderate the reactivity suficiently so that C-CCI bonds are not affected. 

When the degree of selectivity is sufficiently high, one might employ benzene as 
solvent. Peace212o found that with diazomalonates, hexafluorobenzene was an inert 
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solvent which furnished highly stereoselective reactions for photolyses of diazo- 
malonate and stereospecific addition when copper catalysts were involved. Jones1o2o 
found similar behaviour for the photolysis, but with the photolysis of 9-diazofluorene 
in hexafluorobenzene, he found the ‘triplet’ processes were favoured. 

TABLE 52. Solvent effects in the reaction of dimethyl diazomalonate with 
cyclohexene using (CH30),P-CuCI (0.14 mmol) as catalyst (A, B, C as in 

Table 48)?lz7 

Yield (%) 
Solvent 

(90 mol.-%> A B C 

Cyclohexene 63.92 (1 -00) 13.25 (0.207) 4.69 (0.074) 
Cyclohexane 31.23 (1.00) 52.52 (1.681) 3.90 (0.125) 
Benzene 57-91 (1.00) 39.64 (0.654) 3.34 (O.OS8) 
Hexafluorobenzene 8 1 *OO (1 .OO) 15.87 (0.196) 4.24 (0.052) 
Carbon tetrachloride 28.31 (1.00) 5.71 (0.202) 31.66 (1.13) 
Dimethoxyethane 0.00 0.00 0.00 

The question of stereospecificity is exceedingly complex and much has been 
written on whether a singlet or triplet carbene is responsible for observed behaviour, 
whether heavy atoms favour intersystem crossing from the singlet state to  the triplet 
state, whether oxygen removes triplet carbenes, and whether photolyses even involve 
carbenes as  a general rule. 

The copper-catalysed decompositions of diazoal kylcarbonyl compounds appear 
to occur in a stereospecific cis fashion. However, when an aralkyldiazo ketone was 
employed15Q7 (diazoacetophenone), the reaction was only stereoselective and favoured 
the cis pathway. This can be nicely accounted for using the systematology of 
W ~ l f m a n * ~ ~ ~  that classes methylene transfers (MT) as  being of the MT-1 or MT-2 
type (equation 154) and the various possible MT-2 paths (tide injiia). Kornendantov 
found that stereospecific addition of alkoxycarbonyl copper carbenoids does 

MT-2rync 
CUL, + 

cx2 Mf-1  jl cx, + CUL,; cx, + 
CUL, 

(696) 

In  the case where the process is non-stereospecific and the evidence available 
indicates that photolysis furnishes ultimately ‘triplet carbenes’, the failure of copper 
catalysis to lead to a stereospecific process may be indicative of mixed MT-1, MT-2 
processes. Alternatively it  may be evidence that the MT-2 process is not concerted 
and is occurring in  a stepwise fashion such as is shown in equations (155), (156) 
and (1  57). 

Existing data indicate a greater degree of stereoselectivity when a copper catalyst 
system is employed. The question of syrt/unri addition of unsyrnrnetrical groups is 
even less clearly defined and the original literature needs to be consulted. However, 
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IS. Syntlictic applications of diazoalkancs 931 
T ~ n i  L 54. Rcaction of cis- and t,am-4-0ctcncs \viih ~ncthoxycarbonylcarbene from 

phatolytic decomposition of inct!iyI diazoacctatc'"' 

Relative yield 
I-Octcnc Total of esters (%) 

Methyl Hcxafluoro- Reaction yield of 
Ainou n t d iazoacct ate bcnzene tinic esters cis C i S  

Isomcr (g) (6) (d (min) (%I t ra i ls  orrri s y ~ i  

trotis 26.5 3 0  - 90 23 98 2 - 
22.0 10 18.6 70 19 84 IG 
19.3 4.3 32.4 1 so 24 78 22 - 
13.2 3.0 67.0 150 22 76 24 
9.2 2.25 83.7 1 0 0  23 75 25 .- 
5.5 1-35 93.0 60 23 76 24 - 

- 

- 

cis 51.0  5 .o 1 so 21 - 3  62 35 
29.7 1.0 23.2 GO 24 16 60 24 
19.3 2.0 31.4 90 23 30 57 13 

- 

.- 7.7 1.0 39.1 60 21 77 23 
7.7 1.0 65.1 60 25 76 24 
5.5  1.2 93.0 GO 20 76 24 _- 

- 

TAnLE 55. Reaction of cis- and rrarrs-4-octcncs with methoxycarbonylcarbcne from catalytic decom- 
position of methyl d i a z ~ a c e t a t e ' ~ ~ ~  

Relative yield of 
4-0i3cne Methyl Cata I ys t Total esters (%) 

diazo- ___ I-Icxalluoro- yicld of 
Amount iicctatc Arnount bcnzcnc esters cis cis 

lsomcr (g )  (L?) Name ( g )  (s) ("/,> Irons an1i Syrr 

f ram 1.0 0-25 
1.1 0.25 
1.1 0.25 
0.5 0.0625 
1.1 0.35 
1.1 0.25 

cis I .o 0.25 
1 .I 0.25 
1.0 0.75 
1.1 0.25 
1.1 0-25 

cuso, 0-008 
0.005 

Cu(C,,H,,O,j, o . 0 ~  
0.004 

c u  0.004 
0.004 

cuso, 0.003 
0.003 

CU(C,~H,,O,)~ 0.0035 
0.003 

c u  0.003 

- 
9.3 

9.3 
9.3 

- 

25 100 
27 100 
24 i 00 
21 100 
22 100 
19 100 

24 
23 
28 
22 
20 

- 
- 

- 
- 

65 
64 
66 
61 
62 

35 
36 
34 
36 
38 

since Wulfman, Peace and McDaniel have shown that this is affected by catalyst 
concentration, this feature should be cxamincd on a case-by-case basis and it  may 
be possible to optimize this variable. 

Wulfmanf has generated a systematology for the purpose of classification of 
cnrbene transfer processes (MT). (The initial M for methplene was used in preference 
to C. CT is the standard abbreviation of Charge Transfer.) Since ihe rcactions 

t This section is presented w i t h  the pern~ission of Pcrganion Press and is taken from 
Reference 2363. 



932 D. S. Wulfman, G. Linstrumelle and C. F. Cooper 

x, + CUL, 

f 
+ sync-ia p: 

(696) 

(For explanation of symbols, see text.) 

Products 
4. 

(For explanation of symbols, see text.) 

involved are often exceedingly complex and it is difficult to identify the rate- 
determining step (r.d.s.), and because 'readily' identifiable featurcs of reactions are 
the products, he based his analyses on the product-determining step. Since he was 
concerned with the group CWZ which is capable of forming a maximum of two 
bonds, he divided the processes into two basic catcgories for carbenc transfer: (a) 
those in which only a single bond is made or broken, and (b) those in which two 
bonds are made or broken. 
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Accordingly, MT processes are either synchronous (MT,,,) or non-synchronous 
(MTnsync). For the sake of simplicity, he assumes that most processes are of the 
MTnsyoc type and writes these as MT, and only employs MTsmc for the less common 
process. 

~ T - 2 s r n g  
(157) 

I -C .t-- 
’ k c -  I 

C-CHX, 
/ \  \ 

(709) CuL, (710) 

N Processes 

1 I I +  

I I 
-c-z:? CuL,=CX, MpS + -c -z-CuL,--CX, 

Products (712) 

- c -Z-CX,--CuL, 
I f  

I 

(For explanation of symbols, see text.) 

In terms of molecularities, the group CWZ always arises from species Q to which 
it is bonded and is going to become bonded to a substrate S .  For convenience he 
designated the carbene as M and any metal as p. If the intermediate Q contains M 
and p, he writes the species Mp. If M is not formally doubly bonded to p, but 
rather is attached to some other group (resideo) as  well, e.g. N, as in a diazoalkane 
metal complex, he designates the species as RMp. He writes a diazoalkane as RRI. 

There are two basic ways in which Mp or R M p  can transfer M or  RM to S to 
furnish a product RMS or MS: (a) dissociation to furnish M or RM which then 
reacts with S to give thz product, an MT-1 process, or (b) a bimolecular proccss 
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MT-2. The MT-1 or MT-2 process may however involve a substrate activated by the 
catalyst p. These processes he designates MTE for carbene transfer with substrate 
enhancement . 

A well-defined example of the MT-1 process exists in the work of Seyfertli222Ja with 
compounds of the type PhHgCX3 where warming liberates CX, and PhMgX. 

MT-2 Processes: Wulfman believes that the possibilities for MT-2 processes are 
numerous, but not unmanageable. For MT-2,,, therc is the possibility of forming 
an intermediate possessing all of the atoms of the substrate or  intermediates in 
which a portion of the carbcnoid or prolo-carbenoid is lost (equation 154). The 
intermediate 696 loses the CuL, system by an internal alkylation (ia) and this 
process can be synchronous or non-synchronous where rupture occiirs between 
metal and substrate (psr) or metal (p) and methylene (pmr), c.g. equation (155). 

The possibilities for MT-ZnSm fall into two basic categories MT-Z,,,,,MpS and 
MT-2,,&3Mp (equation 156). 

In the last case there has been a ligand transfer (LT) from metal to carbene 
carbon. Applying this to the various C-13 insertion processes known for bis- 
carboalkoxy carbenes, he writes the mechanistic schemes shown in equation ( I  57). 

The third and fourth examples in equation (1 57) are simply ‘ene’ reactions followed 
in one case by an LT process leading to a common intermediate which then partici- 
pates in an MT-2,, process to furnish products. 

The replacement of Z by H in equation (1 57) will offer two routes to CH insertions. 
He also invisages C - Z  insertions by yet another pathway i n  which non-bondcd 
electron pairs on the atom Z are  attacked by the carbenoid carbon or copper. 
These last two possibilities are especially attractive for accounting for the work of 
Ando with allylic ethers and sulphides. For purposes of designation he calls these the 
N processes to distinguish them from the B processes involving direct attack on the 
bonding electrons. 

MTE-2 Reactions: The author thinks there is a real possibility that sonic sub- 
stances will be activated by complexation to the catalyst and that these need not  lead 
to enhancement towards all MT product formations but may instead lead to a 
favouring of one process over another. Sincc teririolccular proccsses are of very low 
probability, i t  seemed preferable to  class such reactions as proceeding by enhance- 
ment of substrate, where the enhancement is the result of the formation of substrate- 
catalyst complex which then reacts with carbenoid. Sincc the substrate-catalyst 
complex is simply a new substrate (S’ ) ,  the analyscs rcniain the same as those 
employed for the MT-2 processes. A similar situation arises in the case of an MTE-1 
rcac t ion. 

If one assumes that this analysis is fundamentally correct, thcn i t  is possible to 
understand how some copper-catalysed cyclopropanations are stereospecific whereas 
others are only stercoselective; intermediates of the  type 696 will undergo pSr or 
Mpr rupture in the MT-2,,q.,,c-ia processes and permit free rotation. Any conibi- 
nation of substituents on the metal, the olefin and the niethylenc being transferred 
capable of stabilizing 697 or 698 will probably lead to nonstereospecific carbene 
transfer. 

The intermediate 696, if formed reversibly, can d o  so in two fashions. One will 
lead to the olefin and carbenoid but the other \vill lead to n new olefin and a new 
carbenoid. This latter process is probably the mcans by which olefin metatheses 
occur, and nicely accounts for the gencration of high molecular iveight products 
when cycloalkenes are subjected to nietathcsis conditions. 

The efficacy of catalysis versus photolysis has bcen cuniincd for the foriiiatioii 
of tropilidenes (cycloheptatricncsj from benzenes and diazomcthane. Catalysis 
furnished better yields. 
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The basic conclusions one reaches arc' : ( I )  Homogcncous catalysis is to be preferred 
over heterogeneous catalysis if  one optimizes the catalyst structure, the concentration 
of catalyst, the addition rate of diazoalkane and the temperature; (2) catalysis is 
better than photolysis if the steric requirements of the substrate and/or 'carbene' are 
not excessive; (3) when two or morc potential sites for attack are present, the photo- 
chemical and catalytic processes may be either similar or complementary (in some 
cases, the proper selection of catalysts may furnish the complcmcntary conditions); 
(4) there is great need for a systematic study of sufficient generality to permit 
establishing clear guidclincs so that future chemists can know what conditions should 
be cmployed as a function of (i) thc product type desired, (ii) tlie nature of the olefin, 
and (iii) the Iiaturc of the diazo compound. Although such a series of studies is 
pedantic in nature, i t  would remove the choice of conditions from black art to 
science and greatly benefit everyone. 

Some day i t  may prove preferable to prepare the pyrazoline and to decompose 
this catalytically if tlie cyclopropane is desired. Thus Wulfmaii and M c D a r ~ i e l ~ ~ ~ '  
were able to prepare 10 only via this route and only if they employed copper(i1) 
fluoroborate as catalyst (equation 3). If that process is truly general, then coupled 
with the use of super-pressure conditions to facilitatc the formation of the pyrazoline, 
the pyrazoline route would be preferred over other methods. 

CH,N, CuBr 

B. Cyclopropanation of aromatic substrates 

The addition of 'carbenes' to benzenes affords cycloheptatriencs and/or bicyclo- 
[4.1 .O]heptadiencs (norcaradienes). They are 'valcnce isomers' which rapidly 
equilibrate even at  low tempcratures. The position of the equilibrium is strongly 
affected by the siibstitiients on C,,, (the original 'carbene' carbon) and by incorpo- 
raiion of part of the triene system into additional ringsEs'. Facile H shifts, rearrange- 
ments and cycloadditions are frequent secondary reactions. 

(158)1641, 1650 

1. Diazomethane and diazoalkanes 

Photolysis of a benzene solution of d i a z o ~ n c t l i a n e ~ ~ ' ~ ~  I 6 l 6 ,  1 8 i 6 -  3018, furnishes 32% of 
cycloheptatriene, accompanied by some toluene. I f  the diazomethane decomposition 
is catalysed by cuprous salts, the toluene by-product can be avoided2074. ?07,.  This is 
the method of choice for the ring expansion of numerous aromatic systems, including 
heterocycles. The reaction is strongly influenced by thc steric and electronic effects2o75 
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 cyan^'^^^^ lS7% 157G, 1577* 1579, 17*‘, p h ~ s p h o r y l ~ ~ ’ ~  and s ~ l p h o n y l ~ ~ ~ ~  diazoalkanes. The 
product from benzene and dicyanodiazomethane exists predominantly as  the 
norcaradiene. 

2. Diazoca rbon y I compounds 

a. Diazoesrers, diazomafonates and derivatives. The action of ethyl diazoacetate 
on benzene is a classic e x a r n ~ l e ~ ~ ’ ~ .  Cycloheptatriene esters are obtainedlJo9, 1G.17, 

2285. 1083-10851 2182 photochemically or thermally. 

In  contrast with the benzene series, addition to naphthalenesSJ. 1890, anthracene 
and phenanthrene gives norcaradiene c o m p o ~ n d s ~ ~ ~ ~  65J, 757+ 1918. In the polycyclic 
cases the structures of the products normally are those which least alter the aromatic 
character of the remaining unsaturated rings. 

N,CHCOOEt a 
-COOEt 

/ rCOOEt  

T h e  additions of diazoketones and diazoesters to aromatic and heteroaromatic 
compounds have been reviewed283. 6 5 %  757, lolO* ?Ol*. 

Ring expansion of indanes has been applied in the synthesis of azulenes and is 
known as the Pfau-Plattner s y n t h e s i ~ ~ ~ ~ ’ ~  With alkyl substitution of the aromatic 
ring, insertion into the C-H bond of the chain becomes increasingly important 
at the expense of the ring expansion-- 

C y a n ~ e s t e r s ~ ~ ’ ~  and d i a z o r n a l o n a t c ~ ~ ~ ~ ~  have been examined. The photo- 
chemical1920, 1871, 0-133 or c o p p e r - ~ a t a l y s e d ~ ~ ~ ~  decomposition of dimethyl diazo- 
rnalonate in benzene or substituted benzenes gives phcnylnialonates (perhaps via the 
cycloheptatriene esters) and insertions in the side chain. Thc isomerization of thesc 
cycloheptatrienes is extremely facile and can occur on work-up. One group of 
workers has isolated the c y c l ~ h e p t a t r i e n e ~ ~ ~ ~ .  

““11, 2215 
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lead only to intra- 
molecular ring enlargement along with some insertion into the hydrocarbon solvent ; 
the presence of a para-methoxy group furnished higher yields and gave rise to  the 
formation of a s p i r o d i e n ~ n e . ~ ~ ~ ~  

The copper-catalysed reactions of a benzyl m a l ~ n a t e ' ~ ' ~ .  

R' 

R$O R' 

Cu, 130 "C 
7 

PhH 

R'Q 0 -  e 

R' 

R' = H' OMe + 

R' = H, R' = OM? 60% 
H, R' = Rz = Me 42% 

MeOOC 

0 

b. Diazoketones 
i. Synthesis of cycloheptatriene compounds. The intermolecular reaction of a 

diazoketone with aromatic *09'1 2297 has been used to produce azulenic 
The intramolecular process has been more successful and good 

yields have been obtained1590. 1928, 2318, 231n. This procedure has also been applied to 
a synthesis of azulenes2218. 

N2 Cu powder, mt + 
-t PhCh,CR,COCH, 
R 

12% 
R 5.5% 

Decalln 

R 

R = H, 
R = CH, 

0% 
5.5% 

18% 
44% 

(162)'590 

ii. Intramolecular C alkylation by aromatic diazoketones. Although aromatic 
ketocarbenoids attack thc aromatic ring and lead mainly to ring expansion, treatment 
of these diazoketones with acids affords intramolecular C alkylations1290t 2ooo. 

(1 63)Is9O 

If  the aromatic ring contains a hydroxy or methosy group, a uscful annclation and 
the formation of spirodienones r e s ~ l t ~ " ~ - ~ ~ ' ~ .  Some of these products arc key 
intcrniediates in the synthesis of gibberellin. 
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hv, sensit ized 66 mol-% 

Neal olefin. ha, 

C. Cyclopropanations of olefins 

I .  Diazomethane and diazoalkanes 

a. Additions to siriiple olefhs. Diazomethane can be added under photochcniical, 
thermal or catalytic conditions to olefins to furnish cyclopropancs. When performed 
photochemically or thermally, thc formation of side products (insertion products) is 
important and this approach is seldom employed for synthesizing three-membered 
rings654, 1387. Catalytic decomposition, particularly with copper salts, avoids 
insertion products and diazoniethane lcads to stereospecific cyclopropanation of 
olefins1409, 150ti, 1649, 1650, 1139. li74, 1949, 2077, 2079. 2317. Nulnerous exanlF)es can be found 

I 
C u B r  

i n  recent re\,ic\x,s2Gl, 6:4, 1387,  1775,  2013, 2078,  '2333 . Kochi2Iy7 has shown that cyclo- 
propanation of olefins can he carricd out  efficiently with copper ( 1 1 )  triflatc as fornial 
catalyst. (He argues that the actual catalyst is CU(I).) Intra- and inter-molecular 
conipctition reactions have shown that coppcr trillate and copper fluoroborate 
prornotc the cyclopropanation of the least alkylated olcfins; i n  contrast, other 
catalysts possessing softer anions or ligands favour the most highly substituted 
olefins (sec cqiiation 153).  

With styrene'2125 or with strained double bonds1g"', the Paulissen reagent (palladium 
acetate) gives good yiclds of the cyclopropancs. 
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A n  asymmetric synthesis with an optically active catalyst has been reported20Qg. 
For synthetic purposes, the cyclopropanations of olefins by diazomethane is 

Substituted diazoalkanes have been uscd to prepare three-membered rings. 
The generation of alkyl 'carbenes' by decomposition of salts of tosyl hydrazones 

(Barnford-Stevens reaction) has recently been Ies3. This reaction appears 
to proceed by the generation of transient diazoalkanes and in some cases the diazo- 
alkanes can be Addition to double bonds may give cyclopropanes but 
their chemistry is dominated by intramolecular H 

Ricyclobutanes can be obtained by irradiation1075 or via the cuproiis cyanide- 
catalysed'519 decomposition of vinyldiazoalkanes. These decompositions are distin- 
guished from those with more remote unsaturation by the absence of H shifts. 

often avoided by employing the Simmons-Smith procedure*-. "10, 2310 

lgS9. 

c\H3 p' R\' /CH' 
/C'C NaOMc+ C \ 

(1 67) 
c=c 
/ \  
R' R' 

\ 
R' C=NNHTos 

I 
R3 

R' R2 R3 Yield (yo) 

Vinylcyclopropanes can be prcparcd2IRM. Closs, Closs and Boll15s3, Stech122Go and 
DbrrIG77 prepared many cgclopropanes by the pyrolysis or  photolysis of basic salts 
of tosylhydrazones of a,$-unsaturated crtrbonyl compounds. The decompositions of 
vinyldiazoalkanos were kcy steps i n  a synthesis of t h u j o p ~ e n e ~ ~ ~ ~  and sesqui- 
carcne'P.l, 1592 

Na 
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Cyclopropanes have been obtained from olefins and a variety of d i a ~ o a l k a n e s ' ~ ~ ~  
including aryl- and diaryl-diazomethanes, cyclic diazoal kenes, and s ~ l p l i o n y l ~ ~ ~ ~ ,  
and p h o ~ p h ~ r y l ~ ~ ~ ~ ~  2105 diazoalkanes. 

b. Additions to activated double bonds. Frequently diazomethane adds to double 
bonds to furnish pyrazolines whose decomposition gives cyclopropanes, P-methyl 
derivatives and derivatives in which CH, has been inserted into a p C--C bond. 

The combination2'", CH,N2/Pd(OAc).,. in some cases allows the direct cyclo- 
propanation of activated double bonds2o'"- It adds stereospecifically cis to x , ~  
or a$-disubstituted, a,P-unsaturated ketones or esters in excellent yields. Tri- 
substituted x,P-unsaturated carbonyl cornpounds do  not react. This method is 
applicable for the preparation of annelated alicyclic ketones although certain 
a,p unsaturated steroidal ketones d o  not react. 

COOEt Ph ,COOEt 
PhCH=CH, + N,CHCOOEt -----+ Pd(OAc), '$. 

96% 

R' R2 R' R' Yield (yo) 

(1 6 9 ) 1 9 6 3 .  IOLO. ?!?>. 21.18 

Ph H H CH, 85 
Ph H H COOEt 90 
Ph H H Ph 98 
H Ph H COOEt 85 
Ph H H H  90 

CH, H H COOEt 85 
CH, CH, H CH, 0 

2. Diazocarbonyl compounds  

The diazo carbonyl compounds are of considerable iiiiportancc synthetically 
because of the large number of transforniations which can be realized with cyclo- 
propyl carbonyl compounds which d o  not affcct the threc-membcrcd ringo3G9. Thc 
cyclopropanes are also capable of serving as Michacl ;iccep10rs1c:!6. 235G. The 'carbenes' 
are stabilized by the electron-withdra\ving resonancc elTect of the carbonyl group 
and they have high electrophilicity. 

a. Dinzoestcrs, diinzotiiofotrntcs r i d  r1cr i i .n t i r . e . y .  Carbalkosy dinzomet hams,  
particularly ethyl or methyl diazoacetate. h a x  bcen extensively stiidicd anti their 
additions to olefins has long been known. Sevcral rccent complete review articlcs 
have <;eneral and new aspects \vill be given herc. 
The corresponding diazocstcrs czn be added thcrmallyi at - 150 "C. This method 
is rarely employed s y n t he t icnl I y and may i n  vo Ive p y razo I i  nc inter med iat es .  P hot ol y t i  c 
additions are  common (eithcr v i a  dircct photolysis or photolysis in the prescnce of 
known sensitizers such as benzophcnone). 

Catalytic processes are by far the most important way of decomposing diazoestcrs. 
This permits the use of lower rcaclion tcmpcratiires and favours reactions with olcfins 

The term 'thermal' is iindcrstood to include any reaction not carried out \vil l i  irradiation 
or addcd catalyst. 

is7, oi5s lG''a, 16L3, I9l9- 
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to furnish cyclopropanes. C- H insertions are usually avoided except with diazo- 
malonates. 

The role and importance of the catalysts are discussed above. Copper and copper 
salts are the most frequently used catalysts. The catalysts 'copper triflate' and 
'copper fluoroborate' furnish preferentially the cyclopropane from the least- 
substituted olefin when diazoacetates are The addition is stereospecific. 
Both sytz and anti isomers are formed. The anti isomer is the major one. This stereo- 
selectivity has been discussed2050. Often the anri isomEr is desired and, being the more 
stable isomer, can be obtained by epimerization with rhc base of the synlatzfi mixture. 
The synlanfi ratio is frequently a function of catalyst concentratione75 and most 
probably of reaction temperature as wcll. Jones224G studied the reaction of alkyl- 
diazoesters. Whereas the direct photolysis in an  olefin is virtually useless for pre- 
paring cyclopropanes because of intramolecular reactions (especially insertions into 
C-H bonds), the photosensitized reaction, by generation of the triplet state, 
reduces the intramolecular reactions and allows cyclopropanation of olefins. Jones 
and Ando1817 have used the same approach to overcome the tendency of diazoketones 
to undergo Wolff rearrangements.  halogen^?'^^ and mercuri22'2. diazoesters 
have recently been studied. 

406 
ht, sensitized 3% 72% (170)1917, 2 2 4 6  
h v  14% 

hv 3% 20% 8.5% 
hv sensitized 3% 11% 33% 

Asymmetric inductions : Optically active cyclopropanecarboxylates have been 
obtained from olefins by decomposition of ethyl diazoacetate with optically active 
copper c o m p l e x e ~ ~ ~ ~ ~ ~  2098. However, in the early work, the stereoselectivity achieved 
was less than 10%. O t s ~ k a ? ~ ~ ~  found that optically active cyclopropane carboxylates 
can be prepared in 90% yield with enantioselectivity as high as 70% by use of a 
chiral cobalt chelate complex. 

An asymmetric synthesis of chrysanthemic acid has been realized by using an 
asymmetric copper catalyst in 54% yield, the optical yield being 60-70%, and thus 
opens a route to synthetic pyrythrenoid insecticides14Js. 

The chemistry of diazomalonic esters have been studied extensively1415* 1422-1528, 

photocliemica~1920 and cataIyticQ'5. ?359, 2384s 2365,  23G8 behaviour have appeared. Much 
of the chemistry involving catalysis is presented in Sections 111 and 1V.A. 

Thc use of diazomalonates for cyclopropanation offers a route to endo cyclopropyl 
carboxylates. Thus M u s s o ~ O ~ ~  prepared 719 from 1,4-cyclohexadiene whereas for 
all practical purposes this adduct is not available from diazoacetic ester. The 
catalyst cniployed was Cu-bronze and good yields of the cyclopropane were 
obtained. Thc  one troublesome aspect of the Musso sequence is hydrolysis to  717 
or 721. 

1437, 1820, 1028,  1970-1074, 1083-1895, 2004, 2082,  2127-2132, 2355-2365. 2388. Definitive papers on the 
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COOEt 

N,CHCOOEI ~ 4 + 

Catalyst (714) 

38 : 62 
6 2 E E %  64% 68EE% 

(171)"'6 

EE%!= e na n t i o rn e ri c:ex ces s 

C=CH, f N,CHCOOEt Catalyst 7,5 R'idcOzEt R2 $. ';WC,,E, 
/ 
RZ 

R' = H ,  R' = C,H, 70EE% 68EE% 91% 
R' = R' = C,H, 37EE% 70% 

715= [8sa] CO-HOH 

This problem was overcome by Peace who realized B, ,L-~  cleavage with cyanide to 
furnish the diacid and obtained the e m  acid-cndo ester by the sequence shown in 
equation (173)2133. 2357. 

The photochemical and catalytic additions to  1,4-dihydrobenzenes were employed 
by Berson to synthesize the norcaradiene 723 and examine its valence isomerization 
to the t r ~ p i l i d e n e ' ~ ~ ~ .  The sensitivity of these compounds to heat readily accounts 

2 Reference 2283 

COOCH, @ COOCH, 

(71 6) 

H,COOC 

(1)  KCN.Dk.4: W O O H  dCoocH3 @" 
COOH (2) H,O, HCI 

(71 7) 
65% 

for the failure of earlier workers to observe the tropilidene as a product from the 
photolysis of diazomalonatcs in   benzene^'^''^ Io io .  Compound 723, for example, 
rearranges rapidly to  725 ;it - 100 "C and none of these norcaradienes survive 
G C  anaIysesls'c. 

The related studies of Julia and Linstrumelle are summarized in  equations 
( 1  77, 178, 1 8 8 ) 1 8 9 8 - 1 9 0 2 ,  1828, 1 0 7 0 - 1 9 7 4 ,  19H4-188G 
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Extensive photochemical studies on dimethyl diazomalonate were performed by 
thc Princeton schooll”O after preliminary work was pcrfornied by Karustis at  Yale1g3e. 
Thc noteworthy aspects of that study have been treated in Section 1V.A. However, 

H,COOC 
COOCH, 

Y.0Bu-1. I-BuOH 

4 A Molecular sieves, 
\ 2 t1 

2 days, methanolic KOH. 

HX, 80-90% 
k 

loo%, t h 
(173)2”2 

71 9 

X = COOR 

725) (724) 0 723,=724 + 725 

(175) 
dlstillatnon 

724 or GC ’ 725 

NyC(C0’CH1)7, X z a  + O X ,  X = COOCH, 
(176 )1516 .  Z I P 7  

Cu Catalysis minor major 
hv major minor 
hv major minor 

nowhere in the Princeton or Yale studies is there evidence that great care was taken 
to avoid oxygen, hydroperoxides and peroxides. This may prove to be a minor 
point; howcver, rate studies indicate that these impurities grossly affect the rate of 
disappearance of the diazo compound. Hence the Hillhouse-Poling’HG8 investigations 
havc shown that it  is necessary to distil cyclohexene from benzophenone sodium 
ketyl under an inert atmosphere (argon or nitrogen) to obtain reproducible rates; 
opening of the sampling port of the photolysis apparatus to the atmosphere for a 
few seconds led to a doubling of the rate of photolysis; addition of 1-butyl peroxide 
or 1-butyl hydropeloxide gi.eatly enhanced the rate of reaction; peroxide impurities 
are only slowly consumed and appear to perform a catalytic role, and the rate of 
photolysis is tcmperaturc independent but product partitioning is temperaiure 
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100% s 47.5% 
CuSO,, C,H,CI 

100% s (177) 

stereospecific 

dependent, even when the temperature range is small (e.g. 5-10 "C). All of this 
suggests that the understanding of the photolytic decompositions of diazoalkanes is 
a t  best fragmentary. Consequently, portions of the Yale-Princeton studies are 
currently undergoing intensive reinvestigation2366. It is known that the products 
from diazomalonate and cyclohexene arise from two different intermediates 
(equation 179), and that two different intermediates are probably involved when 
cyclohexene and 1 -methyl cyclohexene are converted to  cyclopropanes. There is 
mixed opinion as  to  whether the resulting partial rate data reflect processes occurring 
before or after the rate-determining step. However, existing data appear to  be most 
successfully explained by the sequence given in equation (1 80). Cyclopropyl nitriles 
have also been prepared from olefins by reaction with d i a z o a ~ e t o n i t r i l e ~ ~ ~ ~ ~  lSG1, 17% 

213Ms 2231 and diazornal~nitrile~~~~-~~~~, but these reagents have been reported as being 
highly explosive compounds157'* 1835s 2138. 
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V. INSERTIONS INTO X-Y  BONDS 

945 

The vast majority of inscrtions into X-Y bonds involve loss of N2 from t h e  
diazoalkanes; therefore, i n  a formal seiise they are cnrbene and carbenoid reactians. 
The reality is sotr,ewhat more coniplex and a variety of intermediates involving 
radicals, carboniuni ions and their complexes as well as ylids are also implicated. 
The insertion of 'carbenes' into C-H bonds has received considerable attention as 
regards the mechanism, but in general the processes are not employed synthetically. 
The subject has been treated extensively by KirniseG5'. 

The most common insertion reactions involve X-H bonds where X is nucleo- 
philic and H is somewhat acidic. The processes can occur either by catalysis (e.g. 
formation of ethers from alcohols) or by protonation by the acidic protons (e.g. 
conversion of a carboxylic acid in to  its esters). 

The processes may involve clearly identifiable intermediates such as a diazoketone 
from the reaction of an acid chloride with diazomethane to furnish a chloroniethyl 
ketone, or proceed directly as in the C-H insertion shown in equation (181)1860* "". 

H A \CO,Et 

The reactions of diazoalkane with M-X bonds have been reviewed by Lappert and 
Poland7'?. A number of reactions involving metals actually lead to metallo-diazo- 
alkanes which in some instances are very stable. Frequently nitrogen is lost and 
M- C bonds are generated. 

A. C-Y Bonds 

I. C-H bonds 

a. Aromafic C-H boiids. Insertions into aromatic C-H bonds by carbenes are 
normally of importance only in the absence of benzylic hydrogens. However, by 
employing Lewis acid catalysts the nature of the reactions is changed from carbene- 
carbenoid processes to Friedel-Crafts alkylations. 

The  a-hydrogen of pyrroles and N-substituted pyrroles is attacked by diazoacetic 
ester and diazoketones in the presence of Cu20sc. Indok, under somewhat similar 
conditions, furnishes both N-H insertion and C-H(3) l9I1. With 
diazosuccinic ester, attack at  C-H(3) offers a ready route to 3-indolyl propionic 
acid1751. 

found that azulene could be alkylated at C,,, using either HBFl or .~ ~~ ~ 

light to decompose the diazo compound. W h i t l o ~ k ~ ~ ~ ~  obtained only a modest 
yield of the corresponding 4-pyranylidene derivative from the reaction of 2,6- 
diphenylpyrylium perchlorate with diazoacetic ester. 

32 
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The decomposition of aromatic diazoketoncs by strong acids (e .g  H,S04) can 
lead to c y c l i z a t i ~ n ~ ~ ~ ~ .  The prcsencc of lietcro-atoin-containing substitucnts orrlro 
to the diazoketone branch frcquently lcatls to attack of thc substitilent and is 
discussed below. w12 2N-H,SO, 

Ph Ph 

The reaction of benzenoids with diazoinalonic csters furnishes appreciable 
quantities of arylnialonic esters213". When the processcs are pcrfornied at  low or 
moderate temperatures, the reaction will lead to thc norcaradicne-tropilidenc 
system. However, thcse products are negligible and readily rcarrange to the aryl- 
malonic esters. When copper catalysis is used, the neccssary rcaction temperat urcs 
are sufficiently high to cause rearrangement. Whether this actually occurs is unclear. 
In unpublished studies, Peace and ? l J 2 ,  Ontic  found 57 products from 
the reaction of prehnitene with dimcthyl diazomalnnate in  the prcscncc of Cu(BF,),. 
Of these products c. 30 derived from the diazo compound but nonc involved addition 
to a norcaradiene or tropilidcne intermediate. The major products are shown in 
equation (184). 

C0,Me C0,Me 
OMe y e  ( , 8 4 ) 2 0 0 4 ,  2 1 2 7 .  2 3 6 6  

I 

+ PX9 + MeOOCHCO + o~/~co2Me 
MeOOC CO OC 0 

I I I 
OMe OMe Me Me, Me, 

(736) X = C s C  
(737) X = CH==CH 
(738) X = CH,CH, 

The dimethyl tetramethylphenylmalonate could be easily isolated in - 30% yield 
since i t  crystallized from the reaction mixture. 

With durene and catalysis by copper powder, diazoacetic ester forms the product 
from insertion into a benzylic hydrogen (30%). 

The use of naphthalenes as substrate leads to insertion into the u-C-H bond 
when diazoacetic ester is pyrolysed a t  - 140 "C. Thus 2-niethoxynaphthalene 
furnished -SO% of the related ethyl naphthalene l - a ~ e t a t e ~ ~ ~ " .  There is reason to 
suspect that the reaction proceeded via an intermediate benzonorcaradiene which 
was thermolysed under the reaction conditions (equation 185). 

b. A/ /y / ic  C-H bonds. Allylic and benzylic C-H bonds are normally the weakest 
hydrocarbon C-H bonds and as such can be expected to undcrgo attack by carbenes 
with some facility. The photolysis of CH,N, inscrts into isobutylene without 
rearrangenient'"8. Photolysis of diazoacetic ester also leads to appreciable quantities 
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COOEt COOEt 

(185)Ib” 

of allylic C -  H insertion products as do the photolyses of diazocyclopentadicnes. 
Normally this is not a problem with copper catalysed-reactions. However, Peace 
found this to be an important process with diniethyl diazonialonate‘3GG‘J and cyclo- 
alkenes. I n  this instance, the process has a lowcr activation energy than cyclo- 
propanation (equation 186). Diazoacetic cster inserts into thc bc‘nzylic C-H bond 
of durene in the presence of 

0,. CH(COOMe), 

c H(COOM 

7 H(C 0 OM e) , (1 86)2’‘* 

+ (MeO,C),C=C(CO,Me), 0 
As is evident from equation (186), the insertion products involved some rearrange- 

ment. An explanation has been advanced23G61. An earlier that cyclohexenonc 
furnishes the 4-dimethyl riialonyl derivative either by thcrniolysis or by using copper 
catalysts may well be in  error. The product was insufficiently characterized to 
distinguish between the 4-derivative (739) and the 3-derivative (742) with an 
equilibrium between the 3-exo, v., and the I Z , ~  unsaturated isonicrs. In  light of the 
work of Carrik and coworkers, this situation might seem morc p r ~ b a b l e ~ ~ ~ ~ - ~ ~ ~ ~ ~  
1817-1820, 1844-1849, ?021,200“‘1 

CH(COOMe), C(COOMe), 

(739) (740) (741 1 

(1 87)?12’ 

? 

CH(CO,Me), 

(742) (743) 

Ledon and C O W O ~ ~ ~ ~ S ~ ~ ’ ~ - ~ ” ~  examined a number of C- H insertion reactions with 
mixetf diazomalonic esters. The resuits with toluene and p-xylcne are summarized 
in equation (188). In view of the results of 13erson1i1G it seems reasonable to assign 
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,CHX- 

Yield (%) R Conditions M, yield (%I 
~ ~ 

20 H hi, 33 40  4 23 
78 H Cu, 160°C 24 27 8 39 
53 CH, h v  37 63 
75 CH, Cu, 135°C 38 62 
R = H  Cu (MeOOC),C=C(COOMe), 45% 
R =  CH, CU 15% 

the aryl C- H insertion products observed as being a conscyucncc of dcconiposition 
of the related norcaradiencs. 

c. C-C-H Bonds. Unactivated C- H bonds exhibit reactivity towards photo- 
generated 'carbenes' with primary less reactive than sccondary lcss rcactive than 
tertiary and with the dcgree of selectivity increasing \vith thc stability of !hc 'carbenc'. 
The rcaction holds some proinisc for intramolecular insertions (see cquation 177). 
Julia and c o 1 1 e a ~ ~ 1 e s ~ " ~ ' - ~ ~ ' ~  iniutigated the synthesis of scveral lactoncs derivcd 
from mixed malonates and like the reaction with a diazoketonc19yJ" found thc reaction 
to be stereospccific. The processes proceeded with much better yields when copper- 
based catalysts were employed (see equations 17S, 179, 188). 

d. 0 t h .  C-H bonds. The prcscnce of a variety of substituents o n  C will render a 
C--1 bond more readily siisccptible to attack by 'carbcnes' and 'carbcnoids'. 
Heiice dimethyl malonate r t 'x ts  smoothly with dimethyl diazonialonate in  the 
presence of Cu catalyst systcnis to furnish .s).n-tetrnkiscarbonietlioxy ethane2132. 
More acidic hydrogens such as those involved in  I , I  4;s-sulphones and 1 , 1  -bi.v- 
sulphonates as well as trinitroniethane and tricyanoniethanc are readily attacked 
without 115% 1461, l l G l e  l S 3 O .  Diazonicthane mcthylatcs both the 0 - H  and 
C--H bonds i n  (CF3),CHOHICG:I. 

2. C--B bonds 

Early work with boron compounds might lcad one to cxpect polymcthykne 
formation to be a dominant process. Ho\vever, with the rapid espansion of organo- 
borane chemistry has come the realization that diazoalkanes can be alkylated by 

Some of the work of Hooz and of Pasto is sunimarizcd in equations (189) and 

These results are not altogether surprising in the light of results with trialkylalanes 

alkyl boranes18i 1-1877, 2121, 21'22 

(1  90). 

obtaincd by Hoberg18io. lMi1. 

3. C-C bonds 

Insertions into C-C bonds, like aliphatic C-H bonds, arc highly unfavoured as 
a consequence of the bond strength. However, there are examples where a single 
C-C bond is formed which do not involve actual insertions but rather involve 
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82% 

98% 

Bu,BO H LiO H 
1 ' B U L I  \ 1 CH,I 

BuJB + PhCOCHN, -> C=C - C=;C -> PhCOCH(CH,)C,H, 
/ \  / \  

P I1 B II Ph Bu 72% 

formally allylic hydrogen abstraction and bond formation at Ct1) of the allylic 
system; essentially a formal 'enc' reaction. The most noteworthy examples are  .In 
outgrowth of the synthetic work by Gliatak on diterpenoids (see equation 164)'"03. 
The process can be realized using the strong Lewis acid BFyOEt, 1669- 1c27, Iyo3 and 
thus differs nicclianistically from the reactions of Peace which also generated a 
quaternary C atom?"'. 23G8. Since the same products can alse be derived from the 
related cyclopropane by treatment with acid, the possibility exists that these 
reactions proceeded via a transient cyclopropanc. 

4. C-N bonds 

The C-N bond is fairly resistant to attack by 'carbencs'; however, the 9-C-N 
bond in  9-dinicthylaniinofluorenc is very susceptible to attack and therrnolyses of 
phenyl diazornethant.14H1 and diazofluorcnel's' lead to C--N insertions in -40-45% 
yield. Similarly diazoacetic ester reacts either thermolytically or photolytically with 
9-dimethylat~iinofliiorcne and benzyldimethyl aniinelia2'. 

5. C - 0  bonds 

Diazoacetic ester inserts into C-0 bonds of 2-phenyloxetanc and styrene 
oxide5341, 53'2 in  the presence of copper catalysts; with simple unsyrnrnetrical ethers 
(e.g. methyl heptyl ether) insertion occurs in both C-0 b o n d ~ ~ ~ 3 3 ,  1GsI. 

The reactions of anisoles are of particular intere~t1"~. I5'G. IC33. 171.5. 1835, 1913 ,  1 3 6 J ,  

2'065. ?OG% ?13>, 2220- 2?31. With simple alkoxybcnzenes, reaction with diazoacetic ester 
furnishes the relatcd aryloxyacetic ester (anisolc, 7%; anethole, 20%; 1,2-dimcthoxg- 
benzene, 38%; 1,3-dimethoxybenzcne, 14%; 1 ,.l-dimcthoxybeiizene, 40%). With 
intramolecular systems employing diazoketones and acid catalysis (acetic, formic, 
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hydrochloric, sulphuric, etc.), very good yields of cuniaroncs can be realized. Cumar- 
3-one is obtained in 84% yield from 2-mcthoxy-w-diazoacetophenone in the presencc 
of aqueous hydrochloric acid. Thc use of benzyl ethers, e.g.  4-benzyloxy-2-oxo-l- 
diazobutane, offers a ready route to 3-kcto tetrahydrofuran and the related 
thiophene2248. Similarly a spiro oxetonc results from an a-acetoxy diazoketone2020. wNz HCLHOH 

0 0 

Acetals and kctals undergo C-0 insertion rathcr than C-H i n s ~ r t i o n ' * ~ ~ .  220s, ??07. 

The reaction with benzaldehydc diethyl acctal and diazoacctic ester in  the presencc 
of BF, proceeds with -80% yield. 

RC(OCH,), -I- N,CHCOOEt 

OCH, 

CH,O C0,Et 
(193)3201 

R\ /c=c, / 
1 

RC(OCH,),CH(OCH,)CO,Et 

With nrtho esters a route to 1,2-dialkoxy ethylencs Schonberg2211 has 
compared the relative case of insertion of the C-0 and C-N bonds by fluorenylidene 
by the room temperature reaction (without catalyst) of acetoxymethyl dicthylamine 
and 9-diazofluorene. Thc product involvcs C-0  inscrtion (equation 194). 

(C,H,),NCH, OAc 

+ (194)?2" 
(C?H,),NCH:OAc 

Rooiii temp. 

6. C-S, C-Se, C-Te bonds 

There appears to be little rclevnnt inforniation on C-Se and C--Tc bonds. 
Howcver, considerablc work hris becn carried out on C--S systenis. Trithioortho- 
forrnate rcacts ni th  diazoacetic estcr in the presence of BF, by insertion into the 
formyl C-S bond. Subsequent hcating with K:{SO., on'crs a route to the 1,2-bis- 
thioniethyl ncrylntes (equation 195)2200". The analogous reaction with diazoketones 
is well documented'"". hlore reccntly Ando111t;-141!'- 1 4 2 3  and coworkers have examined 
the reactions of dimcthyl di;i7omalonatc with allylic sulphosides and sulphides using 
light (sensitizctl and unscnsitizcd conditions), hcat and copper catalysts. The 
s u I phox ide reiic t ions 11 o t i  t i  vo I v i  n g t r i  plct sen si t i  Lcrs u 11 dergo rcarra n ge nien t s which 
appear 1 0  involvc sulphosoniuni ylidcs. Thus the results strongly parallel thosc 
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HC(SCH,), + N,CHCO,C,H, BF, HC(SCH,),CH(SCH,)COzCzHs 

(744) 
90% (1 95)7209 

C H S \  , SCH, CH,S, /CO,C,H, 

H COzC,H, H SCH, 
744 + XHSO, -A /c=c\ + /C"C \ 

(745) 84 : 16 (746) 
99% 

reported by Julia for such ylid ~ y s t e n i s ~ ~ ~ ~ ~  1R20. Ig3O. ?OJ6 .  The proccss with bis- 
carboniethoxycarbonyl 'carbene' has becn extended to phenyl propargyl sulphidcs 
by G r i e ~ c l ~ ~ ~ .  

H,O Hg' ' 1 
G Y  0 

N,C(CO,CH,), 

7. C-halogen bonds 

The reactions of C-hlogcii bonds with diazoalkanes under photolytic conditions 
can be cxcccdingly nicssy and have been the subject of extensive invcstigations by 
R 0 the 2 1 7 5 - 2  1 7 B . The reaction of diazomcthanc with CCI, under photolytic conditions 
furnishes pcntaerythritol tetrachloride i n  3 3 x  yield operating with a largc excess of 
CCI, 2303. Other C- CI systems behave somewhat ~ i m i l a r l y ~ ~ ~ ~ ~  1783, ?"02,  

Thc reactions \vith bromoforni and iodoforrn are rather complex. Bromoform and 
diazoniethane furnish dibromomethane and high molecular weight products; 
tetrabromomethanc givcs dibromomethanc and 1,1 -dibromoethylene; iodoforrn 
yields diiodoniethane and vinyl  iodidPoS.  As mentioned in Section I.C, alkyl bromides 
possessing an a-hydrogen undergo elimination of HBr upon photolysis in the 
presence of diazoacctic ester. When there is no a-hydrogen, insertion normally 
occurs1531, 1110-1721. 2 1 3 7 .  , howcvcr, trityl bromide reacts with diazoacetic ester with 

formation of ethyl triphenyl acrylatc and ethyl bromoacctate1718a and bcnzhydryl 
bromide fur  n ish es c I h y I 3 - br o 111 0-3.3 - d i p he n y I prop i o 11 at c . The t w o rcac t ions i n  vol ve 
copper catalysis. With allylic halides one cxpccts rearrangements to play somc role 
and both the and brc?inides1'1"1'~3 exhi bit rearrangements. Phillips'2137 
results are summarized in cquation (197). Insertions into acyl halides are part of the 
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Arndt-Eiskrt synthesis of diazo compounds and are treated elsewhere. Diazo 
compounds bearing no hydrogen on the diazo carbon cannot furnish diazoketones 
but do furnish cc-chloroketones. Thus both 9-diazolluorene and diphenyldiazo- 
methane react with phosgenc and oxalyl chloride to furnish a-chloro com- 
poundss208. 2253. ??55.  The reaction between oxalyl chloride and 9-diazofluorene leads 

Ph 
\ 

/ 
CHBr + N,CHCO,Et __f PhCHBrPhCHC0,Et 

Ptl 

N,CHCO,Et + PhCH,Br ---> PhCH,CHBrCO,Et 

N,CHCO,Et + CH,=CHCH,CI, - .- : CICH=CHCH,CHCICO,Et 

( ' 9 7 ) 1 7 l 9 - l 7 2 l ,  2137 
N,CHCO,Et + CICH=CHCH,CI -- 

N,CHCO,Et + CH,=CHCHCICH, --: d H 2 = C H C H ( C H , ) C H C I C 0 , E t  

to insertion i n t o  both acyl-CI bonds even at  0 "C whereas i t  is possible to isolate the 
acid chloride with diphenyldiazomcthanesso". Formyl fluoride furnishes thc fluoro- 
acetaldehyde with diazomethane or  diazoacetaldehyde depending upon reaction 
conditions220G. 

RCOCI + R'CHN, 

V I 
RCOR'CHCI + excess R'CHN - f RCOR'CN, + R'CH,CI 

8. C-M (non-transition metal) 

distribute the CH, units in a statistical 

9. C-M (transition metal) 

furnish M-C(OCH,)CH3 systems (e.g. W(CO)G + (CO)SWC(OCH,)CH, 1 7 7 0 - 1 7 i 3  ). 

Diazomethane inserts into R,AI systems to furnish homologated systems which 
I8'l. 

Fischcr has observed the insertion of diazomethane into M-CO systems to 

B. X-H Bonds 

1. 0 -H bonds 

a. AIcolrols. The ability to alkylate alcohols with diazo compounds extends back 
at least to 1930'":". The rcaction w a s  studied in detail by Johntion at Wisconsin and 
Stanford, and Cascrio and Roberts at Pasadem, as tvcll as by Mullcr in  the late 
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. Kuhn extended the rcactions to sugars*9cG. Mullcr 5os1scj .  1 9 1 1 ,  ~ V I T , .  WXI,  2076, 2072, ~ O ~ S  

employed AICI, as a catalyst while Johnson‘s group used BF3 and H B F I .  The yields 
of the rcspectivc nicthyl ethers from diazomethane are good to excellent: [cyclo- 
hexanol (84:/,); cholestcrol (73%); glycerin (73‘j: trimcttioxypropane); L-menthol 
(78%); hydroxymalonic acid (100% dinicthyl methoxymalonatc); A”-acetyl glucos- 
amine (407; p- 1 -OCH,)]. An anomalous reaction occurred with 2-hydroxyethyl 
trichloroacetate to furnish 2-niethoxy-2-trichlorornethyl-1,3-dioxolane i n  7YX 
y iel d”m, 2070 . The reaction docs, however, have its limitations i n  that ketone and 
unsaturated ketone functions elsewhere in the molecule will still undergo honiolo- 
gation reactjonslg1j. 191G. ZDBJ. 

b. Etio1.s. Enols tcnd to be rnorc acidic than simple alcohols and would thcreforc 
be expectcd to be more readily alkylated by diazomethane. This presents some 
minor problems in the hornologation of 1,2-diones for the initial product, a 1,3-dione 
is frequcntly mcthylated on oxygcn170Rs 17GC,  l o o n #  2153, 213.1. Unsymmetrical 1,3-tliones 

furnish mixtures of both possible c t l i c r ~ ~ ‘ ~ ~ ~  1i6e, 1 8 2 G ;  with [j-keto esters both cis- and 
/ r r i~ is -~-methoxyacry la te  systems arise. The possibility of C alkylation exists 
and is suppressed by using methanol-ether solvent systems rather than ether 

The hydroxyl functions of phenols tend to exhibit appreciable dcgrecs of acidity 
and diazomethane ofi’ers a clean and eficient alternative to Williamson’s ether 
synthesis. I n  addition, the process does not involve largc solvcnt cages and is 
successful when applied to hindercd phenols such as the I-hydroxy group in 
purpurogallin and its derivatives. 

Occasionally problems are encountered; hence, 8-hydroxy quinoline undergoes 
both C and N alkylation2’”~ ?Ig4. However, such problems arc unusual. 

a ~ o n e l J O l ,  118G, 2325 



954 D. S .  Wulfman, G .  Linstrumelle and C .  F. Cooper 

c. Carboxylic acids. The formation of esters from diazoalkanes and carboxylic 
acids must surely be the most common application of diazoalkanes. The reaction is 
not limited to diazomethane. The reaction apparently proceeds via a carbonium ion 
intermediate. Diazo compounds which would furnish carbonium ions exhibiting a 
tendency towards rearrangement do  lead to both rearranged and unrearranged 
eSterSIGI0, lSS9, IDSO, 2109 . The reaction of 4-methoxypyridine-N-oxide-2-carboxylic acid 
and diazomethane is unusual in that the products are 4-rnethoxypyridine, C02 and 
f ~ r r n a l d c h y d c ~ ~ ~ ~ .  

d. OcJrer 0- H bonds. Hydropernxidcs react with diazomethanc to furnish good 
yields of the related ROOCH3 The low temperature reactions of dialkyl- 
oxonium hexachloroantirnonates in sulphur dioxide with diazomethane furnish the 
related methyloxoniurn sal t19552-1954. 

Sulphonic acids, like carboxylic acids, furnish methyl esters upon treatment with 
d i a ~ o m e t h a n e l ~ ~ ~ -  2235. (Thc reaction with alcoholic solutions of sulphur dioxide is 
treated i n  Section I.A.2.J.) Similarly, hypophosphoric acid furnishes the tetramethyl 
estePo9. Phosphorous acid furnishes the diester“‘!I and can also undcrgo P- H 

Depending upon Ihe conditions, sulphuric acid can furnish half 
esters2038 or diesters2068. Tosyldiazomethane is reported to react with perchloric 
acid to furnish the p e r ~ h l o r a t e ” ~ ~ ;  however, in  the presence of water sulphonyl 
diazornethanes are converted into alcohols by acid catalysis23i9. I n  the presence of 
other nucleophiles or even a large excess of chloride ion, the apparent carbonium 
ion is trapped in compctition with water22G9. 

2. S- H, Se-H and Te- H bonds 

Hydrogen sulphide reacts with diphenyldiazomethanc to furnish benzhydryl 
rnercaptan. Howcver, hydrogen sulphide will frequently reduce diazoalkanes to 
I i y d r a ~ o n e s ’ ~ ~ ~ .  ?3s2. Thc reaction of arnmoniuni bisulphide with diazoketones offers 
a route to 1 , 2 , 3 - t h i a d i a z o l e ~ ~ ~ ~ ~ .  2313 ,  2350. 2351. Thiophcnols and thiols are alkylatedlG1?. 
1723, 1031, 20G9, 2252 

3. N-H bonds 

The N-H bond in aniines, arnnicjniuni salts, hydroxylainincs and somc amides 
can be alkylated by diazo compounds. Glycinc and hydroxylamine-o-sulphonic acid 
undergo tris methylation with diazoniethancl””- 2332. I n  order to obtain the methyl 
ester using a diazo compound one must first block the amine function and 
subsequently rernovc the blocking Thc problem of nuclcosides has been 
examined by Todd18336. Thc simple mixing of a primary arnine such as methyl amine 
and diazoacctic cstcr at  room tempcrature Icads to the formation of dihydro-l,2,4,5- 
tetrazene-3,6-carboxyamidcs. Secondary amines behave similarly; however, the usc 
of a CuCN catalyst leads t o  a l k y l a t i ~ n ? ~ ~ ~ .  *OG9. ?071. . A direct contrast is the 
preparation of N-phenylglycine ethyl ester from aniline which does n o t  requirc a 
c a t a l y ~ t ~ ’ ” ~ .  Pyridinium salts react to furnish the alkylated products1528. l’J1l. 

4. H-halogen bonds 

The Arndt-Eistert synthesis involves the frccing of a molcculc of I-IX and in the 
abscncc of cxccss diazoalkanc, the diazoketone is con\ertetl into an 2-haloketone. 
Thc conditions for adding H X  to diazoketones can howcver bc important for 
a-bromohctoncs and u-chloroketoncs undcrgo rciii langcmcnts in  acidic media. 
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R = H, CH, 

T h u s  thc unexpected product in equation (201) may well be the consequence of 
sccondary The reaction of methanc-tris-acetyldiazomctlianc wit11 
hydrogen chloride furnishes a tris-chloroniethyl-trioxaadaniantanec2G7. Thc same 
compounds in the presence of a Cu-€3u2S catalyst system furnished bullvaltrionc’222. 

C. Insertions into other X-Y bonds 

Diazomethane reacts srnoothly with N-chlorosuccinirnide to furnish the related 
chlorotnethyl derivative. This compound possesses a very labile chlorine and is 
thus potentially a useful synthetic intermediate15”. 

Many othcr ><-halogen bonds are also susceptible to attack b y  diazoalkanes. 
Representative examples can be found listed i n  H o ~ b e n - W e y l “ ~ ~ .  These include 
both metal and non-metal halides including S-CI and P-CI bonds. Insertion into 
alkyl hyp.ochlorites furnish routes to kctals and acetals, while insertions into S-S 
bonds furnish dithioketals. Halogens lead to R2CX2 functionality, while peroxides 
lead to a variety of products (equation 202). 

R’ 

R‘ 
F N z  + 

Q R’ 

-3 

R’ 

R’ 
k o  + 0 ‘ O t R ’  R’ + 
‘7’ R? 

Q 
’R1 

6 R’ 
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from aroiiintic nitroso conipounds 

from nrylhydrazines 654 
from nitroso acyl aniines 652 
f rom other nrcndiazonium compounds 

653, 654 

649--65 I 
synthetic applications 750-297 
thcorctical sttidies 60-64 
thermal decomposition 741, 742 
itltraviolct absorption spectra 350-353 

Areiiediazonium fluoroborntes, conversion 
to fluoroarencs 525 

deutcriuni lat~clling of 
c.s.r. spcctrum 353 
fluorcscence spcctra 353 
nitrogcn interchange \vithin 595 
phosphoresccncc spectrum 354 
photolysil; of 346 
thcrriinl dccornposition 288, 289, 743 
visible and ncnr ultrnviolct absorption 

Arenediazonium ion-diazohydroxide-  

74-76 

Arcncdiazonium pcrhalidcs, conversion to 

710, 71 1 

spectrllrn 352, 354 

diazotatc equilibria 72-84 
cflect of bcnzenc ring substitiicnts 
kinctics of 76-S2 

aryl :irides 7-60. 266, 291 
convcrsiori to aryl halides 790 

version to azides 266 
Arencdia7onium pluriibochlorides, con- 

Arenediazoniitnitliiol hydrosulphidc 261 
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Arenediazosulphonates, electronic spectra 
166 

formation from substituted benzcne- 
diazoniuni and sulphite ions 89, 
260, 512 

infrared spcctra 162 
light-induced rcarrangcment 360, 361 
polarography 157 
reduction 260 

Arencdiazosulpliones, al kyl-aryl, de- 
composition 260 

electronic spectra 166 
formation froni diazoniurn salts and 

sulphinic acid anions 89, 90, 160 
Arenediazothioanhydridcs 261 
Arcnediazothinethers, de te rmina t ion  by 

formation froni di:izonirini salts and 

Arcnes, formation froin diazonium coni- 

A rgen t i od iazonict h y lca r bony1 coin pou n d s  

chemical incthods I56 

tliiols 90, 91 

pounds 555, 564, 565. 567 

784 
halogenation 786 
reaction with crotyl bromide 757 

Aristolonc, synthcsis of 823 
Arndt-Eistcrt synthesis 577, 906, 957, 954 

of cquilininc 823 
Arsenic-containing group, in diazomethyl- 

Arsines, reaction with diazocyclopentadienc 

Arsonic acids, aryl, preparation of  
Arylation, by aryl diazoniuni ions 

via aryl cations 560, 561 
via aryl radicals 558-560 

carbonyl compounds 785 

906 
296 
294 

Arylazo phenyl sulphones, tracer-studied 

Aryloxycarboxylic estcrs, formation of 919 
Aryne infermcdiatcs, in diazonium salt 

1,3-Arynes, formation of 308 
Azaindoles, formation of 461 
Azasulphines, reaction with diazoalkanes 

Azepine, reaction with dinzomethane 831- 

Azibenzil, cleavage of 699 

decomposition 732, 733 

rcactions 733-736 

852, 883 

833 

formation during diazo group transfer 

photolysis of 468, 469 
synthesis 664, 755 

765 

Azide ion, reaction with arcnediazonium 

Azides, alkyl, thermochcniical propertics 

aryl, diazo transfer o n t o  acrylic csters 

salts 552, 553, 716, 717 

141, 143-145 

774 

Azides, aryl-coN. 
diazo transfcr on to  cyclopropencs 

799 
formation from benzenediazonium 

sulphate 292 
formation from diazoniuni plumbo- 

chlorides and iodochlorides 266 
formation from diazoperhalidcs 260, 

266, 291 
formation, studied using isotopic label- 

ling 553- 
reduction 263 
thermochemical properties 142-146 

tosyl, as d iazo  group donor  
vinyl, formation from azirenes and 

diazoalkane 856 
tliermochemical propcrties 143-146 

764 

Azidiriium salts, as  diazo group donor  
Azido qtiinoncs-see Diazooxides 
Azincs, formation of 

764 

676, 912, 915, 924 
from isonitrilcs 856 
from olefns and diazoketones 216 
from SO2 and diazoalkanes 883 

te t rasulphonylatcd,  convers ion  to 
bis( benzenesulphony1)diazomethane 
806 

3H-Azirene, reaction with diazomethane 
856 

Aziridincs, reaction with carbenes 606 
Aziridinium salts, formation of 579 
Azoarene, formation of 556, 557, 566 
Azobenzene, reaction with ketenes 464 
Azo compounds, addition of diazoalkancs 

conversion to aromatic diazonium salts 

Azodibenzoyl, reaction with diphenylketene 

Azodicarbonitrile, electronic spectra 166 

868, 869 

651, 652 

463 

infrarcd spectra 162 
polarographic reduction 157 

Azo dyes, formation from a-diazokctones 

Azoimino compounds-see Azides, aryl 
Azoniethine group,  syn/atrri isomerization 

Azotoluene, reaction with azibcnzil 463 
Azoxyalkanes, formation of 303 
Azulenes, synthesis 823, 935, 937 

46 I 

695 

tetra-aza- 832, 833 

Balz-Schiemann reaction 286, 288, 289, 

‘Baniberger Triazenc Synthesis’ 268, 269 
Ramford-Stcvens reaction, azine formation 

for synthesis of carbonyl diazo coni- 

346 

in 676 

pounds 755, 759-763 
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Bamford-Stevens rcaction-cotit. 
fo r  synthesis of  diazoalknnes 

tracer studied 725-727 

570. 674- 
652 

for  synthcsis of phosphoryl diazo coni- 
pounds 792-795 

lcading to diazonium ion 619 
rcarrangcrnent during 91 1 

Barbralenes, synthcsis of 823 
Bart reaction, f o r  synthesis of aryl arsonic 

Basicity--see nko Lcwis basicity 
acids 296 

of aliphatic diazo compounds, gas-phase 
150, 181 

solution 182-201 
of diazohydroxidcs 221-223 
of  diazophenols 223 
of triazencs 223, 224 

Benzaniidc oximcs, amino-substituted, con- 

Benzazetes, synthesis 310 
Benzenes, addition of  diazo;icctntes 936 

version to bcnzotriazines 282, 253 

addition of diazonialonatcs 936 
addition of diazomethanc 935 

Benzhydryl azide, formation 440 
Benzhydryl mercaptan, formation 954 
Benzoin, photolysis of  371 
Benzophenone, formation from diphenyl- 

Benzopyrazolcs, amino-substituted, con- 

Benzotetrazines, convcrsion to benzazetc 

formation by diazonium ion reactions 

Benzotriazine N-oxidcs, intermediatcs in 

Bcnzotrinzines, formation 280-285 
internicdiatc in synthctic rcactions 285 

Bcnzotriazolcs, N-amino, oxidation of 306 
formation 279, 280 

Benzoylrnethnnes, reaction \\it11 diazo- 

Bcnzpyrazolodiazcnc, rcarrangcmcnt leading 

Benzthiophcnc S,S-dioxide, convcrsion to 

'Bcnzynes', formation from diazonium ion 

diazoalkanes and  oxygcn 573, 874 

version to benzotriazines 28 I ,  282 

310, 312 

284 

synthetic reactions 285 

alkanes 833 

to benzotriazincs 282, 284 

pyrnzolines 830 

251, 571, 525-530, 541, 710 
reaction with dinlkyl sulphidc 296 
synthetic applications 305-31 2 

Biaryls, formation of 293,294,556,557-559 
Bicyclo[3. I .O] systems, formation 
Biphcnylcncs, formation 306 
Biphenyls, diamino, bis-dinzotization 285 

861  

formation 294 
tetrazotized, formation 309 

reaction with nitrous acid 292 

Indcx 1049 

Bisdiazo compounds 476, 477, 676, 687 
decomposition 918 
synthesis 659, 690, 757, 767 

Bismuth compounds, nryl, formation 296 
Bismuth-containing group, in dinzomethyl- 

carbonyl compounds 785 
Bokhcnolide, synthesis 823 
Bond cnergies, of CC,  CN,  NN bonds 

Borancs, alkylation of diazoalkancs by 
Bronsted relation 196 
Rullvalencs, synthesis 823 
Butyrolactone,  2-acyl-, reaction with 

diazonium ion 273 

3, 

948 
823 

Cadniiodiazomethylcarbonyl c o m p o u n d s  

Carbanions, reaction with diazo compounds 
781 

215 
stabilization by diazo group 501 

Carbazolcs, formation from benzotriazoles 

Carbcnes, from diazoalkancs 675 
f r o m  diazocycloalkenes 904 
insertion 233, 236, 408-415 
in to  a C-H bond 415, 416, 602, 603, 

into a C-N bond 949 
into a C-S bond 
into cthers 412-415 
into saturated hydrocarbons 405-412 
leading to  olcfins 604, 605 
intramolecular addition 607 
phosphoryl, rearrangcnient to methylene 

reaction witti alcohols 606 
reaction with aziridinc 606 
reaction with diazoalknncs 205, 206 
rcaction with episulphidc 606 
reaction with olcfins 378, 606 
rcnrrangenicnt, to another carbene 608- 

306 

904, 944-948 

450, 451 

phosphcnc oxidc 61 1 

610 
to nitrene 610, 61 1 

structure of 367-370 
triplet, reaction with osygen 439 
Wol fT rcnrrangcnicnt 435 

Carbenoids, rearrangcnient 6 1 5 4 1 7  
Carboalkoxycarbencs, insertion into C-H 

photochemically generated, reaction \vith 

singlet and triplet 393 

bonds 410 

olcfins 392 

Carboalkoxycyclnnoncs.  rcnction \vith 

Carbon coordination, of  diazoalkanes n i t h  

Carbonium ions, estcrrial stabilization of 

diazonium ions 273 

metal dcrivntivcs 232-236 

62 1-624 
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Carbonium ions-cow. 

621, 675 
formation from diazonium ions 619- 

high energy 619, 62@, 624, 625 
reaction with diazoalkanes 579 
rearrangement 625-637 

Carbon suboxide, reaction with diazo- 
methane 878 

Carbonyl oxide, from phenyldiazomcthane 
437 

Carbonyl ylids, cycloadditions 892-896 
C a  r box a m i d es , N- a 1 k y I - N -  n i t r 0 s  0, c o n  - 

vcrsion t o  a-diazokctones 764 
heterocyclic amino, convcrsion to  benzo- 

triazincs 282 
cd-Carboxy a-amino acids, formation f rom 

2-carboalkoxycyclanoncs 273 
Carboxylate ion, reaction with benzene- 

diazoniurn ion 541 
Carboxylic acids, aromatic, reaction with 

diazoalkanes 151, 152, 954 
reaction with diazonium ions 270 

F-substitutcd, formation 302 
unsaturated, reaction with aryl diazonium 

Carboxylic anhydrides, as acylating agents 

Carboxylic csters, acetylenic, addition of 

ions 294 

779, 780 

diazoalkanes 886 
addition of diazo group 203 
a-ami no, diazo tiza t ion 
formation of 273 

75 3 

f rom diazoalkanes and  carboxylic 

reaction with diazoalkanes 203, 204, 577 
cr.,P-unsaturated, reaction with aryl  

unsaturated 1 ,2-bis-thiomethyl, formation 

C-B bonds, insertion of diazoalkanes 

Chain Icngihcning, using WolR rearrangc- 

C-halogen bonds, reaction with diazo- 

Charge density, of diazonium cations 
relationship with photolytic rate 352 

C-H bonds, allylic, insertion by diazo- 
alkaries 946-94:; 

aromatic, insertion by diazoalkancs 745, 
946 

Chemical ly  induced dynamic  nuclear  
polarization spectra, gencrated by 
photolysis 371,  372 

of diazonniinobcnzenc thcrrnal de-  
composition I72 

of  diazonium coupling with phenoxide 
171, 540 

acids 954 

d i ~ z o n i u n i  ions 294 

950, 951 

948 

ment 4S8 

alkanes 951, 952 
355 

Chromatographic methods of analysis, 
column 158, 159 

gas 159 
paper 159 
thin layer 159 

C h r o m o u s  chloride, for  reductornetr ic  

Cinnolines, formation 277, 278 
Cis-trnm equilibrium, of a-diazo-aldehydes, 

ketones and esters 115, 167 
Claisen rearrangement, of a-allylthiostyrene 

458 
C-N bond, attack by ‘carbcnes’ 
Coalcsccnce tempera ture ,  for in te rna l  

rotation in diazokctones I IS 
C-0 bond, insertion of diazoacetic ester 

949, 950 
Colorimetric determination, of diazoalkanes 

152 
Complex formation, by diazoalkanes 232- 

238 
with carbon coordination 232-236 
with nitrogen coordination 237 
with ‘side-on’ coordination 238 

by diazonium ions 238-244, 274-276 
Copper(1) compounds, aryl, formation 297 
Couniarin, reaction with aryl diazonium 

Coupling, to form C-azo derivativcs 266- 

C-S bond,insertion ofdiazocsters 950,951 
p-Cubebene, synthesis 823 
Cumarones, syrithcsis 950 
Cyanamides, conversion to benzotctrazines 

Cyanide ion, reaction \vith bcnzencdiazoniurn 
91, 92, 258, 542, 543 

Cyanides, aryl, formation 292, 293 
Cyanoacetamides, alkylidzne, reaction with 

p-Cyano-carbon yl compounds, reaction with 

Cyanocarbosylates. reaction with diazo- 

titration of diazoniiim salts 153 

949 

ions 294 

274 

284 

ion 

diazoalkanes 833 

diazoniuni ions 270 

acetates 845, 847 
reaction with diazoalkanes 533, S51 

Cycliziition, of aliphatic diazonium coni- 
pounds 633, 634 

of aromatic diazonium salts 561-563 
of aryl dinzornetharies 679 
ofz-diazocarbonyl compounds 759,760, 

of a-diazoirnine 676 
of diazonium a-phenylcinnamic acids 

of  diazotized 2-arninobenzophenones 

of cl,F-unsaturated diazoalkanes 680- 

768 

497 

497 

682 
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Cyclization-cont. 
of vinyldiazomethanes 687, 688 

Cycloaddition, of azides 771 
of carbonyl ylids 892-896 
of diazoalkanes 580-583, 596, 597, 690, 

of diazomethane 683 
of diazomethylcarbonyl compounds 789 
O f  ketencs to C=C, C=N and N = N  

of kctocarbenes 896-898 
of the -N+=N function 898-906 

695, 824-892 

463 

Cycloalkadienes, addition of diazonialonates 
918 

diazo group transfer to 692, 693 
Cycloalkadicnones, addition of diazoalkanes 

Cycloalkadicnylidenes, electrophilic naturc 

390, 

864 

903 

39 1 
photolysis in the presence of olefins 

Cycloalkadicnylidcs, formation 433, 445 
Cycloalkadienyl ylids, formation 905, 906 
Cycloalkancs, formation from phenyl- 

diazomethane 219 
rearrangement of 853 
vinyl, preparation 939 

Cycloalkanones, addition of diazocstcrs 

coupling with diazonitim compounds 

cc-forniyl, transfer of diazo group to 771 
ring cxpansion 599, 629, 685, 688, 862, 

synthesis 823 

788 

268 

863 

from keten and  diazoalkanes 877 
Cycloalkatriencs, formation f rom 'carberies' 

and  benzenes 935 
intramolecular formation 937 

Cycloalkatrienylidenes 905 
addition to p-substituted styrenes 904 

Cycloalkenes, addition of cc-dinzonceto- 

addition of diazomalonate, catalyst effect 

addition of diazoniethane 825, 827 
dihalo, addition of dinzoalkanes 828 
formation in Bamford-Stevens rcactioii 

phosphoryl, diazo group transfer onto 

rcarrangemen t 897 
Cycloalkenones, formation 477 

rearrangement 477 
Cycloalkenylidenes 905 

electrophilic na tu re  904 
Cycloalkyl azidcs, formation 300 
Cycloalkylcarbinol 440, 441 

phenonc 925 

921-923, 927--929 

680, 681 

799 

Cycloalkyl dinzonitrm ions, addition vs. 
substitution 21 3 

Cyclonlkynes, synthesis 476 
synlhctic applications 312 

Cyclotieptatricrislidene, interconvcrsion with 

C yclop r o p n n a  t ion,  choice of reac t ion 

of aromatic  substrates, by dinzocarbonyl 

by diazoniethnnc and diazoalkancs 

of olefins, by diazocnrboriyl conipounds 

by diazomcthanc and  dinzonlkancs 

phcnyl carbcnc 609 

condirions 918-935 

compounds 936-935 

935, 936 

94G93.1 

933-940 

Darzens condensation 210 
Deaminntion, diazonium ions ;IS possible 

interrncdiates 197, 3.14-316 
Dcd iazon ia t ion S20--5 30 
Dehydrogenation, of hpdrnzoncs 660, 666- 

674, 755, 759. 808 
ni th  iodine 673, 671 
with  Icad tctraacctate 672, 673 
tv i t t i  mangant'sc dioxide 671 
L r i t l i  nicrcuric oxidc 667-669 
with silver oside 

Dcmjanov rcaction 295 
Dcmjanov-TiiTenau reaction 629 
Dcprotonntion, of diazoalkancs 206-210 

Deutcriuni exchange, of v.-diazocsters 7 I3 

668, 670, 671 

of nitroalknnes 200, 201 

of cc-diazokctoncs 
of diazonicrtiane 7 12 

7 12, 7 I3 

1,2-Dialkoxyalkcncs, synthesis 950 
Diarnidcs, conversion to bciizotrinzincs 

Dinmines, conversion to ethers 302 

Diazenato complescs, chemical propertics 

280,252 

diazotizntion 279, 250, 645 

242-244, 276 
infrared spcctrn 240, 141 
nomcnclaturc 274 
n.ni.r.  spectra 242 
structtirc 238, 239, 275 
synthesis 239, 240. 275 

Diazcncs- scc Di i rii ides 
Diazcpinc 832 
Diazetidines, formation 463 
Diazine N-osides, photolysis 400 
Diazines, formation from diazonium ions 

and  1,3-dienes 598 
Diaziridine. synthcsis 868, 569 
Diazirine cation, intermediate in dcdi;tzorii- 

Diazirincs, electronic structure 14-19 
ation reaction 525 

photolysis 371, 595 
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Diazirines-conr. 
spectra, structure and  thermochemistry 

structural parameters 22 
substituted, kinetics of thcrinal decompo- 

12-14 

sition 24-30 
spectra and  structure 18-24 

Diazoacetyl azide, synthcsis 753 
Diazoacetyl enzynics, photolysis 461 
Diazoalcohols, formation from chloral/ 

diazomethane reaction 860, 861 
format ion  f r o m  ketone/diazomethane 

reaction 575 
Diazoaldehydes, infrared spectra 160 

insertion into C-ha1 bond 952 
intermediate in diazo group transfer 
n.m.r. spectra 167 
synthesis, by diazo transfer 

from amines 755 
ultraviolct spcctra 164 

770 

771, 774 

Diazoalkancs--see also Diazomethanc and 
Diazonium ions, aliphatic 

acidity 206-210, 502 
acylation of 502 
alkylation of 948 
analysis 152-172 
as diazo transfer agent 695, 764, 776, 

basicity 180-201 
complex formation 232-236 
conversion to  cyclopropane 219 
conversion to  pyrazolenenes 597 
conversion t o  pyrazolines 596 
3 + 2 cycloadditions 580-553, 596, 597, 

decomposition by carboxylates 91 7, 918 
detection by chcmical methods 150, 151 
1.3-dipolar additions 826 
homologations with 298, 600, 601, 688, 

hydrogen bond formation 219 
insertion into C-ha1 bonds 952 
insertion into C-N bonds 949 
insertion into S-H bonds 954 
metallation of 696, 697, 781 
nitro and tritluoro, nitration of 
photolytic reactions 41 5, 935 
reaction with acetylenes 

reaction with acid chlorides 577 
reaction with alcohols 190, 191, 573, 

reaction with aldehydes or ketones 575, 

reaction with allenes 875-877 
reaction with azasulphincs 882, 853 
reaction with azo compounds 
reaction with carbznes 205, 206 

799 

683, 690, 695 

859--867 

502 

825, 827, 884- 
890 

952,953 

576, 598-600, 859-567 

868, 869 

Diazoal kanes-cant. 
reaction with carbonium ions 579 
reaction with carboxylic acids 954 
reaction with conjugated olefins 525 
reaction with cyclonlkencs 825 
reaction with diazonium ions 

reaction with cnamines 215 
reaction with esters 
rcaction with halogens 578, 579 
reaction with iniines 855, 856 
reaction with isocyanates 580 
reaction with isonitriles 
reaction with isothiocyanates 881 
reaction with ketens 576, 877, 878 
reaction with Lewis :icids 579, 580 
reaction with Lewis bases 201-203 
reaction with nitrile oxidcs 881 
reaction with nitriles 890-892 
reaction with nitroso and nitro com- 

pounds 870, 872-874 
reaction with olcfins 725, 827-855, 

reaction with oxygcn 
rcaction with phosphines 214 
reaction with phosphorus acids 954 
rcaction with substituted styrenes 826 
reaction with sulphincs and sulphenes 

reaction with sulphur  dioxide 
reaction with thiocarbonyl compounds 

silyl a n d  germyl 
synthesis, by dehydrogenation of hydra- 

204, 205, 
578 

203, 204, 577 

856, 858, 859 

938-940 
203, 873, 874 

878-880 
883, 884 

868 
671, 680, 686, 625 

zones 666-674 
by diazotization o f  aniines 661 
by nitrosation of amincs 
from alkancdiazotates 569, 661, 683 
from N-nitrosoamides 565, 569, 689 
from A’-nitrosoguanidines 691 
from N-nitrosoureas 690, 691 
from N- n i t roso ii  ret ha nes 

thermochemical d a t a  
vinyl, dcconiposition 939 

X-ray da ta  107-109 

synthesis 680-683, 688, 700 
tlicrniochemical d a t a  139, 140, 145 

synthesis 689 

Wolff rearrangcinent 462, 463 
cc-Diazo aniinals, formation 790 

567, 568, 6Gi 

68 5-68 7 
138, 139, 145, I46 

synthesis 682 

Diazoalkencs, 1 J-ring closure 688 

Diazoalkynes, infrared spectra 159 

Diazoamides, insertion into P-C-H 947 

Diazoaminc cstcrs, conversion to bcnzo- 

Diazoaminobenzoic acid, conversion to 
triazines 281, 282 

halobcnzoic ac id  288 
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Diazoamino rearrangement 552 
Diazoanthrones, synthesis 665, 693 
Diazo azacycloalkadienes 904 
Diazobenzene, 'free' 256 
Diazobenzil, addition to acrylonitrile 897 
Diazocamphane, conversion to tricyclene 

Diazocamphor, electrochemical reduction 

603 
reaction with acetic acid 631 

490,491 
photolytic rearrangement 907 
protonation of 638, 639 
synthesis from amines 753 

Diazocarbonyl compounds-see also Diazo- 
aldehydes, Diazoesters, Diazoketones, 
Diazooxides 

acyl cleavage of 791, 792 
addition reactions 787-791 
metallated derivatives, substitution via 

metallation of 781, 784, 785 
synthesis, by acylation 777-783 

785-787 

by Bamford-Stevens reaction 755, 

by cleavage of N-nitrosoamides 763, 

by dehydrogenation of hydrazones 

by diazo group transfer 764-777 
by diazotization of amines 752-756 
by Forster reaction 755-757 
by nitration 777 

759-763 

764 

758, 759 

Diazocarboxamides, synthesis 762 
Diazocycloalkadienes 504, 898. 906 

addition to double bonds 821 
bromination 696 
conversion to spiropyrazolines 902, 903 
insertion into allylic C-H bonds 
metallation of 697 
reaction with benzene 935 
synthesis 662 

947 

by dehydrogenation of hydrazones 

by diazo group transfer 692, 693, 902 
Diazocycloalkanes, addition to double 

67 3 

bonds 827 
rearrangement 690 
synthesis 
thermal decomposition 607 

synthesis 771, 906 
Wolff rearrangemcnt 474. 908, 910 

infrared spectra 161 
n.rn.r. spectra 168 
photolysis, in alkyl sulphides 448 

668, 669, 689, 690, 692 

Diazocycloalkanones, acyl cleavage of 792 

Diazocycloalkenes, elcctronic spectra 161 

in benzcne solution 403 
in ethers 414 

Diazocycloalkenes, photolysis-conr. 
in hexafluorobenzene 403 
in pyridine, picolines or 2,6-lutidine 

Diazocycloalkenone, photolytic decompo- 

Diazocycloalkynes, leading to strained 

Diazo dinzacycloalkadienes, coupling with 

Diazo dipeptidcs, biological activity of 892 
Diazodiphenyl, explosive reaction with HI 

Diazoesters, acidity of 502 
acy!ation of 750-783 
aldol additions 208, 757, 788 
as diazo transfer agents 766 
boron-substituted 786 
chromatographic separation 158 
conversion to ethylenes 914, 915 
detection by chemical methods 
deuterium exchange reaction 713 
dimerization 208 
dipole moments 172 
electrochemical reduction 492 
electronic spectra 164, 165 
halogenation, indirect 786 
hydrolysis 183, 184, 501 
infrared spectra 161 
insertion into allylic C-H bonds 
insertion into aromatic C-H bonds 

insertion into C-ha1 bonds 
insertion into C-N bonds 949 
insertion into C - 0  bonds 949, 950 
insertion into C-S bonds 950, 951 
mass spectra 170 
metallation of 781, 784, 785 
nitration 502, 777 
nitrogen displacement rate 184 
n.m.r. spectra 
photolysis, in presence of acetonitrile 

436 

43 3 

sition 467 
synthesis from urethanes 688 

cycloalkyne 3 12 

P-naphthol 904 

290 

150, 151 

947 

945, 946, 948 
951, 952 

119, 167, 168, 503 

in  presence of acetylenes 
in presence of allene 397 
in prcsence of allylic alcohols 
in presence of allylic halides 

i l i  preseiicc of allylic sulphides 

in prcsence of benzophenone 435 
in  presence of ethers 442-444 
in prcsence of isoquinoline 434 
in presence of olefins 392, 393, 395, 

in presence of polyhalomethanes 426, 

397, 398 

440, 441 
431, 897, 

455. 
95 1 

456 

927 

427 
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Diazorsters, photolysis-cout. 
in prcscnce of silacyclopentane 
in prescncc of silaiies 41 1,  454 
in prcsence of siilphidcs 446,447, 449, 

in prcscnce of thiols 445 
in prescncc of trialkylamines 432, 433 

reaction with aldchydcs 861 
reaction with aromatic and heteroaromatic 

reaction with butyllithium 208 
reaction with carbanions 21 5 
reaction with cycloalkencs 918,921-923, 

reaction with enanlines 791 
rcaction with isonitrilcs 85s  
reactian with kztcris 877 
reaction with ketones 863, 875 
reaction with olcfns  

reaction with SO, and Dnilinc 
rcaction with thiocarbonyl compounds  

reaction with unsaturated dicarboxylic 

synthesis 

41 1 

452 

compounds !I36 

9‘7-9’9 

790, 817, 828, 833, 
845, 847, 931, 940-944 

853 

868 

esters S64 
250, 752, 753, 755, 756 

by Baniford-Stevens reaction 762 
by diazo group t imsfcr  

f rom hydrazoncs 758, 759 
from X-tiitrosourethanes 763, 764 

thermal decomposition 736, 737 
Wolff rearrangenicrit 4 6 1 4 6 3 ,  467, 468 

D i a z o  R u orc ne, ca  t a1 y t i c d cco  ni p 0s i t i  o n 

765, 766, 771, 
7 74-77 7 

917 
e.s.r. spcctra 171 
inscrtion into C-ha1 bond 952 
insertion into C-N bond 949 
insertion into C--0 bond 950 
photolysis 385 
synthcsis 665, 667, 674 

Diazo group, rcplaccmcnt by As, S b  or Bi 

replaceincnt by halogens and  astatine 

rcplaccmcnt by hydrogen 2S6, 2S7 
replacement by metals 297 
replacement  by ni t rogen-containing 

functions 290-292 
replacement by oxygcn 292 
replacement by S, Se or Tc 
rcplaccnient with formation of C-C bond 

stabilization of carbanion by 501 
transfer of--sce Diazo group transfer 

196 

288-390 

195, 296 

392-295 

Diazo group transfer, defortnylating 770- 
773 

iriflucnce of base 765 

Diazo group transfer-coiir. 
to active mcthylene compounds 764- 

to or-acyl aldehydes 770, 771 
to al kenes 77 I ,  774, 775 
to alkyncs 695, 775-777 
to cycloalkadienes 692, 693, 902 
to 1,3-dioncs 906, 907 
to enamines 
to cnol ethers 694, 695 
to hydroxymcthylene ketones 906 
to hydroxyrnethylenephosphoryl corn- 

pounds 798, 799 
to F-keto esters 906, 907 
to niethylenephnsphorancs 775 
to F-0x0 sulphonyl compounds 809, 

to phenylsulphonylmethanes 81 0 
to phosphorylalkcnes 799, 800 
to phosphorylalkyncs SOO-802 
to thiirene 1,l-dioxidcs 
lo 1,3,5-tricarbonyl compounds 767 

Diazoheteroaroniatics, synthesis 663 
Diazoirnidazoles, reactions 901, 904, 905 

synthesis 663 
Diazoimines, cyclization 676 

-triazole equilibrium 695 
-triazolinc equilibrium 857, 858 

770, 795-798 

693, 694, 771, 774 

810 

810, 81 I 

Diazoindenes, synthesis 665, 693 
Diazo-isodiazo equilibrium, of diazokctones 

Diazoketones, aromatic, intramolccular rc- 
I15 

action 937 
reaction with strong acids 946 

as diazo transfer agents 766 
as hydrogen bond donors  
bicyclic, chromatographic  separa t ion  

condensation with carbonyl groups 209, 

coupling w i t h  niiclcophiles 218 
cyclization 759, 760 
deaniination and  rearrangcrnent 753 
detection by chemical methods 150, 

dcutcriuni cxchangc reaction 712, 713 
dipole nionient 120, 172 
electrocheniical reduction 490, 491 
electronic spectra 
hydrolysis 184 
infrared spcctra 
insertion into C - 0  bonds 950 
insertion into S-H bonds 954 
interaction with hydroxylic solvents I60 
isomerisni I 13-123 
mass spcctra 169, 170 
metallation of 784, 785 
MO calculations 120-123 

220, 221 

158 

787, 7SS 

151 

1 15, 1 16, 164 

1 16, 1 17, I60 
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Diazoketoncs-conr. 
nitrogen displacement rate 184 
n.m.r. spectra 
photolytic reactions 435, 439 
protonation 182, 183, 200 
reaction with aromatic and hetero- 

aromatic compounds 936 
reaction with bases 209 
reaction with cycloalkenes 925 
reaction with enamines 791 
reaction with fluorosulphuric acid 730 
reaction with halogens 578 
reaction with H-X 954. 955 
reaction with isothiocyanates 881 
reaction with ketens 878 
rearrangement 91 1, 9 12 
structures 124-1 26 
synthesis 273, 577,753,755,756,906 

117-1 19, 167, 503 

by acylation 779-783, 906 
by Bamford-Stevens reaction 755, 

by diazo group transfer 766, 767, 

by Forstcr reaction 664, 755 
from hydrazones 758, 759 
from N-nitroso carboxamides 764 

unsaturated, intramolecular addition 

760, 761 

770, 771, 774, 906 

400 
synthesis 771 

Wolff rearrangement 123, 124, 458-475, 

a-Diazolactone, preparation 664 
Diazomethanes, acidity 502 

acylation of 777-779 
aldol-type additions 698 
alkyl, synthesis by dehydrogenation of 

hydrazones 666, 669, 670, 679 
synthesis from N-nitrosoureas 671 

aryl, electrochemical oxidation 493, 494 
electrochemical reduction 492 
generation of 305 
sulphonylation 777 
synthesis 

598, 612-615, 90691 1 

665, 667, 668, 670-674, 678, 
679, 691, 692 

as alkylating agents 952, 953 
containing electron-acceptor groups 692 
deutero, infrared spectra 159 

synthesis 711, 712 
diradical structure 12 
electrochemical oxidation 493, 494, 496 
electronic energy 1 1  
electronic spectra 162 
electronic structure 6 
force constants 8 
halogenation 696 
hcteroaryl, synthcsis 

674, 678 
infrared spectra 159 

666, 667, 669, 671, 

Diazome t hanes-corrt. 
metallation of 696, 697 
photolytic reaction, with alcohols 439, 

with phenylisocyanate 437 
with polyhalomcthanes 424,425, 951 
with trialkylamines 432 

440 

protonation 501 
resonance structure 71 5 
silyl, photolysis in alcohols 

synthesis 691, 697 
structural isomers of 594-see also 

Diazirines, Isocyanamide, Nitrilimine 
structural parameters 8 
sulphoxylation 778 
synthesis 250, 665, 683 

from enamines 693 
from enol ethers 694 
from N-nitrosoacetamides 688 
from N-nitrosoguanidiiie 691 
from N-nitroso-p-toluenesulphonamide 

from A'-nitrosourea 690 
from nitrosourethanes 683, 685, 686 

422, 423 

692 

thermocheniical propertics 9, 138, 145 
thermodynamic properties 7, 8 
vinyl, isomerization 400 

ring closure 687, 688, 832 
synthesis 687 

Diazomethylenc 4, 5 
Diazomethylene sulphones, infrared spectra 

Diazonato complexes 275 
Diazonitromethane, synthesis 777 
Diazonium-diazotate equilibrium, of 

aliphatic diazo compounds 72 
of areiiediazoniuni compounds 72-84, 

652 
74- 

76 

161 

effect of benzene ring substituents 

kinetics and mechanism 76-79 
syn-ad  isomerization 75 

of heterocyclic diazonium compounds 

Diazoniuni-syn-diazohydroxide equilibrium 

Diazonium ion group, aliphatic, coupling 

decomposition of 619-621, 625-637, 

formation 617-619 
gas phase reaction 180 
instability of 72 
a-keto, rearrangement 637-639 
n.m.r. spectra 168 
reaction with unprotonated diazo group 

synthetic applications 297-305 

84-86 

76-79 

products from 213 

724,725 

204 
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Diazonium ion group-conr. 
aromatic, acidity of 505 

electron withdrawal bv 500 ., ~~- 
Hammett  substituent constants of 

505. 506 
hydroxy 504 
nitration of 506 
nucleophilic attack on 506, 507 
one-electron reduction 508 
rearrangement 539, 649, 650 
stability 72 
substitution by chlorine or hydroxy 

substitution by iluorine 346-349 
Diazonium salt esters, conversion to  

Diazonium salts, vinyl 305 
Diazooxides 

see al50 Diazophenols 

groups 349, 350 

benzotriazines 281, 282 

126-128, 504, 505, 646, 898- 

as  explosives 251 
dipole moments  128 
elcctronic structure 128, 129 
electrophilic substitution of 252 
infrared spectra 127 
synthesis 662 

by Bamford-Stevens reaction 760,761 
from amincs 753, 754, 756 
from diazonium ions 254, 286 

X-ray da ta  130, 131 
Diazooxihdoles, electrochemical reduction 

Diazophenols, determination by reducto- 
492 

metric titration 153 
infrared spectra 127, 161 
mass spectra 170 
reaction with bases 223 
ultraviolet spectra 165 

silver derivatives, alkylation of 803, 804 
synthcsis, by Bamford-Stevens reaction 

Diazophosphinate esters, nitration 802 

792-795 
by diazo group transfer 795, 796 

Diazophosphine oxides, acylation of 802 
condensation with carbonyl groups 209, 

nitration 802 
synthesis, by diazo group transfer 

805 

795, 
796 

from amines 792-795 
Diazophosphonnte esters, acylation of 802 

condensation ivith carbonyl groups 209 
electrochemical reduction 492 
y-iniino, synthesis 800 
nietallation of 802, 803 
nitration of SO2 
reaction with norbornadiene  a n d  

silver derivatives, alkylation of 804 
norbornene 839 

Diazophosphonate esters--cori/. 
synthesis, by Bamford-Stevens reaction 

792 
by diazo group transfer 795-799 
from amines 792 

unsaturated, synthesis of 793,795,799 
Diazophosphoryl  compounds  926-see 

also Diazophosphine oxides, Diazo- 
phosphinate esters, Diazophosphon- 
ate esters 

acylation of 802 
addition reactions 804-807 
cyclic, synthesis 797 
metallated derivatives, alkylation via 

803, 804 
halogenation via 803 

metallation of 802, 803 
nitration of 802 
reaction with olefins 940 
synthesis, by Eamford-Stevens reaction 

792-795 
by diazo group transfer 795-802 
by diazotization of amines 792 

Diazosulphides 261 
Diazosulphones, alkyl,  formation from 

A'-nitrosourethanes 808, 809 
n.m.r. spectra 168 

formation from hydrazones 808 
format ion  from N-ni t rosourethanes 

hydrolysis 184 
n.m.r. spectra 168 

aryl, alkylation of enaniines by 812 

808, SO9 

a s  hydrogen bond donors 220, 221 
Diazosulphonyl compounds, alkylation of 

enamines by 812 
F-0x0, acyl cleavage of 812 
reaction with olefins 940 
synthesis, by dehydrogenation of hydra- 

zones 808 
by diazo group transfer 809-811 
by Forster reaction 807, 808 
from A'-nitrosourethanes 808, 809 

cc-Diazosulphoxides, formation 778 
Diazotates, aliphatic, conversion to alkyl- 

diazo ether 303 
convcrsion to diazoalkanes 569, 585 
formation from A'-nitrosoaniines 684 
formation from N-nitrosoamino ketones 

format ion  f rom A'-nitrosourethanes 

hydrolysis 187, IS9 
infrared spectra 161, 162. 
i n t e r mc d i a t e N- n i t r 0s oa mi de  

intermediate  in N-ni t rosourethane 

682 

300 

in 
hydrolysis 6% 

hydrolysis 186 



Subject Index 1057 
Diazotates, aliphatic--con/. 

isolation of lithium salt 688 
isolation of potassium salt 661 
n.m.r. spectra 168 
solvolysis of 537, 538, 619 

allenic. synthetic use 305 
aroinatic, anti, acid dissociation constant 

222 
anti, chromatography of 158 
coupling \vith arenediazonium ions 

equilibrium with diazonium ions 72- 

e.s.r. spectra 171 
formation, equilibrium 508 
infrared spectra 162 
oxidation of 266 
rate of formation 77 
reaction with acid 534-537 
sytr, formation from diazoanhydrides 

syri and mrfi, isorneri ration 79-82, 

syti and anti, structures of 74, 106, 

ultraviolet spectra 165 
Diazo tetrazol, conversion to hexadiene 

Diazothiolester proteins, photolysis 462 
Diazothiolesters, photosensitized decornpo- 

Diazo triazacycloalkndienes, coupling with 

Diazotization 574-520, 647-649, 731, 732 

54 1 

84, 652 

257 

105, 532-534 

162, 256 

264 

sition 473, 474 

P-naphthol 904 

at  various acidities 515-518, 648 
bis- 279, 280, 648 
direct method 647 
halide ion catalysed 519 
indirect method 647 
in non-aqueous solvents 519, 520, 

of amines 660-663, 752-756 
648 

leading to diazoalkanes 661 
leading to diazocycloalkadienes 662, 

leading to diazoheteroaromatics 663 
leading to fluorodiazoalkanes 661, 

tracer studied 731, 732 

663 

662 

of aminomethylpliosphc~r~l compounds 
792 

redox 653 
Di bciizoylmethane, photochemical fornia- 

Dicarbonyl compounds, cyclic, addition of 

addition of diazophosphoryl com- 

tion 472 

diazocarbonyl compounds 789 

pounds 807 

Dicarboxylic acids, reaction with diazonium 

unsaturated, reaction with aryl diazonium 

Dicarboxylic estcrs, alkylidene, reaction 

ions 270, 294 

ions 294 

with diazoalkanes 833 
a-amino, diazotization 753 
diacetylenic, addition of diazoalkanes 

formation, from carbon suboxide and  

unsaturated, formation from diazoacetic 

reaction with aryl diazonium ions 294 
reaction with diazoacetic ester 864 

Dicyanocarbene, addition to olefins 399, 

Dicyano diazomethane, photolysis in 

Dicyanomethylylide, photolysis of 401 
Dicycloalkadiene, addition of diazoesters 

Didehydroaromatic systems, formation 

Dienes, reaction with aryl diazonium ion 

Dihalocarbenes, reaction with diaryldiazo- 

Dihalodiazirine, electronic structure 18 

888, 889 

diazomethane 878 

ester 914, 915 

400 

benzene 403 

828 

308 

294 

alkanes 206 

n +E* excitation 23 
infrared spectra 20 
polymerization 27 
Raman spectra 20 
structural parameters 22 
thermal decomposition 25, 29 
ultraviolet spectra 20 

Dihalodiimide, kinetics of isomerization 
53 

spectra and structure 49-52 
theoretical studies 45-49 
thermochemical properties 52 

Dihydrofurans, formation 853 
Diimides, coupling with diazoniurn ions 

270 
disubstituted 45-53 
formation 567 
monosubstituted 53-57 
prototypes NnH+ and N2H 31, 32 
spectroscopy and structure 33-36 
theoretical studies 36-45 
unsaturated, reaction with aryl diazonium 

ions 294 
Diketones, diazo derivatives 755. 756 

diazo transfer to 906 
reaction with diazoalkanes 862 
reaction with diazonium ion 273 

Dimerization, of diazoacetate 208 
of diazoalkanes 912-918 



1058 Subject Index 

Dinitriles, reaction with diazoalkanes 833 

Dinitrogen pentoxide, as nitrating agent 

Dioxolanes, formation from alcohols and 

formation from aldehydes and diazo- 

Diphenylcarbene, photolysis in the presence 

reaction with diazonium ion 270 

777 

diazo compounds 953 

acetic ester 861 

of olefins 379-382 
reaction with alkynes 382, 383 

Dipole moments, of diazirine 12 
of diazoalkancs 172 
of diazocyanidcs 1 12, 173 
of diazoesters 172 
of diazoketones 120, 172 

of quinone diazides 128 
of triazenes 173 

Of N2F2 51 

Diradical structure, for diazomethane 12 
Dissociation constants, of atzfi-diazo- 

Dissociation energy, of N2H+ 32 
Disulphides, alkyl, photoreaction with 

diazocarbonyl compounds 452 
aryl, formation from aryl diazonium salts 

295 
1,3-Disulphonyl compounds, diazo transfer 

onto 809, 811 
Dithioketals, formation 955 
Dutt-Warmall reaction, for formation of 

aryl azides 266 

hydroxides 80 

Electrochemical cyclization, of diazonium 

Electrochemical oxidation, of diazo com- 
compounds 497 

pounds 489, 493-496 
of diazonium salts 489 

Electrochemical reduction, of diazo com- 
pounds 489-492 

of diazonium salts 489, 496-498 
Electron diffraction pattern, of N,F, 49, 

Electronic absorption spectra, of diazirines 
51 

12, 14, 20 
of a-diazoaldehydcs 164 
of diazoalkanes 163 
of diazocyanides and diazoisocyanides 

of diazocyclopcntadiene 164 
of a-diazorsters 164, I65 
of u-diazoketones 
of diazonium compounds 60-62, 165, 

of diazophenols 165 
of diazosulphona[es I66 
of diazosulphones 166 
of diazotates 165 

166 

1 1  5 ,  1 16, 164 

166, 350-352, 354, 361 

Electronic absorption spectra-cotif. 
of diimide 35 
of diphenylmethylenes 369 
of triazenes and tetrazenes 166, 167 

Elcctronic configurations, of carbenes 367 
Electronic cffect 499 

on diazoalkane addition 10 acetylenic 

Electronic energy, of anions [HCNNI- and 

of CH,N=NH and CH,N=NH: 56,57 
of diazomethanc isomers 1 1  
of diimide 38, 57 
of N2F2 46, 47, 57 
of N,H+ 32 

esters 886 

[CNNHI- 11 

Electronic structures, of benzenediazonium 
cations 352 

of diazirine 14-19 
of diazomethane 6 
of diazooxides 128, 129 

Elcctron spectroscopy 172 
Electron spin resonancc spectroscopy, of 

benzenediazonium fluoroborate 353 
of carbenes 370 
of diazo compounds 171, 172 

Elemental analysis, of diazo compounds 

Enaniides, reaction with diazomethane 

Enamines, diazo group transfer onto 693, 

reaction with diazoniethanes 21 5 
reaction with diazomcthylcarbonyl com- 

reaction with diazoniethylphosphoryl 

reaction with diazomethylsulphonyl com- 

694 

151 

831, 832 

694, 771, 774 

pounds 791 

compounds 806 

pounds 812 
Enol ethers, diazo group transfer onto 
Enols, reaction with diazoalkanes 953 
Entropy, of diazoethane 138, 139, 145 

of diazomethane 138, 145 
of diazopropylene 139, 140, 145 
of diazotolucne 139-141, 145 
of hydrogen azide 145 
of organic azides 141-145 

Enynes, conjugated, addition of diazoalkanes 

Episulphides, reaction with cnrbcncs 606 
Episulphones, formation from SO, and 

888 

diazoalkanes 883 
formation from sulphenes 878 
thermolysis 878, 8S3, 884 

Epoxidcs, formation from aldehydeldiazo- 

formation from ketone/diazomethane re- 
methane reaction 860 

action 575, 598, 600, 864 
Epoxy diazotntes, synthetic use 305 
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Ethers, allylic, C-14 inxr t ion  of carbene 

photolysis of diazoestcrs in presence of 

reaction \v i l l i  di;izonicth;inc 530 
C-11-1 insertion of carbenes 412-415 
formation f r o m  alcoliols a n d  diazoiiIum 

formation using diazoniethanc 823, 953 
photolysis of  diazo compounds in  the 

vinyl, reactivity ivitli dtazomethane 830 

diazoanhydrides 257 
dinzooxides 25 I 

41 5 

444 

ions 292 

prcsencl: of 412-445 

Explosives, diazoalkancs 823 

Favorskii reaction 364 
Ferroccne, reaction \v i th  aryl diazonitlm 

ions 294 
Fischer basc, diazo group transfer onto 693 
Fishcr indole synthesis 273 
Fluorcnones, synthesis 497 
Fluorcnylidene, addition to olefins 385- 

Fluorescence, of arenediazonium salts I65 
Fluorescence spectra, of bcnzenediazonium 

Fluoroimidazoles, synthesis 348, 349 
Formazans, conversion to triazencs 268, 

388 

fluoroborate 353 

269 
formation 271. 543 

Formuyl  kctonc, formation 26s 
Forcc constants, of diazoniethanc 8 

Forster reaction 660 
of N,H+ 32 

for synthesis, of bis(diazo) ketones 757 
of a-diazocarbonyl compounds 664, 

of diazosulphonyl compounds 807, 
755-757 

SO8 
Foster synthesis, of diazoalkanes 571 
Fractional populations, of <,is and f r o m  

djnzokctorics I 18 
Franck-Condon principlc 342 
Free-energy differences, of c is  and fro)rs 

diazoketones I I8 
Free energy of activation, for  internal 

rotation in  diazoketones I IS  
Free radicals, nryl from arenediazonium 

ions 497 
chloronicthyl 425 
NaH 31. 33 
nitrophenyl 356 
phenyl 349 

Frequency factor, for  internal rotation in 
diazoketones I 18 

Friedel-Crafts alkylations 945 
Fiirannnc. fnrrnatinn 877. 897 

t'Lir;Ltis, formation from diazoestcrs and  
acetylenes 897 

reaction with aryl diazoniuni ions 293 

a I i  p ha tic G a SO met ric d c  tc r m in ;I t i o ti, of 
dtnzo compounds 152 

of diazoriium .s;iIis I54 
of triazencs 155 

G e r  my la t i  on,  by organoger  nia ni ti ni  
sulphidcs 786 

Glycolides, forniation 439 
Goinbcrg-Bachnunn reaction, for synthesis 

G rnvi me t ric dctcrrn i  nat ion, of dr azonl kanes 

Griess replacetiicnt. for formailon of nitro 

Grieve-Hey-Hcilbron synthesis, of biaryls 

Group additivity, for estimation of thermo- 

of ethyl dinzoacctate 755 

of biaryls 293, 294, 558 

152 

compounds 791 

293, 294 

chemical properties 146 

Hnemanthidinc, synthesis 823 
Halide ions, catalysts i n  nitrosation reactions 

519 
Halides, allplic, photolysis of dtazocarbonyl 

compounds in thc presence of 430- 
432 

wacfioii  \ v i t h  diazoestcrs 951. 957 
aryl, formation from diazoniurn com- 

23, 290, 346, 359, 525, 555 
vinyl, formation from diazoalkanes and  

294 

pounds 

iodofortn 951 
reaction with aryl diazoniurn ions 

I-laloaldehydes, formation 952 
tlaloalkanes, formation 951 
Haloalkencs, formation 951 
I - Ia lobenzcnedi~zoni~t~i~  ions, nuclear quad-  

rupole resoriance spectra 505 
I-lalobcnzenes. adduct with diazocyclo- 

pentadiene 403 
formation 288 

f4alobenzoic acids, formation 285 
Halocarboxylic csters, formation 951 
Halodiazoalkanes, synthesis 661, 662 
Hal ogenat ion, i nd i rect , of diazomcthyl- 

carbonyl compounds 786 
indirect. of diazoniethylphosphoryl com- 

pounds 803 
of  diazoalkanes 696 

Halogens, reaction with diazoalkanes 578 

reaction \vith diazonium halides 260 
g-Hsloketoncs, formation 952 

rearrangement 954, 955 
I-lalonitrobcnzenes, prcpnrntion 288 
l<alophcnols, formation 239 

579 
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Hammett acidity function 516 
Hamrnett o constants 168 

correlation with nitrogen rearrangement 

correlation with protonation rate of 

correlation with reaction rates of anions 

of diazonium ions 505, 506, 554 
Hamrnett equation, curvature of plots 

for pKa data of artti ArN,O--H+ 
Harnrnett p values 202 

for  reaction of substituted benzene- 

Heat capacity, of diazoethane 138, 139, 

rate in diazonium salts 527 

aryldiazoal kanes 196, 197 

with diazonium salts 21 1 

508 
535 

diazonium ions 548 

145 
of diazomethane 138, 145 
of diazopropylene 139, 140, 145 
of diazotoluene 139-141, 145 
of hydrogen azide 145 
of organic azides 141-145 

Heat of formation, of diazirine 
of diazoethane 138, 139, 145 
of diazomethane 9, 13, 138, 145 
of diazopropylene 139, 140, 145 
of diazotoluene 139. 145 
of the two isomers of NzF2 

13, 14 

50, 52 
Hetarynes, synthetic applications 305-312 
Heteroarornatic compounds, addition of 

Hexazadienes, formstion 264 
Hoffman eliminations 442 
Hornobarbralenes, synthesis 823 
Homologations 298, 688, 859-861 

diazoketones and diazoesters 936 

of aldehydes 859-861 
of ketones 859, 862, 863 
of steroidal A ring 863 
of unsaturated aldehydes and ketones 

using Wolff rearrangement 906 
600, 601, 863--567 

A-Homosteroids, formation 863 
Homotropilidenes, diaza, synthesis 832, 

833 
synthesis 823 

Hydrazidocarbonylamide formation 260 
Hydrazines, conversion to aromatic 

diazonium salts 654 
conversion to aryl azides 292 
conversion to triazines 282-2S4 
formation by reduction of diazonium 

photolysis in presence of diazoaccto- 

reaction with diazonium salts 264, 552, 

salts 260, 567 

phenone 435 

717 
Hydrazones, cleavage 660 

dehydrogenation, leading to diazoalkancs 
660, 666-674 

Hydrazones, dehydrogenation-conr. 
leading to a-diazocarbonyl compounds 

leading to a-diazosulphonyl compounds 
758, 759 

808 
formation 270 
photolysis in  the presence of diazo- 

acetophenone 435 
reaction with diazonium salts 264, 270, 

544 
tosyl, conversion to diazoalkanes 674- 

682 
conversion to triazoles 676 

Hydride shift 597 
alternative to ring expansion 627, 628 
competing with alkyl shift 629, 630 

Hydriodic acid, for reductometric titration 

Hydrogen azide, thermochemical properties 

Hydrogen bonding, diazosulphones and 

of diazonium salts 153 

141, 142, 145 

diazoketones as donors 220, 221 
in wdiazoketones 115, 116 
to diazoalkanes from alcohols 219 

Hydrogen cyanate, thermochemical proper- 

Hydrogen-deuterium exchange, with diazo- 
ties 145 

ketones 217 
with diazomethane 181, 185 

Hydrogen halides, reaction with diazo- 
methane 181 

Hydrogen isocyanate, thermochemical 
properties 145 

Hydrogen isotope effects, for proton 
transfer 196 

Hydrogen sulphide, reaction with diazo- 
alkanes 954 

Hydrolysis, of diazoal kanes 
of diazoesters, 183, 184, 501 
of diazoketones 184 
of diazosulphones 184 
of diazotates 187 

191, 198, 199 

Hydroxy acids, formation 273 
Hydroxyfulvcnes, formation 864 
Hydroxylamines, al kylation by diazoalkanes 

cyano-substituted, conversion to benzo- 

reaction with diazonium ions 264, 265. 

954 

tl-iazines 282 

292, 552 
Hydrosy triazenes, formation 264, 265 
Hypohalitcs, insertion of diazoalkanes 955 
Hyposulphites, for rcductomctric titration 

of diazonium salts 153 

Illuden-s, synthesis 823 
Iniidazolcdiazonium ions, photolysis of 

318 
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Imines, aromatic, nitrosation of 652 Isodiazomethane 594-see also Nitriliminc 
cycloaddition of diazoalkanes 855, 856 Isomcrization, cis-trojls, of arenediazo- 
quinoido, addition of diazomethane 867, cyanidcs 112, 360 

868 of arenediazosulphonates 360, 361 
Iminoaziniines, formation 310 of difluorodiimidc 53 
P-Iminonitriles, reaction with diazonium of diazirine 595 

ions 270 of dinzokctoiies 113-123 
Inimoniuni salts, addition of diazomethane of isocyanarnide 595 

60 1 syn-mti ,  of arenediazotatc ions 79, 82, 
Indancs, ring cxpansion 936 83, 105. 532-534, 596 
Indazoles, N-ninino, oxidation 310 of aroniatic diazocyanidcs 112 

diazo derivatives, synthesis 663 of zzo adducts 531 
formation 278, 279 of diazohydroxides 79, 221 

Indenes, formation, by photolysis of of substituted benzenediazoniuni ions 

from ketens and diazocsters 877 Isonitriles, addition of diazoalkanes 856, 

mation 461 Isoquinolincs, photolysis of ethyl diazo- 
dihydro, diazogroup transfer onto 693 acetate in the presence of 434 
synthesis 273 Isothiocyanatcs, rcaction with diazoalkanes 

Infrarcd spectra, N=N stretching frequency and diazoketones 881 
of diazo compounds 192 Isotope effect, for hydrogens ortho t o  

of aryldiazenato complexcs 240, 241 diazonium group 522 
of diazirincs 12, 20, 23 of nitrogen in diazonium salt reactions 

of diazoalkanes 159 of secondary (3-deuterium in diazonium 
of diazoalkynes 159 salt reactions 746, 747 
of diazocyanides and diazoisocyanides on coupling of arenediazonium ion to 

of diazocyclopentadiene 161 theory of 737-741 
of a-diazoesters 161 Isotopes, deuterium used as tracer 725- 
of diazoethers 162 736 
of a-diazokctones 160 15N used as tracer 715-725 
of diazomethylene sulphones 161 I8O uscd as tracer 736, 737 
of dinzoniuni salts 161, 743 uscd to determine bonding 714, 715 
of diazophenols 161 Isotopic labelling, in diazotate hydrolysis 
of diazosulphonntes 162 189 
of diazotates 74, 161. 162 in Wolff rearrangement 468. 469 
of diiniidcs 34, 35, 54 of diazo compounds 711-713 
of NZF, 49-51 of diazoniuni ions 710, 711, 713, 714 
of triazenes and tetrazenes 163 

a-diazokctoncs 459, 360 75 

Indoles, carboxylic acid derivatives, for- 858, 859 

of .r.-diazosldehydes 160 74 1-746 

113, 162 phenol 546 

Insertion reaction--scr Carbene insertion Jablonski diagram 342, 343 
lon  spcctrnscopy 180 Japp-K]ingemann coupling reaction 268, 
Ionization potentials, for N,F2 and N,HZ 270-273, 543 

49 
Ion pairs, carbonium 621 

'inert-gas-separated' 62 1 
in  nitrous acid deamination 622-624, 

Isatin, addition of pyridyl diazomethanes 

Isocynnarnide, clectronic cnergy 1 1 

636 

864 

structural isoriler of diazomcthanc 594, 

Jsocyanates, reaction with diazoalkanes 

Isocyanides. formation from dinzonium 

595 

437, 850 

compounds 555 

Ketals, C - 0  insertion by diazoacetic ester 

formation, from hypochlorites and diazo- 
950 

alkanes 955 
from quinisatins 864 

Ketene, cycloaddition with C=C, C=N 
and N = N  463, 464 

photodecomposition 375 
Ketcnimincs, formation from isonitriles 

Kctens, reaction with diazo compounds 
and diazo compounds 858, 877 

877, 878 
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Keto  acids, coupling with diazonium 

Ketocnrbenes, cyclondditions 896-898 
compounds 268. 269 

formation 401, 890 
intramolecular addition 401 

Kctomoleqt i i l ib r ium,  of diazoketones 1 15 
K e t o  esters, coupling with diazonium 

cornpounds 268-270 
diazo group transfcr to 906 

Ketones, acetylenic. addition of diazo- 

allylic, reaction with diazonlkancs 875- 

cyclic-sce Cycloalkanones 
reaction with diazoalkanes 575, 576, 

rcaction with diazonium compounds 

a$-unsaturatcd, addition of diazoalkane 

alkancs 886, 887 

877 

598-600, 859, 862. S63 

268, 543, 544 

864 
arylntion of 294 
homologation 600, GO1 

vinyl 294 
Kinetic isotope effect-sce Isotope effect 
Kirnise‘s reaction 299 
Korner-Contardi rcaction, for the forniation 

of nitro compounds  291 

Lactams, formation, f r o m  diazonmides 422 
from a-diazokctones 459, 464 
from dinzorncthane/enamide reaction 

83 I 
intermediate in photolytic rcaction 437 

Lactones, formation 273, 440, 441 
Lcmcr postulate 184 
Leuckart thiophenol reaction 295 
Lewis acidity, of aliphatic diazo compounds 

of aliphatic diazonium ions 212-214 
of aromatic diazonium compounds 210- 

Lcn-is acids, catalysts for  polymcrization of 

Lewis bases, reactivity with diazoalkanes 

Lewis basicity, of aliphatic diazo cornpounds 

Lit h i od iazome t h y lca r bon y 1 c o m  po u n d s  

214-218 

212 

diazoalkanes 579, 580 

201, 202 

201-206 

78 1 
alkylatioii of 786 

Lucidulene, synthesis 823 
Luminescence, of diphenylcarbcne 368 

Magnesiodiazomethylcarbonyl compounds 
78 1 

Magnetic nicasuremcnts, on irradiated 
solutions of arenediazonium com- 
pounds 358 

Mai-Kornblum reduction 286 
Mass spectra, of diazirine 13 

of diazo compounds 
of N,F, 50 
of triazenes 170 

Meerwcin reactions 
Mcrcuration, of cthyl diazoacctate 781, 

784 
Mercuribisdiazocsters, photolysis with 

chloroalkancs 427 
Mercurihalides, formation 297 
Mcrcuriodiazoniethylcarbonyl compounds 

13, 169, I70 

294, 555, 557, 558 

78 I ,  784 
C-alkylntion of 757 

‘Metal ainide method’ 697, 785 
Mctal-carbenc coniplex 233-235 
Metallation, of diazoalkanes 

Metallo-diazoalkanes 945 
Mcthanolysis, of diazoalknnes 185 
Methylcnc, singlct, addition to alkenes 

696, 697, 781 
of diazophosphonatc csters 802, 803 

375, 377 
rcaction with alkancs 373 

Met  h y I cncd i 0s y con1 pou n ds, f o r  mat  ion 
8 62 

Methylene group, coupling with diazonium 
coni po ti nds 265-274 

Methylene phosphene oxides, formation 
from phosphoryl carbenc 61 I 

Microwave spcctruni, of C H J N N D  54 

Molecular ion N,Hf 31, 32 
Molecular orbital calculations, o n  cc-diazo- 

Molecular structure, of diazirine 12 
M olec u I a r qii ad r u p olc m o  nien t s , of d ia zi ri ne 

Muscone, synthesis 823 

Naphthalcnes, diamino, convcrsion to 

Ninhydrin, addition of pyridyl diazo- 

Nitration, of diazo conipoiinds 502 

triplet, addition to alkencs 375, 376 

of N,F, 50 

ketones 120-123 

19 

benzotriazines 282, 283 

methancs 863 

of dinzocstcrs 777 
of diazoniuni ions 506 
of diazophosphoryl compounds 802 

Nitrcncs, formation by cnrbenc rcarrange- 

Nitric oside. reaction with phenyldiazo- 

Nitrile oxides, reaction ~ i t h  diazoalkanes 

Nitriles, acidic, reaclion with diazoalkanes 

nient 610, 611 

mcthanc 873 

SP I 

890-892 
addition of kctocarbcnes 897 
cycloalkyl, synthcsis 944 
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Ni triles-cotif. 

unsaturated, reaction with aryl diazonium 

vinyl, arylation of 294 

electronic energy 1 1  

ions 294 

Nit ril i mine 

Nitrilium ion, stcrcospccific reaction with 

Nitrites, a lky l ,  as nitrosating agents 
Nitroacetonitrile, alkylidene, reaction with 

diazoalkanes 833 
Nitroaldehydes, aryl hydrazones. conversion 

to nitronate esters 856, 872 
Nitroalkanes, coupling with diazonium 

compounds 268. 270, 294 

10- 12 

nuclcophiles 531 
519 

dcprotonation 200, 201 
Nitroalkenes, rcaction with diazoalkanes 

827, 833 
Nitroamines, aryl, formation from diazotates 

266 
Nitrocarboxylic esters, reaction with diazo- 

alkanes 833 
Nitro compounds,  formation from 

diazonium compounds 291 
reaction with diazoalkanes 870,872,873 

Nitro cotiinarin. rcaction with diazoethane 

Nitrogen coordination, of diazoalkanes with 

Nitrogen displacement, from alkyl diazonium 

867 

metal derivatives 237 

ions 180 
from diazoestcrs 183 
from diazoketones 184 

Nitrogen exchange, in diazoniiirn ion 

Nitrogen intcrchangc, within diazonium 

Nitrones, formation from amincs/diazo- 

Nitronic acids, reaction with diazomethane 

Nitronic csters, formation 856, 872 
p- N it  r on i t r i 1 es, re3 c t i on with diazoni um 

ion 270 
Nitroparaffins, reaction with diazonium 

ions 268, 270 
Nitrones, formation from nitroso com- 

pounds and diazoalkanes 870 
Nitrosating agents 514 
Nitrosation, of aniline 515, 516 

decomposition 7 19-724 

group 595 

alkanes 873 

8 72 

of aromatic imincs 652 
of aromatic nitroso compounds 653 
of nitrogen heterocycles 663, 664 
of ‘nylon-66’ 689 
of primary aliphatic ainines 567,568,618 

N-Nitrosoacetanilide, rearrangement 57-9 
Nitroso acyl aniines, conversion to aromatic 

diazonium compounds 652 

N-Nitrosoaniides, N-alkyl, cleavage of 
763, 764 

cleavage of 683 
conversion to diazoalkanes 568, 569, 

688, 689 
conversion to diazoniuni ion 618 
conversion to diazopropyne 689 

N-Nitrosoamines, formation, by nitrosation 

from diazohydroxide isomerization 
of heterocyclic arnines 84 

79, 81, 256 
heterocyclic, stability of 85 
primary, intermediate in diazotization 

A’-Nitrosoaminokctones, cleavage 682,683 
N-Nitrosoaminosulpholanes, cleavagc 683 
iv-Nitrosoarninosulphones, cleavage 682, 

N-Nitrosoanilinium ion 518 
Nitroso compounds, rcaction with diazo- 

A‘-Nitrosoguanidines, cleavage 684 
conversion to diazoalkanes 691 
skin-irritant properties 691 

Nitrosonium ion, as nitrosating species 517 
iV-Nitroso oxazalidones 305 
N-Nitroso-~-tolucnesulphonamides, cleavage 

reaction 515 

683 

alkanes 870, 873 

684 
conversion to diazoalkanes 692 

conversion to diazoalkanes 690, 691 
JV-Nitrosoureas, cleavage 684 

A’-Nitrosourethancs, conversion to diazo- 
alkanes 683, 685-688 

conversion to diazoesters 763 
conversion to diazosulphonyl compounds 

decomposition, base-catalysed 185-189, 

skin-irritant properties 685 

808, SO9 

299 

Nitrosyl halide, as diazotizing agent 
Nitrous anhydride, intermediate in diazotiz- 

N--N bond, energy 3 

519 

ation reaction 515 

length 2 
stretching vibration in aryldiazenato 

complexes 240, 241 
N = N  bond, energy 3 

length 2 
stretching frequency in infrared spectrum 

Norbornzdiene, reaction with diazoalkanes 

reaction with diazophosphonates 829 
Norbornenc, reaction with diazoesters 828 

reaction with diazophosphonates 829 
Norcaradienc, diaza, synthesis 832 

formation, from ‘carbenes’ and benzenes 

192 

828 

935,936 
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Norcaradiene. formation-conr. 
from diazoesters a n d  dihydrobenzenes 

942. 943 
from diazoesters a n d  polycyclic com- 

N.m.r. spectrum, of aryldiazenato complcxcs 
pounds 936 

242 
of diazirine 12 
of a-diazoaldehydcs 167 
of diazoalkancs 167, 715 
of  diazocyclopentadicnes 168 
of a-diazoesters 
of a-diazoketones 
of diazoniurn salts 168 
of diazotates 168 
of N,F, 50 
of triazrnes 169 

119, 167, 165, 503 
117-1 19, 167, 503 

Nuclear quadrupole resonance spectra, of 

Nucleophilic aromatic substitution 506, 
chlorobenzenediazonium ions 505 

508, 520 
activated by the diazonium group 554 

Nucleophilic attack, o n  diazoniuni salts 

Nucleophilicity, of diazo compounds 503 

Octazatrienes, formation from I ,3-diaryl 

Orbital energies, of diazirine 19 
of R N = N H  molecules 55 

Organobismuth compounds, reaction with 

Organolead groups, in diazomethylcarbonyl 

Organolithium compounds 781 

506 

tetrazenes 264 

diazocyclopentadiene 906 

compounds 785, 786 

alkylation of 786 
for  deprotonation of diazomethane 207 
for  deprotonation of ethyl diazoacetate 

metallation of diazophosphonate esters 

Organometallic compounds, reaction with 

Orgnnosodium compounds, for deproton- 

O r t h o  esters, reaction with diazo coni- 

Oxadiazole oxides, formation from NoOJ 

Oxadiazolenes, formation 305 
Oxadiazoles, formation f rom ketens and  

diazoalkancs 877 

208 

by 802 

benzenediazonium ion  545 

ation of diazornethane 207 

pounds 950 

and diazoalkanes 873 

loss of nitrogen 892 
Oxadiazoline, intermediate in aldehyde/ 

Oxalylindenc, reaction with diazoniuni ion 

Oxaphosphetane, formation 61 1 

diazomcthane rcaction 860 

27 1 

Oxathiazole-4-one-2-oxides, synthesis 880 
Oxatriazolines, formation from nitro coni- 

pounds and diazoalkanes 872 
Oxazolcs, formation 436, 897 
Oxazoline, formation 435 
Osetancs, photolytic reaction with diazo- 

Oxidation. of 2 and E diazotates 266 
Oxidation potential, of copper(r) 290 
Oxinies, amino, conversion to benzotriazines 

esters 444 

282 
conversion to diazoalkancs 571 
rcaction with aryl diazcniurn ions 
reaction with diazoalkanes 873 

294 

Oxircnes, intcrmediatc in  photolysis of 
diazoesters 469, 470 

intermediate in Wolff rearrangement 
609, GI3 

Oxygen, photolysis of diazo compoiinds in 
the presence of  431-439 

reaction with diazoalkanes 203,873,874 
Ozonc, reaction with diazoalkanes 203 
Ozonides, formation in the photooxidation 

of diazo compounds 437, 438 

para-coupling 494 
P.m.r. spectra, of some a-diazokctones 

Patchouli alcohol, synthesis 823 
Pentazadiene, formation from arnines and  

117, 118 

diazonium salts 262 
scission, acid-catalyscd 224 

Pentazencs, formation from arnines and  

Pcntazolc, intermediate in aryl azide 

Pcrfluoroalkylalanines, preparation 436 
Pcroxybenzoic acid, reaction with diazo- 

reaction with diphenyldiazornethane 202 

diazonium compounds 5 5 1  

formation 292 

kctones 203 

Pfau-Plattner synthesis 936 
pH, 75, 76 
Phenanthrones, formation 863 
Phenols, coupling w i t h  arenediazonium 

salts 153, 154, 171,266,540,545,546 
formation, from cyclopentadienoncs and 

diazoalkancs 864 
f rom diazoniuni ions 792 

rcaction with diazoalkancs 353 
Phenylcatbcne, pliotolysis i n  the prcsence of 

Phcnyl cation, intermediate in dediazoni- 
olefins 37s. 373 

ation 521, 522 
selectivity a n d  structure of 522. 513 

Phosphinazencs. formation 906, 926 
Phosphines, reactioii with diazocyclopcnta- 

trialkyl, rcaction with diazoalkanes 214 
d i e m  906 
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Phosphoresccncc spectrum, of benzene- 
diazonium Ruoroborate 354 

Phosphorus acids, reaction with diazo- 
alkanes 954 

Phosphorylalkynes, diazo transfcr onto 800 
Photochemical energy 342 
Photolysis, intramolecular reactions 41 5- 

423 
1.3-C-H insertion 415, 416 
1.2-hydrogen shift 415, 417 

of aliphatic diazoniuni Compounds 361- 

of aromatic diazo compounds in olefins 

of aromatic diazonium salts 344-362 

366 

378-391 

reaction followed by I5N tracer 723, 

reaction intermediates 356-361 
sensitized 361, 362 
with dcamination 344-346 
with substitution of diazonium group 

349, 

with substitution of diazonium group 

7 24 

by chlorine or hydrosy group 
350 

by fluorine 346-349 
of bisdiazo compounds 476, 477 
of diazocxrbonyl compounds in olefin 

392-403 
intermolccular 392-400 
intramolecular 400-403 

in presence of aromatic compounds 

in presence of nitrogen compounds 

in presence of oxygen compounds 

in presence of polyhalomethancs 424- 

i n  prcsencc of sulphur compounds 
445-458 

Photooxidation. of diazo compounds 437- 
439 

Photostci.eoisomerization, of arcncdiazo- 
sulphonatcs and -cyanides 360, 361 

Picolincs, photolysis of diazocyclopenta- 
dienes in  the presence of 433 

Pinacol rearrangement 362 

of diazo compounds 366-477, S83 

403 -407 

4 32-437 

427-445 

432 

of 1,2-aminoalcohols 625-627 
uscd for ring expansion 629 

Pinacols, formation 912, 924 
Pipcridine, conversion to triazencs 217 
Piperonal, reaction with diazoalkanes 861 
Plumbanes, nryl halo, formation 297 
Polarography. of arencdiazoniunl salts 

156, 157 
of aromatic triazenes I57 
of aryl-sl.ibs!i:u:ed diazoalkanes 156 

Polarography-cotrr. 
of azodicarbonitrile 157 
of isomcric diazosulphonates 157 

Polycarbonyl compounds, unsaturated, 
addition of diazoalkanes 864 

Polyhalomcthanes, photolytic reaction, with 
alkyl diazoacetates 426, 427 

with diazomethane 424, 425 
with diethyl mercurybisdiazoacetate 

427.428 
Polymerization, of diazoalkanes 236 

of metal-carbene complexes 233 
Propargylic amines, convcrsion to acids, 

alkoxyallencs and cthcrs 302 
Propargylic ethers, formation 302 
Proteins, coupling with bcnzenediazoniurn 

ion 267 
Proton affinity, of diazomcthane 181 

of N 2 H *  32 
Protonation, of diazoalkancs 193-197 

of diazoketones, energy profile 200 
C-Protonation, of diazoalkanes 182, 501 
N-Protonation, of diazoalkanes 182 
0-Protonation, of diazoketones 182, 183 
Pschorr condensation 278, 285, 286, 293, 

Pyrazolenenes, formation from diazoal kane/ 

Pyrazolenines, formation 616, 884 
Pyrazoles, amino orrho, conversion to 

561-563 

acctylcne addition 597 

benzotriazincs 2S2 
diazo derivatives, synthesis 663 
formation, from 3-acetoxy-A1-pyrazolines 

from acctylenes and diazoalkanes 884 
from allcnic ketones and diazo com- 

from thietane-1.1-dioxide 830 
from vinyldiazomethane 687, 832 

855 

pounds 875 

irradiation 802 

conversion to pyrazoles 855 
coupling with diazonium compounds 

diazoacetyl, formation 779 
formation 616 

Pyrazolines, 3-acyl. formation 864 

268 

from allenc 875 
from benzonitrile oxide and diazo- 

methane 881 
from benzthiophene S,S-dioxide 830 
froin diazoalkanes 596, 600, 828, 856, 

from diazoacetic ester and olclin 
from rrarrs-stilbene 826 

863 
392 

loss of nitrogen from 
prototropy 852 
substituted, pyrolysis of 852, 853 
syn-, formation 828 

853, 854 
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Pyrazolones, 3,5-diacyl-, synthesis 767 
Pyridazcncs, synthesis 901 
Pyridazine A‘-oxide, photolysis of 401 
Pyridaziniurn salts, hydrolysis of 700 
Pyridines, 2-hydroxy 518 

4-methoxy, formation 954 
2- a n d  4-phcnyl, formation 289 
photolysis of diazocyclopentadicnes in  

reaction with aryl diazonium ions 
reaction with dinzocsclopentadicncl., 906 

Pyrrolcs, diazo dcrivatives, synthesis of 

N-substitutcd, reaction with diazoacetic 

prcsencc of 433 
294 

663, 664 

estcr 945 

Quadrupolc coupling constant, of diazirine 

Quinoidomethanes, reaction with diazo- 

Quinolines, 8-hydroxy, alkylation of 953 
Qu i none tl iazidcs--we Diazooxi dcs 
Quinoncs, arylated, formation 294 

I 2  

methane 567, 868 

reaction with diazoalkanes 862, 564 

Ranian spectra, of diimide 34, 35 
of N,F, 51 
of perfluorodiazirinc 20 

Rate constants, for arcncdiazonium ion- 
sy,z-diazoIiydro.uide-~~~~/-diazotatc rc- 
action 78 

for formation of arcncdiazo compounds 

for formation of trinzcne 58 
for isornerization of dinzohydroxidcs 80 
for isomcrization of substituted benzcnc- 

for splitting n/rii-diazoh~droxide 81, 82 
Rearrangements, accompanying diazonium 

ion dcconipositioii 625-637 
involving addition reactions of diazo 

involving carbcncs and carbenoids 601- 
617 

involving diazoniurn ions 539, 617-639, 
64‘9. 650 

Rcd iict o rnc t r ic t i t  ra t io n , for  dc t c r mi na t i o n 
of di;izonium salts 151, 153 

Rcgioselcctivitp, i n  addition of acetylenes 
and  diazoalknncs 856 

Icing contraction, of cyclonlkyl compounds 

87, 89-91 

diazotate ions 8 0  

CoIiipounds 596-601 

630-631 
using Woltl’ rearrangemcnt 45s. 615 

i i i  high-cncrgy cai boniuni ion reaction 

of bicyclic systems 628 
of cyclic kctoiies 

Ring cxpnnsion, inhibition of 62s 

675 

599, 629, 685, 68s 

Ring expansion-cotit. 
of irnmonium salts 601 
of nitrogen heterocycles 597 

Rotational energy, of diiniide 43 
Kotational spectra, for dialkyldiazirinc 22 

Sabine, synthesis 823 
Sandmeycr reactions 286 

for formation of aryl cyanides 
for formation of aryl halides and  iso- 

for formation of nitro compounds 

293 

cyanides 555, 556 
291 

Schcller reaction, for synthesis of aryl 
arsonic acids 296 

Schiemann reaction 525 
Selenides, reaction with diazocyclopenta- 

dicnes 906 
Selenocyanates, aryl, formation 296 
Sclcnocyanidcs, aryl, intermediates in aryl 

sclcnium chcniistry 296 
Scsquicrtrenc, synthesis 823 
Si=C bond, formation in photolysis of  

‘Side-on’ coordination, of diazoalkancs with 

Silacyclonlkancs, photolysis of diazoesters 

Silanes, photolysis of dihzoestcrs in the 

Silylation, by orgnnosilicon sulphidcs 786 

silyldinzornethanc 422 

metal derivativcs 238 

in thc prcsencc of 141 

presence of 4 I I ,  454 

of diazoniethane 697 
of methyl diazoacetatc 785 

Sirenin, synthcsis 823 
Solvent effect, o n  dinzoalkane reactions 

Solvcnt isotope effect, in dcdiazoniation 

Sommclet-Hauscr rearrangemcnt 453 
Spiridicnones, formation 937 
Spirodiazine cation 517 
S pi ronorcarad icncs, format ion 
Spiro oxctories, synthesis 950 
S p i ropy ra zol i  nest for mat ion a nd phot ol y sis 

Stannylation, of e thyl  diazoncctate 785, 

Stannyl compounds, bis(aryl), formation 

Staudingcr-Pfenninger method, for sulphene 

Steric effect 499 

814 

reactions 521 

404 

902, 903 

786 

297 

formation 578 

on carbenc insertion 41 1 
on sy,r-n,iri-diazc~tare isoinerizntion 53 

Steroids, diazotiz:ition by the Forstcr 

Stevens rcnrrangcniciit 433, 442, 450 
Stibines. reaction with diazocyclopcntn- 

reaction 756. 757 

d i m e s  906 
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Stibonic acids, aryl, preparation 296 
Stilbencs, conversion to pyrazolines 826, 

856 
Structure a n d  structural parameters, in 

molecules with CC, CN and NN 
groups 2 

of aromatic diazocyanides 109-1 13 
of diazirines 22 
of diazoalkanes 106-109 
of diazoketoncs 1 13-1 26 
of diazoniethane 8 
of diazonium salts 55-60, 97-105 
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