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With this volume, the ‘ Chemistry of the Functional Groups’ series 
is passing its half-way mark. I t  has been both praised and criticized as 
was to be expected but on the whole it seems that the series consti- 
tutes a serviceable and reasonably widely used contribution to the 
literature of organic chemistry. 

The chemistry of the azido group, as far as I am aware, has not 
been treated as yet in a single volume, although, especially in thc 
last two decades, many interesting studies have been carried out 
on this subject. I hope that the present volume will serve to stimulate 
interest and research on the azido group, which compared to the 
other main functional groups of organic compounds seems to be 
somewhat neglected. 

Unfortunately, three of the originally planned chapters of the book 
did not materialize. These should have been chapters on the 
‘Biological Formation and Reactions of the Azido Groups’, on the 
‘ Mass Spectra of Azides ’ and on thz ‘ Syntheses and Uses of Isotopi- 
cally Labelled Azides.’ 

Jerusalem, April 1971 
SAUL PATAI 

vi i 



The Chemistry of the Fumctional Groups 

Preface 40 the series 

The series ‘The Chemistry of the Functional Groups’ is planncd to 
cover in each volume all aspects of the chemistry of one of the impor- 
tant functional groups in organic chemistry. The emphasis is laid on 
the functional group treated and on the effects which it exerts on the 
chemical and physical properties, primarily In the immediate vicinity 
of the group in question, and secondarily on the behaviour of the 
whole molecule. For instance, the volume The Chemixt-try o f t h e  Ether 
Linkage deals with reactions in which the C-0-C group is involved, 
as well as with the effects of the C-0-C group on the reactions of 
alkyl or aryl groups connected to the ether oxygen. I t  is the purpose 
of the volume to give a complete coverage of all propcrties 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, 
hut the C-0-C functional group. 

A further restriction in the treatment of the various functional 
groups in these volumes is that material included in easily and gen- 
erally available secondary or tertiary sources, such as Chemical 
Reviews, Quarterly Keviews, Organic Reactions, various ‘Advances’ 
and ‘Progress’ series as well as textbooks (i.e. in books which are 
usually found in the chemiczl libraries of universities and research 
institutes) should not, as a rule, be repeated in detail, unless it is 
necessary for the balanced treatment of the subject. Therefore each 
of the authors is asked not to give an encyclopaedic coverage of his 
subject, but to concentrate on the most important recent 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, it is realized that no plan can be devised for 
a volume that would give a compZete coverage of the subject with no 
overlap between chapters, while a t  the same time preserving the read- 

I +  iJc 
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ability of the text. The Editor set himself the goal of attaining 
reasonable coverage with moderate overlap, with a minimum of cross- 
references between the chapters of each volume. I n  this manner, 
sufficient freedom is given to each author to produce readable quasi- 
monographic chapters. 

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

(a) An introductory chapter dealing with the general and theo- 
retical aspects of the group. 

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

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

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

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

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

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

The Chemistry of the Alkenes (published in two volumes) 
The Chemistry of tlie Cnrbonyl Group (published in two volumes) 
The Chemisty of the Ether Linkage (published) 
The Chemistry of the Amino Group (published) 
Tlie Chemistry oJ‘the Nitro and the Nitroso Group (published in two parts) 
The Chemistry of Carboxylic Acids and Esters (published) 
The Chemistry of the Carbon-Nitrogen Double Bond (published) 
The Chemistry of the Cyano Group (published) 
The Chemistry of the Amides (published) 
The ChemistnJ of the Hydroxyl Group (published in two parts) 
The Chenzistry of the Azido Group (published) 
The Chemistry of Carbony1 Halides (in press) 
The Chemistry of tlie Cal-bon-Halogen Bond (in preparation) 
The Chemistry of the Quinonoid Confounds (in preparatiott) 
The Chemistry of the Carbon-Carbon Triple Bond 
The Chemistry of Imidoates and Amidines 
The Chemistty of the Thiol Group 
The Chemistry of the Hydrazo, Azo and Azosy Groups 
The Chemistry of the SO, -SO,, -SO,H and -SO,H Groups 
The Chemistry of the -OCN, -NCO and -SCN Groups 
The Chemistry of the -P0,H2 and Related Groups 
Advice or criticism regarding the plan and execution of this series 

will be welcomed by the Editor. 
The publication of this series would never have started, let alone 

continued, without the support of many persons. First and foremost 
among these is Dr. Arnold Weissberger, whose reassurance and trust 
encouraged me to tackle this task, and who continues to help and 
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advise me. The efficient and patient cooperation of several staff- 
members of the Publisher also rendered me invaluable aid (but un- 
fortunately their code of ethics does not allow me to thank them by 
name). Many of my friends and colleagues in Jercsalem helped me in 
the solution of various major and minor matters, and my thanks arc 
due especially to Prof. 2. Rappoport and Dr. J. Zabicky. Carrying 
out such a long-range project would be quite impossible without the 
non-professional but none the less essential participation and partner- 
ship of my wife. 

The Hebrew University, 
Jerusalem, ISRAEL 

SAUL PATAI 
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1. IN'TRODUCTION 

The reviews by Evans, Gray and Yoffel and by Gray2 give very 
valuable surveys on the pliysica: properties, thermodynamics and 
decomposition processes of inorganic azidcs. More recent are the 
chapters by Green3 on bonding in nitrogen compounds, Y0ffe4 on 
inorganic azides, Mason" on hydrogen and metallic azides and 
Lappert and Pyszora6 on the pseudohalides of group IIIB and IVB 
elements. Still, they are not up-to-date and most of the theoretical 
work on the electronic structure and properties of azides, carried out 
in the last ten years, has not yet been reviewed. As to organic azides, 
the situation is even less satisfactory: the structure and reactivity of 
organic azides were briefly reviewed by Lieber, Curtice and Rao', 
thus filling up some of the gap since the early review of Boyer and 
Canter O. 

The purpose of this chapter is to discuss rhe physical chemistry of 
the azido group. I t  consists of three parts. Section I gives a general 
discussion of the properties and structure of the azido group. I t  
presents some very approximate calculations, which serve as introduc- 
tion for the more refined theoretical treatment given in section 111. 
(The reader who finds the last part difficult can still get some theoreti- 
cal insight from section I.) Section I1 summarizes the basic experi- 
mental data concerning the azido group. The discussion of these data 
is based on the models and approximations outlined in section I. 

A. Azides as Pseudohalides 

have certain properties in common with the halogen atoms. 
members of this group are CN, NCO, SCN, etc. 
corresponding compounds are called fiseudolialides. 

The azide radical, N,, belongs to a group of inorganic radicals which 
Other 

For this reason the 
In cornmoil with 
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the halogcns they form eithcr an anion X- or a covalent bond R-X. 
Their acids HX are weaker than the hydrogen halides (the dissociation 
constant ofHN, is 2-94 x nf at 25°C) g. Thc radicals are linear and 
more electroiiegative than carbon ; hence they usually exert a negative 
iizductive egkct ( - 1) in organic compounds. Like the halogens they are 

TABLE 1. Rescmblance betwecn N3 and Br 

Property X = N3 X = Br Ref. 

Normal boiling point ("C) :a 
C2H5X 49 38 12 
n-C,HI,X 178 1 a0 12 

CHZXCOOH 0.93 x 10-3 1-38 x 10-3 8 
CH3CHXCOOH 0.9 x 10-3 1.1 x 10-3 8 

C&5X 1 -44 1.54 13, 14 

X 77 69 15 

X 9.4 8.9 13, 16 
X- 12-3 12.5 16, 17 

C6H5X (at 15°C) 14.77 14.5 1 18 

Dissociation constant at 26"C:b 

Dipole moment (D) :a 

Parachor (cm") :c 

Molar xkfractioti (cm") :d 

Molar magnetic rotation :d 

Effective radius (A) ? 

Charge-transfer-to-solvent 
X- in crystals 2.04 1 -95 19 

A,,, of X- (p.m) N 200 'V 200 20 
Electronegativity of X :g 2-7 1 2.8 2 

spectrum:' 

Nucleophilic constant of S-,  1-58 1.51 

a More data on boiling points and dipole moments arc availablc which show the resemblance 
betwcen N, and Br (see the corresponding references). 

b T h c  large increasc in dissociation constant of acetic acid (K = 1.8 x 10-6) on substitution 
provcs the --I inductive effect of X. Thc  inductive effect of N3 lies bctwcen that of Br and 18. 

C Comparison ofpuruchorvalucs amounts to a comparison of molccular volumes a t  constant sur- 
face tension. The parachor playcd an important role in establishing thc linear structure of thc 
azido group. 

d The molar rr-ucfion [RJ and rnugncfic rofnfion [ M I  were mcasured with thc sodium D linc; the 
value of [R] for the azido group was derived from akyl azidcs. I n  phcnyl dcrivatives it increases 
to about 10.213. This rnults from conjugation of N, with the aromatic ring (opficul exultation 
effect); [A41 is related to thc Furuday efect (see refcrcncc 16 for a simple discussion, and refercncc 
18a for a recent revicw. 

c For discussion of the elFcctive radius of Ns7 in crystals see scction 1I.A. 
f For discussion of the chargc-transfer-to-solvent spectrum of h'c scc scction 1I.G. 
9 The electroncgativity of N, is bctwecn that of Br and  I (2.5). Thc h~lulliken scale is used herea. 
h En = E" + 2.60, where Eo is the clcctrodc potential; scc J. 0. Edwards, J. Am. Chcnr. SOL, 76, 

1540 (1954). 
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also capable of conjugation through their non-bonding electrons and 
thus can act as electron-donors, i.e. they exert a positive resonance efect 
( -I- R). When this m-interaction is strong the pseudohalide group 
may become colinear with the atom to which it is bound6. This 
resonance effect is responsible for the effect of the azido group on a 
benzene ring, its ortho-para orienting character and its activating 
influence on electrophilic substitutbn. 

A significant difference between halides and pseudohalides lies in 
the ‘unsaturation’ of the latter; they contain low-lying, unfilled 7r 
orbitals which can accept electrons. This puts them higher than 
halides in the spectrochemical seriesfo. 

The reducing power of the halide and pseudohalide ions increases 
in the following orderff: F-, NCO-, C1-, Ng, Br-, SCN-, I-. In  
this and other respects the azido group shows close resemb!ance to 
bromine (Table 1). 

The data recorded in Table 1 describe the behaviour of the azido 
group in its equilibrium nuclear configuration. However the main 
interest in this group lies in those properties which depend on changes 
in its geometry, its bending to form cyclic compounds7 and its disso- 
ciation to -N +N,. Obviously this has no parallel in the halogen 
series. 

B. Electronic Structure (Simplified Model) 

The general shape of covalent azides is shown in Figure 1. 

X 

I 
t 

L 

FIGURE I .  The geometry of covalent azidcs (L is the atom to which N, is 
bound; all the nuclei lie in the xz plane). 

As late as 1944 azides were considered to have the classical structure 
RN=NdV, namely with pentavalent nitrogen ,l. This picture has 
been completely abandoned as it is now generally accepted that nitro- 
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gen obeys the octet rule. 
keeping with the octet rule and the ' adjacent charge rule' 22 : 

One can write two canonical structures in 

Resonance of I and 11, with equal contributions, leads to bond order 1.5 
and 2-5 for the bonds N,-N, and Nb-N, respectively, in agreement 
with the values derived from force constants (section 1I.E). The 
formal charges on N,, Nb and N, corresponding to the resonance 
hybrid 1-11 are - 0.5, + 1 and - 0-5 respectively. In both structures 
the central nitrogen atom is quadrivalent. This is in accord with its 
relatively small nuclear quadrupole coupling constant 23, which 
indicates that the surrounding valence-shell electrons are nearly 
spherically distributed 24 (section 11.1). The non-integral bond 
orders indicate considerable delocalization of T electrons. The 
following simplified model 25*26 consists of both localized and de- 
localized molecular orbitals. 

The shape of a molecule is essentially determined by the spatial 
distribution of the CJ bonds, and these depend on the states of hybridiur- 
tion of the atoms. A simplified description of the valence states* of 
the three nitrogen atoms is given in Tabie 2 (only the L-shell orbitals 
are included). 

TABLE 2. Valence states of nitrogen atoms in RNnNbN, 

Lone pairs u Electrons n Electrons 

1. o bonds 

The sfi hybridization of the central Nb atom is responsible for the 
linear structure of the azido group. The cr orbitals of N, are assumed 
to consist of three non-equivalent hybrids produced from s, p z  and p x  : one 
with more pronounced s character, sSp, is occJpied by a lone pair of 
electrons, and the other two, pSs' and pSs", are involved in bonding N, 

* For a recent discussion of hybridization and valence states of nitrogen see 
reference 27. 
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to R and Nb, respectively. Notice that a pure sp2 hybridization would 
lead to a = 120". When the angle a widens, the hybridization 
should also approach s$. (This has been considered to be the case of 
phenyl azide; section 1I.C.) 

I n  this simplified picture No is assumed to be present in its ground 
state, using apZ orbital for a-bonding and an s orbital for the lone pair, 
but it is very probably also hybridized (see sections III.E.2 and 
III.F.l). A schematic picture of the a-bonding in the azido group is 
shown in Figure 2. (For simplicity's sake, the hybrids were drawn as 
equivalent .) 

FIGURE 2. The o-skeleton of azides. 

The nature of the a bonds may- be summarized as follows: 

R-N,:aR+6s' (a, is a u orbital of R) ; 

N,-Nb : f ISS"-Sp;  Nb-N,: S$-P (Or Sp-#SS).  

To each of these bonding molecular orbitals there is a corresponding 
antibonding u* orbital with relatively high energy. 

2. 7c Bonds 

(a) The p x  orbitals of Nb and N, can form a localized orbital (rx) 
which accommodates two electrons, and the corresponding anti- 
bonding rz which is vacant. (b) the pu orbitals of the three nitrogen 
atoms form three delocalized 7r orbitals, two accommodating four 
electrons and the third is a vacant antibonding orbital (7.r:). Of the 
two filled nu orbitals only one is bonding and the other is non-bonding 
(section 1.C). 

Figure 3 shows a schematic representation of the bonding n orbitals. 
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Lon 
pair 

FIGURE 3. The bonding x orbitals ofazides (the ( s & ) ~  lone pair is also shown). 

Here too the molecule is drawn in the plane of the paper. For the ry 
orbital this is a nodal planc; the continuous and dashed curve, 
represent the two parts of the orbital, above and below the molecular 
plane, respectively. 

3. Lone pairs 

According to this picture there are two lone pairs in the valence shell 
of the azido group, one in the 2s orbital of N, and the other in the 
SSP hybrid of N,. The latter is of special importance because its 
energy is higher and so can be more readily excited. 

A simple formula which conveys much information on thc bonding 

q- in the azido group is -N'=N: where the arc represents the 
/ 

delocalized 7r bond. Thus the central N atom is bound to its neigh- 
bours by two a, one localized 7r (rL) and one delocalized ~(r,,) bonds. 
The 16 valence electrons of the azido group (5 from each nitrogen and 
1 from R) are distributed as follows: 6 in the three a bonds; 4 in the 
two lone pairs; 2 in rL and 4 in the two nD orbitals (bonding and non- 
bonding). 

In  the azide radical N,N,N,, the valence states of N, and N, should 
be identical (approximately as that of N, in Table 2). The p x  
orbitals too can now be involved in three delocalized r orbitals, and 
together with those off, will form three degeneratepairs of m,, : bonding, 
non-bonding and antibonding, respectively. I n  the azide radical the 
bonding and non-bonding pairs are occupied by 7 electrons, but in the 
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azide ion, N;, they are completely filled. A simple formula for N; 

is: :N-N-N: (Again, the non-bonding nD orbitals are omitted.) 
- - 

Thus the central atom in N; is bound to its neighbours by two u 
and two wD bonds. 

Finally, it should be mentioned that thc structures outlined above 
are oniy used for conveniencc. In  the total antisymmetrized wave- 
function (a Slater determinant, section 111) the distinction between 
different states of hybridization disappears. Thus by proper trans- 
formation (keeping the total wavefunction unchanged) we can replace 
the two a-two rD molecular orbitals of"; by four equivalent banana- 
shaped orbitals3 (see section III.F.l). (In the latter picture the central 
nitrogen atom may be regarded as bcing in a hybridization state which 
resembles sp3.) This transformation is similar to that employed for 
the nitrogen and acetylene molecules, where the three urz bonds can 
be replaced by three equivalent bondsz9. 

C. Primitive H uckel-type Calcrilutions 

It is interesting to subject the azido group to a simple theoretical 
treatment based on the Huckel approximation*. More refined 
treatments will be discussed in section 111. 

In the azide ion, the rX and nu systems are identical; both can be 
written as linear combinations of three p orbitals, e.g. 

(and the same for rx) . In the primitive treatment we assume that the 
Coulomb integrals of the three nitrogen atoms are identical (i.e. a, = 
a, = a,: this cannot be true; owing to different formal charges the 
Coulomb integral of N, must be different from that of the marginal 
atoms). We thus set the following secular equations for each r system: 

a(a - E) + b/3 
aP + b(a - E)  + CP = o  (2) 

bP 

= o  

+ c(a - E )  = 0 

and the corrcsponding secular determinant 

* The Huckel approximation has already been discussed in this series (see 
references 27 and 29). The notation used here is the usual: a and f i  designate the 
Coulomb integral and resonance intepal ,  respectively. 



a - E  i3 0 

/I a - E  p 
0 a - E  

TABLE 3. Energies and cocficients of the .rr-molecular orbitals of N; a 

= o  (3) 

LCAO coeficicnts of molecular orbitals 

Orbital Orbital energy a b C 

~~~~ ~~ ~ 

7rx,y (bonding, deloc.) a + v72p 1 /2 dT12 112 
7rx,y (non-bonding, deloc.) a 4212 0 - 4212 
r:, (antibonding, deloc.) u - dF/3 112 - d T p  1 12 

~~ 

O flascd on tlie assunptioii c;fa single valuc for the Coulomb intcpral, a. 

In  the ground statc of N; the first two levels (each doubly de- 
generate) are occupied by 8 electrons, and the third level (also doubly 
degenerate) is vacant. 

In covalent azides the rY system of N3 can be treated similarly, but 
here the foregoing approximation is evcn more primitive : owing to the 
asymmetry of the azido group (the distances N,-N, and N,-Nc are 
different), the resonancc integrals of the bonds N,-N, and Nb-Nc 
should be different and a, # ccb # a,. If we still persist in using the 
same approximations, we can use Table 3 for the .rry system of N,. 

The 7rS system of the azido group can be written as linear combina- 
tion of the two p x  orbitals 

(4) 7T.V = b!,(b) + C P m  

The secular equations are now: 

b(U - E )  + cp 

bk? 

= o  
+ c(cr - E )  = 0 

and the secular determinant : 

(5) 
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The solutiom for thc rx system together with those for ry are 
summarized in Table 4. 

TABLE 4. 

All the levels are non-degenerate. 

Energies and coefTicients of the n-molecular orbitals of thc azido 
group 

LCAO coefficients of molecular orbi:als 

Orbital Orbital energy a b C 

my (bonding, deloc.) a + 1/2p 112 q 2  2 12 

n.= (bonding, loc.) a + P  0 4212 d2 /2  
nY (non-bonding, dcloc.) a d2/2 0 - d T / 2  

n: (antibonding, loc.) a - P  0 dqz - 4212 
n: (antibonding, deloc.) a - 1/2P 112 - 1 / 2 / 2  112 

Based on thc assumption of single vhlucs for (I and 8. 

The electronic charge densities qv associated with any atom v can be 
calculated by summing up the squares of the coefficients for this atom 
in the various molecular orbitals i, each multiplied by the number of 
electrons, ni, in the corresponding orbital: 

QV = 2 n t e i  (7) 

The bond order Puv associated with a bond between atoms p and Y is 
evaluated by the expression 

P u v  = 1 ntcviciti (8 )  
1 

Using Table 4, wc can draw Figure 4 to illustrate the formal 

- 0.5 + l  - 0.5 
N, Nc 

0.707 1 -707 /" 
F I G U ~ E  4. Primitive diagram of formal charges and bond orders of the n 

system in the azido group (based on single values for a and B). 

charges and bond orders of the r system in the azido group. 
first three orbitals are doubly occupied and the rest are empty.) 

(The 
The 
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formal charge is calculated as thc number of electrons contributed to 
the w system by the atom Y (see Table 2) minus qV. 

The overall bond orders are obtained by adding 1 to each r-bond 
order shown in Ficeure 4, to account for the single (T bond between two 
neighbourlng atoms. This leads to: P(N,N,) = 1.707 and P(N,N,) 

Our primitive calculations have led to the same distribution of 
formal charges as that of the resonance hybrid (section 1.B). 

Besides the r orbitals, it is important to discuss the ssp lone pair 
(section 1.B). Assuming that the orbital is one of three equivalent 
sp2 hybrids, i.e. 

(9) 

(ssp etc. designate the wavefunctions), we obtain for the energy of sap: 

(10) 

E is the Hamiltonian operator for the nitrogen atom (the usual 
notation for the matrix-element of the operator is used here) ; eS and 
eP are the energies of the atorriic orbitals 2s and 2p of nitrogen, 
respectively. 

Figure 5 shows schematic energy leuel dirzgrams for those molecular 
Orbitals which are involved in the ultraviolet spectra of Ng and co- 
valent azides. 

Comparing the levels of N; and RN, we can consider the effect of 
the off-axis R group as apertttrbation on the azide ion, which reduces 

= 2.707. 

ssp = 4 s  + l q p  

E ( s @ )  = (SSP I H 1 sap> = +eS + -$eP 

4. 
7% 

"X.!,(,-tll) - antibonding 

n: (a") 
n z . Y ( . ? g )  antibonding __ non-bonding {- Z: (a') 

T Y  (a") non-bonding 

lone pair s&qq- 

RN, N, 
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the symmetry from Dmlr (for N:) to C, (for RN,) g. Such perturba- 
tion should split the doubly degenerate n- orbitals of N; each into two 
orbitals, one symmetrical (a’) and the other antisymmetrical (a”) to 
reflexion in the plane of the molecule. Considering the local symmetry 
around the linear aziclo group, they are the localized rX (and sSp) 
and the delocalized n,, orbitals, respectively (Figure 3). 

D. Bent Structure of the Azido Group 

Roberts 30 considered the following structures of RN,* 

I I I  I l l  
Q- s 0 S 

N,- N,=N:~ N v : d  
/ \ N /  Kp 

R 
/ 

R 

The delocalized n systems of I are similar to that of N; (Table 3), 
while I1 and I11 have the Eon-degenerate delocalized orbitals shown 
in Table 4. 11, which also contains a localized T orbital, is the real 
structure of RN3 and so must bz the most stable. 

The total n- energies of the three structures are: 

I: 8a + 5.668; 11: 6a + 4.838; 

The n- energy of I is obtained from Table 3 :  4(a + d?j?) + 4a; that 
ofIIfromTable4: 2(a + 2/28) + 2(a + /3) + 2a; thatofIII: 2(a + 
&!8) (for the delocalized T) + 2a (for the lone pair in the# orbital). 

If the n- energy were determining the stability of the molecule then 
structure I should be the most stable. However, the stability of the o 
skeleton increases from I to 111; this results from rehybridizations of 
N, and N, which are not associated with changes in the number of o 
bonds. Since the 2s orbital lies below the 2p orbital (e, - eS = 
10-2 eV) it should be used as completely as possible. This is achieved 
when the orbital is occupied by a lone pair, since when it participates 
in a bond it is only partly used (the rest is wasted in the corresponding 
antibonding orbital). When the nitrogen atom changes its hybridi- 
zation state from sp to sp2, it gives rise to a new lone pair, which is 
housed by an orbital with high s character; this results in stabilization 

’$ Roberts considered all the lone pairs to occupy 2s or 2 p  orbitals (as in 111). 
Here we give a more plausible picture, where 0 represents a lone pair in a 584 
hybrid. 

111: 4a + 2.838 
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of the cr skeleton. Denoting the corresponding energy change by Q, 
the energies associated with both the w systems and hybridization 
changes become : 

I: 8a + 5.66/3; 11: Ga -I- 4.838 + Q; 111: 4.a + 2.838 + 2Q (11) 

Now, since I1 is the most stable structure we conclude that 

1.e. 
8a + 56GP > Ga + 4-838 + Q < 4a + 2.838 + 2& 

2a + 0.8313 > Q > 2a + !2/3 (a and 8 are negative) 
Assuming that Q lies in the middle, Roberts30 obtained: 

Q = 2a + 1.4j3 

Inserting this value of Q in equation (1 1) we get: 

I: 8a + 5.66p; 11: 8a + 6.23b; 

Thus only a loss of - O-GP is involved in bending the linear configura- 
tion to an angle of - 120". /3 for N-N bonds falls in the range of 
10-30 kca130; therefore the bending energy cannot be considerably 
higher than -20 kcal. This has an important bearing on the 
chemistry of azides7. 

111: 8a + 5*63/3 

E. Some Data on Nitrogen Atoms und N-PJ Bonds 

€PUP* 
Table 5 contains some useful data for the discussion of the azido 

TABLE 5. Some data on N atoms and N-N bonds 

Valence statea energy, Valence statea Energy, eV 

1-18 
2-92 
7-70 
9.19 

12.69 
14-23 

15.02 
2 1.79 
23.20 

23-61 
24-25 
26.18 
26.64 
28.57 
53.54 
58-84 
0.32 
6.48 

12.65 

a S,x,Y,Z,d,,dZ,r~,t2,13 designate tl!e orbital 2s, the three 21, orbitals (fit, etc.), the two digonal 

These data were taken from references 31,32 and 
and threc trigonal hybrids, rerpectlvcly. 

33. 
The reference state is the ground state of N. 
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TABLE 5.-con~itz~ied 

Orbital electronegativityc 

p orbital in N(s2qz) 7-39 
f i  orbital in N(l&,t3y) 7.95 

trigonal hybrid in iL'(t?/&) 12.87 

Bond energyz7 Bond length3 Force constant34 
Bond kcal/molc A md yne/A 

N-N 39.0 1 *45 22.79 
N=N 101.0 1.25 12-79 
N=N 225.8 1.10 3.59 

Thc orbital electronegativity (as dcfincd by hlulliken) is half thc sum of thc ionization potcn- 
The clectroncgativitics were taken from reference 27, which ;-.lso ti31 1 and tlic electron affinity E. 

includes information on I and E. (Scc also J. E. Huhcey, J.  Phys. Chcrn., 70, 2086 (1966).) 

I I .  SOME STRUCTURAL PROPERTIES O F T H E  AZlDO GROUP 

A. Geometry 

to the equilibrium configurations) of several azides. 
data concerning inorganic azides see references 1 and 2. 

Table 6 records interatomic distances and RNN bond angles (pertaining 
For some earlier 

TABLE 6. Interatomic distances and bond angles in RN,NbN, 

N,-Nb 
/ 

A i d Angle Method Ref. 
h i d e s  N,-hTb Nb-N, K-N, R 

N3 (azide radical) 1.1815 

N, (in Ba(N3)Ja 1.166 

HN3 1.133 
f 0.002 

f 0.002 

* 0.01 
CH3N3 1.12 

C3NI2 (cyanuric 1.1 1 
triazide) 

1-1815 - - 

1.166 - - 
& 0.002 
1.237 0.975 114" 8' 
& 0.002 f 0.015 30' 
1-24 1.47 120 
f 0.01 3- 0.02 f 2" 
1-26 1 -38 114" 

Ultraviolet 35 

Neutron 36 

Microwave 37 

Electron 38 

spcctroscopy 

diffraction 

spcc troscopy 

diffrac Lion 

diffraction 
X-ray 39 

, -- 
a N--N distanccs scattered around 1.17 0.01 were rcportcd for hN3, LiN, and S I ' ( N ~ ) ~  

[C. E. Pringle and 2. E. Noakcs, Acfa Cryst., 24l3, 262 (1968)]. 
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The N3 group is linear. (A recent value for the NNN angle in 
Ba(N,), crystal is 179.7 If: O S ~ ~ ~ . )  This is in agreement with the 
correlation diagram of Walsh40 which predicts that AB, or BAC 
molecules with 16 or less valence electrons should be linear in their 
ground states. (See section 11I.C.) The azide radical and N; are 
symmetrical. The N-N distance in the radical is only 0.015 A longer 
than in N;. The two molecules diKer in one non-bonding electron 
(sections 1.C and 1.D):. and this is expected to have little effect on the 
bond properties. 

As a first approximation, N; can be considered as an ellipsoid of 
revolution with major and minor semi-axes, 2-54. and 1.76 A, respec- 
tively 19. For thermochemical calculations (e.g. crystal energies and 
hydration energies), N; may be approximated as a sphere with 
effective radius 2-04 A19*41. 

I n  covalent azides the N3 group is asymmetric, the N,-N, bond 
being considerably longer. The geometry of HN3 has been accurately 
determined by microwave spectroscopy 37. The primary data consist 
of three moments of inertia of the molecule and its isotopic species. 
HN, is a planar asymmetric rotor. The positions of the atoms in the 
principal-axis system are shown in Figure 6; the co-ordinates x and z, 
respectively, are (in A): H: +0-8151, -1.5922; N,: -0-0605, 
-- 1.1636; N,: -0-0184, +0-0730; N,: +0*0202, + 1.2052. 

FIGURE 6. Positions of the atoms in the principal-axis systcm of €IN3. 

Microwave spectroscopy has also supplied useful information on the 
centrifugal distortion constants (section ,II.E) and nuclear quadrupole 
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coupling constants (section 11.1) of HN,, on the electric dipolc- 
moments of HN, and CH3N3 (section II.C), and on the internal 
rotation potential barrier of CI-I,N, (section 113). 

By plotting the lengths r of N-N bonds (Table 5) against the corres- 
ponding bond-orders P and interpolating, the bond-orders of N a-Nb 
and Nb--NC in HN, were determined as close to 2 and 2-8,respectively3. 
These are appreciably different from the values derived from force- 
constants (section 1I.E). However, P-r correlations should be 
handled carefully, since bond lengths largely depend on the states of 
hybridization of atoms. Thus an s - s p 2  bond (as in N,-N,) should 
be shorter than an sp3-sp3 bond (closely represented by H,N-NH,). 
Orville-Thomas 26 has pointed out that no unique bond-length-bond- 
order curve exists for pairs of atoms, unless the states of hybridization 
of the two ztoms remain the same for a series of compounds. He 
defined a u skeleton parameter y = A/sAsB (where S, and sB are the s 
character of the atomic orbitals joined to form the u bond) and has 
shown that for bonds with the same y there is a linear relation between 
length and order. There is insufficient data for plotting such P-r 
curves for the N-N bonds. Still, we can conclude that the N-N 
distance in Ng must be longer than that of Nb-Nc in RN,; the 
a-bonding in both cases is close to sp-p but the bond-order of Nb-Nc 
is higher (section 1.B). This argument rules out some previous data for 
the length of N-N bonds in ionic a z i d ~ s ~ ~  and is supported by recent 
results (Table 6). Most theoretical treatments of N; have been based 
on the low value length 1.12 A and should therefore be corrected (see 
section 1II.F. 1). 

Contrary to previous views lv2 recent investigations of heavy metal 
azides have revealed the presence of both symmetric and asymmetric 
azidc structures. Thus in addition to the symmetric ions, crystals of 
Ba(N,)2 contain groups with lengths 1.157 and 1~178A~~. In  
cr-Pb(N3)2, four different types of azide structure were detected, with 
one exhibiting high asymmetry (1-193 and 1-160 A) 43. Therefore, if 
disparity in bond-lengths is indicative of covalency, then covalency 
plays a prominent role in these azides. 

B. Some Thermodynamic Data 

The heats offormation of various azides were determined from their 
heats of combustion and decomposition (some of the data are collected 
in reference 1). The heats of formation of HN,, cyclopentyl azide and 
cyclohexyl azide were compared with those calculated for the canoni- 



1. Gcncral and theoretical aspects 17 

cal structures RN-N-N (I) and RN-N=N (XI), in order to 
determine the resonance energy of the azido However, the 
calculated values for I1 appear to be too high for cffective resonance 
between I and XI. The N A N  bond encrgy used for this calculation 
is that of molecular nitrogen, which is abnormally high46 (see section 
1IX.G). Relative to structure I, resonance energies of 30, 41 and 45 
were calculated for HN,, C,H9N, and C,H,,N,, r e s p e c t i ~ e l y ~ ~ . ~ ~ .  
The primitive Huckel-type of calculation (see section 1.C) yields for 
structure I (which consists of two localized 71 bonds and a lone pair in a 
p orbital) a 71 energy of Ga + 48, namely 0.838 less than that of the 
resonance hybrid (section 1.D). Comparing with the empirical 
resonance energy (average: 39 kcal) we can estimate: PNN N 47 kcal, 
which is higher than the accepted values (10-30 kcal'). 

The chemistry of covalent azides is primarily determined by the 
exceptional weaknss: of the RN-N, bond: they most readily de- 
compose to yield N, and RN (nitrenes). Table 7 records the bond 

TABLE 7. Bond dissociation encrgics of some azides (in kcal/mole)a 

Compound D(R-IV3) D(RN-N,) Method Ref. 

HN3 

CH3N3 

NCNS 

Ct3H5N3 
Cyclopentyl 

azide 
Cy clohexyl 

azide 

90 t 8 9 2 c Thermal emission of N, 

88 & 8 

96 f 2 7 f 2 Threshold energy of 

from heated filament 
in gaseous azide 
(magnetron cell) 

photodissociaiion in 
vacuum U.V. 

Computed from heats 
of formation of RN3 
and R 

84 k 5 

74 * 7 

80 k 7 

47 

48 

43 

a Some earlier data arc collcctcd in reference 1 .  
b Apart from NCN, the data are bascd on the value 70 kcal for the clcctron affinity of AT,. 

actual electron affinity of N3 may be somcwliat higher than the value used; see section 1I.G. 
The 

From the appearance potential of N: produccd by electron 

dissociation energies of some azides and the methods used for their 
determination. 

The C L N  dissociation energies, computed from thermochemical 
data, show a considerable scattering, which is probably due to errors 
in MH, of the organic azidesl. D(H-N,) and D(C--N,) lie close to 
that of other single bonds between the same atoms but somewhat 



18 A. Trcinin 

higher. [D(NH) = 84 ? 3 k c a l / r n ~ l e ~ ~ ,  D(C--N) = 73 k~al/mole"~]. 
This may reflect the pas state of hybridization of the nitrogen atom 
(section I.B), with more s-character than that of N in amiiies or 
ammonia*. On thc other hand the RN-N, bond is unusually weak, 
which again reflects the abnormal stability of molecular nitrogen. 
However the activation energy for dissociation is appreciably higher, 
since spin conservation rule requires the dissociation to excited 
nitrcnes ' v 2 .  

Table 8 rccords some thermodynamic data on the azide ion and 
the azide radical. Thc mcthods used for their determination are des- 
cribed in the corresponding references. 

TABLE 8. Thermodynamic data on N; and N3 (per molc) 

Hydration Entropy Electron 
eneqy (gas) aflinity 

Molecule kcal cal/dcg kcal 

C. Electrical Dipole Moments  

The most precise information on dipole inoments can be derived 
from the effect of external electrical ficlds on the rotational spectra 
(Stark egkct). For HN, and CH3N3 in their lowest vibrational states 
the following dipole components were determined: HN,: pa = 

(1.0 (pa and pb are the components in the directions of 
the principal axes a and b; see for example, Figure 6). 

The overall dipole moments of many covplent azides were obtained 
from measurements of the dielectric constants of their benzene solu- 
tions by thc heterodyne beat method (Table 9). 

(0.847 2 0.005) D52; CHSN,: (pJ2 = (3.53 f 0.06) D2, (pb)2  = 
1.0) D2 53. 

* However the C--N distance in CH3N3 (Table 6) is the same as in 
CH31'iHo30. 
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TABLE 9. Elcctrical dipole moments of organic azides 

Compound P Compound P 
RN3, R = (Debye) Ref. RN3, R = (Debye) Ref. 

C2H5- 2.13 13, 54 o-BrC6H4- 2.25 54 
CyClo-C&Hg- 2.27 7 m-Brc6H4- 1 -40 54 
CyClo-C~H~~- 2-37 7 fi-Brc6H4- 0.02 54 
CH2=CH-CH2- 1.92 13 o - N O ~ C ~ H ~ -  4.45 13, 54 
HOCHZCH2- 2.48 13, 54 n1-iV02C6H4- 3.54 13, 54 
CH3 CO CHZ- 3.64 54 fi-NOzCeH4- 2-90 13, 54 
-COOCH3 1-73 13 2,4-(NO2) 2CeH3- 2.66 13 
-CH2COOC2H, 2.79 13 CGHSCO- 2.60 13 
c~H5- 1.44 13 I-naphthyl- 1 a36 13 
o-CJ&C~H~- 1-39 54 2-naphthyl- 1.60 13 
m-CH3CeH4- 1 -75 54 1 -Nitro-2-azido- 
P-CH3C6H4- 1.90 54 naphthalene 4.44 13 
O-ClC6H4- 2.37 54 1 -Nitro-4-azido- 
m- C1 C 6H4- 1 a45 54 naphthalene 3-12 13 
fi-C1CI3H*- 0.0 1 54 8-Ni tro-2-azido- 

naphthalene 4-59 I3  

The organic azides have moments close to the corresponding 
bromides and chlorides. (This is reflected in their close boiling points, 
Table 1 .) The dipole moments of substituted phenyl azides show that 
the azido group has a dipole with negative pole directed away from the 
ring (ix. negative group moment like that of the halogens). The 
results were interpreted as indicating that in aryl azides the C--N-N 
angles are not close to 120" (as in CH3N3 and HN3; Table 6)  but 
considerably wider. Thus in p-chloro- and p-bromophenyl azides the 
group moments nearly cancel each other (Table 9). A C-N--N 
angle close to 150" was calculated in order to account for the moments 
off-tolyl, p-chloro andp-nitro azides14. Some .rr-bonding of the azido 
group to the ring, with negative charge flowing from the lone pair to 
the ring (section I.A), might explain this angle widening. As in the 
case of the halogen derivatives, because of this charge flow the reso- 
nance effect can also explain the lowering of moment when the azido 
group is attached to a benzene ring (compare ethyl and phenyl azides 
in Table 9). A similar resonance effect was also considered in the case 
of vinyl azide and methyl azidoformate 55. However i t  must be realized 
that the behaviour of para- substituted azides can only prove that the 
dipole moment of phenyl azide is oriented nearly along the CN line, 
but this is not necessarily the orientation of the azido group. As to the 

2-kC.O.A.C. 
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reduction of moment on replacing the alkyl group by an aromatic ring, 
we must consider the hybridization moment, which reflects the effect of 
hybridization on the electronegativity of the hybrid orbital. On  
going from C2H5N3 to C6H5N3 the bond changes from C(sp3)- 
N( -sfi2) to C(sp2)-N( -s#") (assuming no change in the state of N) 
and so negative charge will flow from N to C (owing to the increase 
in the electronegativity of C). 

Hybridization effects should also markedly affect the overall dipole 
moment of the azido group. Thus the N-N bonds should possess 
dipole moments since the two nitrogen atoms are in different hybridi- 
zation states (section 1.B); moreover, the dipoles of N,-N, and 
Nb-N, may be different and so nct necessarily cancel each other out 
as in the simple resonance picture (section 1.B). Hybridization is also 
responsible for atomic Clipoles of lone pairs. Thus the sSp lone 
pair of N,, directed at -120" to the azido group may contribute 
much to the overall dipole. (If the terminal nitrogen atom is also 
hybridized, we should also consider the atomic dipole of its lone 
pair.) 

Favini 31 carried out calculations on the charge distribution and 
dipole moments of HN3, C6H5N3 and para-substituted phenyl azides. 
His separation of the total moment into a (T moment and a r moment is 
questionable (for a discussion of this point see reference 56), and the 
contributions of lone pairs and polarization effects were not analysed. 
Still it is interesting to note that he could account for the experimental 
dipole moments by assuming that in phenyl azide the CN,Nb angle 
is 120". The (T moment of the azido group was calculated as 1.35D, 
directed towards N,, but this is outweighed by the r moment in the 
opposite direction. Altogether the overall moment of the azido group 
is rather low : almost all the m.oment of phenyl azide was attributed to 
the C-N bond (31,44). This is in accord with the simple resonance 
theory (section 1.B). 

The structure of phenyl azide should be determined in order to 
resolve the problem of bonding in aromatic azides. 

The dipole moments of substituted phenyl azides were calculated by 
vector addition of the group moments, assuming that the substituted 
groups are colinear and lie in the plane of the ring54. Significant 
discrepancies from experimental values are displayed by ortho deriva- 
tives, where mutual induction between the close polar groups should 
occur (ortho effect). I n  nitro derivatives a more extended type of 
interaction was postulated to account for the discrepancy shown by the 
fara compound 64. 
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D. Vibration Spectra 
1. M; and N, (azide radical) 

These molecules possess three fundamental vibration frequencies : 
two bond stretching (symmetric v, and asymmetric vas) and one doubly 
degenerate bond bending vibration, vb (Figure 7). Thc symmetrical 

+ N  N N + "s 

FIGURE 7. The fundamental vibration frequencies and bond-stretching force 
constants of molecules like N; or N3. 

stretching v, is infrared inactive, but changes in the symmetry of N; 
under the influence of neighbouring ions can somewhat relax this 
forbiddenness. Such efikts can also remove the degeneracy of the 
bending vibration, which consequently splits into a doublet. vs is 
readily observed in Raman Spectra but it can also be analysed in the 
infrared as a component of combination ciands1*57*58*69. 

A binary combinntion bandis due to a transition in which two vibrations 
change by one quantum. In a summation band each vibration gains 
one quantum: vS-= v, + vk, where v, and v k  are the combining 
frequencies. If the initial state of the molecule is not the vibrationless 
ground state (e.g. v, is singly excited in the initial state) the two vibra- 
tions can combine to yield a difference band, vdiff = vk - vt, provided 
v, > v,. Normally difference bands are much weaker than summa- 
tion bands owing to the Boltzmann factor e-lrv:lkT. In  general com- 
bination bands are weaker than the fundamental bands, since like 
overtones their occurrence is due to anharmonicity of the vibrations. 
Still they may be quite intense and in this way inactive vibrations 
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when coupled with other vibrations can yield active combination 
bands. Thus although v, is forbidden, its combinations with vb and 
v,, are significant bands in the infrared spectra of N;*. 

In  ionic azides the vibration frequencies show little dependence on 
the nature OF the cations, with va - 1350cm-l, v,, - 2050 cm-l and 
v,, - 650 cm-l. The overtone 2v, is only 80 cm-l behw the funda- 
mental v,, and therefore-as observed in the Raman spectra-‘mixing’ 
of 2v, with v, can occurB8. 

The azide radical can be produced from N, by removal of one 
electron from the non-bonding 7r orbital 6o  ; therefore its bond lengths 
and vibration frequencies are expected to be close to that of N; (see 
section 1I.A). Tlie ground-stare bending frequency of N3 is 500 +_ 
50cm-l 35. 

2. Covalent azides 

In  covalent azides, RN,, thc N, group usually displays characteristic 
group frequencies, which are rather close to that of N; . The effect of 
R can be considered as a perturbation which rcduces the symmetry 
of the N, group (see section 1.C). This has the following effects: (a) 
The vibration correlated with the symmetrical stretching (the so- 
called < pseudosymmetrical’, abbreviated to ‘ ps ’) becomes infrared 
active; (b) the degeneracy of the bending vibration is often removed 
and the corresponding band splits into two components; (c) the 
lowering of symmetry (relaxation of selection rules) and increase in the 
number of molecular vibration modes, together give rise to higher 
probability of interaction between accidentally degenerate vibrational 
levels (Fermi resonance). Thus in many azides v,, is close to the 
frequency of some combination tone or overtone and this often leads 
to Fermi rssonance, which is reflected in the splitting of the v,, band61. 
Many organic azides display two weak bands at about 3.100 and 2500 
cm-l 62. The former was ascribed to the combination band vps + 
vEs, and thc lattcr to the overtone 2vp,. Interaction between ups and 
the overtone of the bending vibration also occurs in some cases63. 

Tlie infrared spectra of HN,64 and CH3N365 have been studied in 
detail. Information is now available on the frequencies of N, in 
many organic azides; some representative data are collected in Table 
10. 

The azido group is characterized by the strong asymmetric stret- 
ching band (vJ near 2100 cm-l (Table 10). (In aliphatic azides the 
integrated in1eizsity of the vag band is - 4-5 x lo4 M - ~  cm-2 61.) The 

This is an eszmple ofFermi Resonance. 

0 In crystalline azides combinations with lultice modes also occur. 
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TABLE 10. The azido group frequencies" 
~~ ~~ 

Combination 
bandb or 

vb overtone Ref. RNS, R = I'ns VPS 

2140 
2090 
2135' 
2096 
2088 
2110 
2130' 

2141, 2179 
2 160 

2160, 2200 
2121, 2098 
21 13, 2091 

2095 
21 10 
2149 
2100 
2093 
2046 
2113 

1274 
1270 
1297 
1288 
1297 
I287 
1295 

1237, 1251 
1217 
1225 
1232 
1223 
1250 
1261 
1308 
- 
- 
1261 
1286 

- 
3450, 2530 
3320, 2550 
- 
- 
- 
- 
- 
- 
- 

2440, 2396 
2420, 2370 
2475, 2400 - 
- 
- 
- 
- 

2111 etc. 

64 
62 

62,61 
66 
66 
66 
61 
63 
63 
63 
63 
63 
63 
67 
67 
67 
67 
67 
61 

a The samples were run as CC1, sdutions, liquid films or Nujol mulls. For othcr bands of these 
and other compounds see rcfcrcnces 61-67. 

The combination bands may involve frequencics of R or the bond R-N. 
These bands display splitting. 

bending frequency around 650cm-1 is generally weak. In  most 
cases when vas splits the spectrum also shows a combination band or 
overtone with frequency close to vaSG1. 

Ofspecial interest are the azides (C6H5)3m3 where X is an element 
of group IVB. The Si compound has the highest vns; this was ex- 
plained in ternis ofp-d m-bonding between Si and N, in agreement 
with the relatively high thermal stability of the compound. On the 
other hand, vaS of (C6H5) ,PbN3 is remarkably low (close to that of Ng ), 
and this suggests a high degree of ionic character67. 

The variation in frequencies and integrated intensities of the N, 
bands were discussed 61 in relation to the nature of the radical R. The 
azide group was considered to act either as a donor or acceptor of 
electron (section LA), depending on R. (However the variation in Y 
is small compared to the scatter of results in literature.) The con- 
ditions for Fermi interaction appear to be hindered by a barrier such 
as Fe atom in ferrocenyl azide. 
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E. Force Constants 

In  a Linear ttiatomic molecule, the two parallel stretching vibrations 
can be characterized by three force constants (Figure 7) :fi andf, are 
the bond-stretching constants and fi2 is a bond-bond interaction force 
constant which accounts for the fact that vibration of one bond affects 
the other. In  this case the stretching and bending vibrations belong 
to different symmetry species and therefore can be treated separately. 
The force constants can be determined from the values of the stret- 
ching frequencies of the molecule and its isotopic modifications. (The 
force constants remain thc same in isotopic molecules.) Another 
relation between the three force constants can also be derived from the 
centniugal distortion constants, which represent the extent of molecular 
distortion caused by rotation and reflected in its rotational spectrum26. 
The values of these constants for HN, and sonic of its isotopic modifi- 
cations are given in reference 53. 

The importance of bond stretching force constants is that they mea- 
sure the strength of chemical bonds and therefore can be related 
to bond length r and bond order P. A useful relation between these 
properties is given by Gordy’s equation 68 

f(AB) = 1*67P(AB) ( 5+)3’4 7 + (3.3 

where XA and X, are Pauling’s clectronegativity values of atoms A 
and By respectively; f is measured in millidynes/A. 

Table 11 records force constants and calculated bond GidCrS in 
several azides. (f(N,N,/N,N,) is the bond-bond interaction force 
cons tan t . ) 

TABLE 11. Force constants f (in mdyne/A) and bond order P in RN,NbN, 

N3 - 13.7 -2.0 13.7 -2.0 - 1.7 1 
HN3 6.2 10.1 1.58 17.3 2-4 1.74 25 
CH3N3 4.5 9.4 1.50 17-3 2.4 - 25 

The bond properties of N3 in HN, and CH,NS appear to be similar. 
The non-integral bond orders and the considerable positive interaction 
force constant ( -  1-7) are indicative of charge delocalization. The 
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force constant f(CN) = 4-5 mdyne/A is typical for o-CN bond 
(4.6 mdyne/A for CH,NH, 25) .  

Somewhat different force constanks were assigned to N; and HN, 
by D. R. Conant and J. C. Decius (S'cctrochim. Ada, 22A, 293 1 (1967)). 

F. internal Rotution unci Wyperconjugution 

A vibrational degree of freedom may be replaced by internal rotation 
(torsion) around a o bond. In  this case the microwave spectrum of the 
molecule is modified by torsion-rotation interaction. By studying 
this effect on the rotational spectrum, the internal rotation potential 
barrier can be determinea. The hindering potential of CH,N3 was 
found to be: V3 = 695 & 20 ~ a l / m o l e ~ ~  (the subscript 3 stands for 
the 3-fold axis of the hindering potential). The potential is rather 
small but is not smaller than the value expected from a hyperconjugation 
effect 69. 

There is no evidence for 7r bonding between methyl (or methylene) 
group and N, in azides, i.e. for hyperconjugation. CH,N, and 
CH3NH2 hardly differ in their C.N distance (See section 1I.B) or force 
constant (section 1I.E). However Ladik and Messmer70 presented 
some kinetic evidence for hyperconjugation in benzyl azides (its pro- 
nounced stability toward hydrolytic reactions) and carried out a 
Huckel-type calculation to evaluate the hyperconjugation energy. They 
obtained the following order for the interaction of CH, with various 
groups bound to it: N, > CH, > phenyl>> C1, with CH2N, having 
hyperconjugation energy of O.l8/3 ( p  stands for the resonance integral 
between two carbon atoms in benzene). 

As in other cases, here too thz role of hyperconjugation is still 
uncertain. 

G. Electronic Spectra 

detail. 
reference 9). 

1. The azide ion 

In molecular orbital language the elcctronic configuration of the 
first excited states of N; is . . . (7rg),rU. (To simplifjr the discussion the 
orbitals bclow rg were omitted; see Figure 5.) As in the case of COz, 
this configuration should give rise to three singlet states: 'Au, lz; and 
'2:u'". Transitions to these states should be responsible for the 

The absorption spectra ofN;, HN, and 72-amylazide were studied in 
Figure 8 shows their U.V. spectra above 180 nm (adapted from 
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FIGURE 8. ‘The clectronic absorption spectra of n-amylazide gas (a), HN3 gas 
(b) and NaN, in aqueous solution (c) (adapted fiom reference 9). 

lowest singlet+singlet transitions. Of these only the lIz t.1” 
transition is fully allowed. In  addition, the relative low ionization 
potential of N; should lead to an allowed low-energy electron transfer 
process with N; acting as the donor. I n  solution the polarized 
medium around the ion acts as electron acceptor and so a charge- 
transfer-to-solvent (CTTS) transition occurs with hv close to that of 
Br- 41. 

Much work has been conducted on the U.V. spectra of azide crystals 
but this has been reviewed at  lcngth1V2. I n  aqueous solution the 
spectrum of N; reveals a t  least two bands (Figure 8) : one appearing as 
a shoulder at  about 230 nm with emsx - 400 M - ~  cm-l  and the other, 
much stronger, peaking at - 190 nm. In acetonitrile the spectrum 
reveals a third band which may be concealed under the 190 nm band“. 
By studying the effects of environmental changes and by comparing 
the spectrum with that of azide crystals and that of other isoelectronic 
molecules, the three bands were related to the following excited states 
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(in the order of increasing energy) : lAU(lBz), CTTS state and '2: 41. 

The 230 nm band was correlated with the weak 225 nm band of 
crystalline alkali and alkali earth azides, which displays i? vibrational 
structure 41*72. The corresponding excited state being the lowest 
excited singlet, plays a major role in emission and photochemical 
processes. I t  is probably bent, as indicated by the large Stokes shift 
of the crystal f luorescen~e~~. The assignment of this state to lAu(lBz) 
has been recently questioned and a '2; state was proposed instead9. 
There is no convincing evidence for this or the other assignments, but 
the assignment of the strong 190 nm band to the forbidden IAh, f- 
transition seems unlikely. The latter behaves, both physically arid 
chemically, as a CTTS band41e7,. 

The CTTS state gives rise to solvated electrons, a reaction which 
competes with fast internal conversion to the first excited singlet73. 
In  charge-transfer complexes with an electron acceptor having higher 
electron-affinity than that of the solvation layer, e.g. Fe+3 or Iz, the 
transition energy of the electron transfer process shifts to longer wave- 
lengths. From the transition energies of these and CTTS bands the 
electron a&Ay of N, was estimated as 81 kcal/mole41 (for a lower 
value see Table 8). 

2. HN, and aliphatic azides 

HN, and amyl azide. 
Table 12 reports some properties of the bands displayed by gaseous 

The data were taken from reference 9. 

TABLE 12. Electronic spectra of HN3 and C5HllN3 

~ ~ 

Oscillator Oscillator 
Amax Emax strength Amnr . Cmns strength 
nm h 1 - l  cm-l (approx.) nm h f - 1  cm-' (approx.) 

2 64 20 6 x 287 22 6 x 
200 450 9 x 10-3  2 14 530 - 
190 740 1.5 x lo-' 191 800 - 
170 500 1.0 x 10-2 176 12,000 0.2 
156 2000 0.2 162 15,000 0.1 
149 - 0.3 

Four Rydberg scries below 160 nm 
(see section 11. G. 4). 

The gas-phase spectrum of HN, reveals a rich vibrational structureg 
3* 
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(Figure 8).  Its analysis has led us to assign some vibrational frequen- 
cies to the first three excited states, which are appreciably lower than 
the corresponding frequencies in the ground state. 

Many aliphatic azides display absorption bands near 285 and 2 15 nm 
with emax close to 25 and 500 M - ~  cm-l, respectively (Table 13). 

TABLE 13. Elcctronic spectra of some aliphatic azidesa 

k n x  (1) Cmnx (1) L n x  (11) emnx  (11) Ref. 
RNj, R= Solvent nm ?.i-lcin-’ nm hI-lcm-l 

C2H.5 Ethanol 287 20 222 150 74 

12 
12 

Cyclohex yl Methanol 287.8 25 216.6 410 28 

2-Hydroxyethyl Methanol 285.3 19 214.2 527 28 
-CH2COOC2H5 Mcthanol 281.6 23 214.3 581 28 

75 CHaCOCIi2- Methznol 2 74 40 
CH3CH20CH2-- Methanol 276 33 - 75 
CH3S CH2- Methanol 284 28 L - 75 

- 75 -CH2SCH2- Methanol 284 55 - 

n-Butyl Methanol 287-5 23 2 16 462 28 
n- c1 OH2 1 95y0 Ethanol 287 21 

2-Chloroethyl Methanol 284 27 214.2 527 28 

- - 
- - Cyclopentyl 95y0 Ethanol 288 24 

- - 
- 

a For more data sec references 12, 28 and 75. 

Clossori and Gray2u related the 285 and 215 nm bands of alkyl 
azides (bands I and 11) to the single transition of Ng at 230 EM. If 
the latter is a lAU + transition (see foregoing discussion) then 
under an off-axis perturbation (section 1.C) these bands should split 
into two components. In molecular orbital language, I and I1 are 
assigned to rg(a“) 3 r;(a’) and s@(a’) 3 rr;(a’’) transitions (see 
Figure 5). With an electron-releasing group attached to N, the non- 
bonding 7ry orbital is mainly localized on this atom, (i.e. becomes more 
negative than NJ, so in alkyl azides both transitions involve flow of 
charge from N, to the other nitrogen atoms. Transition I is ‘perpen- 
dicular’ in the sense that the rr3/ and rx orbitah are perpendicular to 
each other; this accounts for its low intensity. The higher intensity of 
band I1 may be ascribed to the partial s character of the ssp orbital. 

I t  
ignores electronic repulsion terms on the basis of the assumption that 
in the final results (which express relations between energies of corre- 
lated transitions in RN3 and Ng) these terms cancel out. (Thus, no 
physical significance should be given to various stages of the calcula- 

A primitive calculation of transition energies 28 is instructive. 
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According to the simple energy level diagram (Figure 5) and 

(13) 

(14) 

(15) 

tions.) 
Tables 3 and 4: 

vI - E(?T:) - &(ryn.b.) = -/3 

N, : hvz3o = ~(r:) - E ( v ~ )  = - V2/3 

RN3:(h hv,, - = +,*) - &(Sap) 
I- 

(e here designates orbital energy). 

Equations (13) and (15) lead to h~230(N3)/hI = 4 2  (instead of 
285/230 -N 1.2). Equation (14) is handled by inserting E ( s ~ @ )  = 
$es + +ep (equation 10): 

(16) 

Closson and Gray28 considered RN3 as isolated RN and N2 molecules, 
since the RN,-Nb bond is considerably weaker than thc Nb-N, bond 
(section 1I.E). In this case T$ (and the bonding w,.) should be also 
localized, with &(T;) = e(.i;) = tz - p". Using this, and the familiar 
approximation a = E ~ ,  equation (16) reduces to 

hv, = e(7rZ) - (+es + +EP) 

1 
h n  = - p  + *(&p - Es) = -hv23fJ(Nr) + *(&p  - &s) (17) 

The term +(&, - E,) could be estimated From atomic spectra1 data as 
14,000 cm-l. Equation (17) leads to hv, N 44,000 cm-l. 

Instead of using the 'isolated molecules ' approximation we could 
put e(n;)  = a - 1/;Tp - ep  - 1&/3 (Table 41, and obtain 

d? 

hv1, = 12v230 (N3) + He, - 4 (18) 

i.e., hu,, - 57,500 cm-l. The average experimental value (46,000 
cm-l) lies closer to that of the 'isolated molecules' approximation. 

The solvent sensitivity of bands I and I1 is low; the general trend 
of hu is to increase with polarity of solvent 28. The same applies to the 
230 nm band of N; 41. This low sensitivity and the absence of Cotton 
effect in alkyl azides (see section 1I.H) was considered as evidence 
against the labelling of band I as an n + ?T* transition. However, we 
can still keep this notation since the excitation involves a transfer of an 
electron from a non-bonding v to an antibonding T*. Moreover, 
band I1 can also be considered as an n -+ T* transition as it involves 
the non-bonding SSP orbital. The low solvcnt sensitivity indicates 
that the interaction of the molecule with solvent hardly changes on 
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excitation. This was explained by considering the dipole moments 
of ground and excited states.28 

The spectra of N;, HN, and vinyl azides were subjected to more 
refined molecular orbital calculations, but agreement was rather 
p ~ ~ r ~ s ~ ~ .  (Sections 111, D.2, 111, E.) 

3. Aromatic  amides 

The spectra of pheiiyl azide and its derivatives are treated in 
references 12, 76-80. The spectra are ill-~lefined'~ owing to over- 
lapping absorptions of the various chromophores. The absorptions of 
both N, and the benzene ring are highly intensified as a result of their 
interaction. The bands of the ring are considerably red-shifted; they 
appear at  wavelenuths close to those of the corresponding acetanilides. 
I n  gen.era1, the azido group resembles acylamino groups more than 
halogens in its interaction with the benzene ringe0. 

The spectra of substituted phenyl azides have played an important 
role in determining the Hamnzett substituent constants of the azido group. 
However, no details were given on the resolution of the spectra to their 
components. 

Some of the bands reported in the literature are collected in Table 
14. 

? 

TABLE 14. Electronic spectra of somc aromatic azides 

Phcnyl azide Solvent L l o x ,  nm B ~ ~ ~ :  M - I  cm-1 Ref. 

CeHsN3 95W Ethanol 285; 277; 248 1550; 2270; 9940 12 

m-amino- Methanol 302; 233 2660; 23,000 80 
p-amino- Iso-octane 307; 260 3100; 18,000 80 

o-amino- Methanol 309; 252; 225 4800; 9210; 17,600 80 

o-amino-HC1 Methanol 249 13,300 80 
m-amino-HCI Methanol 250 13,600 80 
p-amino-HC1 Methanol 249 14,400 80 
m-nitro- Iso-octane 315; 242 1600; 20,500 80 
p-ni tro- Iso-octane 299; 220 17,000; 14,000 80 
m-bromo- Iso-octane 293; 283; 251 1500; 2000; 12,000 80 
p-bromo- Iso-octane 297; 285; 255 2100; 3000; 17,800 80 

4. Rydberg transitions and ionization potentials 

Four Rydberg series have been mapped in the spectrum of HN, 
below 160 nm9. Three series originate in the highest-filled orbital 
r:,(a") (a"-+ m, a" -> 79!1 and a"-+ nd) and the fourth (a' -> m) 
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originates in the first inner orbital, @(a') (Figure 5). From the 
analysis of these series the ~ O T Z ~ Z Q ~ ~ O ~  pokntials for these orbitals were 
found to be 11.5 and 12.6 eV, respectively. Similar values were 
obtained theoretically (see section III.D.2). However, the mass 
spectrometric result is appreciably lower. Electron irnpac t values for 
the vertical ionization potentials of HN, and CH3N3 are 10.3 f 0.2 eV 
and 9.5 4 0.1 eV, respectively48a. The reason for this discrepancy is 
not clear. 

H. Optical Rotatory Dispersion (0.r.d.) and Circular Dichroism 
(c.d.1 
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A ,  ii 

FIGURE 9B. Absorption spectrum (1) and circular dichroisn (2) of u-azido- 
propionic acid dimethylamide in hexane (adapted from reference 82). 

The azido group (like the carbonyl group) is locally symmetric; 
only when placed in a dissymmetric molecular environment can its 
electronic transition display a Cotton e$ect*. 

The derivatives of a-azidopropionic acid were employed by Kuhn 
in his pioneering research on 0.r.d. and c.d. Figure 9 (adapted fiom 
a review paper by KuhnE2) shows the absorption band of a-azidopro- 
pionic acid dimethylaniide, its c.d. spectrum and the contribution of 
N, to its molecular rotatory power ([$I). 

* Cotton effect is the combined phenomenon of unequal absorption (circular 
dichroism) and unequal velocity of transmission of left and right circularly 
polarized lightsl. This series contains discussions on Cotton effect in references 
56 and 81a. 
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Situated in the same eiivironment the optical activity of N, will 
be smaller than that of the carbonyl group, mainly because its 
magnetic dipole transition moment is smallere3 by a factor of -5. 
This is because in the azido group the n and T* orbitals are more 
separated in space than in >CO. Thus in all optically active alkyl 
azides which have been tested, the rotatory contribution of the 285 nm 
band is entirely negligible, while many analogous aldehydes do show 
Cotton effectse3a. 

In  more recent work the 0.r.d. and c.d. of 34 steroidal azides were 
reporteda3. An octant rule similar to that of carbonyl was proposed, 
but the analysis of the results in terms of this rule was not successful. 
This failure was ascribed to free rotation of the chromophore in the 
steroidal azides, so that very many rotameric conformations are 
accessible. 

I 

1. The Quadrupole Coupling and Nuclear Magnetic Resonance 

The nucleus of I4N has a spin Z = 1 and an electric quadrujole moment 
(which measures the deviation of nuclear charge from spherical 
symmetry), Q = 0.016 x cm2 Its magnetic moment is 
relatively small (- 3 that of lH), so that it is less sensitive to n.m.r. 
detection. The quadrupole moment couples the nuclear spin to the 
molecular rotation ; therefore most 14N n.m.r. spectra are strongly 
broadened and spin-spin splitting cannot be detected. This coupling 
involves the interaction of the quadrupole moment with the gradient 
of the electrical field centred on the nucleus. The quadrupole 
coupling energy is proportional to q&, where q is the field gradient; 
q measures the departure from spherical symmetry of the charge 
distribution at the nucleus due to the electrons and other nuclei. 

Nuclear quadrupole coupling brings about the splitting of the 
rotational lines in the microwave region into multiplets (hyperfine 
structure). From the analysis of the hyperfine structure, the nuclear 
quadmpole coufiling cofl~tants, eq&, can he determined (e is the electron 
charge). Some infcrmation concerning azides is included in Table 
15. [In the case of HN,, the constants recorded are the diagonal 
elements of the quadrupole coupling tensors along the principal 
inertial axis a (Figure 6 )  ; the axis a lies within a few degrees of the 
NNN line.] The magnitudes of the coupling constants indicate that 
in HN,N,N, the nucleus of N, experiences a charge distribution 
which is less symmetrical than that around the other two nuclei, while 
the charge around N, is nearly spherically distributed (section 1.B). 
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I n  N; the two terminal nuclei are equivalent and again the charge is 
more evenly distributed around the central atom (its coupling constant 
seems somewhat too high; another investigation is desirable). Of 
special interest is the fact that the field gradients at N, and N, are of 
different signs. 

The quadrupole coupling constants for a molecule in a liquid are 
related to the width of the corresponding lines in its n.m.r. spectrum. 
The origin of the line-widths is mainly the spin-lattice relaxation, the 
mechanism of which involves quadrupole coupling. The larger the 
coupling constant the wider is the corresponding n.m.r. line. (For a 
study on quadrupole relaxation in nitrogen nuclear resonances, 
including N;, see reference 85.) 

Table 15 gives data on the n.m.r. spectra of several azides: the 
positiox of the lines and their widths at half-height. The following 
regularities which emerge were helpful in const; x t ing  this tablea7. 

(a) The areas of the i- 277 and + 128 'signals of N; are in the ratio 

(b) The chemical shift corresponding to the central atom, Nb, is the 

(c) The chemical shift corresponding to the terminal atom, N,, is 

(d) The half-width increases with increase in the quadrupole 
(We assume that the coupling constants in 

and 
quadrupole coupling  constant^^^*^^ in N;. The coupling constant 
can be calculated directly from the ground-state electronic charge 
distribution, and its evaluation is sensitive to the wavefunction em- 
ployed. Tnus the extent of agreement with experimental result may 
serve as a criterion for the suitability of the wavefunctions representing 
the valence-shell electrons. The calculation of chemical shifts requires 
in addition a knowledge of the average excitation energy, AE, for the 
magnetically allowed transitions. The assumptions concerning this 
parameter (see e.g. reference 90) make the calculation somewhat 
arbitrary. 

2 : 1 , respectively. 

same for Ng and covalent azides. 

the same for CH3N3 and C,H,N,. 

coupling constant. 
alkyl azides follow the same sequence as in BN3.) 

Several theoretical studies have treated the chemical shifts 

119. THEORETICAL 

A. General 

The azide ion and to some less extent HN3 have been subjected to 
numerous theoretical treatments, which altogether illustrate the various 
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levels of approximation involved in molecular computations : (a) 
empirical methods such as simple molecular-orbital or valence-bond 
methods; (b) semi-empirical methods, e.g. those based on the Mulliken- 
Wolfsbcrg-Helmholz and the Pariser-Parr-Pople approximations ; (c) 
non-empirical self-consistent field calculations. t 

N; and HN3 are relatively small molecules (22 electrons) ; therefore 
satisfactory ground-state wavefunctions could be computed for these 
molecules on strict wave mechanical principles, using high-speed 
computers and refined numerical procedures. These and most of the 
empirical and semi-empirical calculations have been based on linear 
combinations of atomic orbitals (LCAO). (Some other approaches will 
be discussed in section 1II.G.) 

The use of non-empirical LCAO methods for computing wave- 
functions for small molecules, including N; and HN3, has been 
recently reviewed by Clark and Stewartg3. An earlier valuable 
review is that of Nesbet p4 on ‘ approximate Hartree-Fock calculations 
on small molecules’. Some of the basic ideas of modern LCAO 
methods will be summarized here. (For a lucid discussion on this 
subject see reference 29.) A more advanced treatment has recently 
appeared in this series94a. 

The N-electron wavefunction of a singlet ground state is usually 
written as a Slater determinant 

= (N!)-1/2 deth,a(l)~,/3(2). - .xNIPa(N - ~ ) x ~ / ~ P ( N ) )  (19) 

where x are the molecular orbitals, a and /3 the spin functions. If all 
the molecular orbitals x are in their best possible forms (so as to give 
the lowest possible value for the energy (YIHIY), where H is the 
complete Hamiltonian of the molecule), ‘Y is described as a Hartree- 
Fock or self-consistent j e l d  (SCF) wavefunction. 

The molecular orbitals x are most commonly written as linear 
combinations of atomic orbitals and Y is then described as a LCAO 
wavefunction. The atomic orbitals are usually represented by 
Slater-typa atomic orbitals (STO) 

where the angular functions 0 and are the same as for the hydrogen 
atom, n* is the effective principal quantum number (n* = n for the 
first three rows in the pcriodic table), and 1 is the orbital exponent. 
The orbital exponents used for molecular computations are often the 

t The terms ‘empirical’ and ‘semi-empirical’ describe calculations wheie all 
or some of the energy intcgrals are not evaluatcd mathematically but are 
treated as parameters which are determined cxpcrimentally. 

,) = @ @ p * - l 1 , - C r  (20) 
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best free atom values. (On the use of Gaussian functions see section 
I I I .F. 2 .) 

The set of atomic orbitals used for LCAO (the bzsis set) can he 
either a minimal basis set or an extended b a r k  set. In the first case only 
ground-state orbitals of the atoms are included in the combination, 
i.e. one atomic orbital is used for each independent occupied orbital in 
the component atom. SCF wavefunctions require the use of basis sets 
with more atomic orbitals (extended basis sets). Still, useful wave- 
functions for ground states (but not excited states) can be obtained 
with minimal basis sets. Following the common usage these functions 
are also loosely described as SCF wavefunctions. 

B. Minimal Basis Set for N; 

orbitals. 
molecular orbital 

the atomic orbitals t,ba and $c must be equivalent and the coefficients 
must fulfil: a = +c. Hence it is convenient to consider the com- 
binations #a + $c and $a - $c as group orbitals (denoted by &). 
Both the central atom and the marginal pair can contribute more than 
one orbital (or group orbital) to a particular molecular orbital. 

For effective combination f,hb and I)= must belong to the same 
irreducible representation (symmetry species). The azide ion has 2 
D,, symmetry; Table 16 classifies its minimal basis set according to 
the symmetry properties of the orbitals. 

The ground-state orbitals of nitrogen atom are Is, 2s and three 2p 
From symmetry of N,NbN; it is apparent that in the 

x = f b$b f c # ~  (21) 

TABLE 16. The symmetry properties of the minimal basis set of N,NhN; a 

Symmctry specie $IJ (group orbital)* 

The nuclei arc comidcrcd to lic along thc i axis. Tlic 2p; orbitals of thc cnd atoms arc taken 
with the same siqn when directed in opposite directions. In thc following discussion 2 j ,  will be 
designated as 2p,, and 2p, or 2pV as 21,. 

The group orbitals are not norrnalizcd. The normalization factor is 1/42 
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From the fifteen orbitals recorded in Table 16 the following molecu- 
lar orbitals can be constructed : five a,+ four oz one doubly degenerate 
7ro and two doubly degenerate 7r,-altogether 15 molecular orbitals. 
Eleven of these can house the 22 electrons of N; in its grGund state; 
the rest can serve as virtual orbitals for excited states in rough calcula- 
tions or to improve the ground-state wavefunction by ‘mixing’ it with 
that of excited states (conjguration interaction). In order to obtain more 
reliable wavefunctions for excited states the basis set must be expanded. 

The 1s orbitals are highly concentrated about their own nuclei and 
therefore they are little affected by molecule formation. Thus the 
three lowest orbitals are: 

lo,+ - Is,; 10: - 1 / d ( l s a  - lsc); 2 4  - l/v3(lsa + Is,) 
The energies of these orbitals are rather close, nearly the same as that 
of the 1s orbital of nitrogen atom. 

From the foregoing discussion it appears that as a good approxi- 
mation the valence shell of N; consists of 12 molecular orbitals that 
can be constructed from three 2s and nine 2p orbitals of the nitrogen 
atoms; it accommodates 16 valence electrons. 

The doubly degenerate orbital 7ru involves only the end atoms 
(Table 16) 

(22) 2Tg = l / f i ( P n a  - ~ n c >  

7ru = sin e. pnb + 1 /di2 cos e. (pna + pnC) 
Therefore it is non-bonding. The 7r, orbital can be written as 

(23) 

where 0 is a parameter to be determined by the variation method. 
This writing ensures that the function is normalized, if overlap integrals 
are ignored. 

C. Walsh’s Correlation Diugram for M; 

Figure 10 is a modified version of Walsh‘s diagram for triatomic 
r n o l e c u l e ~ ~ ~ ~ ~ ~ ,  showing in a schematic way how the orbital energies 
change with the interbond angle. The orbitals loo, 20, and lo, are 
not shown in the diagram; their energies hardly change with angle 
(see section 1II.B). The principles underlying this diagram are the 

(a> The correlations must follow symmetry rules which govern the 
resolution of species of the linear molecule into those of the bent 
molecule (see reference 7 1). 

following : 
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401 2 
In, 

1% 

3% 

4% 

90" 180" 

FIGURE 10. Walsh's diagram for ASA molecules (adapted from reference 71). 

(b) The energy of a molecular orbital decreases as it changes from 
being built by a fi orbital of the central atom to being built from its s 
orbital. In particular this is reflected in the 6al-2n, orbital which 
changes from a pure 25, to a T, orbital with no s character, as the 
angle changes from 90" to 180". (At 90" there is no hybridization 
between s andp  on the central atom.) 

(c) If the orbital is bonding or antibonding between the end atoms, 
the energy tends to decrease or increase, respectively, as they come 
closer. This  effect is less important than the hybridization effect. 

Walsh's diagram shows that the energies of the first 1 1 orbitals either 
change little or steeply decrease as the angle changes from 90" to 180". 
Therefore, triatomic non-hydrid molecules with 22 electrons (i.e. 16 
valence electrons) or less should be linear. This is in accord with the 
linearity of N; in its ground state. However, excitation of an electron 
from the highest filled IT, orbital to the vacant 2m,-6a1 orbital should 
lead to a bent excited molecule after relaxation to equilibrium 
geometry (Figure 10. See section 1I.G). 
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The use of Wa’lsh’s diagrams is based on two assumptions: (a) the 
vzriation in total energy follows the same pattern as the variation in the 
sum over valence-orbital energies ; namely, changes in nuclear and 
electronic repu!sions can be ignored; (b) the correlation diagram is 
general i.e. the same diagram can describe various BA, molecules and 
various states of the same molecule. 

Some support for these assumptions was provided by ab initio SCF 
molecular orbital calculations on ground states and various closed- 
shell excited states of N; and of OSg5. The theoretical correlation 
diagram resembles that of Walsh but there are some significant de- 
partures, e.g. the IT, curves are pushed down below the 40, curve 
(see section 111, F). The reader should consult reference 95 for this 
diagram and a diagram showing the variation of the total energy with 
the interbond angle. 

D. Self-consistent* Huckel Molecular Orbitals (HMO) 

The HMO method is the best known empirjcal LCAO method, used 
in conjunction with the l7-electron hytothesis. (For a clear discussion of 
this subject see reference 29, sections IX and X.) In the simple 
Hiickel method electron repulsion integrals are not considered 
explicitly. They are either ignored or (by properly defining the one- 
electron Hamiltonian) absorbed in the Coulomb integral a and 
resonance integral /I, which are considered as empirical parameterst. 
The one-electron integrals a and /3 are not affected by replacing an 
antisymmetrized wavefunction by a simple-product wavefunction 
xl( 1)x,(2)x2(3)x,(4) . . . Consequently the method does not 
distinguish between singlet and triplet states of the same configuration. 
There is some inconsistency here: in absence of spin correlation the 
one-electron operator H can mostly be a Hartree (not Hartree-Fock) 
Hamiltonian and so cannot be the same for all the electrons. The 
distinction between electrons disappears only as a result of anti- 
symmetrization. 

The naive Kiickel approximation for the azido group, using single 
values for a and /I, was dcscribed in section I.C, where its short- 
comings were mentioned. In  the case of the azido group -N,N,N, 
three Coulomb integrals and two resonance integrals should be con- 
sidered in computing the delocalized 7r system; the HMO secular 

* Not to be confused with ‘self-consistcnt-ficld’. 
t In this case the total energy of the T system is smaller than the sum of the 

orbital energies, because in the sum the repulsion between the T electrons is 
counted twice. 
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determinant (equation 3, section 1.C) should be replaced by (equation 
24) 

where = <flZRI I f i n d  ; Pub = <final I fixb), etc. 
Tmprovemcnt of the naivc approach has been attempted by taking 

(25) 

where ao and Po refer to a pal ticular bond taken as a standard (usually 
the C-C bond in benzenc) ; h,u and k p  are constants. In  some works 
these constants were chosen in rather arbitrary way. For example, 
Ladik and Messmer tcok h = 0.58 for the three N atoms in the azido 
group but considered the effect of bond distance on PNN by assuming 
that it equals pCc at the same interatomic distance'O. More reasonable 
are the calculations based on the iterative method, which is the 
essence of all self-consistent methods. 

The iterative method is incorporated into the HMO method as 
follows: starting with certain values of aI and &, atomic charges qI 
and bond orders P From these values new values of 
(ru and &, arc obtamed by using certain relationships (empirical or 
semi-empirical) between q,, and au, Puv and PuV. The secular deter- 
minant (equation 24) is solved again with the new set of parameters 
and a new set of q,, and P,,,, is derived. The proccss is repeated until 
two successive calculations give essentially the same result. 

Several seK-consistent HRIO calculations were performed on N; 
and on the azido group34*96.97*98. They vary in their degree of 
refinement and the expression used to relate charge and bond order 
with Coulomb and resonance integrals, respectively. The best work 
of this kind is that of Wagner and it may serve to illustrate the method. 

1. The method of Wagner"' 
Starting with the 

orbitals described by equations (23) and (22) (section 1II.B) we obtain 
the orbital energies 

C$ = a0 c h p p ;  puv = kpvj30 

are calculated. 
f l v .  

As a simple example consider the azide ion. 

~ ( d  = <nu) id = 
sin" eeab + 4. cos2 o (a, + a,> + 1.4 sin e cos e (Pab + Pbc) (26) 
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(Within the HMO approximation, Pac = 0.) The total v-energy is 
considered to be the sun1 over the v orbitals, each accommodating four 
electrons (a procedure which is not correct; see previous section) : 

= d,&(7ru) + 4+,) 
- - qa% $- qbab + qcac + 2PabPnb + 2Pbcpbc (28) 

where qv and PUv are the n-electron charge density and bond order, 
respectively (section I.C. This is a 
general HMO expression for a molecule ABC. I n  the simple case 
considered we can put 

p and Y are running indexes). 

= %; Bab = P b c  

qa = qc = 2 cos2 8 + 2; q b  = 4sin2 8 

Pab = p b c  = ~ sin 28 

Thus En is expressed in terms of one variable 8. For molecules with 
different end atoms (like the azido group in covalent azides), more 
parameters are required (see later). 

(29) 

Minimizing the energy with respect to 8 gives 

dE/d8 = 2tadqa/d8 + fb.dqb/de + 4Pab.dPab/d8 = 0 (30) 
where 

4 v  = cv + qv.aav/aqv 

[b - 6, + 2 4 2  Pab cot 28 = 0 

(31) 

From equations (29) and (30) we derive 

(32) 

Ev can be related to the corresponding valence state electronegativity 
Xv by assuming: (a) Coulomb integrals are proportional to valence 
state electronegativities 

uv = (a:/xwv (33) 

where a8 and Xg are the corresponding parameters for a carbon atom 
in benzene (arbitrarily chosen as a standard) ; (b) Xv is linearly related 
to the formal charge on the atom, 2,- - qv, where Zv is the number of 
electrons contributed by the atom Y to the m system (see section 1.C) : 

(34) 

where X,O is the tabulated orbital electronegativity of the atom v in 
some reference state with zero formal charge. 

xv = x,o + %(ZV - q v )  

From equations (31), (33) and (34) we derive 

5, = (~81-w (X,O + SVZV - 2Svqv) (35) 
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Wagner tried various methods of determining 8, the change in 
electronegativity per unit charge, and found Pauling’s method 22 to 
give the best results. Using equations (29), (32) and (55j and as- 
suming that #Ipy is proportional to the overlap integral, Blly = (&/ 
Scc!S,v (PCC and sCc correspond to the benzene bond), we can finally 
derive an equation relating 8 to the overlap integral. This equation 
has the form: 

A cos 28 + BS” cot 28 = c (36) 

where s- is &b = and A,B,C are constants which depend on the 
particular choice of the various parameters *. A self-consistent 
solution to this equation can be found as follows: we start with some 
value of S, calculate 8 and use 8 to calculate charge densities and bond 
order (equation 29). Knowing the latter, a new value for S can be 
obtained and the whole process is repeated until two successive cal- 
culations yield almost the same result. Using the best values of 8 and 
S, the best values of r-electron formal charges, bond orders and energy 
can be obtained (equations 28 and 29). The following results were 
obtained by Wagner : 

- 0.806 + 0.61 2 - 0.806 
N a  Nb--- N, , Ex = 32.652& 

1.387 1.387 

The calculations on unsymmetrical ABC molecules are more 
difficult. Wagner used ‘umjmmetrical group orbitaL’ for the end 
atoms: = sin y.pn8 + cos y . p r , ;  +,, = cos y.pr8 - sin y.@,. 
(Whenpn, andfm, are equivalent, as in N;, y = 7r/4.) t,+, combines 
with fin, to form a nodeless wavefunction xI, and x2 is built-up solely 
from +g2 with a node at the central atom (analogous to rG, equation 
22). Thus according to this method (linear cornbization of group 
orbitals), x2 is always non-bonding. Following the procedure outlined 
above we obtain an analogous equation for E, with qv and PllV now 
depending on 8 and y. Minimization with respect to these parameters 
leads to equations correlating 8, y, s ,b and sb , ,  from which their best 
values can be obtained by several iterations. 

In  the case of the azido group two different r systems should be 
considered, the delocalized rD and the localized rL (section 1.B). The 

* See reference 98 for the values of X,O, 6;, and X g I S c ~ ,  used in 
Wagner’s calculations. 
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full treatment requires three condition equations, from which the 
following results were deriveds8 : 

- 0.733 + 0.899 - 0.166 
N N- N , En = 31-965/3,, 

/ / 0.612 1-543 

Wagner claims that this structure corresponds to HN,, but no con- 
sideration was given to the effect of the H atom. He carried out 
similar calculations on various pseudohalide anions and was able to 
show that the pK of the corres9onding acids varies linearly with the 
difference in the r-energy between the ions and their acids. Linear 
correlations were also found between (a) calculated bond orders and 
stretching force constants; (b) caiculated charge densities and 14N n.m.r. 
chemical shifts. 

2. The method of Mulliken-Wolfsberg-Helmh~lz~~~ loo 

This method bears some resemblance to the ' charge-self-consistent ' 
methods previously described, but it treats all the various types of 
valence orbitals (not only the n orbitals) and relates Coulomb and 
resonance integrals to ionization potentials. The secular determinant 
/Hi, - eSfjl = 0, obtained on application of the variation principle 
to LCAO wavefunction, is solved for the orbital energies (one deter- 
minant for each symmetry type of the orbitals), using a simple method 
to evaluate the Coulomb integrals Hi, and the resonance (or exchange) 
integrals H i j ( i  #j). Hit is taken as the negative of the valence-state 
ionization energy (VSZE) of the corresponding atomic orbital. Fcr H f j  
the following approximation is used 

where S,, is the corresponding overlap integral and K is a constant for 
which Carroll and co-workerslo1 set: K = 2 - 1 S,, I. 

Each VSIE is a function (empirically established) of charge and 
electronic configuration ; the latter is obtained by Mulliken's pofiulution 
analysis lo2 conducted on the molecular orbitals. Therefore an 
iterative method is required. Each secular determinant is solved in 
cycles until self-consistent charge distribution is obtained. Some 
relation between the output from m e  iteration and the input from the 
next is often necessary to ensure convergencelo1. 

The Mulliken-Wolfsberg-Helmholz (MWH) method appears to 
give a good description of the energy levels of small molecules, in- 
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cluding the first unfilled orbitals. Spin correlation effects can be 
injected into the procedure when calculating transition energies. 
Therefore it is a helpful tool for spectroscopic calculations. As with 
other semi-empirical methods the succcss of this method is probably 
due to the empirical information absorbed in the calculation (e.g. 
concerning ionization potentials), which is closely related to the cal- 
cillated data. 

N, and HN3 were subjected to MWH computatione, using the 
double-zeta representation of atomic orbitals (section III.F.l). The 
computed ionization potentials and oscillator strengths for HN3 are in 
good agreement with experimental data, but the computed orbital 
energies are considerably different from that calculated by SCF 
method with minimal basis setlo3. I n  the case of N; the method has 
failed and this was partly ascribed to solvent effects, since the calcu- 
lations refer to the unknown free ion. The computed sequence 
of energy levels puts the orbital 1ru above 4u9, at variance with the 
order predicted by SCF methods (section 1II.F). 

E. Semi-empiricul Self-consistent Field Methods 

In the framework of SCF methods the electronic repulsion terms are 
treated explicitly. Since these terms are considerably affected by spin 
correla:ion, the simple-product wavefunctions should be replaced by 
Slater determinants. 

The number of the electronic repulsion integrals involved in SCF 
calculations increases roughly as the fourth power of the order of the 
basis set. Even with the fast computers now available the occurrence 
of these integrals in the energy expression (of other than the smallest 
molecules) prevents sufficient expansion of the basis set as necessary for 
obtaining good SCF wavefunctions. 

1. The Pariser-Parr-Bople method 

Pariser, Pan and Poplc have simplified the evaluation of these 
integrals. Their method may be considered as a modified Huckel 
calculation. The electronic Hamiltonian of the rn system is expressed 
as the sum of one-electron core Hamiltonians H" plus the sum of two- 
electron repulsion energies between the n electrons. The expression 
for the rn-enerm includes three types of integrals: (1) one-electron 
Coulomb integrals: Hfi = <t,bil H, (2) one-electron resonance 
integrals: H7j = <z,hil HC [ $,> ; (3) two-electron repulsion integrals 
such as one-centre Coulomb integrals (ii, ii), two-centre Coulomb 
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integrals (ii,jj), two-centre exchange integrals (c, ij), and the difficult 
three- and four-centre integrals *. 

The Pariser-Parr-Pople (PPP) method is based on three assump- 
tiocs: (a) Whenever the factor #l(n)#j(n) (where i #j, n is any 
electron index) appears in the integrand the integral vanishes (zero 
dzferential overlap a#~roxi?nation) ; (b) The resonance integrals between 
nearest neighbours are treated as empirical parameters ; those between 
non-neighbours are neglecte 1; (c) The one-centre Coulomb integrals 
(ii, ii) are taken to be equal to Ii - E,, where 4 and El are the ioniza- 
tion potential and electron affinity, respectively, of the atomic orbital 
t,hl, when the atom is in the appropriate valence state. 

The integral HF1 (which represents the artraction between the core 
of the molecule and an electron occupying the orbital t,hl) is usually 
calculated by the method introduced by Goeppert-Mayer and Sklar as 
the negative of the ionization potential of an electron occupying this 
orbital, corrected for the effect of molecular environment. This 
correction involves two-electron two-centrc repulsion integrals and 
one-electron: two-centre penetration integrals as (ii, Q )  ; the latter 
represents the total energy of an electron occupying the atomic orbital 
1,4 due to its interaction with the neutral atom Q. (The penetration 
integrals are often igEored.) 

The empirical input in these calculations is orbital ionization poten- 
tials and electron affinities. Sach data on nitrogen atoms can be 
inferred from Table 5. 

F a ~ i n i ~ ~  applied the PPP method to vinyl azide. Here the 
delocalized r system consists of 6 electrons and 5 atomic 2 p  orbitals. 
The calculated data include charge densities, bond orders and dipole 
moments (obtained by vector addition of the u and 7r moments). Cis 
and trans isomers were considered 

.N-N-N N-N-N .y 

\ 

H 
\ .y 

H-c 

F-" H 
FC\ 
H 

H 
trans cis 

* The notation (ij, ij) etc. is used for the integral 

p1(1) h ( 1 )  %c(2) r12 $,(2)> dTldT2, 

where arbitrary numerals 1 and 2 designate the two electrons. 
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Their computed T encrgies are rather close. Favini also carried out a 
configuration interaction calculation to detcrmine the transition 
energies of vinyl azide. It displays a strong T --z T* band at 2380 A. 
The theoretical values for this band are not far from the experimental, 
that of the cis being closer. * 
2. All-valence electrons calculations 

A ‘complete neglect of digkrential ocerlap’ (CNDO) method was de- 
veloped by Pople’s group to includc all vzlence elcctrons. Hendrick- 
son and Kuznesof Dl applied this method to calculate excitation 
energies for N;. Their ultimate goal was to calculate the 14N 
chemical d $ s ;  this requires the knowledge of the average excitation 
energy. All possible Slater determinants which result from the filled 
and virtual molecular orbitals were subjccted to configuration inter- 
action. According to their computation the lowest energy transition 
involves the I7, state, at  variance with other  work^^*^'. 

In their treatment of N; and HN, Yonezawa and co-workerslo4 
abandoned the zero differential overlap approximation and considered 
all valence electrons. The Mulliken approximation 

was used to reduce three- or four-centre integrals to two- or one-centre 
integrals. For homonuclear molecules the two-centre integrals were 
further reduced : 

(ii,jj) = [(ii, ii) - 2  + Rij2] -1’2 (39) 

where R,, is the internuclear distance. The resonance integrals were 
evaluated by means of the MWH approximation (equation 37) with 
K = 1.1. 

The data calculated by Yonezawa and co-workers consist of orbital 
energies, charge distribution, atomic dipoles, proton affinities and 
excitation energies. (The latter are much higher than the experi- 
mental.) The energy of thc highest occupied orbital of N; (rg) was 
calculated as - 4-67 eV, close to the experimental electron affinity of N3 
(section 1I.B). The computed atomic dipoles of the end nitrogen 
atoms are relatively large, 2-82D, suggesting that the lone pair orbitals 
are not pure s orbitals (as in Table 2, section 1.B) but they are mixed 
with p orbitals. Thus N; may act as strong T donor and also as u 
donor, with the end atoms being the most reactive. 

* A simple HMO-type of calculation was performed on phenyl azidcgl. 
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F. LCAO Self-sonsistent Field (Hartree-Fock) Molecular Orbitals’ 

1. Slater-type atomic orbitals 

The first SCF wavefunctions for the ground state of N; were cal- 
culated by Clementi. Initially he used the minimal basis set (Table 
16) with Slater-type atomic orbitals (STO) lo5. The orbital expo- 
nents [ (equation 20) were chosen as the best free-atom values and the 
internuclear distance was taken as 1-12 A. (As already discussed, 
section II.A, this distance is erroneous.) The total electronic energy 
of N; was calculated as - 162-5422H (1  H = 27.209 eV/atom). 

I n  a later paper, Clcmenti and McLean’O” introduced three modi- 
fications: (a) The basis set was extended to imlude the 3d, orbitals 
on the two end atoms and a 3 4  orbital on the central atom; (b) Some 
of the orbital exponents were chosen as those optimized for N2; (c) 
The basis set was further expanded by using a somewhat crude double- 
zeta representation of  the 2@, orbital of the central atom. This rep- 
resentation replaces the single exponential factor exp (- [ r )  (equation 
20) by a linear combination of two exponential factors, exp ( - C1r) and 
exp ( - Cg), and the corresponding combination coefficients are in- 
cluded in the variation process?. 

Table 17 records the orbital coefficients and energies computed with 
the expanded basis set. The total energy calculated is - 162-7048 H, 
i.e. -4.4 eV lower than that calculated with the minimal basis set. 
The table shows : (a) The electronic configuration of N; is ( lag) ( 1 a,) 
(2a,)2(3a,)2(20,)2( lrr,)4(40g)2(3u,)2(1rrg)4 (the order follows that of 
increasing energy); (b) lag N lsb, lo,, - 1/2/2(ls, - Is,) and 
20, - l /d2( l sa  + lsc), i.e. they represent the inner shell orbitals of 
the atoms (see section 1II.B). This is also reflected in their energies; 
(c) the remaining cr orbitals and lrr, orbital form the a and rr 
bonds, respectively$, (d) IT, is a non-bonding orbital (see section 
1II.B). The considerable positive value computed for its energy 
(Table 17) illustrates the shortcomings of this calculation. However, 
the order of orbital energies appears to be correct (see next section). 

Bonaccorsi and co-workers lo3 repeated these calculations of N;, 

* The orbitals discussed in this section are not real SCF wave functions, 

t Optimum values of [1 and [2 are now availablelo7 for atomic orbitals with 
and rz were arbitrarily split around the best 

$ The 2s orbitals of the end atoms also participate in bonding, at variance 

because of the limited basis sets employed; see section 1II.A. 

Z 5 36. 
atomic exponent. 

with the simple model outlined in section 1.B (see also section IIl.E.2). 

In this work106, 
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using the minimal basis, and also applied the method to HN,. They 
also computed the components of their dipole and quadrupole mo- 
ments and hzve shown that average kinetic energy p and potential 
energy P are in keeping with the virial theorem: -2T = P. Using 
Mulliken’s population analysis lo2 they came to the conclusion that on 
protonation (N,N,N, --f N,N,N,H), there is a transfer of CJ charge 
from the anion as a whole to the H atom, a transfer of 7~ charge to N, 
while the central atom Nb undergoes a minor population change. The 
overlap population of the bonds N,, and Nab increases and decreases, 
respectively, on protonation; this is in accord with the changes in force 
constants (section I1.E). 

By means of a unitary transformation the set of SCF molecular 
orbitals has been converted to localized orbitals103 : the u-7~ separation 
now disappears and the cjrbitals can be divided into lone-pair and bond 
orbitals (see also section 1.B). 

2. Gaussian lobe functions representation 

The difficulty in calculating electron-repulsion integrals with Slater 
orbitals has led to developmcnt of this and similar methods, which 
employ basis sets consisting of Gaussian functions, exp ( - {rz)  , instead 
of the exponentials exp ( - [ r )  93*94. I n  the ‘Gaussian lobe’ method 
the angular functions @ @  (equation 20) are also represented by 
Gaussian functions by suitable centring at proper points in space. 

Peyerimhoff and BuenkerS5 applied this method to calculate the 
correlation diagram of N; (section 1II.C). The total energy of its 
ground state configuration was shown to have a minimilm at 180”. 
The computed energies of the orbitals are in the same order as that 
obtained by Clementi and McLean loG, but there are two significant 
improvements: (a) the total energy is somewhat lower; (b) the energy 
of the non-bonding orbital 1rg is negative. 

Reference 103 records maps of densitics for some of these orbitals. 

G. Other thun LCAO Methods 

Three other approaches will be mentioned: 
(a) A simple three-dimensionalf-eZectron model (FEM) was applied 

to N; for calculating its energy and charge distributionlo8. 
(b) Wulfman109 replaced all the Coulomb potentials in the 

Hamiltonian #of N; by quadratic potentials of the harmonic oscillator 
treatment. Such potentials would be experienced by an electron when 
embedded in a uniformly charged sphere. Therefore this ‘distributed 
atom’ approach is more likely to be valid for a system of many modera- 
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tely charged vibrating nuclei than for a system with few nuclei of large 
charge. The resulting Haniiltonian is factorable by the usual normal 
mode analysis -and the Schrodinger equation can be thus solved 
exactly; the electronic wavefunction is expressed in term-s of one- 
electron single-centre Gaussian functi0.w. The quadratic potentials can 
then be modified to account for the behaviour of real molecules. In  
this way Wulfman was able to explain some characteristic features of 
Walsh's correlation diagram, in particular the linear and bent struc- 
tures ofN< in its ground and excited states, respectively. However 
more accurate information on this subject was obtained frdm SCF 
calculations (section 1II.F). 

(c) Singh 34 applied a valence-bond method to calculate the energy and 
interatomic distances of the hybrid structure arising from the two 
canonical structures of the azido group N,-Nb-N, (section 1.B). 
The device of a 'phantom' electronl'O was employed. The energy 
was ultimately expressed in terms of a-bond energy K ,  exchange 
integral J, repulsion energy between two lone pairs of electrons R, 
and promotion energy P. (The latter represents the energy required 
to change the interbond angle from 1 lO"-the angle usually enclosed 
by two nitrogen bonds-to 180°.) J, K and R were related tc the 
energies of the bonds C=C, C-C (benzene), N d ,  N-N and N-N. 
(The force constants of these bonds were used in the framework of the 
Morse equation to determine their energies at various interatomic 
distances.) P was treated as activation energy for inversion, as in the 
familiar case of ammonia. In  estimating K and R two assumptions 
were made: (a) K is proportional to S/1 + S, where S is the overlap 
integral between the two orbitals involved in a-bond formation; (b) 
R is proportional to the square of the overlap integral between the two 
lone-pair orbitals. The overlap integrals were calculated for the 
N=N and N+N bonds at various bond distances and it was shown 
that the repulsion energy term in the triple bond is very small. (This 
can explain the relatively high stability of the N, molecule; see section 
113.) In  calculating the overlap integrals for the Q bonds, changes in 
hybridization were taken into account: Nb was considered to hybridize 
diagonally and the states of hybridization of N, and N, were taken to 
be the same as in azomethane and N2 molecule, respectively. The 
form4 charges on the three nitrogen atoms were calculated by means 
of a simple molecular orbital treatment. 

Assuming additivity of bond energies, the heat of formation of HN, 
(from atoms) was calcuiated from the bond energies of NH and the 
azido system as a function of the N--IN distances; it was found to have 

3 + C.A.O. 
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a minimum value 319.1 kcal, with lengths of N,-N, and Nb-N, 
bonds equal to 1-24. and 1.12 A, respectively. (The experimental 
heat of formation is 318.3 kca12.) 

The valence-bond method outlined here is largely empirical and 
loaded with many approximations. The calculation of total energy as 
a sum of contributions from the t~ and T electrons is in principle wrong. 
(See for example reference 29, section IX.) Still some of its basic 
ideas may serve in more refined calculations. 

H. Conclusion 

The SCF methods described in section 1II.F appear to give an 
adequate picture of N; in its ground state. The semi-empirical SCF 
method of Yonezawa and co-workers (section E.2) is a good approxi- 
mation, giving results close to that of Clementi and McLean. How- 
ever, no satisfactory calculation has been conducted on the excited 
states. Even the assignment of the first excited state is still unknown. 
More extended basis set and configuration interaction treatment should 
lead to better results. 
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1. INTRODUCTION 

All organic azides are synthetic materials, there being no example in 
the literature to date of a naturally occurring compound in this class. 
The first organic azide, phenyl azide, was synthesized by Peter Griessl 
from benzen,tdiazonium perbromide and ammonia (equation 1). The 
discovery by Curtius2n3 in 1890 of the rearrangement of acyl azides 
to isocyanates (equation 2) stimulated interest in organic azides and 
as a consequence most of the general synthetic methods were soon 
elucidated. 

Interest in the introduction of the azido group has continued 
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with increasing awareness of the scope of reactions involving azide 
intermediates. For example, azides react with electrcphiles and 
nucleophiles, undergo 1 ,%dipolar addition reactions with olefins and 
reductive cleavage to amines" (equations 3-6). Controlled thermal or 

RN3 + PR3 + R-N-N=N- A R-N=PR, + N2 (4) I 
'PR3 

R 
Ni/H2 

RN3 R N H 2  + N2 

photolytic decomposition of azides results in the generation of nitrenes 
by elimination of nitrogen. These may subsequently undergo re- 
arrangement (equation 2), hydrogen abstraction, cyclization, dimeri- 
zation or addition to G-H or C=C bonds"' (equations 7-11). 

R N 3 + a  "O' * RNH2+ N2+m (7) 

\ 
N3 

H 
3+ 
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Azidcs have found increasing application in bio-organic chemistry, 
particularly in the introduction of protective groups during peptide 
syntheses, the formation of the peptide link without racemization and 
stereospecific syntheses of amino derivatives of strgars and steroids 
(equations 12-15). 

(12) N3C02R -I H2NCH2C01H ---+ R02CNHCH2C02H + HN3 

R O z C N H C H R 1 C O N 3  4- H,NCHR’CO,Me __f 

R 0 2 C N H C H R 1 C O N H C H R 7 C 0 2 M e  -t HN3 (13) 

(14) 

N H2 N H2 N ii2 

MsO,, . &’ +N3&’ H a  

k i3i 
A B i  
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In  recent reviews of the chemistry of organic azido compounds 
attention has been focused mainly on the reactions rather than the 
synthesis of a ~ i d e s ~ * ~ ~ ~ - ' ~ .  The last comprehensive account of the 
introduction of the azido group was published by Boyer and Canter15 
in 1954 and for the purposes of this chapter we have concerned our- 
selves primarily with developments subsequent to this review. Refer- 
ence to work cited in the review of Boyer and Canter is made only 
where it is pertinent to the discussion. Because of the very large 
number of azide syntheses described in the chemical literature no 
attempt has been made at  an encyclopaedic covcrage. Instead, each 
major synthetic method has been discussed from a mechanistic view- 
point with representative examples being used as ilhstration. Only 
reactions in which a carbon-azide bond Is formed are considered; 
reactions in which organic azides are implicated as intermediates but 
are not isolated, e.g. the Schmidt reaction, were deemed to be outside 
the scope of this chapter. 

II. TOXIC AND EXPLOSIVE PROPERTIES OF AZIDES 

In view of the explosive and toxic nature of hydrazoic acid and its 
derivatives it is pertinent to discuss the hazards of handling azides in the 
context of this chapter. Heat, mechanical shock or exposure to some 
chemical reagents, e.g. concentrated sulphuric will decom- 
pose organic azides. Molecular nitrogen is formed and the process is 
accompanied by the release of large amounts of energy. During con- 
trolled decompositions in solution this energy is absorbed by the 
solvent. In the absence of a solvent an cxplosion may occur unless 
this energy is dissipated over the organic fragment. The larger this 
fragment, the more effective the energy transfer proccss becomes ; 
hence the generally higher thermal stability of aryl azides compared 
with alkyl or acyl azides. In this connexion it has been suggested4 
that a threshold value is given by the ratio (C+O)/N and that a 
violent decomposition may occur when this ratio is lower than 
approximately 3 : 1. Organic azides in consequence have been 
extensively investigated as both composite explosives and initiators. 
For example, triazidotrinitrobenzene (I) has some advantages over 
mercury fulminate as an initiator18 and has been examined for develop- 
ment to practical application. In general, however, any consideration 
for the practical use of azides must include their high sensitivity to 
friction and impact, Thus cyanuric triazide (2) has attracted 
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interestlg since it is a stronger initiator than mercury fulminate20, but 
its high sensitivity has caused many accidental explosions and there- 
fore precluded its practical use21. Reports of the explosive character 

(1) (2) 

of azides have been numerous22-28, and it is therefore necessaq to adopt 
suitable sn f e t y  measures whenever handling azido compounds. Indeed some 
compounds, especially low molecular weight azides, are so treacherous that 
explosions may occur for  unknown reasons during procedures which have 
previously ,proved unevent&l. In  particular, precautions are essential during 
d i~ t i l l a t ion~~ and it I;s further recommended that low molecular weight organic 
azides should be stored in solutions o f  not more than 10% strength. 

Tnmethylsilyl azide, which has been used as a reagent for azide 
syntheses, has the advantage of being non-toxic and possessing much 
higher thermal stability than most organic azides. The enhanced 
stability of this compound is attributed to dr+ bonding between 
silicon and 

Hydrazoic acid and its alkali metal salts are often used in azide 
synthesis. Pure hydrazoic acid is violently explosive and the reagent is 
consequently used in dilute solution in which it is quite stable2. 
Solutions of hydrazoic acid in organic solvents may be conveniently 
prepared and find general application in azide s y n t h e ~ i s ~ ~ - ~ ~ .  Silver 
azide, which has occasionally been used for the preparation of organic 
azides, is impact sensitive and has been superseded by the alkali metal 
azides which are not considered explosive under most laboratory 
conditions. 

The toxicity of hydrazoic 
an'd is of the same order as hydrogen cyanide and concentrations in air of 
greater than 0.0005 mg/l produce marked symptoms of intoxication 
w'nich are sometimes not apparent until the day following exposure21. 
The  high vapour pressure of hydrazoic acid (b.p. 37") accentuates this 
hazard and at least one serious case ofpoisoning has been d ~ c u m e n t e d ~ ~ .  
The  main physiological effect is a marked lowering in blood pressure 
with an accompanying rise in the rate of heart beat and respiration and 
it is thought that hydrazoic acid interferes with the oxidation-reduction 
processes of the human body34. Eye and nose irritation, headaches 

Hydrazoic acid and its salts are very poisonous. 
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and unsteadiness may also O C C U ~ ~ ~ - ~ ~ .  Fortunately, recovery from the 
effects of low level exposure to hydrazoic acid is rapid and no evidence 
of cumulative damage has been reported37. 

111. SYNTHESES INVOLVING NUCLEOPHlLlC 
S U B S T l T U T I Q N  REACTIONS OF AZSDE ION 

A. Mechanisms of Nucleophilic Substitution by Azide Ion 

1. Introduction 

In  a discussion of the formation of the carbon-azide bond by nucleo- 
philic substitution with azide ion at an electrophilic carbon centre, the 
consequences of mechanistic differences between reactions at saturated, 
unsaturated and aromatic centres must be considered. 

Nucleophilic substitution (S,) reactions of saturated aliphatic com- 
pounds may be either associative or dissociative and the majority lie 
between the limits set by S,l reactions, in which the rate-determining 
step is heterolysis of the bond to the leaving group, and typical S,2 
reactions with fully synchronous bond-formation and bond-rupture. 
S,l-like reactions represent an intermediate case and are characterized 
by a greater extent of bond-rupture than bond-formation. Hence, in 
aliphatic S, reactions the rate-limiting process involves some degree of 
prior or concurrent bond-rupture. 

I t  is not possible in such reactions to have a transition state with a 
high degree of bond-formation and a low degree or bond-rupture. 
The total bond order of the entering and leaving groups must be less 
than or equal to unity, otherwise the total bond order of the carbon 
atom at the reaction centre will exceed 4 and it is generally accepted 
that this does not occur. 

Most aromatic and heteroaromatic nucleophilic substitution reac- 
tions proceed by an addition-elimination SN2 mechanism. In  such 
reactions there are only three atoms bonded to the carbon at  the 
reaction centre in the initial state (LSt.). Hence, by changing the 
hybridization a t  the reaction centre from sk2p to sp3, bond-formation 
can proceed in advance of bond-rupture and the reaction can pass 
through an intermediate complex (I.C.) with both the entering 
(nucleophile) and leaving groups fully bonded. The intermediates 
so formed are known as sigma complexes and are stable relative to the 
associated transition scates (T.Sts.) along the reaction coordinate. I n  a 
numbei of cases sigma complexes are sufficiently stable to isolate38. 

Two sub-classes of this mechanism may be defined for the cases 
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FIGURE 1. Potential energy (P.E.)-reaction coordinate curves for S,Ar reac- 
tions : (a) formation of T.St.2 rate-limiting; (b) formation of T.St. 1 late-limiting; 
(c) formation of T.St.2 rate-limiting and free energy of F.St. highcr than I.St., 
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where either the bond-forming step (formation of T.St. 1) or the bond- 
breaking step (formation of T.St.2) is rate-limiting (Figure l)39. I n  
each of these sub-classes the sum of the bond orders of entering and 
leaving groups to the reaction centre approaches 2. 

The case where the formation of T.St.2 is rate-limiting (Figure 1 a) is 
similar in character to a saturated aliphatic S N l  reaction and may be 
considered as an S,l reaction of the sigma complex. In  the T.St. for 
the rate-limiting step, the bond from the nucleophile is fully formed 
and aliphatic in type (sp3 sigma bond) and the order of the bond to the 
leaving group is still quite high. I t  is, however, more common for the 
bond-forming step to be rate-limiting (Figure lb), with the bond from 
the nucleophile to the reaction centre in the T.St. substantially formed 
and the bond to the leaving group unbroken, although modified to an 
aliphatic sfi3 bond. 

Among the S, reactions of unsaturated compounds the most impor- 
tant in the present context are those of carbonyl compounds of the 
type -COX, in which X is a good leaving group. These would be 
expected to be intermediate in character between the S, reactions of 
saturated aliphatic compounds and of aromatic compounds. I n  par- 
ticular, the total bond order between the reaction centre and the 
entering and leaving groups should generally be greater than unity 
but less than for the case of aromatic S, reactions. 

2. h i d e  ion as a nucleophile 

General concepts upon which the factors affecting nucleophilic 
strength may be specified and assessed havc been independently pro- 
posed by H u d s ~ n ~ ~ s ~ l  and Miller42. The effective strength of a 
nucleophile depends in part on its solvation and ionization energies, 
which are independent of the substrate. In  addition, in the rate- 
limiting process the degree of bond-formation between the reagent and 
the substrate and the extent of rupture of the bond to the leaving group 
contribute to the total nucleophilic strength. Thus numerical values 
of the strength of nucleophiles as expressed by the log rate functions of 
Swain43 and of Edwards44 may vary quite widely with different sub- 
strates and reaction conditions. Nevertheless, azide ion can be 
qualitatively assessed as a moderately strong kinetic nucleophile. In  
terms of Pearson’s HSAB principle 45, azide ion falls into the borderline 
category between hard and soft bases. 

It is convenient to commence a discussion of the reactivity of azide 
ion in protic solvcnts with reference to aromatic S, reactions since 
these have been investigated in greater depth than aliphatic SN 
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reactions. The majority of reactions between aromaric substrates and 
azide ion are similar to those with other first row reagents in that the 
bond-forming step is ratc-limiting, or so close to it as to give equivalent 
results. In azide ion reactions in which the energy of the second 
transition state is substantially higher than that of the first transition 
state, the free energy of the final state is also higher than the 
initial state. For example, azide ion may be displaced from p-nitro- 
azidobenzene and 2,4-dini troazidobenzcne by methoxide ion in 
methanol 26s47, but these reactioiis are practically not reversible 
(Figure lc). In more highly substituted systems such as picryl com- 
pounds, potcntial energy-reaction coordinate curvcs are of the type 
shown in Figure 1 d and sigma complex formation by addition of azide 
ion to the substrate, or of a nucleophile to an aryl azide, can be 
observed 48. 

The quite high values of sclvation energy and electron affinity in 
protic solvents reflect wealmess of azide ion as a nucleophile. How- 
ever, the C-N, bond is quite strong and this indicates strength as 
a nucleophile. The resultant of these effects imparts moderate 
strength to azide ion when there is a substantial degree of bond- 
formation in the rate-limiting transition state. A quantative analysis 
of these factors has enabled some well known reagents to be placed 
in the order of reactivity SPde- > OMe- > N,- > SCN- >Hal- for 
aromatic S, reactions L2**0.50. 

It is instructive to compare the nucleophilic strength of azide ion 
with that of amide and substituted amide ions. The significant 
difference is the low electron affinity of the amino group; amide ions 
are therefore much stronger nucleophiles than azide They are 
also very strong bases with reactivity such that they cannot be used in 
protic solver?& which are sironger acids than the conjugate acids of 
amide ions, viz. amines. 

In common S,Ar reactions of azidc ion, where bond-formation is the 
rate-limiting process, the nature of the leaving group has little effect on 
reagent reactivity unless it is highly electroncgative. For example, 
with azide ion, chlorides are little more reactive than bromides and 
iodides ; displacement of the much more electronegative fluorine, 
however, proceeds some lo3 times faster with activated aryl fluorides 
than with corresponding heavy halides 49-53. 

Although the rates of azide exchange reactions have not been 
studied, it may be predicted that the enhancement of reactivity due to 
the electronegativity factor would be largely counteracted by the 
relatively greater stability of initial states in their reactions with azide 
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ion. In fact, with some aromatic ethers such stabilization of the 
initial states prevents substitution with azide 

In SNl reactions of aliphatic substratcs it is important to note that 
the electrophile is a carboniurn ion and this is much less discriminating 
towards nucleophiles than are less reactive clectrophilic species. I n  
such reactions the nucleophilic strength of azide ion has no direct effect 
on rates, but is involved in determining product ratios in competitive 
reactions with other nucleophilcs, including the solvent. Concentra- 
tion factors are therefore important and salt effects of dissolved azides 
may also be sionificant 54. 

Saturated aliphatic S N 2  reactions differ from aromatic S N 2  reactions 
in having substantially less bond-formation with the nucleophile in their 
transition states. Although the degree of deionization and desolvation 
may be less advanced in the formation of thc transition state for ali- 
phatic than for aromatic sN2 reactions, the differences in ionization and 
solvation energies are proportionately less than the differences in bond 
energies. Hence the bond strength factor is less predominant and 
azide ion, which depends on the bond energy term for its relatively 
high place as a nucleophile in SNAr reactions, appears as a weaker 
nucleophile in aliphatic S N 2  reactions. I t  is in fact a general pheno- 
menon that first row nucleophiles which form strong bonds to carbon 
show up less well in aliphatic than in aromatic S, reactions and, con- 
versely, heavy nucleophiles which form weaker bonds to carbon show 
up relatively better. For example, in the reactions of nucleophiles 
with methyl bromide in water the order I- > SCN- > N;, as 
shown in Swain's table of nucleophilic constants43, is in the reverse 
order to that shown with aromatic substrates. 

Changes in the leaving group are of little effect in diflerentiating 
between relative strengths of nucleophiles. The results of Parker and 
co-workers 53, for example, show that the N; /SCN- rate ratio in dis- 
placement reactions of methyl halides in methanol changes from 0-4 
for displacement of chloride to 0.1 for iodide. The decrease in the 
ratio is due to a larger rate ratio MeI/MeCI for thiocyanate (21 600) 
than for azide ion ( 2: 150). This result suggests that the degree of 
bond-rupture in the transition state of the reactions with thiocyanate 
ion is greater than for azide ion reacticjns. This i s  presumably accom- 
panieci by a larger degree of bond-formation in the transition state of 
thiocyanate ion reactions as is appropriate for this larger and more 
polarizable (softer) nucleophile. For the reactions with azide ion, the 
mobilities of the heavy halogens relative to C1 = 1 are Br = 135, 
I = 150 and this is consistent with the known patterns for aliphatic 

9 
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SN2 processes, although the ratios are a little larger than those typical 
with oxygen nucleophilcs. 

I n  the transition state for an aliphatic SN2 reaction the bond between 
the reaction centre and the leaving group is partially broken. The 
inductive efEect of strongly electronegative substituents is consequently 
offset by the energy required for this partial bond-rupture. Electro- 
negativity therefore makes a lesser relative contribution to leaving 
group mobility in the aliphatic than in the aromatic SN2 reactions 
where the formation of T.St.1 is rate-limiting. Groups such as 
fluorine and X+ are generally less mobile in the aliphatic reactions but 
kinetic data concerning such relative mobility in reactions with 
azide ion are scarce. From the results of Hughes, Ingold and 
c o - w o r k e r ~ ~ ~ * ~ ~ ,  however, it may be estimated that the SMe; group 
is about 5 times more mobile than chlorine. It is probable that 
the F/C1 ratio is about 10-1 to but this has not been 
measured. 

In unsaturated aliphatic systems the most important reactions are 
those of carbonyl compounds of the type -COX, in which X is a good 
leaving group such as halogen. In general, most displacement 
reactions of anionic nucleophiles on the carbonyl carbon atom of acyl 
halides involve an addition-elimination mechanism5' (e.g. equation 
16). In  such reactions bond-formation is in advance of bond-rupture 

0 0- 0 
I1 I I I  

I (16) X- + RCY - RCY - RCX + Y- 

X 

at the reaction centre and the total bond order of the entering and 
leaving groups is more than unity. Leaving group mobilities are 
particularly indicative of differences iii total bond order. For 
example, in the reaction of benzoyl halides with hydroxide ion at 0.5" 
in 50y0 aqueous acetone58, the rate ratio k&,, = 1.4. This halogen 
mobility pattern resembles that of aromatic S, reactions rather than 
that of aliphatic S, reactions but the differences are substantially 
smaller than in the aromatic series. 

Thus one might expect nucleophilic displacements on -COX 
compounds with azide ion to be intermediate in character between 
saturated aliphatic SN2 and SNAr reactions. However, while there are 
numerous examples of the formation of azides by displacement of X 
from -COX compounds with azide ion, there appear to be no 
important mechanistic studies on such reactions. 
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Similar considerations apply to the reactions of azide ion with other 

species of the general type R - d Y  (Y = S,NR), but again no 
\X 

supporting kinetic data are available and, in fact, compounds of the 

type R--C Rs are unknown (section III.B.3). 
\lS3 

Nucleophilic substitution reactions of unsaturated compounds con- 
taining the C=C double bond are well known and are distinguished 
by the relative location of the double bond ar,d leaving group. 
R a p p ~ p o r t ~ ~  has recently reviewed the wide and complex nature of 
nucleophilic vinylic substitutions. The susceptibility of simple vinyl 
compounds to nucleophilic attack is low and comparable to unacti- 
vated halobenzenes. As is the case with aromatic compounds, how- 
ever, vinylic substrates may be activated by electron-withdrawing 
substituents conjugated with the reaction centre. 

An addition-elimination mechanism (equation 17) appears to be 
operative in such reactions with azide ion, sirice it has been found that 
the kB,/kcl rate ratios for a series of derivatives of ArSO,CH=CH)iaI 
are very similarso. This result indicates that C-N, bond formation 
precedes the %Hal bond breaking step. The stereochemistry of the 
substitution depends on the specific addition-elimination pathway in- 
valved. In  particular, the lifetime of a carbanionic intermediate is 
important in relation to the configuration of the final product and this 
is discussed in detail in section III.B.2. 

C=C(Y)R2 

R’ Y 

NU-C-C 
/ + Nu- 

\ 

/ 
R2 Nu 

/c=c \ 
X 

(17) 
- HX 

NU-C-C-H 

R2 
( i i i )  / \ 
+ H a  )( 
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The relative nucleophilicities of anionic reagents towards standard 
vinylic substrates have been tabulated and from these it is apparent 
that azide ion is a moderately strong nucleophile in protic solvents, 2nd 
even stronger in dipolar aprotic s ~ i v e n t s ~ ~ ~ u ~ .  The need for caution in 
construction of such nucleophilicity scales has been stressed, however, 
since trends appear to be dependent on the structure of the substrate 
and some anomalies in the effects of solvent have been noted. 

Ally1 compounds are highly reactive towards nucleophiles and 
examples of dissociative (SN1) and associative (&2) reactions, and 
nicleophilic substitution with rearrangement are well documen- 
ted 62*63. Differentiation between these mechanisms when azide ion 
is the nucleophile is c.ften extremely difficult due to the possibility of 
rearrangement of the allylic azide resulting from substitution, and 
for this reason the relative nucleophilic strength of azide ion in allylic 
SN reactions has not been delineated. 

3. Role of solvent 

The role of solvent in substitution reactions may be twofold since it 
can act both as a reagent in solvolytic processes and as a reaction 
medium. SNl reactions in which the solvent competes with a i d e  ion 
are well knowm and have been discussed previously. I n  this section 
consideration is given to the use of solvents as reaction media. 

In recent years the marked effect of dipolar aprotic solvents on the 
rates of nucleophilic substitution reactions has become widely 
~IIOU-K-P~~~~. Small anions, e.g. fluoride ion, are more solvated by 
protic than aprotic solvents and this is clearly indicated by the high 
kinetic nucleophilicity of fluoride ion in dimethylformamide or 
dimethyl sulphoxide. The levels of solvation of large anions, such as 
the interrnediate complexes of SNAr reactions, by both types of solvent 
are comparable, although the level in protic solvents is generally a 
little higher. Dipolar aprotic solvents have the negative end of their 
dipole more fully exposed than protic solvents and hence are more 
effective in the solvation of large cations. For this reason there is less 
ion-pair formation with caesium fluoride than with lithium fluoride 
in dipolar aprotic solvents. The solvation of neutral species is 
energetically unimportant compared with that of ions. 

In common SNl reactions involving heterolysis to form ions, the 
differential solvation between protic and aprotic solveots for the 
anion X- produced in the rate-limiting step is generally greater 
than for the cation R+ (equation 18). Hence such reactions typically 
proceed faster in protic solvents in which X- is better solvated. 
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: R\'+X- (18) 
fast  R+ + X- + Y- y -  + RX r.d.S. 

I n  sN2 reactions and SNAr reactions in which bond-formation is the 
rate-determining step, the differential solvation in the transition state 
is usually much smaller than the differences in levels of solvation of the 
anionic nucleophiles between protic and aprotic solvents. Therefore 
in dipolar aprotic solvents the activation energy AEf is lowered and 
these reactions consequently proceed a good deal faster in such solvents 
(Figure 2). This is true of azide ion which is in general a stronger 
kinetic nucleophile in aprotic than in protic solvents. 
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FIGURE 2. Effect of protic (p) and dipolar aprotic (a) solvents on the activation 
energy of SN2 reactions and SNAr reactions with the formation of T.St.1 rate- 

limiting. ---- dipolar aprotic solvent. - protic solvent. 

Some rate ratios (kDMF/kMeCn) for reaction in dimethylformamide 
compared with methanol are : azide ion with p-iodonitrobenzene 51 p S 3  

at O", 8.7 x lo3; azide ion with methyl bromide53 at O", 1.6 x 10'. 
These may be cornpared with the solvent rate ratios for acetone: 
acetone-methanol (75 : 25 vlv) : methanol, for reaction oft-nitrobenzyl 
bromide with azide ion at  -2O", viz. 4-5 x lo4: 47:1, or approxi- 
mately lo3 : 1 for acetone : acetone-methanols6. Similarly the ratio 
acetone : acetone-methanol (75 : 25 viv) for reaction of azide ion with 
n-butyl bromides6 at -20" is 2.35 x lo3. 

I n  addition to changes of rate in different solvents, solvent rate 
ratios have been shown to vary on changing the leaving group. In a 
simple approach the order ofsolvation energy (enthalpy) in both protic 
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6 -  6 -  
and aprotic solvcnts for S N 2  rcactions is N; > N,---R-. .Cl  =. 
N3 * - - R. * .Br, and with the differences between protic and aprotic 
solvents decreasing in the same order. In such a pattern the solvent 
rate ratio kDMF/kMeOK should therefore be larger for displacement of 
bromine than of chlorine and this is apparent from the work of Parker 
and his colleagues63 and of MiottiG6 which indicates that the solvent 
ratio for bromo compounds is about 3-5 times greater than that of the 
chloro compounds. 

A more complex approach would require consideration of the 
possibility that some very large anionic transition states are better 
solvated in some dipolar aprotic than in protic solvents51. The ex- 
perimental data, however, suggest that such a concept is not valid for 
the species ROW being discussed 67. 

4. Genera! stereochemical considerations 

The stereochemical course of nucleophilic substitution reactions is 
best illustrated by reference to substitution at  a saturated carbon atom. 
The underlying principles of these reactions are fundamental to an 
understanding of the more complex stereochemistry of S N  reactions on 
steroids, carbohydrates and vinyl compounds which are considered in 
detail in the relevant sections below. 

6-  6 -  

Initial State 
(l.St.1 

Transition State Final State 
(T.St.1 (FSt.) 

TSt. 

Reaction coordinate 

FIGURE 3, Walden Inversion during bimolecular substitution at a saturated 
carbon atom. 
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Synchronous SN2 reactions are characterized by inversion of con- 
figuration at the reaction centre (Walden Inversion) for in the transi- 
tion state the entering and leaving grcups share a p-orbital of the 
carbon'at the reaction centre and are thus at 180" to each other. The 
other attached groups in the transition state are bonded by sp" sigma 
bonds68 (Figure 3). The pioneering studies of Hughes, Ingold and 
co-workers 69 conclusively demonstrated that WaIden Inversion occurs 
in sN2 reactions involving azide ion as the nucleophile. 

In  1960 Hughes, Ingold and c o - ~ o r l r e r s ~ ~ * ~ 6  indicated that this 
stereokinetic rule for SN2 reactions, although generally accepted, had 
been established for the most part only for reactions of negative reagents 
with neutral substrates. Of the other possible s N 2  reaction types, that 
in which a negative reagent interacts with a positive substrate was 
considered the most likely to undergo substitution with retention of 
configuration (i.e. prove an exception to the stereokinetic rule). A 
study of some reactions of azide ion with akyi halides and with 
dimethyl- 1 -phenyiethylsulphonium chloride were, however, all shown 
to proceed with practically quantitative inversion of configuration, 
despite the countervailing electrostatic forces. 

SN2 reactions may, however, involve some complexities. An in- 
teresting example is the study by Sneen and c o - w ~ r k e r s ~ ~ - ~ ~  of the 
sN2 solvolysh of 2-0cty1 brosylate in the presence of azide ion. In  pure 
methanol or water, solvolysis with inversion occurs. In 75y0 aqueous 
dioxan, however, the inverted 2-octanol was obtained in only 77y0 
optical purity. When azide ion was added optically impure 2-octyl 
azide (3) was obtained together with fully inverted 2-octanol (4). A 
sequence invclving parallel solvolysis by direct reaction, and reaction 
through an ion-pair intermediate (5) was put forward to explain these 
results (equation 19). The formation of the alcohol (6) with reten- 
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tion of configuration in aqueous dioxan proceeds by double inversion 
through the intermediate (5) .  The more nucleophilic azide ion 
competes for this intermediate so effectively that no product of sol- 
volysis of the ion-pair is formed when azide ion is present.*' 

The stereochemical patterns in SNl reactions and S,l-Like reactions 
may vary widely. In  the majority of S N l  reactions the rate-limiting 
step involves the ionization of a neutral substrate. I t  is now generally 
agreed that ionization proceeds through the scquence : intimate ion- 
pair + solvent-separated ion-pair + dissociated (solvated) ions. The 
nucleophile may intercept the carbonium ion beforc the final stage and 
the stereochemistry of the products so obtained may range from sub- 
stantial inversion to complete racemizatton. An example of sub- 
stantial inversion, ascribed to early interception of the heterolysis, has 
been reported by Weiner and  sneer^?^ for the solvolysis of 2-octyl 
methanesulphonate in 25y0 aqueous dioxan and its reaction with 
zzide ion. From the kinetic data it is clear that azide ion is not in- 
volved in the rate-limiting step and yet it is pertinent that the 2-octyl 
azide produced is highly inverted (80y0 inversion). I t  has been 
suggested that formation of an ion-pair intermediate is rate-limiting 
(equation 20). Solvolysis also proceeds with inversion of configuration 
and has been explzined in similar terms. 

HOR 

l o H z  n 
rate-limiting O w 0  n+ 

(20) + O w 0 - "  

1 
RX R+X-  

intimate ion- 
pair pi 

products 
N3R 

(80 %) 

Where neighbouring group participation occurs in S, reactions, the 
net result is a retention of configuration, for the reaction consists of an 
initial fast S,i reaction (equivalent in character to an s N 2  reaction) 
followed by a slower s N 2  attack of the external nucleophile. Typical 

* Ingold (Ref. 104, p. 529) has stated that the configuration of the products 
precludes an SN2 process with double inversion and he has expressed a preference 
for an S,l mechanism in which stercochemical differences are the result of 
medium effects. 
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neighbouring groups which participate in anchimeric reactions are 
nucleciphilic species possessing unshared electrons or unsaturated 
n-systems. An example of the former 74 is the solvolysis with retention 
of configuration of the cyclohexyl derivative (7) (equation 21). Where 
the neighbouring group is a rr-system, the neighbouring group effect 
involves the formation of a non-classical cation and such an example 
in the carbohydrate field is discussed in detail in section III.B.6. In  
either case an appropriate spatial relationship with the reaction centre 
is essential. 

B. Synthesis of h i d e s  by Mucleophilic Substitution 

1. Aliphatic and alicyclic azideo 

The direct introduction of the azido group by nucleophilic dis- 
placement with azide ion constitutes the most convenient and general 
synthesis of aliphatic azides. Consequently the method has been 
extensively employed since its first application was reported in 1901 by 
Cur tius 75. 

Although some cases of S,l reactions occur, displacements are nor- 
mally bimolecular. The associated Walden Inversion affords a 
configurational selectivity which is particularly valuable in steroid and 
carbohydrate metathesis. A wide range of leaving groups has been 
employed in the reaction, e.g. sulphate 78*77, nitro 78,  nitrate 79e80, 

phenylazo 78 and iodoxy 01, but p-toluenesulphonyl, methanesulphonyl 
and halogeno derivatives are the most frequently used. Methyl and 
ethyl azides, however, cannot be obtained from the corresponding 
halides and are instead prepared from the alkyl sulphates 76*77*82. The 
better leaving group mobility of p-toluenesulphonate than halogeno 
groups may be employed in the synthesis of haloazides 26 (equation 22). 

Prior to the use of dipolar aprotic solvents for these reactions the 
general procedure involved interaction of the alkyl substrate with 

CICHzCHzTos CICHzCHzN3 (22) 
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sodium azide in aqueous alcohol. Sealed tubes and a complicated 
work-up procedure ircluding the separation of azeotropic mixtures 
were required 83e84 and in addition the facility of the reaction depended 
critically on the nature of the sodium azide employed86. Whereas 
early preparations of sodium azide from hydrazine, amyl nitrite and 
sodium methoxide gave a highly active reagenta6, commercial sodium 
azide prepared from sodarnide and nitrous oxide is of variable activity 
and sometimes unreactive 87. Treatment of the commercial product 
with hydrazine produces a reagent of greater and more uniform 
a c t i ~ i t y ~ ~ e ~ ~  and the use of such ‘activated’ sodium azide in azide 
synthesis has been widespreads0. 

This situation existed until 1957 when Lieber, Chao and Rao 
demonstrated the advantages to be gained from using high boiling 
solvent. such as the monoalkyl ethers of diethylene glycol84. This 
modification, which obviated the use of sealed tubes and the prior 
activation of sodium azide, enabled generally higher yields to be 
achieved and work-up procedures were simplified since azeotropic 
mixtures were not formed. Dipolar aprotic solvents are even more 
efficacious and dimethyl ~ u l p h o x i d e ~ ~ - ~ ~ ,  dimethylformamide94~s6, 
dimethylacetamide 962 nitrobenzene 97 and hexamethylphosphor- 
amideas are now used routinely as media for azide ion substitution 
reactions. 
As expected, substitution by azide ion occurs more readily when the 

any1 substrate bears electron-withdrawing groups. For example 
phenacyl bromide and its derivatives give high yields of azides when 
treated with sodium azide in the coldgs-lol. Secondary alkyl sub- 
strates undergo SN2 reactions with azide ion95b102J03 but with less 
facility than primary alkyl substrates in accordance with the normal 
polar influences and primary steric effects in S, reactioiul0*. Selec- 
tive substitution is therefore possible and this has been effectively 
applied in carbohydrate and steroid synthesis (sections II.B.5,6). 
These effects are also exemplified in the alicyclic series where it has 
been reported that menthyl halides and 2-methylcyclohexyl halides 
asord unsatisfactory yields of azide lo5. The unsubstituted alicyclic 
azides, however, are obtained in good yields by the procedures out- 
lined above 84*105-107 (Table 1). 

Extension of the general synthetic method to the synthesis of 
vicinallo8-l12 and geminal 112 diazides and a,o-diazidoparafis28*102 
is well documented. Some diazido compounds have received con- 
sideration as explosives and initiators l13. 

Some syntheses of alkyl and alicyclic azides are considered to proceed 
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TABLE 1. Alkyl and alicyclic azides synthesized by nucleophilic 
substitution reactions 

Yield 
70 Reference Substrate Solvent Product 

1-Iodopropane Methyl 1 -hidopropane 

1 -Chloro tutane DMF 1 -hidobutane 
I-Bromobutane Aq. methyl 1-Azidobutane 

I-Bromobutane Aq. methanol I-Azidobutane 
1-Iodopentane Aq. carbitol 1-Azidopentane 
1-Iodohexane Aq. carbitol 1-Azidohexane 
1-Iododecane Aq. methyl 1-Azidodecane 

carbitol 
I-Bromocyclopentane Carbitol 1-Azidocyclopentane 
1-Bromocyclopentane Aq. ethanol 1-Azidocyclopentanc 
1-Iodocyclohexane Carbitol 1-Azidocyclohexane 
1-Iodocyclohexane Aq. ethanol 1-Azidocyclohexane 
1-Bromocycloheptane Aq. ethanol 1-Azidocycloheptane 
1,3-Dibromopropane Aq. methanol 1,3-Diazidopropane 
1,5-Dichloropentane DMF lY5-Uiazidopentane 
1,8-Dibromooctane -4q. methanol 1,8-Diazidooctane 
lY2-Dibromo- 1 - DMF 1-Azido- l-phenyl- 

phenylethane 2-bromoethane 
Phenacyl bromide Aq. Phenacyl azide 

carbitol 

carbitol 

methanol- 
acetic acid 

p-Bromophenacyl Aq. ethanol- p-Bromophenacyl 
bromide acetic acid azide 

Ethyl 1-bromo-1- Aq. ethanol Ethyl l-azido- 
phenylacetate 1 -phenylacetate 

Ethyl 1-chloro-1- Aq. ethanol Ethyl l-azido-l- 
p-nitrobenzyl- p-ni trobenzyl- 
acetate acetate 

Chloromethyl Water Azidomethyl 
methyl sulphide methyl sulphide 

Benzyl chloromethyl Water Azidomethyl 
sulphide benzyl sulphide 

N,N-Dimethylamino- Dichloro- N,N-Dimethyl- 
bromomethane methane aminoazido- 

methane 
Chloromethyl ethyl Water Azidomethyl ethyl 

Bis (2-chloroethyl) DMF Bis (2-azidoethyl) 

Bis (2-chloroethoxy) DMF Bis (2-azidoethoxy) 

I-Chlorobutan-3-ons - 1 -Azidobutan-3-one 
Cyanogen chloride Pentane Cyanogen azide 

ether ether 

ether ether 

ethane ethane 

64 84 

89 
78 

28 
84 

83 
84 
84 
84 

90 
84 
87 
89 

82 
51 
75 
68 
55 
81 
68 
72 
- 

84 
105 
84 

105 
105 
102 
28 

102 
94, 114 

93 99, 101 

91 99 

84 100 

94 107 

115 52 

63 115 

116 95 

50 117 

92 28 

85 28 

118 
119 
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by a unimolecular mechanism. The best known example involves the 
treatment of sccondary and tertiary aryl carbinols with hydrazoic acid 
in the presence of trichloracetic acid and this constitutes a general 
route to the corresponding alkyl azides 120-123. Tietz and McEwen12' 
have shown that under such conditions benzhydrol derivatives (8) 
afford the azides (9) after 24 hours at room temperature, and Ege and 
Sherk m0 have similarly isolated 1,l-diphenylethyl azide (10) from the 
corresponding alcohol. The latter authors further observed that 10 
was also produced from 1 , 1-diphenylethylene under the same 
conditions and invoked a carbonium ion as the common inter- 
mediate lZo. The formation of such intermediates from secondary and 
tertiary carbinols is in accordance with the well known unimolecular 
substitution reactions of such substrates (equation 23). 

M. E. C. Biffin, J. Miller and D. B. Paul 

An in-xesting applicatioii of this reaction is in the formati-n of 
1-azido-1-ferrocenylethane (12) in 57y0 yield from the alcohol (13). 
The exceptionally stable carbonium ion (14) has been suggested as an 
intermediate in this reaction123. 

I 
FerrC H M e  

O H  
I 
N3 

(12) (13) (14) 

The acid strength of the reaction medium is critical if azides are to 
be isolated from uniniolecular reactions of carbinols in the presence of 

FerrC H M e  F e r r t  H M e  
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liydrazoic acid. Under strongly acidic conditions, deprotonation of 
the conjugate acid (11) is suppressed and its decomposition by loss of 
nitrogen niay predominate, cf. Schmidt reaction 120J24-126. Ege and 
Sherk havc explained the instability of 11 in terms of the inhibition of 
resonance stabilization resulting on protonation of the azido group120. 
I n  this connexion it has been shown that with sulphuric acid as cata- 
lyst, substantial amounts of amines accompany azide formation 12'-130 

except a t  low temperatures 131*132. Thus Arcus and Coombs obtained 
both azidofluorenes and phenanthridines from fluorenols in a sulphuric 
acid-hydrazoic acid medium (equation 24) 12'. Azidofluorenes were 
the exclusive products, however, when trichloracetic acid was used as 
catalyst 122. 

Other examples of azide syntheses have been reported where S,l 
mechanisms may be implicated but have not been substantiated by 
kinetic measurements. Bohme and M0rf115-l17 have obtained the 
azides 15 and 16 simply by shaking the corresponding halo compounds 
and aqueous sodium azide at room temperature. I t  is well established 
that compounds such as 17, which form a mesomeric cation such as the 
oxonium ion (18) by loss of chloride ion, undergo rapid unimolecular 
reactions 133. 

Kuczynski and Walkowicz134 have described an azide synthesis in 
which the trishomocyclopropenyl cation 135 (19) is formed in the rate- 
limiting step of an S,l reaction of the cis-p-toluenesulphonate (20). 
In the presence of azide ion the product was a mixture of the cis and 
trans azides, 21 and 22, and 3-azido-cis-2,2-dimethylbicyclo[3,1,0] 
hexane (23), which were identified after reduction to the amines. The 
trans-p-toluenesulphonate (a), however, afforded only the inverted 
azide (21) (equation 25), which seems surprising in view of the 
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hindrance to backside attack by azide ion on 24 as suggested from 
stereo models. 

2. Alkenyl azides 

a. Vinyl azides. Owing to the general inertness of vinyl substrates 
towards nucleophilic substitution, vinyl azides are most conveniently 
obtained by dehydrohalogenation of azidohaloalkanes 26*114J36-138. 
A general synthesis of this type has been described by Hassner and co- 
workers 136 : addition of iodine azide to olefins affords /3-iodoazides (see 
section IV.E.l) and these compounds give vinyl azides on dehydro- 
iodination with potassium t-butoxide. 

Replacement in vinylic derivatives is, however, facilitated by 
electron-withdrawing groups B to the site of substitution and addition- 
elimination reactions of this type have been reviewed by Rappoport 59 

and by Patai and Rappoport 139. Such reactions have been applied in 
the direct synthesis of vinyl azides. For example the synthesis in 81 yo 
yield of the p-azidovinyl ketone (25), of unspecified stereochemistry, 
from the chloro derivative and azide ion in dimethylformamide at 40" 
has been described by Maiorana 140. 

N3CH=C(Me)COC6H5 
(25) - 

The mechanistic implications of the stereochemical course of such 
addition-elimination reactions with azide ion have beexi considered by 
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several workers69. Meek and Fowler141 have reported that the 
formation of vinyl azides from cis- and trans-1,2-di-p-toluenesulphonyl- 
ethylene occurs with a high degree of retention of the configuration of 
the substrate. The azido product obtained from the cis isomer is 
comprised mostly (goyo) of the cis compound (26) a i d  the trans 
substrate yields exclusively the tram azide (27). The high degree of 
stereospecificity has been rationalized in terms a€ a kinetic preference 
for the product which is derived from an intermediate in which co- 
planarity of the leaving group and the developing r-orbital of the pro- 
duct is achieved with minimum eclipsing of bulky groups. This 
situation is illustrated for the Cis substrate in equations (26) and (27). 

Formation of the trans isomer from the cis substrate would entail an 
eclipsing of the bulky p-toluenesulphonate groups and hence is 
kinetically less favourable (equation 27). 

(27) 

Nesmeyanov and Rybinskaya have examined the products from the 
reaction of compounds of the general type trans-ArCCCH=CHX 
with azide ion in aqueous When X = Cl,Br,Me,N+ 
and NO,, trans azides are isolated in high yield ( > 850/,), but with 
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X = SO; or CN, triazoles are formed. The formation of such cyclic 
products was thought to reflect the longer lifetime OC the carbanionic 
intermediate. 

Interesting behaviour, intermediate between these two extremes, 
wa observed in the case when X = C,H,SO,. On treatment with 
azide ion the trans compound (28) affords 88y0 of the tram azide (29), 
together with 12 7' of 5-phenylisoxazole (30) presumably derived from 
the cis azide. The cis substrate (31), however, also gives the trans azide 

M. E. C. Biffin, J. Miller and D. B. Paul 

[ArCOCH~-lS02C6H5 1- 
ArCO ,so 2c6 5 

'CL=C 
/ \  

H H 
(81) (32) 

(29) and a small amount of the isoxazole. Nesmeyanov and Rybin- 
skaya have suggested that benzenesulphinate is a poorer leaving group 
than halide, p-toluenesulphonate or trimethylammonium and the 
lifetime of the carbanion (32) is great enough for carbon+arbon bond 
rotation to occur. This leads predominantly to the thermodynami- 
mically more stable tram Although the lifetime of the 
carbanion exceeds the time needed for bond rotation, it is not great 
enough to allow cyclization to a triazole. The mechanism of such 
reactions, as indicated by product analysis, is dependent on the 
reaction conditions employed. For example, in contrast to the 
results of Nesmeyanov and Rybinskaya, it has been found that 
p-chlorobenzoylethylene (33), affords 5-phenylisoxazole (30) and 
4-benzoyl-1,2,3-triazole (34) after 5 hours at 30" in dimethylfiirma- 

H 
(34) 

mideI4O. The dipolar aprotic solvent possibly stabilizes the inter- 
mediate carbanion and its lifetime is sufficient to ena3le cyclization to 
occur. 
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The synthesis of azidoquinones from haloquinones is well estab- 
l i ~ h e d l * ~ J ~ ~ .  Replacement of more than one halo group may be 
effected, as for example in the synthesis of tetraazidobenzoquinones 
and 2,3-diazido-l,4-napthoquinone 14(j-14*. A related case is the for- 
mation of diazido-N-phenylmaleimide (35) from the corresponding 
dichloro derivative 149J50. 

In the synaesis of the terminal vinyl azide (36) by reaction of 
9-bromomethylenefluorene with azide ion in dimethylformamide 151 

the halogen atom is activated by the pan-activating 152 hydrocarbon 
nucleus. Similar treatment of the dichloromethylene derivative (37) 
results in a more complex reaction. 9-Azido-9-fluorenecarbonitrile 
(38) is produced and Smolinsky and Pryde have rationalize& the for- 
mation of this product by the sequence shown in equation (28). 

(37) 

N AN 

b. AZZyZ azides. Several mechanisms have been delineated for 
reactions of allylic compounds with nucleophiles and this aspect of 
substitution processes has received extensive coverage in the litera- 
ture62-63. Surprisingly, there are but few reports on the use of azide 
ion although from the data available it is apparent that with this 
nucleophile also a number of mechanisms require consideration. 

4+ C.A.O. 
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Ally1 chloride 153 and /3-phenylaUyl bromide 154 have been converted 
into ailyl azide and /3-phenylallyl azide, but to differentiate between 
possible mechanisms involved in these reactions labelling studies would 
be necessary. The primary and secondary allylic chlorides, geranyl 
chloride 155*156 and c-butylalyl chloride 167, appear to undergo normal 
SN2 substitution by azide ion in aqueous alcohol to form geranyl azide 
and a-butylallyl azide respectively. 

M e  M e  M e  
\ 

/ 
-CH=C H2 + C=C HCHZN, (29) 

\ 

M e  
Me-(i C=CHCHzCl + 

\ 

/ 
M e  N3 

(39) (40) (41) 

Complications may arise where rearrangement occurs in a step 
subsequent to nucleophilic subsiitu tion. For example Gagneux, 
Winstein and Young 15* have shown that y,y-dimethylallyl chloride 
(39) a.ffords a mixture of the azides 44) and 41 on treatment with azidc 
ion (equation 29). The p r e  azides, separated by g.l.c., rapidly 
equilibrated to the isomeric mixture. On the basis of iiie known 
ability of aryl and alkyl azides to add to olefins, these authors suggested 
that the isomerization process was conceivably similar in character to 
an intramolecular addition for which intermediates such as 42 and 
43 could be visualized. A possible alternative pathway for this 

\\ /N 
N 

N 

(42) (43) 

rearrangement is by a synchronous mechanism as illustrated in 
equation (30). A similar allylic azide rearrangement has been des- 
cribed by van der Wed, Heasley and Locatel1159 who observed that 
cis- and tram- lY4-diazido-2-butene spontaneously equilibrated at room 
temperature to give identical mixtures of 1,2- and lY4-diazides. 
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Another mechanistic variation is the SN2' reaction which has been 
discussed by Pegolotti and Young160 in relation to the displacement 
reaction of azide ion with a-trifluoromethylallyl p-bromobenzene- 
sui;>honate (44). Second-order kinetics were observed and only one 
product, designated as the y-trifluoromethylallyl azide (45), was 
isolated. -4lthough these facts are consistent with an SN2' reaction 
(equation 31), Pegolotti and Young appreciated that the possibility of 

c F3 
N: - CHZ-CH-CH n' N3CHzCH=CHCF3 

an &2 displacement followed by isomerization (equation 32) --ad not 
been adequately eliminated. In discussing this work it  should be 

noted that an unambiguous structural identification of the azide 
product is not recorded in the paper and therefore this point might 
bear re-examination. 

In 1937 Levene, Rothen and Kuna15' reported that ally! halides 
undergo substitution by azide ion without inversion of configuration 
and quoted as an example the sequence in equation (33). In this 

vmrk, absolute configurations were erroneously assumed on the basis 
of relative optical rotations. There appears no reason why Walden 
Inversion should not occur in these cases i f a  normal sN2 mechanism is 
operative. 
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x 
II 

3. Aaides of the general structure R-C-Nz 
x 
I1 

In this section azides of the general structure R-C-N, (where X 
is a lieteroatom : O,N or S and R is alkyl or aryl, 0-alkyl or amino) are 
considered. Compounds of this type may exist in tautomeric equili- 
brium with the cyclic form (equation 34), the best known example 

being the azidoazomethine-tetrazole tautomerization, when X = NR’. 
Acyl azides (X = 0) only exist in the open chain form and conversely 
only the cyclic tautomern of thiatriazoles (X = S) have been reported. 
Such cyclic compound; are not relevant within the context of this 
chapter and will only be discussed where pertinent to the synthesis of 
azides. 

Acyl and aroyl chlorides readily undergo nucleo- 
philic substitution with azide ion to generate azides. Two synthetic 
procedures have becn developede5. In  the first of these, a concen- 
trated aqueous solution (21 25y0) of sodium azide is stirred into a 
solution of the acid chloride in an organic solvent which is miscible 
with watcr161. The most satisfactory solvent for the acid chloride is 
acetone, although the use of methanol, ethanol and dioxan has been 
described. This procedure gives a smooth, rapid reaction which is easy 
to controla5. 

The use of aqueous solvents is obviously unsatisfactory for acyl 
halides which hydrolyse very rapidly, c.g. trifluoroacetyl bromide 162 

and acetyl chloride, and in such cases it has been preferred to carry out 
a heterogeneous reaction using a suspension of powdered sodium 
azide 110bs163~164  in an inert solvent such as benzene, toluene, xylene, 
nitrobenzene or pyridine. Parafin oil and perfluorokerosene have 
even been used for exceptionally reactive acid halides such as acryloyl 
chloride 165 and fluoroformylchloride (FCOCI) 166. To achieve the 
best results by this method the sodium azide should be ‘activated’ (see 
section 1II.B. 1). Notwithstanding this, the insolubility of sodium 
azide in organic solvents sometimes prccludes satisfactory substitu- 

Q. Acyl azides. 
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t i c r~ l~~-1 '~ .  Axother shortcoming of the heterogeneous method is that 
heating is oftcr, required to initiate the reaction and decomposition of 
the azide product to an  isocyanate by loss of nitrogen may ensue. The 
conversion of 46 into the acyl azide (47) using dimethyl sulphoxide as 
solvent has been reported 171. However, the nucleophilic character of 
this solvent seriously limits its value in this connexion for it is well 
known to react vigorously at ambient temperature with many acid 
chlorides 172. 

Horning and Muchowski have recently presented a modification 
of the general procedures described above. In  an attempt to replace 
selectively the acyl halogen in 48 with azide ion, these authors 
examined the reactions of dimethyKormamide-acyl halide complexes 
(49) with nuclcophiles (equation 35). The site of attack of a nucleo- 
phile on the ambident cation (49) is markedly influenced by the 
nature of the solvent and the ter.nperature. Control reactions with 
aniline as the nucleophde enabled the optimum conditions for attack 
at the acyl carbon atom to be elucidated. With azide ion under these 
conditions, acyl azides were obtained in 60-1007' yield (based on 

RCOBr + Me,NCHO 4 

RCOCH=NMe, Br- -% RCONJ + Me,NCHO (35) " (4Q) I 
rearrangement to the isocyanate). The ambident cation may alter- 
natively be prepared by interaction of carboxylate anions with the 
complex (50) which is derived from dimethylformamide and phosgene. 
Thus, addition of the carboxylic acid salt and sodium azide to the 

[Me2N=CHCI]+ CI- + RCOO- -& 
(60) 

CMe,N=CHOCOR]+CI- + C1- -%- RCON, 4- Me,NCHO (36) 
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complex at 0" enabled the direct conversion of a carboxylic acid to 
its acyl azide (equation 36). 

Other variations on the synthesis of acid azides have been described. 
MafFei and Bettir~ett i '~~ for example, have employed thioacids as 
substrates (equation 37) and Shozda and Vernon176 have reported the 

synthesis of an azide using dibenzyldimethylammonium azidosul- 
phonate (51) as reagent. Although the azidosulphonate anion is a 

C(C&.CH2)2N Me,]+ N3S0; 

(61) 

weak nucleophile and normally ineffective in substitution reactions 
(e.g. with alkyl halides) it interacts with acetyl chloride to give acetyl 
azide, together with methyl isocyanate. Preliminary decomposition 
of the azidosulphonate ion into azide ion does not appear to be involved, 
since it was found that treatment of the azidosulphonate with hexa- 
fluoroacetone followed by acetyl chloride did not give 2-azidohexa- 
fluoroisopropyl acetate (52). When an azide salt is used instead of 
azidosulphonate, however, the ester (52) forms in high yieid (equation 
38). I t  was suggested by Shozda and Vernon that direct reaction 
occurs between the acid chloride and azidosulphonate ion. 

The preparation of acyl azides has received considerable attention 
due to the value of these compounds as synthetic intermediates. In 
the Curtius rearrangement for example, acyl azides are converted into 
isocyanates, urethans, ureas and amines and this aspect of the chemistry 
of acyl azides is considered in detail in a later chapter. The use of 
acyl azides in peptide synthesis has increased the scope of general 
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chain-lengthening procedures 176 and this process has emerged in 
recent years as the only method in which no racernization of the 
activated peptide components takes place 177~178 (equation 39). The 

HONO 
-.-.*- CH R'CO N HC H R2CON H N H 2  - 

(39) H,NCHR'CO,H - - . - - -CH R'CONHCHRZCON3 

.._-.. CI-l R'CONHCH R'CONHCH R3C02H 

azidopeptide is commonly made by liitrosation of the corresponding 
hydrazide (see section V.D) and one particular aim in these syntheses 
has been to avoid the difficult hydrazinolysis of many long-chain 
peptide esters 176. 

A method which avoids the use of hydrazides has been described by 
W e i n s t ~ c k l ~ ~  who demonstrated that mixed anhydrides interact with 
sodium azide in excellent yield. Thus the mixed anhydride (53) 
obtained from 2-phenylcyclopropane carboxylic acid and ethyl 
chloroformate is converted to the azide (54) after treatment for 30 
minutes at 0" with sodium azide in aqueous acetone. I t  has been 

0 0 
C6H5 ~ ! - 0 - C - 0  I I  Et 

0 

C6 H 5~ 8 N 

(53) (54) 

suggested that this process could be of value in peptide chemistry, and 
in fact is a variation of the well established coupling reaction of amino 
esters with mixed anhydrides of acylamino acids with orthoformate~l"~. 

b. Azidoformates. Interest in the synthesis of azidoformates stems 
from their increasing use as protecting agents for amino groups in 
peptide synthesis. Further, as they are rigid acyl azides, azidofor- 
mates are also valuable nitrene sources6. In general the procedures 
employed for the synthesis of azidoformates are the same as those des- 
cribed in the previous section. 

The use of azidoformates as protecting groups deserves special 
comment. Increased importance has been attached to the t-butoxy- 
carbonyl (BOC) function as a protecting group for amines due to the 
ease with which it may be introduced and removed 176*180-185. 

Acylation may be carried out under mild conditions with t-butoxy- 
carbonyl azide and subsequent removal of the BOC group may be 
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achieved at room temperature with trifluoracetic acid le2 or hydroger. 
bromide in glacial acetic acid or diethylphosphite Ie3. In contrast, 
the commonly employed carbobenzoxy and trity!. groups are stable 
under these conditions and thus selective removal of the BOC group 
has been accomplished 182*184. t-Butoxycarbonyl azidc: has emerged 
as the agent of choice, since the corresponding chloroformate is un- 
stable. The original synthesis of the azidoformate by Carpino 186*187 
entailed nitrosation of the t-butyl carbamate (see section V.E). 
More recently Yajima and KawatanilB8 have synthesized the azide 
from phosgene and t-butanol as shown in equation (40) and similar 

"N1 + t-BuOCON, (400) 
pyridine 

COCll + t-BuOH * c-BuOCOCI Et,4, 

syntheses of other azidoformates have been reported 189-191. The use 
of p-methoxybenzyloxycarbonyl azide as a protecting group has also 
been described lg2. 

These compounds l2 constitute another class of 
rigid azides which have been used to generate nitrenes6. A range of 
carbamoyl azides has been synthesized in good yield from the corres- 
ponding carbamoyl chlorides by nucleophilic substitution with azide 
ion 193-195 (equation 41). This procedure complements syntheses 
from isocyanates and hydrazoic acid (section IV.B.4) and from 
nitrosation of semicarbazides (section V.E) . 

c. Carbamoyl azides. 

RIRZNCOCl + NaN,  + R1R2NCON3 + NaCl (41) 

d. Azidoazomethines and related compounds. 
NR1 

The proclivity of com- 

II 
pounds of the general structure R-GN,, e.g. azidoazomethines 
(R1 = alkyl, aryl), azidooximes (R1 = OH) and hydrazidic azides 
(R1 = NR2R3) to cxist in tautomeric equilibrium with the cyclic form 
(equation 42) has been extensively investigated during the last 
decade 196-207. Spectroscopic methods have proved the most satis- 
factory for studying such equilibria. There is general agreement that 

R1\ AN, * I I 
N R' N 'N 

N R-C= 
II 

R-C-N, 
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the nature of the substituents R and R1 has a major effect in deter- 
mining the relative proportions of the tautomers. When R and K1 
are electron-withdrawing groups, cyclization to the tetrazole form 
becomes less favourable 196-20@. An obvious prerequisite for cycliz,a- 
tion is that the azido substituent should adopt the ‘bent’ form. A n  
LCAO calculation for the azide system by Roberts208 has indicated 
that very little energy is involved in bending the linear configuration 
to an angle of 120”, and such non-linear configurations are commonly 
invoked in cycloaddition reactions of azide ion and organic a z i d e ~ ~ ~ ~ ~ ~ .  
In  considering the effect of substituents on the azidoazomethine- 
tctrazole equilibrium, Reynolds, van Allan and Tinker lS6 have 
suggested that as the azide substituent bends, the canonical form 
(55b) becomes increasingly important and cyclization to 56 occurs 
when the terminal nitrogen of the azido group comes within bonding 

distance of the azomethine nitrogen. When R and R1 are electron- 
withdrawing substituents, delocalization of the pair of electrons from 
the azomethine bond in 65a into the azide side-chain is diminished 
and cyclization through a bent transition state similar to 55b becomes 
energetically less favourable. Conversely, electron-donating groups 
R and R1 favour cyclization. 

This point has been well illustrated by Reynolds and co-workers in 
an investigation of the ring-chain tautornerism of a series ofcompounds 
of general structure 57 and 58 lgo. When X is anelectron-withdrawing 
atom or group (O,SO2 and NH) the open chain form prevails. The 

1. 

(57) (58) 

equilibrium fav0Ui.s the tetrazole form, however, when X is less electro- 
negative than. nitrogen (S,Se). Parallel observations have been made 
by Boyer and The dependence of the equilibrium on 
solvent and temperature was first recognized by Temple and Mont- 
gomery207 and has since been confirmed by others200-202. In  cases 

4* 
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where the azidoazomethine moiety forms part of a heterocyclic nng, 
solvents which protonate the heterocyclic nitrogen atom will favour 
formaticti of the azido tautomer. As the ratio of the solubilities of the 
tautomers varies with the polarity of the medium, solvent is also 
important. These points are illustrated by the solvent dependence of 
the equilibrium shown in equation (43). In trifluoroacetic acid only 
the azide (59) is present, whereas in dimethyl sulphoxide the tetrazole 
(60) is the major component 207. 

Ye Me 

Subject to the above considerations, azidoazomethines may 5e ob- 
tained by normal nucleophilic substitution procedures 97~1139109.210-214 

and some representative examples are shown in equations ( M )  to (47). 

FzNCF=N F NaN3: FzNC(N3)=N F ref. 210 (44) 

[(NHz)zCCI]+X- -% [(NH&CN3]+ X- ref. 211 (46) 

SFSN=C(CI)CF3 SFSN=C(N3)CF3 ref. 97 (45) 

(47) 
N- 

[CI,C=N Hz]+ X- -.- [(N3)zC=NHz]+ X- ref.211 

The products from chlorooximes and azide ion were originally 
formulated as t e t r a ~ o l e s ~ ~ ~ * ~ ~ ~  but EloylS9 has since established by 
infrared spectroscopy that these compounds exist as azides (equations 
48,49) and this is consistent with the foregoing general considerations. 
These findings were corroborated by Chang and Matuszko212 who 
synthesized pyridine azidooximes from the corresponding chloro- 
oximes (equation 50). 

U 

HON 

\ 
4 \c-c 

HON 

/ 
C I  N J  N3 

\ 
%C 
/ 

CI 
(49) 



2. Introduction of the Azido Group 93 

0 7 C = N O H  I + Q3.C=NOH I (50) 

N CI N3 

Hegarty, Aylward and Scott 217 have cbtained hyclrazidic azides 
(61) by treating hydrazidic bromides (62) with azide ion in aqueous 
dioxan (equation 51). As the reactions procecd considerably faster 
than normal S,l processes, these authors postulatcd the intermediacy 
of a 1,3-dipolar ion, formed by loss of HBr from the hydrazidic 
bromide. 

R-C=N-NHAr + [R-C=N-N-Ar] 
I 

e - 
R--C=NNHAr - HBr 

GT- 
(51) I 

N3 Br 

(62) (61) 

4. Syntheses from epoxides 

Epoxides undcrgo bimolecular nucleophilic displacement reactions 
with azide ion to produce azidoalcohols (Table 2). h i d e  ion pre- 
ferentially attacks saturated unsymmetrical epoxides at the less sub- 
stituted carbon atom in accordance with the normal. pattern of polar 

TABLE 2. Azides obtained by nucleophilic substitution reactions 
between azide ion and epoxides 

Epoxide h i d e  Refcrence 

1,2-Epoxycyclohexane tram-2-Azidocyclohexanol 218 

2,3-Butylene oxide 3-Azido-2-bu tanol 218 
Propylene oxide 1 -Azido-2-propanol 2 18 
Isobutylene oxide 1 -Azido-2-methylpropan-2-01 2 18 

1,2-Epoxycyclopentane tratrc-2-Azidocyclopen tanol 218 

Epichlorhydrin 1,3-Diazidopropan-2-01 2 18-220 
Epichlorhydrin 1 -Azido-3-chloropropan-2-ol 220 

218 

218 
1 Butadiene monoxide 2-Azido-3-butcne- 1-01 

4-Azido-2-butene- 1-01 
Styrene oxide 2-Azido-2-phenylethanol 
1,2-Epoxy- 1 -phenylethylphos- Diethyl I-azido-2-hydroxy- 1- 222 

phonic acid diethyl ester phenylethylphosphonate 
1,2-Epoxy-2-rnethyl-3-nonyne 1 -Azido-2-methy1-3-nonyne-2-01 223 
1,1 -Diphenylethylene oxide 2-Azido-1,l-diphenylethanol 151 
1-Methyl-1 -phenylethylene oxide 1 -Azido-2-phenylpropan-2-01 151 
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2nd primary steric effects in SN2 displacement reactions of epoxides 
(equation 52). For example, 1-azido-2-propanol is formed readily at 

R-CH- CH, - R-CH-C H2N3 (52) 

room temperature from aqueous sodium azide and propylene 
oxide21e*219. Selective ring openiilg of the epoxy group in epichlorhy- 
drin to give 1 -azido-3-chloro-2-propanol (63) has been accomplished 
by maintaining the solution at pH 6-9 during the rcaction220. If the 
solution is unbuffered, 1,3-diazido-2-propanol (64) is formed 218*220, 

possibly as a result of the ring closure of 63 to the intermediate 65 at 
higher pH, followed by a second ring opening step with a i d e  ion 
(equation 53). Similarly an epoxide intermediate may be invoked in 

N,- 

I 
O H  

\/ 

N3CH2-C H-C HZNj 
Ni N; 

AH 0 O H  
I 

N ~ C H Z C H - C H ~ C I  4 pH6.9 CICH2H C y  CH2 - 
\ /  

(63) (64) 

CHCHlN3 N; 1 (53) I ~ H2C- 
\ /  
0 

(65) 

the reaction of 2-chlorocycloliexano1 with aqueous ethanolic sodium 
azide in the presence of sodium hydroxide. 2-Azidocyclohexanol is 
formed in 61 yo yield aftcr 12 hours at 98" and it is significant that in 
the absence of sodium hydroxide no azide was produced even after 24 
hours at  the same temperaturelo5. 

Eposides which are fused to alicyclic systems undergo ring opening 
with azide ion in the usual trans diaxial manner221. This is demon- 
strated by the formation of the trans-2-azidoalcohols (66) and (67) 
from cyclohexene oxide and cyclopentene oxide respectively 218. 

aO" N3 CPN3 
A number of nucleophiles, including azide ion, form 'abnormal ' 

For example, van der Werfand prcjducts from unsaturated epoxides. 
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co-workers 218 established that 2-azido-2-phenylethanol (68) is the 
only isolable product from the reaction of styrene oxide and sodium 
azide in boiling aqueoiis dioxan. This attenuation of steric factors 
under typical SN2 conditions has been rationalized in terms of the 
higher degree of resonance stabilization in the transition state (69) 
leading to the product (68). A similar rationalization may be made 
for the formation of 2-azido-3-butene-1-01 (70) from butadiene 

-H N3 -\OH 
N3 

(70) (71) 

monoxide. 4-Azido-2-butene-1-01 (71), which is also formed in this 
reaction, probably arises from SN2' attack of azide ion on the epoxide. 
The effect of vinyl and phenyl groups in promoting 'abnormal' 
attack is particularly marked when azide ion is the nucleophile218. 
This has been attributed, in part, to a combination of the low stenc 
requirement of the linear azide ion and its polarizability which 
enhances the stability of transition states such as 69. 

5. Azidosteroids 
The general procedures previously outlined in this section for the 

formation of the carbon to azicle bond have been widely empioyed in 
the steroid field, particularly as a stage in the stereospecific synthesis of 
aminosteroids. Bimolecular nucleophilic displacement reactions of 
sterols substituted with p-toluenesulphonyl, methanesulphonyl or 
halogeno groups etc. with azide ion proceeds with Walden Inversion 
and enables the stereospecific introduction of the azido group, which 
may then be reduced to an amino group. 

This sequence is well illustrated by the synthesis of 3a-aminocholes- 
tane (72) from cholestanyl-3~-p-toluenesulphonateg6. Reaction of the 
equatorial p-toluenesulphonate with sodium azide in aqueous di- 
methylformamide or dimethylace tamide afforded the axial azide (73) 
which was reduced to the amine (72) with lithium aluminium liydride 
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LAH - 
/ 

(73) (72) 

(equation 54). No equatorial amine could be detected in the product, 
the only undesirable side reaction being the formatim of some alktne 
by p-elimination of p-toluenesulphonic acid in the first step. The 
overall yield of amine was 6 2 7  without recourse to chromatography. P’ The obvious convenience ofthu route compared with the earlier, often 
non-stereospecific methods for synthesizing arninosteroids 224 has led 

appropriate selection of leaving groups in polysubstituted steroids, 
regiospecificity* may be realized as well as stereospecificity. Hence 
Ponsold and Groh227 have utiiized the better leaving group mobility 
of methanesulphonate compared with halogen to prepare 2a-bromo- 
3~-azidocliolestre (74) from the methanesulphonatc derivative(75) 
of 2a-bromo-3a-cholestanolY by reaction with sodium azide in dimethyl 
sulphoxide. 

to its further application by other workers in this field2a5~22s. BY 

(74) (75) 

In an attempt to prepare 2~-azidocholestan-3-one (76) from the 
2a-bromo derivative (77), Edwards and Purushothaman228 observed 
an  interesting shortcoming in this general procedure. Although 
2-chlorocyclahexanone gave a high yield of the 2-azidoketone when 
treated with sodium azide in dimethylformamide, reaction of lithium 
azide and the bromo compound (77) in the same solvent produced 

* For definitions of regiochemistry see section 1V.E. 1. 
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N333-3 0 
H 

(76) 

0' B& 
H 

(77) 

only the iminoketone (75). Infrared studies established that a steady 
state concentration of an azide, probably the p-epimer (76), was pro- 
duced and this azide was continuously converted into the iminoketone. 

-\ 3 

H 0 

Me 

Surprisingly, 2-azidocholestane-3-one was thermally stable in refluxing 
methanol, or dimethylformamide at 60°, or in these solvents containing 
lithium bromide. Clearly the lithium azide used as reagent catalyses 
the decomposition of the azidosteroid and Edwards and Purushotha- 
man have suggested that the accelerated decomposition of the azide 
has a conformational driving force. A non-bonded interaction exists 
between the 10-methyl group and the 2-azido function in 76, which 
probably adopts a half-boat ring A conformation (76b) to reduce com- 
pression in the chair form (76a). Although lithium azide is weakly 
basic, it assists abstraction of the 2-proton in 76b, since the repulsive 
interaction between the 10-methyl group and the 2-azido group is 
relieved in the enolate anion (79). Rapid loss of nitrogen from this 
enolate would then give the iminoketone (equation 55). 
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Steroids which react with azide ion by competing SNl and SN2 
mechanisms do not give products of controlled regiochemistry and 
configuration. 3j3-Chloro-4-cholestene (SO), for example, when 
treated with sodium azide in dimethyl sulphoxide 229, affords mostly 
2,4-cholestadiene (81), which arises by loss of the 2-proton from the 
allylic carbonium ion intermediate (82). The substitution product, 
isolated as the 3-acetamido derivative after reduction of the azide and 

Lu '. ..t...' 

I 

J- ( i )  N: 
( i i )  N,H,/Raney Ni J- 

( i i i )  C,H,N/Ac20 

AcN H 
(W (84) 

acylation of the resulting amine was a mixture of the 3a-and 3p- 
epimers (83) and (84) (equation 56) .  

Steroids which contain a homoallylic structural unit produce an 
even greater multiplicity of products by both SNl and S N 2  interactions 
with azide i ~ n ~ ~ * ~ ~ ~ ~ ~ ~ - ~ ~ ~ .  This point is best illustrated by reference to 
the elegant synthesis by Barton and Morgan230-232 of the steroidal 
alkaloid conessine ($5) (equation 57). Treatment of the di-p-toluene- 
sulphonate derivative (86) of pregn-5-ene-3p,20/3-diol with azide ion 
afforded 3j3, 20a-bisazidopregn-5-ene (87) which, after irradiation in 
cyclohexane, reduction and N-methylation gave a low yield (4.573 of 
conessine. Substitution of a 3j3-p-toluenesulphonate by azide ion with- 
m t  inversion at the 3-position was also demonstrated for cholesteryl 
p-toluenesulphonate (88) , which was converted into 3~-azidocholest- 
5-ene (89) with lithium azide in methanol. This retention of con- 
figuration is associated with the i-steroid transformation 236, which is 
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Me 
I 

(1) hv in cyclohexane (57) 
(85) 

Me,N 

k l e O H  

TsO 

(86) (87) 

TsO & Ns &' 
depicted as a unirnolecular S,l process through the homoallylic 
bridged ion (90). The participation of the r-electrons of the 5,6- 
double bond is stereospecificalljj CL and hence the configuration at the 
3-position is maintained. No other azide products were reported from 
these reactions and this has stimulated comment from several groups of 
workers. Jones 91 observed that cholesteryl p-toluenesulphonate (88) 
afforded five products with sodium azide in dimethyl sulphoxide at  
100" (Scheme 1). Soltiolytic oxidation of the starting material and re- 
arrangement of the resulting cholest-5-ene-3-one (91) was invoked to 
rationalize the formation of 92. The pattern Gf substitution products 
obtainedg1 was that expected from reaction of a strong nucleophile 
with cholesteryl f-toluenesulphonate (see Ref. 23 7). Unimolecular 
heterolysis of the k-toluenesulphonate produced the non-classical 
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carbonium ion (90) which reacted with azide ion to give 89 and 93; 
3a,5-cyclocholest-6-ene (04) was generated by loss of the 7-proton from 
90. A competing bimolecular reaction of azide ion at the 3-position of 
88 gave the inverted a-epimer (95) in 16% yield. 

The relative proportions of products from this reaction vary with 
different reaction conditions, pa-rticularly changes in solvent. This is 
illustrated in a further analysis of the products derived from cholesteryl 
3/3-~-toluenesulphonate by Freiberg235 using methanol, dinzethyl 
sulphoxide and N-methylacetamide (NMA) as solvents (Table 3). 

TABLE 3. Reaction of cholestcryl ,b-tohenesulphonate with azide ion 
in various solvcnts 

Product MeOI-1" DMSOb NMAD 

3u-Azidocholest-5-ene (95) - 31 12 
3/3-Azidocholest-5-ene (89) 8 (57)c 13 19 

3a,5-Cyclo-6or-azidocholestanc (97) 21 6 10 
3a,5-Cyclo-6~-azidocholcstane (93) 35 16 31 

0 Reflux with 0 . 9 2 ~  LiN,. 
h -4t 85-90" with 1 . 5 ~  NaN,. 
Barton and M0rgan~act-~3a. 

The results of Barton and Morgan, also included in Table 3, appear 
anomalous but it should be borne in mind that these latter workers 
purified their crude azidc product by chromatography on alumina 
before conformational analysis was carried out. The facile re- 
arrangement of 3a,5-cyclo-6/3-azidocholestane (93) into 3p-azido- 
cholest-5-ene (89) on prolonged contact with alumina has been Ivell 
establishedg1 and it is possible that any 6P-azide (93) in the crude 
azide product isolated by Barton and Morgan may have rearranged 
to the 3fi-isomer (89) during purification. F ~ - e i b e r g ~ ~ ~  employed 
Florisi! cs~unms during his separation process and no rearrangement 
occurred under these conditions. I t  is also significant that Goutarel 
and co-workers 238 isolated the 3fi-azido-A5-steroid (89) from 3cr,5- 
cyclo-6~-cholestanol (96) and hydrazoic acid in the presence of Lewis 
acid catalysts. A three step mechanism was postulated (equation 58) 
in which ionization of the G-0 linkage was followed by nucleophilic 
attack at the 6-position of the steroidal cation, and rearrangement 
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(W 10% 
SCHEKe 1 

of the resulting 6P-azide (93) into 3/3-azidocholest-5-ene (89). Homo- 
aUyk rearrangement of 93 into the 3p-azide (89) in the presence of 
boron trifluoride etherate was established separately. 

The isolation by Freiberg235 of 3ol,5-cyclo-6ol-azidocholestane (97) 

)-- u1 . ................. 
v 2 

(96) 
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from the reaction of the choiesteryl ester (88) with azide ion has been 
rationalized in terms of a mechanism in which the aprotic solvent 
(dimetbyl sulphoxide or N-methylacetamide) interacts irreversibly 
at the 6-position with the komoallylic ion (90). Nucleophilic dis- 
placement of the solvent molecule with inversion affords the 6a-azide 
(Wj (equation 59). 

& ....... ... .. - 
& ...... 

I 

M e  
+ /  

\ 
Y = -0-s 

M e  

or 

-0 ii 
\ + /  

M e  
/C=N \ 

M e  

A considerable number of vicinal azidoalcohols have been syn- 
thesized by Ponsold and co-workers 92*239-241 by reactions of epoxy- 
steroids with azide ion. In  accordance with other nucleophilic ring 
opening reactions of steroidal epoxides 242, the diaxial product is 
mainly formed. Hence, whereas ly2~-epoxy-3/3-cholestanol acetate 
(98) gave la-azidncholestan-2j?,3/3-diol 3-acetate (99) with sodium 
azide in acetone containing sulphuric acid, the ly2a-epoxide (lQ0) 
afforded the %acetate of 2j3-azidocholestan- 1 a,3Sdiol (101) 241 

J y p  Ho& 
k AcO A AcO 
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6. Aslidocarbohydrates 

Azido derivatives of carbohydrates are valuable intermediates in the 
synthesis of aminosugars. These latter compounds have elicited con- 
siderable interest in recent years since they are components of mole- 
cules such as streptomycin, carbomycin, erythromycin, strep tothricin 
and neomycin which exert profound antibiotic activity on micro- 
organisms 243. These antibacterial agents are amino derivatives of 
oligosaccharides and it has been suggested that the amino functions 
are vital to their biological activity. When protonated, they may act 
as cationic centres which bind strongly to anionic sites in cell walls and 
enzymesg8. Interest in the aminosugars also stems from their 
presence in biological tissues such as bactcrial cell walls 244. 

Aminosugars may be prepared conveniently by mild and stereo- 
specific reduction of the corresponding azido deriva tivess5 * lo3 * 245-247. 

Syntheses through azido intermediates have been generally employed 
in recent years since other methods are often complicated by un- 
desirable side reactions s5J03. 

The first azidosugar, tetra-0-acetyl-a-D-glucosyl azide (102; R = N3), 
was synthcsized by Bertho 248 in 1930 from the bromo derivative 
(102; R = Er) by treatment with sodium azide in acetonitrile at 
3040". Similar bimolecular nucleophilic substitution reactions on 

primary and secondary carbon atoms and also on epoxides, epimines 
and episulphides are now used routinely for the stereospecific intro- 



104 

duction of the azido group in sugars. Only representative examples 
are considered in the following general discussion. 

a. Bimolecular nucleophilic displacement at primay and seconda y carbon 
atoms. The earliest syntheses of azidosugars involved displacement of 
haiogeno groups by azidc ion 248-251, and this procedure still finds sGme 
application, particularly with the development of sophisticated haIo- 
genation techniques such as that described by Hanessian and P l e s s a ~ ~ ~ ~ .  
In  this method, interaction of N,N-dimethylchloroforniiminium 
chloride (1Q3) with 1,2,3,4-di-O-isopropylidene-~-galactopyranose 
(104) under mild conditions led to the 6-chloro derivative (1Q5), 
which was then converted into the azide as shown in equation (60). 

M. E. C. Bifin, J. Miller and D. E. Paul 

Me-$$kMe Me 

H O  Me 

The high leaving group mobility of sulphonate (relative to 
halogen) and the ease with which sugars may be sulphonated has led 
to the wide use of p-toluenesulphonate and methanesulphonate esters 
in the synthesis of azidosugars. By using equimolar quantities of the 
reactants, specific sulphonation of primary hydroxyl groups in poly- 
hydric sugars such as 106 may be achieved without recourse to the 
blocking of secondary hydroxyl functions 245n246, as illustrated in 
equation (61). 
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C HZOTs H2N3 
C H2OH 

HO Hf-J OH H O M e  %"Q OH H OMe N;_ HO HQOMe OH H 
(61) 

14 OH H OH H OH 
(W 

The ease of bimolecular nucleophilic replacement of substituents 
generally follows the expected order primary > secondary. Primary 
substituents may often be replaced in polar solvents, but secondary 
substituents are only satisfactorily replaced in dipolar aprotic sol- 
vents since adverse steric and dipolar interactions hinder the zpproach 
of the azide ion to the secondary carbon Although 
dimethyl sulphoxide and dimethylformamide are acceptable solvents 
for such reactions, miphonate esters may decompose at the tempera- 
tures required for replacement 3*. In a recent report the use of hexa- 
methylphosphoric triamide has been advocated for in this solvent 
substitution may be effected at lower temperatures ; decomposition is 
thus minimized and pure products are obtained in high yieldg8. 
Differential rates of substitution at primary and secondary carbon 
atoms may enable selective attack by azide ion. at a primary carbon 
atom in the presence of secozdary sulphonate groups 247a*254-256. 

Hence, on brief treatment of 2-benzamido-2-deoxy-3,4,G-tri-O- 
methanesulphonyl-u-D-glucopyranoside (107) with azide ion in 
dimethylformamide at  85", the 6-sulphonate group w2s selective!y re- 
placed to afford the 6-azido derivative (MB) in 90% yield256. 

c H2N3 I= H 

C H ~ O M S  

MsO HQ OMe M SO H@ OMe :to.. 
H NHBz H NHBz H NHBz 

(107) (108) (109) 

Displacement of secondary sulphonates usually proceeds with 
inversion and significant exceptions are stereochemically informative. 
When the reaction of 107 with azide ion in dimethylformamide was 
carried out over 24 hours at 85", the triazide (109) was isolated. 
Substitution at C,,, proceeds with the expected Walden inversion, but 
at Cc3) the azido function is introduced with retention of configuration. 
This result has been rationalized in terms of neighbouring group 
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participation 266; displacement of the methanesulphonate group by the 
neighbouring benzamido function and subsequent ring opening of the 
resultiag oxazolinium cation (110) or (111) by azide ion leads to 
overall retention at C,,,. 

Hanessian has described a case in which an azido substituent 
is involved in neighbouring group participation 257. 5-Azido-5- 
deoxy-4- 0 -me thancsulphonyl-~-arab~.nose-2,3 - 0 -isopr op yGdene di- 
ethyl thioacetal (112), affords the L-xylose derivative (113) as the 
major product, together with a lesser amount of 4,5-diazido-4,5- 
dideoxy-2,3-O-isopropylidene-~-arabinose (114) on reaction with 
sodium azide in dimethylfonnamide. These products were considered 
to arise by way of an azidonium intermediate74 (115); attack on 
the secondary carbon atom of 115 leads to the diazide (114) with 
overall retention, whereas the more facile substitution on the primary 
carbon affords the inverted paduct (113). 

H C (SEt)2 H C (S Et)z H C (S Et)2 HC(SEt)z 
I 

OCH 
I I I 
P C  7 2 - C  7,,-C/Me 

OCH ,Me OCH ,Me OCH ,Me 

HCOO ‘Me HCO’ ‘ M e  HCOO ‘ Me M e  HCO’ ‘ T--C 
I I I I 

HCOMS N,C H HCN, + ,kH 
N=N-N I 

‘C Hz 
I I I 
c H2N3 C HzN3 c HlN3 

(112) (W (114) (115) 

Such neighbouring group participation is rare with azide ion, 
although it has been well established with other nucleophiles (e.g. I-, 
SCN-). h i d e  ion is a moderately powerful nucleophile and in 
dipolar aprotic solvents its strength as a nucleophile is enhanced. In  
consequence, normal bimolecular substitution with inversion generally 
proceeds to the exclusion of neighbouring group participation. Thus, 
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whereas the 2,3-diacetate of mcthyl-cr-~-glucopyranoside-4,6- 
dimethanesulphonate (316) afforded, in part, the 4,G-dithiocyanato 
derivative (117) on rcaction with thiocyanate ion in dimethylform- 
amide, through the intcrmediacy of the acetoxonium ion (118), no 
analogous product was obtained with azide ion253*25C. A similar 
observation has becn made by Baker and Haines with a inannitol 
derivative 259. 

Since direct displacement with azide ion competes favourably with 
anchimeric reactions, less direct routes such as the double inversion 
procedure illustrated for conversion of 119 into the triazide 122 in 
equation (62), must often be used to achieve substitution with overall 
retention of configuration256. 

CH,OMs C H 2 0 B z  

A further interesting aspect of azidosugar synthesis is exemplified in 
equation (62). Replacement of the 6-sulphonatcs of galactopyrano- 
sides such as 121 is sluggish compared to the corresponding gluco- 
pyranosides. For galactopyranosides the terminal sulphonate ester is 
situated adjacent to a &-axial group at C,,, and it has been suggested 
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that for such conformations a combination of unfavourable steric, 
polar and electronic factors hinder the approach of the nucleophile to 
the primary carbon a;om253*256*260-262. With azide ion, therefore, the 
initial attack occurs at the secondary carbon atom in 121; with 
the configuration at C(4) thus changed, subsequent replacement at the 
primary carbon atom of the intermediate 6-sulphonate is extremely 
rapid. In support of this view, only the triazide 122 was isolated from 
the reaction of 121 with sodium azide in boiling dimethylformamide 
and no intermediate products such as 123 could be detected. This 
behaviour is in contrast to that of the corresponding glucopyranoside 
(119) in which the 6-sulphonate group is replaced more rapidly than 
the 4-sulphonate and the 6-azido derivative (124) can be isolated266. 

C HZOMS 

H (  N3 H 

N3 CMe M SO 
N3 H 

H NHAc H NHAc 
(128) (124 

The adverse effect of polar, steric and electronic factors is more 
often encountered during attempts to replace seconday sulphonates. 
Displacement reactions of such substituents with charged nucleophiles 
are extremely sensitive to such effects and consequently dipolar aprotic 
solvents are essential if replacement is to occur at ;L useful rate. The 
presence of an axial substituent other than hydrogen, bearing a 1,3- 
trans relationship to the departing sulphonate group is particularly 
unfavourable for replacement because severe steric and polar repul- 
sions impede the approach of anionic nucleophiles such as azide ion253. 
If direct replacement of C,,, sulphonates is hindered in this manner, 
ring contraction to a 5-substituted furanoside may occur 263-265. This 
results from participation of the C(5,-oxygen bond, which is trans- 
antiparallel to the C,4pulphonate bond; the ring oxygen is 
thus in a favourable position for backside attack at C,,,. A typical 
case has been described by H a n e ~ s i a n ~ ~ ~  who found that methyl 
6- deoxy - 2,3 - 0 -isopropylidene - 4- 0 -methanesulphonyl- a- L- manno- 
pyranoside (125) was converted into the furanoside (126) by treatment 
with an excess of sodium azide in refluxing dimethylformamide. 

I t  should be pointed out, however, that in some cases alternative 
chair conformations may be accessible in which the 1,3-bans-axial 
condition is removed and little hindrance to normal SN2 replacement 



2. Introduction of the Azido Group 109 

M SO M&-& 

" M e  O x 0  Me 

N3-LQM' 
H 

0 0  
X 

Me M e  

would be experienced. To account for the ease with which the 
secondary sulphonate group was replaced in the methanesulphonate 
derivative (127), for example, N i  and Richardson suggested a con- 
formational change into the 1C form (127b), since in the more stable 
C1 conformation (127a) ring contraction would be preferreds8 
(equation 63). 

53 
-0 

I " 

UMS H N H A c  OMe 
(127a) (127b) 4.; 

c H2N3 Na,e H 

A c H N  H 

Replacement of secondary sulphonate esters which are adjacent to 
the anomeric carbon atom is not normally possible with azide ion 
owing to a combination of the electron-withdrawing effect of the acetal 
and unfavourable polar effects in the transition stateg8. The latter 
effect is best visualized by considering the Newman projections (128) 
and (129) along the C;1;-Cc2, bond for the SN2 transition states of both 
a- and p-anomers. In  the c2se ol' the a-anomer the deveiopiiig dipoles 
of the transition state are almost parallel and opposed to the CQ)- 
methoxyl and C(,,-ring oxygen dipoles. The situation is similar, 
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although not quitc so marked, for the /3-anomer. If neutral nucleo- 
philes which develop a positive charge in the transition state (e.g. 

M. E. C. Biffin, J. Miller and D. 13. Paul 

H Hp;:5> M:p; 
C(3) d-x' 

6-X 
OMe H 

ammonia and hydrazine) are used, a reversal of polarity in one of the 
developing dipoles generates a dipolar attractive force 98. This is 
generally true of substitution at  all ring positions where dipolar inter- 
actions inhibit substitution by charged nucleophiles. Hence hydra- 
zine or ammonia are often used to replace substituents which are not 
replaced by azide ion 1030266.  

Selective replacement of the C,,+-toluenesulphonate group in 
pyranosides by azide ion has been reported. Dick and Jones 267 found 
that the tri-0-niethanesulphonyl derivative of methyl a-D-xylopyrano- 
side (130), which presumably exists in the C1 conformation, afforded 
the 4azido derivative (131) with azide ion in dimethylformamide. In  
the context of the above discussion, a combination of two effects may 
be invoked to rationalize this selectivity. First, replacement a t  C,,, is 
hindered by the tram-axial substituent at CCl, and secondly, attack at 
C,,, is not possible since it is adjacent to the anomeric carbon atom. 
Nucleophilic attack by azide ion is therefore directed to the 4position. 

HQ OMS H ;OoMe ?Ms H MsO OMe 

H OMS H OMS 

(130) (131) 

b. Ring opening ofsugcr epoxides, epimines a72d episitlphides. Azidocarbo- 
hydrates possessing vicinal hydroxy, amino and thiol substituents are 
valuable intermediates in the synthesis of the respective amino- and 
diaminosugars, and may conveniently be prepared by ring opening 
reactions of epoxides, epimines and episulphides by azide ion. The 
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first ring opening reaction of a sugar epoxide by azide ion was reported 
by Guthrie and Murphy26e who converted methyl 2,3-anhydro-4,,6-0- 
benzylidene-a-D-allopyranosidc (182) into the 2-azidoaltroside (133) 
and the 3-azidoglucoside (134). Yields werc low owing to decompo- 
sition which was presumably caused by liberated alkali. Addition of 
ammonium chloride, which removed hydroxide ions from the reaction, 

,o- c H2 lo- c H2 

I 4 0  H 

H OH 
(134) 

resulted in greatly increased yields and the proportion of 133 relative 
to 134, 75y0 to 5y0, is in accord with the normal predominance of 
diaxial ring opening of sugar epoxides with nucleophiles221. 

On  the basis of the principle of diaxial scission of epoxides, sound 
configurational predictions may be made for systems such as 132 in 
which the conformation is locked by a fused ring. In less rigid systems, 
consideration must sometimes be given to reaction pathways involving 
all conformations of the ring. Hence Hanessian and H a ~ k e 1 1 ~ ~ ~  ob- 
tained methyl 3,6-diazido-3,6-dideoxy-a-~-idopyranoside (135) by 
reaction of methyl 2,3-anhydro-6-azido-6-deoxy-a-~-talopyranos~de 
(136) with sodium azide in methyl cellosolve. A low yield of the 
galactoside (137) was also isolated. The predominant ido isomer 
(135) is thought to arise from diaxial ring opening of the less stable 
epoxide conformation (136s) since the alternative chair form (136b) 
would only give the ido isomer by the less favourable diequatorial ring 
opening process. 

1 ,Z-trum-Diaminosugars may similarly be synthesized by ring 
opening of epimines270-274. This reaction is exemplified by the 
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(23Sb) 

conversion of 138 into 139, which was accomplished by treatment 
with sodium azide in dimethylformamide 273. 

/o-cH2 C6HsC /o-cHz H 

C6HsC '0 H @we 

\ O o M e  N Hz 
N 
H 

(138) (139) 
The intervention of episulphonium ion intermediates in the synthe- 

sis of azidosugars has been postulatcd by Chiistensen and Goodman 275 

in order to rationalize the product (140), formed on interaction of 
azide ion with the fiiranoside (P41). Dircct replacement with inver- 
sion at  C(2) did not occur; rather, a mixture of the diazides 140 and 142 
was obtained by nucleophilic attack of azide ion on the episulphonium 
ion (143). A similar episulphonium intermediate (144) has been 
invoked 276 to rationalize the conversion of methyl 4,6-O-benzylidene- 

N3 H2 H C o  H N  OMe M SO H 2Cj00 H MsO Me 
N3H2c@0Me H 

S H  H SCH2C6H5 

c H2C6H5 
I 

S H  

(142) 

I 
H2C6H5 

(W (141) 
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2 -benzylthio-2-deoxy-3 - 0-p-toluenesulphonyl-a-~-altropyranoside 
(L45) into the azide (146) in which the configurntion at C,,, is-retained. 

0-CH, O-CHz 

C ~ H S C ~  
c6 H5 "\&.& OMe c H 2C6H 5 '0 ?@;Me CH2C6H5 

/ H k 0 H  

TsO H N3 H 
(145) (146) 

C. Synthesis of Aromatic h i d e s  by Nucleophilic Substitution 

I. Aryl azides 
Aryl substrates containing suitable leaving and activating groups 

react readily with moderately strong nucleophiles such as azide ion 
and a number of aromatic azides have been prepared in this manner 
(Table 4). Such SNAr reactions complement the synthesis of aro- 
matic azides from diazonium compounds and are of particular value in 
fornling azides of heteroaromatic systems in which diazotization pro- 
cedures are unsatisfactory. 

SNAr reactions of azide ion proceed more readily in dipolar aprotic 
solvents, the use of which is thus preferred with substrates of low 
reactivity. The solvent differences are well illustrated by a compari- 
son of rates and derived kinetic parameters for reaction off-fiuoro- and 
f-iodonitrobenzene in a range of solvents. This shows rate ratios of 
the order of 103-105 for reactions in dipolar aprotic solvents compared 
with methanol (section III.A.2). 
As previously discussed in section 1II.A. 1, azide ion undergoes 

addition-elimination S,Ar reactions with bond-formation being rate- 
limiting or suficiently close to it to have equivalent results. At low 
temperatures the intermediate addition complex from the interaction 
of azide ion with 2,4,6-trinitroanisole has been detected by Caveng and 
Zollinger 48. These workers observed characteristic p.m.r. resonances 
arising from the sigma complex (147) at -40" in acetonitrile and 
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Synthesis of aryl azides by nucleophilic substitution TABLE 4. 

Substrate 

2-Ch!oronitrobenzene 
4-Chloronitrobenzene 
2,4Dini trochlorobenzene 
Picryl chloride 
1,2-Dichloro-4,6-dinitrobenzene 

5-Bromo-2-chloro-1 ,S-dinitro- 

1 -Amino-2-iodo-4-nitrobcnzeiic 
lY4-Dinitrobenzene 
lY2-Dinitrobenzene 
I-Nitro-2,4,6-trichlorobenzcne 

benzene 

1,3,5-Trinitrobenzene 
4-1odoi:ynitrobenzene 
2,4~-Dinitro-l,3,5-trichloro- 

benzene 

Product Reference 

2-Azidoni trobenzene 282 
4-hidoni  trobenzene 279,282 
2,4-Dini troazidobenzene 282,283 
Picryl azide 282,284,285 
1 -Azido-2-chloro-4,6- 286 

2-Azido-5-bromo- 1,3- 286 

I-Azido-2-iodo-4-ni~robenzene 286 
1 -.4zido-4-nitrobcnzenc 279 
I-Azido-2-nitrobenzene 279 
5-Chloro-l,3-diazido-2- 279 

l-Azid0-3~5-dinitrobenzene 279 
1 -Azido-4-nitrobenzene 81,287 
2,4-Dinitro- 1,3,5-triazido- 28 1 

dinitrobenzenc 

dinitrobenzene 

nitrobenzenc 

benzene 

dimethylformamide. The activation energy for the formation of the 
complex was found to be 13.4 1-0 kcal/mole; this figure is in agree- 
ment with that predicted from semi-cnipirical calculations 277 ( 13.5 
kcal/mole), albeit in methanol as solvent. On treatment of picryl 
chloride with azide ion, the gem-diazido sigma complex (148) was 
observed rather than the monoazide (149). The former complex was 
also obtained directly from picryl azide and azide ion. 

O y q N O 2  M e 0  O z N q N O z  O ' N T N O 2  

. .  
. . . . a  ..... ...... 

N 0 2  N 0 2  N 0 2  

(147) (148) (149) 

While S, reactions of the anhydride group are common, S, reactions 
of substrates in which the anhydride group activates an aromatic ring 
are rarely reported. I t  is of interest therefore that 3-azidophthalic 
acid and tetrazidophthalic acid have been obtained by reaction of 
azide ion with 3-nitro- and tetrachloro-phthalic anhydride 
respectively 278. 

The displacement of the nitro group in pentachloronitrobenzene by 
azide ion has been reported, but unfGi-tunately the yield of pcnta- 
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chloroazidobenzene was not quoted279. On  the basis of the known 
activating power and leaving group mobility of chloro and nitro 
groups152*280 one would anticipate that this is only a minor reaction 
compared with displacement of chlorine. Other experimental 
results also indicate the surprising nature of this report, for example 
the azidodechlorination occurring in reactions of 2,4,5- and 2,4,6- 
trichloronitrobenzene 279 and the formation of lY3,5-triazido-2,4- 
dinitrobenzene from the corresponding trichloro compound281. The 
polysubstitution which occurs in these reactions is to be expected with 
excess of azide ion, since the azido group is weakly activating, though 
a little less SG than chlorine 162 (see Chapter 4). 
2. Heteroaromatic azides 
As mentioned in the preceding section, synthesis of many classes 

of heteroaromatic azides may be achieved by nucleophilic dis- 
placement of a suitable leaving group by azide ion e.g.19*204*205- 

288-295 and typical examples are shown in equations (64-68). 

ref. 204 (64) 

ref. 204 (65) 

refs 205, 289 (67) 

'rcf. 290 

5 -t C.A.G. 
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I 
Compounds possessing the structural unit N3-C==N- may par- 
ticipate in the azidoazomethine-tetrazole equilibrium, which has 
been the subject of extensive investigation (section III.B.3), and the 
nature of this equilibrium process determines whether azides may be 
isolated. Interesting examples of azide syntheses which. incorporate 
some features of this equilibrium have been reported by Stanovnik and 
his ~ o l l e a g u e s 2 0 ~ * ~ ~ ~ .  On treatment of the hydrazino derivative (150) 
with cyanogen bromide, a fused azolo ring is formed; concurrent 
opening of the tetrazole ring then affords the azide (151). I t  was 
suggested that destabilization of the tetrazole results from ring strain 
and that the bicyclic azide (151) is stabilized by electiomeric electron- 
release from the azido group. Similarly, 6-azido-7-methyltetrazolo- 
[ 1,5-b]pyridazine (152) isomerizes into the thermodynamically more 
stable 6-azido-8-methyltetrazolo[ lY5-b]pyridazine (153) on heating in 
dimethyl sulphoxide, the Arrhenius activation energy for this process 
being 20.5 kcal/mole. 

The synthesis of azidocycloimonium fluoborates, compounds which 
possess a quasi-aromatic heterocyclic nucleus, has been reported by 
Balli and K e r ~ t i n g ~ ~ ~ .  Halogen atoms adjacent to quaternary nitro- 
gens in heteroaromatic salts such as 154-157 undergo replacement by 
azide ion at low temperatures to produce the resonance stabilized 
azidinium salts (158). On the basis of infrared studies and reactivity 
towards nucleop!des, Ba!li hzs suggcstcd that these salts are best 
considered as N-diazonium compounds 297. 
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Ql I Cl 

Et 
(154) 

Et  
I 

Se 

Me 

C! 

BF; 

3. Non-benzenoid aromatic azides 

Tropone may be represented structurally as a resonance hybrid 
(159) and the weight of evidence suggests 159b as most nearly represen- 
ting the true structure 298a*b. The resemblance to heteroaroniatic 
N-oxides is readily apparent. Correspondingly, just as suitable N- 
oxides, though readily susceptible to nucleophilic attack, are less 
reactive than quaternary heterocyclic systems, so suitable tropones are 
known to react with nucleophiles though with less ease than the 
corresponding tropylium compounds 298b. Chlorotropones undergo 
substitution with azide ion but the facility of the reaction depends on 
the choice of solvent 299. Thus in alcohol, 2-chlorotropone interacts 
only sluggishly with azide ion and the prolonged reaction time and 
elevated temperatures required lead to considerable decomposition of 
the product 160. With dimethyl sulphoxide as solvent, however, the 
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azide is formed quantitatively at ambient temperature. The 3- and 
L’,-azido derivatives were similarly obtained in excellent yield 300. 

The structure of tropyl azide, which is synthesized by the action of 
azide ion on tropylium pe r~h lo ra t e~~ l ,  may be represented as the 
covalent azidocycloheptatriene (161), the non-benzenoid aromatic 
tropylium salt with azide as the counter-ion (162), or an equilibrium 
mixture of the two. Spectroscopic studies by Wulfman and col- 
leagues 301s302 indicate that in non-polar solvents such as carbon 
tetrachloride the compound is best represented by the covalent 
structure 161. When the polarity of the solvent medium is increased, 
an intimate ion-pair with an open-faced sandwich structure is thought 
to predominate. In solvents of high ionizing power, such as aqueous 
ethanol, it has been shown that silver azide is precipitated on addition 
of silver nitrate. 
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0 0- . : N3 

. - _ _ - *  
N3 

- 
(W (162) 

Interest in the chemistry of tropyl azide stems from the prediction303 
that a rilultiplicity of products might arise by unimolecular decompo- 
sition or self-reactions. Wulfman and Ward303 have in fact presented 
spectroscopic evidence for the formation of the unique sandwich com- 
pound (P63), resulting from the interaction of tropyl a i d e  and the 
derived 1-ma-tricyclo [3,3,0,0208] octa-3,6-diene (164). 

- +  

a3 

Azidoferrocenes have been synthesized by treating bromoferrocenes 
with azide ion and cupric bromide in dimethylf~rmarnide~~~.  Thus 
ferrocenyl azide (165) was obtained in 987, yield from bromoferrocene 
and 1,1 ‘-fcrrocenylene diazide (166) was prepared from the corres- 
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In  contrast to ferrocene compounds, 
I t  

ponding dibromoferrocene. 
ferrocenium derivatives readily undergo nucleophilic substitution. 

YN3 YN3 
seems probable therefore that the above reactions proceed by initial 
formation of a ferrocenium cation as shown below. 

FerrBr + Cu2+ + [FerrBr]+ + Cu+ 
[FerrBr]+ + N3- * [FerrN,]+ -I- Br- 

[FerrN,]+ + Cu+ + FerrN, + Cu2+ 

IV. FORMATION OF AZIDES BY ADDITDON REACTIONS 

A. Introduction 
The formation of organic azides by the addition of a preformed 

azide moiety to unsaturated systems seemed until recently to be un- 
promising as a synthetic procedure and consequently received scant 
attention. For example, simple alkenes were found to be inert 
towards hydrazoic acid in the conditions used by early  worker^^^*^^^, 
and additions to n i t ~ i l e ~ ' ' ~  and thione307a-d functions led to the 
formation of heterocyclic compounds rather than azides. Further, 
since formation of azides by nucleophilic substitution reactions had 
proved an adequate route to aliphatic azides, interest in addition 
reactions as preparative procedures languished. 

Thus, although the reactions of quinones with hydrazoic acid 
(section IV.B.2) were estab1ished3O8 in 1915, similar additions to a 
range of c@-unsaturated carbonyl compounds were not demon~trated'~ 
until 1951. Since then, comprehensive studies have shown that other 
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inorganic azides such as halogen and mercuric azides add to carbon- 
carbon double bonds, including those of simple alkenes, in mild con- 
ditions. More recently, trimethylsilyl azide and reagents which 
produce the azide radical have been shown to afford azides by addition 
processes. Such reactions complement synthesis by substitution 
reactions and often introduce the azido group stereospecifically. 

B. Hydrazoic Acid Additions 

1. General 

In  contrast with hydrogen halide additions, which have been well 
summarized in standard textsS4Jo9, there are very few mechanistic 
studies of hydrazoic acid additions. In some contexts it is convenient 
to regard the azido group and azide ion as pseudo-halogenoid and 
some resemblances between additions of hydrogen halide and of 
hydrazoic acid would be anticipated- This  a n n l o z  has snme value, 
but should not be carried too far for it should be borne in mind that 
hydrazoic acid is a much weaker acid than the hydrogen halides 
(except hydrogen fluoride which however is markedly different in 
other respects). The difference in acidity is probably greater in non- 
hydroxylic solvents in which addition reactions are often carried out. 
Further, hydrazoic acid can also react by 1,3-dipolar addition, a mode 
not available to the hydrogen halides. 

2. Addition to olefins 

The addition of hydrazoic acid to simple alkenes 
and cycloalkenes was first reported in 1951 by Schaad310 (equation 69), 
the reaction being carried out in an autoclave at 150" and catalysed by 

CH,==-CHMe M ~ - & H - M ~  + 

a. Simple oZty5n.r. 

H,PO. HN 

'i -Me (69) 
!'.I- H-Me 7 

N3 
'i 

HNf 

phosphoric acid. The need for an acid catalyst suggests that hydra- 
zoic acid is too weak to protonate an alkene (and thus act as an 
electrophilic reagent). I t  is not surprising, therefore, that the early 
atternpts to carry out uncatalysed electrophilic additions were 
unsuccessful 305. 

I n  these reactions it is likely that a carbonium ion, formed initially 
by protonation of the alkene by phosphoric acid, reacts with hydrazoic 
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acid which acts as a nucleophile and the resulting triazenium ion 
subsequently loses a proton (cf. equation 69j. 

Hydrazoic acid adds readily to alkenes which are conjugated to 
powerful electron-withdrawing groups. Since such groups reduce the 
basicity of the carbon-carbon double bond, electrophilic attack by 
hydrazoic acid is more difficult, so that where reaction occurs it is likely 
to proceed by nucleophilic attack. The best known examples are the 
additions to ol,@-unsaturated carbonyl compounds and these are dis- 
cussed subsequently. 

Formation of azides by nucleophilic attack on alkenes with non- 
conjugative electron-withdrawing groups is also known. It has been 
established for example, that tram-perfluoropropenyl azide (167) is 
formed by reaction of perfluoropropene (168) with trimethylam- 
monium azide at O", and the intermediacy of a carbanion (169) has 
been postulated (Scheme 2) 311-313. The formation of such carban- 
ions as long-lived intermediates from monohydrofluorocarbons and 
base has been demonstrated by Andreades 314. 

+ 
\CF3-C F-CF,] 

F 

(167) cF3 ATF N - F3cv: N 
Zr8nS-CF3-CF=CFNj _+ 

36x 5z 
(171) (172) 

SCHENE 2 

The azidoperfluoropropyl anion (169) undergoes further reaction by 
two pathways. In one, it reacts as a base to give the saturated azide 
(170) and the overall result is an Ad, reaction. In the other it loses 
fluoride ion to form trans-propenyl azide (167), the overall result being 
nucleophilic substitution. By subsequent loss of nitrogen and cycli- 
zation, 167 forms an azirine (171) and an anionotropic shift converts 
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this in part to the isoiner (172). I t  is interesting that in an aprotic 
solvent, fluoride ion formed by elimination from 168 is a sufficiently 
powerful cucleophile to add to perfluoropropene 313. 

The generality of the AdN reaction is evident from further work by 
Knunyants and Bykhovskaya315 and representative examples are 
shown in equations (70-72). The orientation of products from 
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(70) 

(71) 

(12) 

CFZ=CFCF, + N,CFz-CHFCF, 

CF,=CFZ __f N,CFz-CHF, 

CF,=CFHaI + N,CF,-CHFHal (Hal = CI, 1) 

Cl?, = CFHal is worthy of comment. Both the - I  and + M effects 
of the halogens are in the order F > C1 > Br > I. Whereas for 
fluorine the two opposing effects are approximately equal, the - I  
effect is greater in the case of the cther halogens. As a result the total 
electronic effect of fluorine is about the same as that of hydrogen, 
while the heavy halogens are weakly electron-withdrawing. Accor- 
dingly, it has been shown that p-fluorobenzaldehyde fornis less 
cyanohydrin at  equilibrium than the other p-halogenobenzalde- 
hydes316. Similarly, the mobility of the chloro substituent in 1- 
chloro-4-fluoro-2-nitrobenzene is almost the same as in o-chloronitro- 
benzene, whereas the other 4-halogeno compounds are 10-20 times 
more reactive3I7. Hence the compounds F,C=CFX (X = CI,I) are 
polarized as shown in structure 173 and nucleophilic attack by azide 
ion is directed towards the difluoromethine carbon. 

CF2=C FX 
6 f  6- 

(173) 

b. Conjugated oZeJin. A systematic investigation by Boyer l7 estab- 
lished that alkenes with electron-withdrawing groups conjugated to 
the carbon-carbon double bond readily undergo addition reactions 
with hydrazoic acid. Carbonyl, carboxyl, alkoxycarbonyl, nitrile, 
azomethine and nitro groups were shown to activate olefins to such 
addition and typical examples are given in Table 5. 

In view of the very low reactivity of simple alkenes towards hydra- 
zoic acid, and since these electron-withdrawing groups render the 
homopolar dosble bond less basic, it is unlikely that the reactions are 
Ad, in type. By comparison with hydrogen halide additions to such 
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TABLE 5. Synthesis of C ? Z ~ ~ P S  by hydrazoic acid additions to 
conjugated olefins 

Compound Product Conditions Yield (7") Reference 

CH2=CHCH0 

CH2=C HCOOMe 

CHZ=CHCOOH 

(Me),C=C HCOMe 

CH,=CHCOMe 

CH,=C HCOEt 

C H2=C (Me) CO M e  

MeCOcH=CH- 
CciH4N02 - p  

CGHSCH=CHNO2 

CH,=CHCN 

N3CH2C H2CO0 M e  

N3CHZCH2COOH 

(Me),C(N,)CH,COMe 

N,CH2CH2COMe 

N3CH2CH2COEt 

N,CH2CH(Me)COMe 

MeCOCI-I,CH ( N3)- 
CGHoNo2-P 

CGHsCH(N3)CH2N02 

N3CH2CH2CN 

A 

A 

B 

B 

C 
D 

A 

A 

A 

E 
A 

B 

C 

71 17 

61 -5 318 

35.4 17 

24 17 

38 17 

61 318 

70.6 118, 318 

75.3 318 

56.7 318 

90 319 

69 17 

17 17 

49.5 17 

F 80 149 

F 70 149 

A: Ambient temperature in aqueous acetic acid for 1 4  hours 
U: Ambient temperature in aqueous acetic acid for 1-3 days 
C: Steam bath temperature in aqueous acetic acid for 1 day 
D: Ambient temperature in trichloracetic acid-acetic acid-chloroform for 18 hours 
E: Ambient temperatiire in trichloracetic acid-acctic ncid-chloroform for 7 days 
F: 70-80" in aqueous acetic acid for 30-45 minutes 
5* 
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substrates, an Ad, mechanism appears more probable, although there 
are insuflicient data to regard any mechanism as proven. 

Although hydrazoic acid is a weak acid and is probzbly unable to 
protonate the hetero atom of the activating groups listed, hydrogen 
bonding may occur and this would result in mild catalysis of the Ad, 
process. This is illustrated for a,p-unsaturated carbonyl compounds 
in equation (73). The examples in Table 5 include reactions in 

I l l  
R-C=C-C=O . . . H-N3 

I l l  HN I l l  
R-C-C=C-O- . . . 9-N3 G R-C-C-C=O.. . H-N3 

I I  
N3 H 

I 
N3 

(73) 

I l l  HN I l l  
R-C-C=C-O- . . . 9-N3 G R-C-C-C=O.. . H-N3 

I I  
N3 H 

I 
N3 

(73) 

media containing trichloracetic acid, and these may be cases with 
genuine acid catalysis. The use of strongly acidic conditions is, 
however, unsuitable since the protonated azide may decompose by 
Schmidt type as shown in equation (74) (cf. section 
1II.B. 1). 

H H 
-+ r- H-X I +  I 

-N-N=N - -N-N=N __f -N+ __f products (74) b-- 

X- +N2+X- 

I t  is noteworthy that compounds such as cinnamaldehyde and 
cinnamic acid derivatives, in which the conjugation is extended into a 
benzene ring, do not add hydrazoic acid even in abnormally vigorous 

I t  has been suggested that the extension of con- 
jugation causes the p-carbon atom to be less electrophilic and therefore 
of diminished reactivity322. 

The difference is interestingly exemplified in the differing modes of 
reaction of hydrazoic acid with some alkylidene (and arylidene) 
oxazolone derivatives 321 p322. The alkylidene compound 174 behaves 
as an a,&unsaturated carbonyl ccjmpound with the hydrazoic acid 
adding to the exocyclic double bond. A subsequent ring opening 
with further addition leads to the formation of the diazide 175 
(equation 75). In contrast the exocyclic double bond of the arylidene 
compound 176 is unreactive, and nucleophilic attack occurs a t  the 
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electrophilic oximino carbon with ring opening. Recyclization leads 
to the formation of a tetrazole derivative (177) as shown in equation 
(7% 

\ //" 

\ c /  

Me 

M e  /"=/"-% r: 0 

I 

yo 
HN' * /C-TH-C\ 

M e  N3 
//" \ I  

M e  N3 
\ I  

N3 (75) M e  NH 
/"-?--"\ N 

I c=o 
I 
Ar 

(175) 

\ /" 
M e  

C 

Ar 
I 

Arl 

ArCH=C-CO,H 
I 

Ar-C H=C -C 
(176) 

N 

(76) 
\\ //C-Arl 
N-N 

0 7 7 )  

A combination of inductive and conjugative electron-withdrawal 
seems to be particularly effective in activating the ol,/3-double bond. 
Whereas cinnamaldehyde and cinnamic acid derivatives do not react 
with hydrazoic acid, nitrostyrene l7 and vinylpyridine 17320 are reactive 
(equations 77, 78). The reactions of the vinylpyridines may involve 
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hydrogen-bonding catalysis or even the formation of pyridiniunl 
species on protonation by hydrazoic acid. 

H-N3 H-N3 

Allenes contain an sp carbon and like alkynes are therefore more 
susceptible to nucleophilic attack than ordinary alkenes and when 
suitably oriented electron-withdrawing groups are attached to allenes 
such reactions may become very facile. Reactions of nucleophiles 
such as ethoxide ion with allenes to give a,P-unsaturated esters323, 
nitriles 324 and ketones 325 are well known. 

Recently, Harvey and Ratts16 have shown that azide ion reacts 
similarly with allenic esters to give azidocrotonates and they have 

N3 

‘c=c HCOz Et 
/ 

Me 
(79) 

discussed the mechanism in some detail. I t  was suggested that an 
anionic intermediate (178) is formed by addition of azide ion (equation 
79). However, this intermediate does not cyclize to a triazole because 
of a 90” rotation about the 2,3-bond which enables full n-orbital over- 
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lap. Thc p-orbital electrons of the carbanion are thcn orthogonal to 
the azide moiety and cyclization is precluded. The final addition of 
a proton takes place on the 1- rather than 3-carbon atom because 
conjugation thcn extends throughout the chain. 

These authors contrasted this reaction with the behaviour of alkynes, 
which usually react with hydrazoic acid to fcrm triazoles 306*326-329. 

They suggested that an azidovinyl anion (179), formed by attack of 
azide ion on the alkyne, is locked in a configuration in which the non- 
bonded @-orbital electrons of the carbanion are in the same plane as 
the azido group (equation 80). This would constitute a favourable 
situation for ring closure to a triazole, provided the azido group is in 
the weakly-excited, bent configuration 9*208. This argument implies 
that in the reaction of alkynes with hydrazoic acid, the rate-limiting 

sten is the addition of azide ion. While such a reaction may be 
possible in some cases, this mechanism also requires that cyclization 
proceeds in preference to protonation of the intermediate carbanion 
and this seems unlikely. A more probable mechanism is a syn- 
chronous 1,3-dipolar cycloaddition, and such reactions of covalent 
azides are well documented *. 

The addition of hydrazoic acid to quinones follows the general 
pattern for addition to aY/3-ur-saturated carbonyl compounds as pre- 
viously discussed, with necessary modification to allow for the special 
interrelationships between quincnoid and benzenoicl compounds. 
The product from reaction of fi-benzoquinone and hydrazoic acid in 
benzene is P-azido-l,4benzohydroquinone, which arises by addition 
of the reagent followed by e n o l i z a t i ~ n ~ ~ ~ * ~ ~ ~ .  When oxidation of the 
product is permitted, further addition to the resulting azidoquinone 
may occur331*332. Hence, with excess sodium azide in acetic acid, 
p-benzoquinone affords 2,5-diazido- 1,4-benzohydroquinone 334 (equa- 
tion 81). 

Toluquinone and ar-tetrahydro-a-naphthoquinone undergo similar 
addition reactions to benzoquinone, but a- and /3-naphthoquinone 
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afford aminonaphthoquinoncs on treatment with hydrazoic acid333. 
The difference may be due to the lesser tendency to enolization in the 
bicyclic series and in consequence the elimination of nitrogen from 

@ H N 3 ;  - 
GG* 

‘N 0 0 

a, 0 NH 0 N H2 

the azide adduct becomes preferable. A prototropic shift followed by 
rearrangement of the resulting quinone-imine would then afford the 
arninoquinone (equation 82). 

Quinoneimides add hydrazoic acid in a similar manner to 
quinones 332*334. The equilibrium in the amide-imide prototropic 
shift is more one-sided than that of the keto-enol system and thus, even 
in the naphthalene series, reaction with hydrazoic acid affords an 
azide (equation 83). 

Because of the weakness of hydrazoic acid as a potential electro- 
philic reagent one would expect electrophilic addition of hydrazoic 
acid only in systems in which a powerful electron-releasing group is 
conjugated with the double bond. An interesting example of such an 
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Ad, reaction is the formation of 1-ferrocenylethyl azide by reaction of 
hydrazoic acid with ~ i n y l f e r r o c e n e ~ ~ ~  (equation 84). Protonation of 
the (3-sidechain carbon atom is considered to be rate-limiting and to 
afford the unusually stable carbonium ion intermediate (180). 

b 
CH-Me 

?cH=cH2- H' ?+ Fe 

Unstable azido compounds which have Jeen obtained by addition 
of hydrazoic acid to enamines such as 181 are also thought to arise from 
an Ad, process336-337. Although catalysis of an Ad, reaction by 
protonation of the heterocyclic nitrogen atom in 181 is possible, and 
in fact the salt (182) was isolated from the reaction, the position of the 
azido group in the products (183-185) indicates that an electrophilic 
addition on the unprotonated enamine is the rate-limiting step. 
Conjcgation of the nitrogen !one-pair with the diene chain could 
provide sufficient activation for such an addition. 
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N3 N3 
I I  

N3 

C N Ayr C CH2Et C)ic$YH2Et 
Et 

(194) (185) 

The pattern of addition in polyenes in which the double bonds arc 
neither contiguous nor conjugated does not require special comment. 
Compounds with conjugated double bonds are somewhat more sus- 
ceptible to electrophilic addition than simple aikenes but nevertheless 
there appear to be no literature reports of such compounds undergoing 
addition reactions with hydrazoic acid in the absence of a catalyst. 

3. Addition to alkynes 
Akynes undergo 1,3-dipolar addition reactions with organic azides 

to form triazoles*. Commonly, hydrazoic acid additions to alkynes 
also give triazoles 306*329-332 and this aspect of their chemistry has been 
contrasted with the reactions of allenes 16. In  exceptional cases, 
however, addition of hydrazoic acid leads to azides. For example, 
ethoxyacetylene 27, dimethyl acetylenedicarboxylate 338 and keto- 
acetylenes 339 generally add hydrazoic acid in organic solvents at 
ambient temperature to form azides. 

Ethoxyacetylene possesses a strong electron-releasing substituent 
a- to the triple bond and as a result hydrazoic acid is able to react by 
an AdE mechanism (equation 85). The intermediate monoazide 

(186) is another example of an alkene with conjugated electron- 
releasing substituents (section IV.B.2.b) and undergoes further reac- 
tion with hydrazoic acid by an AdE mechanism to form the saturated 
geminal diazide (187). From comparison with hydrogen halide 
additions to a,S-conjugated alkynyl carbonyl compounds309 it is 
reasonable to expect Ad, reactions between hydrazoic acid and similar 
substrates. Certainly the mechanisms appear to be equally complex. 
For example, in the reaction between hydrazoic acid and dimethyl 
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acetylenedicarboxylate, Ostroverlchov and Shilov 338 have shown that 
in 90% acetic acid two moles of hydrazoic acid are required for each 
mole of substrate and in 90% methanol no simple kinetic relationship 
could be obtained. The additional hvdrazoic acid molecules could be 
involved either in hydrogen bonding with the carbonyl groups of the 
substrate or in the dissociation of liydrazoic acid. 

Electron-withdrawal by the carbonyl groups cannot be the only 
factor determining the nature of the product (188) since a triazole is 

obtained from the corresponding d i a ~ i d ~ ~ O  (equation 86). For 
dimethyl acetylenedicarboxylate, the transition state for tziazole for- 
mation would require the bulky carbomethoxy groups to adopt the 
sterically unfavourable cis configuration. In the case of nucleophilic 
addition to form methyl azidofumarate (188), however, the less 
hindered trans configuration of the ester groups is possible in the 
transition state. lY3-Cycloaddition to acetylenedicarboxylic acid 
would involve a transition state with a favourable hydrogen bonding 
component which may offset steric compression (equation 86). 

H 0 2  C-CE C-C 0 2  H 

Addition of hydrazoic acid to carbonylacetylenes may also be en- 
visaged as proceeding by an AdN reaction augmented by hydrogen 
boilding catalysis. This only applies for compounds in which the 
carbonyl group is of relatively high basicity. Thus propiolaldehyde 
(189) gives a triazole whereas arylketoacetylenes (190) , which are 
stronger oxygen bases, can form a ~ i d e s ~ ~ ~ .  I n  the latter cases the 
final product is determined by steric effects. When R is an aryl 
group the azido and ketoaryl substituents adopt a cis configuration 
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about the double bond and further reaction affords an oxazole (191). 
I f  R is a hydrogen atom, both cis and trans conl’igurations are possible 
and a mixture of the oxazole and trans azide (192) is formed (equation 
87). 

H 
I /R 

ArCOC-CR ArCOC=C 
\ 

4. Addition to compounds with contiguous double bonds 

Compounds containing functional groups which can be generally 
represented as X=Y=Z may react by electrophilic addition with suit- 
able species A-B, where A is the electrophilic and B the nucleophilic 
centre. A general representation is shown in equation (88). This general 

scheme shows initial bond formation from X to A but the reaction does 
not necessarily require completely separate first and second steps. 
Within the context of this chapter, cases where Y = carbon and B = 
azide are relevant. An exception is the reaction between hydrazoic acid 
and diazomethane (Y == Z = nitrogen; X = carbon) and this case is 
considered in section V.A.3. 

The formation of carbamoyl azides from isocyanates is the best 
known appiication of this method of synthesis. The reaction was dis- 
covered in 1901 by Hantzsch and Vagt who prepared carbamoyl azide 
itself from isocyanic acid and hydrazoic acid340. Alkyl and aryl carbam- 
oyl szides are usually obtained in good yields from low temperature 
reactions between hydrazoic acid and the corresponding isocyanate in 
non-aqueous media12J94*307a*341-344 (equation 89) 
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(89) RCNO + HN3 ---P RNHCONJ 

.Ketene also appears to react with hydrazoic acid according to the 
general mechanism outlined in equation (88). Carbamoyl azides are 
produced345 and it is thought that the reaction proceeds by initial 
protonation and subsequent attack by azide ion to afford an acyl 
azide; further reaction of the derived isocyanate would then lead to the 
observed product (equation 90). 

RZCHCONJ __f R2CHNCO R2CHNHCON3 (90) 

Additions of hydrazoic acid to carbon-sulphur double bonds may 
conceivably be of the general type outlined in equation (88) but do not 
constitute a synthetic route to azides. Recent corrections to the earlier 
literature relating to this field are, however, noteworthy. I t  was ori- 
ginally suggested that thiocarbamoyl a z i d e ~ ~ " ~  (193) were obtained 
fi-om organic isothiocyanates and hydrazoic acid. The spectroscopic 
studies of Lieber and c o - ~ o r k e r s ~ ~ ~ , ~ ~ ~  have now established that the 
products are in fact thiatriazoles (194). The reactions of sodium azide 
with i so th i~cyanates~~~,  and carbon d i s ~ l p h i d e ~ ~ ~ ,  which were also 
previously considered to furnish organic azides, have now been shown 
to produce the heterocyclic compounds 195 and 196 respectively. 

(193) (194) 

(19.5) (196) 

Numerous 0th systems (e.g. carbodiimides, nitrile oxides, carbon 
suboxide, etc.) could be of interest as substrates for such additions but 
these have not been examined experimentally. 
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C. Addition of Trirnethyfsifyl Aride to Corbonyl Compounds 
Birkofer and co-workers 349 have recently reported that aldehydes 

react exothermally with trimethylsilyl azide, in the presence of the 
Lewis acid catalyst zinc chloride, to form a-trimethylsiloxyalkyl azides 
in good yield (equation 91). The main feztures of this reaction appear 

R- H-OSiR3 

+ 
ZnCI, 

(91) 
L - (7 

R-CH=O R-CH-0 P+ ?nCI, 

1. J - N3 
+ 

ZnCI, N,-Si R3 

to be the activation of the carbonyl group to nucleophilic attack by 
co-ordination of zinc chloride to the carbonyl oxygen, and the en- 
hanced nucleophilic character of the azido group when bound to an 
element more electropositive than carbon. The a-trimethylsiloxyalkyl 
azides may be compared with the postulated intermediates of the 
Schmidt reaction of aldehydes. I t  was also claimed that ketones react 
with trimethylsilyl azide though less readily than aldehydes, as would 
be expected. Representative examples of the products obtained are 
listed in Table 6. 

TABLE 6. Synthesis of a-trimethylsiloxyalkyl a z i d e ~ ~ ~ ~  
~~ - ~- ~~~~~ 

Aldehyde Siloxyalkyl azide Yield yo 

Me(CH,),CHO Me(CH,),CH(N3)OSiMe3 73 

Me(CH,),CHO Me(CH2),CH(N3)OSiMe3 73 

(Me),CHC HO ( Me),C HC H (N,)OSiMe, 77 

M e  (C H ,) 3C H 0 Me (CH,),CH(N,)OSiMe, 71 

( Me),CC H 0 (M e),CC H ( N3)OSI Me, 78 

D. Mercuric h i d e  Additions 

The electrophilic character of mercuric salts towards r-bonded car- 
bon compounds is well known309*350. Nucleophilic attack on the 
initially formed mercurinium cation leads to overall addition analogous 
to the common addition reactions of alkenes. When this second step 
is rate-limiting, the reactions may be classified as electrophile-catalysed 
nucleophilic additions. Synthetically a final reductive demercuration 
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'I he formation of alcohols from alkenes would normally be required. 
i s  a typical application361 (equation 92). 

HO R3 

RZ HgX R 2  H 
Rg3i H g X 2 / H 2 0  R' w . R 4  --f NaBH. R'---)--f--R4 (92) 

R2 R4 

The method has recently been adapted for azide synthesis by Soko- 
lov and Reutov who reacted mercuric nitrate and sodium azide in 
dimethylformamide with alkenes such as styrene and cyclohexene 352. 

The azidomercurials were isolated as the mercurichlorides in 1 O-25Y0 
yield. 

Heathcock 353 independently reported an essentially similar pro- 
cedure using mercuric azide generated from sodium azide and mercuric 
acetate in 5097, aqueous tetrahydrofuran. The products were reduced 
in situ with sodium borohydride to afford alkyl azides (equation 93). 
These results are summarized in Table 7. 

TABLE 7. Preparation of azides by mercuration of a l k e n e ~ ~ ~ ~  

Alkene 

~ 

Time Temp Yield 
Product hr 'C Yo 

1-Heptene 
1-Octene 
3,3-Dimethyl-1 -butene 

2-Methyl- 1 -heptene 
Methylenccyclohexane 
Norbornene 
Cyclo hexene 
Methylcyclohexene 
Styrene 

2-Hcptyl azide 17 
2-Octyl azide 24 
3,3-Dimethyl-2-butyl 43 

azidc 
2-Methyl-2-heptyl azide 40 
1-Methylcyclohexyl azide 68 
exo-2-Norbornyl azide 16 
Cyclohexyl azide 68 

- 40 
40 - 

50 88 
30 55 
80 61 

90 50 
90 60 
50 75 
90 4 
90 < 1  
90 < 1  

Heathcock has observed that secondary and tertiary alkyl az.ides are 
obtained in good yields from terminal alkenes, but that non-terminal 
alkenes are relatively unreactive, except where reactivity is enhanced 
by steric strain as in norbornene. The order of reactivity in this re- 
action is similar to that in hydroxymercuration. A correlation be- 
tween the reactivity sequence for azidomercuration and the known 
order of aIkene-AgI stability constants 354 was also apparent and 
H e a t h c o ~ k ~ ~ ~  therefore proposed a mechanism which entails a rapid 
equilibrium involving the ion 197 which affords the organomercury 
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derivative 198 in a rate-determining step with azide ion. In the last 
named process, azide ion competcs favourably with water, which is a 
weaker nucleophile. Sneen and c o - w o r k e r ~ ~ ~ ~  have shown that the 
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R'Z 'R" 

N3 R3 

R' 

. . . . . . . 
R2 HR3 :+ -: .- R" 

HgN, 

(197) 

N3 R3 

r.d.s. NJ ~ 1 '  

rate ratio kN; /k,,,, increases greatly with increasing delocalization in 
the cation undergoing nucleophilic attack. This observation is con- 
sistent with the mechanism shown in equation (93). A rate-limiting 
nucleophilic attack by azide ion is also implied in the higher yields ob- 
tained from styrene and cyclohexene by Sokolov and Reutov362 in a 
dipolar aprotic medium; Heathcock has reported very poor yields from 
the same substrates in a protic medium (Table 7). The low yield for 
styrene in both solvent systems reflects the extended delocalization 
in the arylcarbonium ion intermediate (cf. the lack of rcactivity be- 
tween cinnamic acid derivatives and hydrazoic acid) $( 

E. Edectrophilic Addition of Hologen &ides 

1. Addition to olefins 

a. Simple olejim. The facile addition of the pseudohalogen iodine 
isocyanate to alkenes 356 led Hassner and co-workers to investigate the 
analogous reaction between iodine azide and alkenes. Although 
iodine azide is unstable and explosive in the solid state, solutions of 
this reagent, generated in situ from iodine chloride and sodium azide in 
acetonitrile, may be handled with safety. Iodine azide adds stereo- 
specifically to a variety of olefins in the cold to afford a,~-azldoakyl 
iodides in good yield136*357 (Table 8).  Dehydroiodination of these 
products leads to vinyl azides 136, synthetically valuable compounds 
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TABLE 6. Products from iodine azide addition to simple olefins 
~~ ~~ ~~~~~ 

Starting rnatcrial Product Yield 7' 

cis - M eC H =C H M e 

trans - MeCH=C H Me 

trans - 
MeCH,CH=CHCH2Me 

Cyclo hexene 

Cyclopentene 
Cyclooctene 
Cyclooctadiene . 
1,2-di hydronap h thalene 
lndene 
2-Cholestene 
CeHsCH=CH2 

M e t  hylenecyclohexa ne 

(C6H5)2C=C H2 

Me(CH2),CH=C H2 

( M e),CC H2C H=C H2 

(Me),CCH=C H2 

cis - ( M e)2C H C H=C H M e  

N3 I 

I I  
N3 I 

MeCH--CHMe(eryrhro) 

C H CH-cHC6H5 ( t h o )  
6 5 ~  I 

I T  

N3 I 

N3 I 

c6HscH- HC6Hs (erYthr0) 

HCH2Me(etyrhro) 

N3 I 
trans :1 -Azido-2-iodocyclohexane 
trans-1 -Azido-2-iodocyclopentane 
trans -1 -Azido-2-iodocyclooctane 
trans-3-Azido-4-iodocyclooct-I- ene 
1 -Azido-2-iodotetralin 
1 -Azido-2-iodoindane 
2- p - Azido-3-a-iodocholesta ne 

N3 

1 -Az ido- I  -iodomethylcyclohexane 

(C6H5)2(j-C 

N 3  
Ivle(CH ) CH-CH21 

N3 

(Me)3CCH2CH-C H21 
I 
N3 

( M e),C C H C H 2N 

I 

(M e),C H C H C H M e  (threo) 

3~ 

I 

I I  
1 N3 

90 

88 

80 

73 

100 

83 
89 
87 
72 
90 
76 
53 
70 

85 
75 

100 

79 

76 

95 
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TABLE 8-continued 

Starting material Product Yield 7' 

(218) (Me),CHCHCtl,N3 
I 

(M e)&H CH=C H2 

I 

+(Me)& H C H C H, I 92O 
I 
N3 

I I  
I N3 

trans - (M e),CC H=C H M e  (e19) (Me) &C H C H M e (erythro) a7 

C H CHCHMe (eryrhro) 100 
6 5 ~  I 

trans -C6HSCH=CHMe 

N3 1 

' a Dehydroiodination of the product gave a mixture of the vinyl azidcs (Mc)&HCH=CHN3 
(36y0) and (Mc),CHC=CFI, (647"). 

I 
1q3 

which are not readily accessible by other means. In contrast with the 
hydrazoic acid reactions, only very mild conditions are required for 
iodine azide additions to simple olefins. This probably indicates that 
the difference in bGnd strengths between H-N, and I-N, is gxyater 
than that between the C-.H and G I  bond strengths. 

The addition is s te reo~peci f ic~~~;  for example the adducts of the 
symmetrical cis olefins 199 and 201 have the threo structure (equation 
94) and symmetrical trans olefins (200,202, 203) give adducts with the 
erythro structure ('equation 95). Both forms undergo trans elimination 

of hydriodic acid to produce vinyl azides. Addition of iodine azide to 
cyclic olefins such as cyclohexene also results in tram addition (Table 
8, compounds 204-210)., As in isocyanate additions, this reaction 
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proceeds by an electrophilic addition involving the intervention of a 
cyclic iodonium ion which may be described by the ground state 
resonance structures (220a-d) . Similar species are commonly invoked 
in the mechanisms of trans additions to alkenes 309. Considerable 
stzbility has been attributed to this iodonium ion fix, even when the 
possibility of ring opening to a benzyl cation exists, little or no leakage 
to such a classical ion has been observed. Thus cis- and trans-stilbene 
give only threo and eqthro adducts respectively. 

It is axiomatic that an unsymmetrical iodonium ion is derived from 
an unsymmetrical olefin. If in the resonance structure 220d R is an 
electron-do:?.ating group, e.g. alkyl or phenyl, then simple carbonium 
ion theory predicts that 220b would contribute more to the ground 
state than 220c. Ring opening of the iodonium ion by azide ion then 
occurs preferentially at C,,, and can lead to regiospecific products*. 
Thus, addition to terminal olefins affords an adduct in which the 
iodo group is attached to a primary carbon atom and the azido func- 
tion occupies the internal position, as in 221 (cf. Table 8, compounds 
211-213). 

Cases exist where steric factors counteract tlese general polar rec- 
tive effects (Table 8, compounds 214-219). For example, whereas 
polar effects direct the addition in compounds 214 and 215, for 
3,3-dimethylbut-l-ene (216) adverse steric interactions between the 
approaching azide ion and the t-butyl group preclude the elec- 
tronically controlled ring opening of the iodonium ion. Instead, 
anti-Markownikoff addition occurs with the formation of 1 -azido-2- 

* If the addition of an unsymmetrical reagent X-Y to an unsymmetrical 
olefin proceeds without skeletal rearrangemell: to give exclusively one of two or 
more possible isomcrs it is termed TegiospeciJic. If, however, there is a significant 
prepondcrance of Dne isomer the reaction is said to be regioselective (See Ref. 358). 
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iodo-3,3-dimethylbutane 357. An analogy is the bromination of 
3-methylbut-l-ene in methanol which leads to 1 -methoxy-2-bromo- 
3-methylbutane 359. Intermediate situations with nearly balancing 
polar and steric factors are to be expected and in such cases regio- 
selective addition would result. 4-Methylbut-l-ene (218) falls into 
this category as neither the steric effect of the isopropyl group, nor 
electronic factors are sufficient to cause regiospecific addition. Thus 
both possible isomers are formed13s (Table 8). When the electronic 
effects are nullified as in 5-methylpent-2-ene (217), the homologue of 
218, the steric effect of the isopropyl group predominates and the 
addition is directed in the anti-Markownikoff sense. 

Since the iodo g o u p  is substantially less electronegative than the 
azido group, addition reactions of iodine azide take place with iodine 
as the electrophilic centre. Bromine is more electronegative than 
iodine, however, and consequently either heterolytic or homolytic 
cleavage of +the Br-N, bond can occur depending on the polarity of 
the solvent360. Reactions involving the azide radical derived from 
homolytic cleavage of bromine azide are discussed in section 1V.F. 1. 
In  mixed polar solvents such as nitromethane-methylene chloride, 
stereospecific ionic additions involving a bromonium ion intermediate 
occur in an analogous manner to those with iodine azide 360*301 (Table 
9). With solvents such as methanol, acetone, acetic acid and aceto- 
nitrile, however, solvent participation can occur 362. The inter- 
mediate bromonium ion is more reactive than the larger iodonium ion 
and therefore more susceptible to solvolysis, which affords products 
other than those of Br-N, addition. 

TABLE 9. Bromine azide additions to simple olefins 

Compound Product Yield yo 

CBHSCH=C H, C6H5CH(N3)CH2Br 95 

2-C holestene 2~-Azido-3a-bromocholestane 52 
Cyclo hexene 45 

trans-MeCH=CHMe 35 

cis- M eC t i  =C H M e 35 

trans - 1 - Azid 0-2- bromocyclo hexa ne 

M e  CH (Br) C H ( N3)M e (erythro) 

M e  C H ( Br)C H ( N3) M e ( fhreo) 

In a recent extension of this work, Hassner and B ~ e r w i n k l e ~ ~ l  have 
indicated that chlorine azide is predominantly an azide radical source 
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as would bc expected from the electronegativity trend I c N3 N 

Br c C1". Solvents of low polarity, the presence of light and absence 
of oxygen enhance homolytic cleavage. Addition by C1+ attack on 
the olefinic linkage may therefore be induced in polar solvents in the 
presence of oxygen, which acts as a radical trap, and in this manner 
chlorine azide has been added to styrene to afford l-azido-l-phenyl-2- 
chloroethane in high yield. 

b. Conjuguted olefins. Whereas both iodine azide and iodine isocyanate 
react similarly with alkenes, the latter being more reactive, only 
iodine a i d e  adds readily to the carbon-carbon double bond of a,P- 
unsaturated carbonyl compounds. (Table 10). Hassner and 
Fowler have proposed that the orientation of this addition is explicable 
in terms of an Ad, reaction involving an iodonium ion intermediate 
similar to that suggested for the addition tn simple olefins1360367. 

TABLE 10. Addition of iodine azide to cr,p-unsaturated carbonyl compounds 

Substrate Product Yield yo 

tmnS -C6H,CH=CHCOOMe C6H5CH(N3)CH(I)COOMe 43 

wans - M eC H= C H COO Et 81. 

86 

100 

CH,=CHCOOMe N3C HzCH (1)COOMe 
+ ICH2CH(N,)COOMe 

MeC H ( N3)CH ( I )  COO Et 

} 
C6HsCH=C HCOCGHS CGHsCH(N3)CH( I)COCcHs 

The alternative explanation, that iodine azide additions to a,p-un- 
saturated carbonyl compounds are of the Ad, type (equation 96) is, 

eo  y 
7 7  - 4  

RCH=CH-C + R H-CH-=C + R H HCOR' (96) >-, 'R1 'i N3 T;' 'R' N3 I 

however, worthy of consideration. From studies of addition of pseudo- 
halogens to simple olefins it is evident that iodine isocyanate is a more 
powerful electrophile than iodine azide 356*367. However, only the 
latter reagent enters into addition reactions with a,&unsaturated 
ketones and this is not consistent with an Ad, mechanism. An Ad, 

* In the authors' opinion the sequence I < Br < N3 E C1 more closely represents 
the electronegativity order. 
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mechanism could be invoked however, given that azide ion is a more 
reactive nucleophile than isocyanate ion. This seems probable, but 
reliable evidence is lacking. 

Just as bromine chloride is a more reactive electrophile than iodine 
chloride363, so one would expect bromine azide acting as an electro- 
phile to be more reactive than iodine azide. In fact in solvents suit- 
able for heterolytic reaction, bromine azide adds to chalcone less 
readily than iodine azide357*360 and this further indicates an Ad, 
mechanism. The evidence is strengthened by the occurrence of acid 
catalysis of the bromine azide addition. 

Further investigation of such additions is clearly warranted and any 
mechanisms must be regarded as speculative at this stage. 

2. Addition to alkynes 
The addition of iodine azide to a number of substituted acetyl- 

l e n e ~ ~ ~ ~ * ~ ~ ~ * ~ ~ ~  has been shown to take place in the opposite regio- 
chemical sense to their well known hydration in the presence of strong 
acid. Thus 1-phenylpropyne adds iodine azide to form cis- aiid 
trans-2-azido- 1 -iodo-1 -phenylpropyne whereas the acid hydration gives 
propiophenone (equation 97). Addition of water or iodine azide 
to 2-bromo-1-phenylethyne on the other hand gives similarly oriented 
products (equation 98). 

The additions of iodine azide (equations 99, 100) and the mercury 
catalysed hydration (equation 101) were rationalized on the basis of 
Ad, reactions with cyclic intermediates having relatively little car- 
bonium ion character. Orientation is then dependent on thc inductive 
effects of the methyl and bromo substituents with little orientational 
effect of the phenyl group. In contrast, the orientation of' the acid 
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catalysed hydration is ascribed to the phenyl group as being the more 
important substituent in a reaction via a vinyl carbonium ion (equa- 
tion 102). However, it has been mentioned that both cis and trans 
products are obtained from 1-phenylpropyne and it would appear that 
a multi-centre reaction is also implicated (equation 103). 

Product orientation alone is insufficient for elucidation of the 
mechanisms of these addition reactions as the same products would be 
obtained by either electrophilic or nucleophilic addition. I t  is well 
known that the greater electroriegativity of the sfi carbon in alkynes 
leads to lower reactivity with electrophiles and greater reactivity with 
nucleophiles compared with the sfi2 carbon of alkenes. A number of 
nucleophilic additions to alkynes such as addition of alcohols and weak 
acids are k n 0 ~ 1 1 ~ 0 9 .  

In  view of the substantial nucleophilic strength of azide ion, an AdN 
mechanism for addition of iodine azide to alkynes cannot therefore be 
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excluded. I t  is again relevant in this context that I-NCO does not 
add to diphenylacetylene whereas I-N, gives the addition product 222. 
Since the isocyanato group is somewhat more electronegative than the 
azido group 366, electrophilic addition should proceed more readily 
with iodine isocyanate, whereas nucleophilic addition should proceed 
more readily with iodine azide. Reaction of diphenylacetylene with 
iodine azide alone therefore supports an Ad, mechanism for this case. 
I t  is significant also that iodine isocyanate adds to phenylacetylene and 
it would be of interest to study the orientation of addition of iodine 
azide to this compound. 

(222) 

The present situation in regard to addition of halogen azide to 
alkynes is that the synthetic aspects are well established but that 
mechanistic evidence is sparse and equivocal. Clearly, some rate 
studies of these reactions would be of value in elucidating the mech- 
anisms actually involved. 

F. Free Radical Additions 

1 .  Halogen a i d e  additions 

The possibility of both homolytic and heterolytic cleavage of halogen 
azides has previously been discussed (section 1V.E. 1). Such addi- 
tions may be observed in solvents of low polarity, in the presence of 
light and the absence of radical trapping species such as 

Styrene, for example, is known to add both bromine and chlorine 
azide quantitatively and regiospecifically under such conditions to 
give the adduct (228; X=Br, Cl). This is consistent with an initial 

addition of the azide radical to form C6H,-&-cH,N, which then 
adds halogen to give the adduct. Iodine azide, which has a lesser 
tendency to undergo homolytic cleavage, affords the iodo product 
(223; X=-I) but in much lower yield. 
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This reacticn has been utilized in the synthesis o f a z i d o s t e r ~ i d s ~ ~ ~ ~ ~ ~ ~ .  
Addition to 2-cholestene (224) occurs regioselectively and adducts 225 
and 226 have been isolated in 370j, and 27y0 yield respectively. By 
comparison, ionic addition leads to the trans-diaxial product 360 (227). 
Such differing orientations of the products obtained from homolytic 
and heterolytic addition may be synthetically valuable. 

(226) (227) 

2. Additions in the presence of aedox systems 

Minisci, Galli and co-workers 368375 have studied a variety of radical 
reactions which result in the formation of organic azides. These pro- 
cesses commonly involve the interaction of an organic peroxide, an 
alkene, and azide ion in the presence of a ferrous-ferric redox system. 
The initial step is the reduction of the peroxide by Fe2+ to form a free 
alkoxy radical (Fenton reaction, equation 104). 

The alkoxy radicals are electrophilic in character and react readily 
with conjugated olefins such as butadiene or c y c l ~ p e n t a d i e n e ~ ~ ~ ~ ~ ~ ~  

RO-OH + Fez+ - ROD + Fe3+ 4- OH- (104) 
Me,COOH + Fe =+ __t F4ee,CG' + [feGiii" (iu5) 

Me,CO' + CH,=CH-CH=CH, - Me3COCH2CH=CHCH2 (106) 

Me3COCH2CH=CHCH, + (FeN#+ __P (107) 

Me3COCH2CH=CHCH2N3+ Fe2+ 
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with the formation of resonance stabilized carbon radicals. These 
interact with an azide ion coordinated to ferric ion to afford an organo- 
azide (equations 105-107). 

In  a similar x a c t i o 1 1 ~ ~ ~ * ~ ~ ~  cyclohexanone peroxide forms e-fzido- 
caproic acid following ring fission of the original alkoxy radical to form 
an alkanoic acid radical (equation 108). 

M. E. C. Biffin, J. hlillcr and D. B. Paul 

N3 Hooo-oH Fez+ pejj - ( i;bH * H2)4 [FeN.jl+ *(y I H2)5 

C02H 

+ (FeOi-I)2+ -t Fe2+ 
( 168) 

The electrophilic nature of alkoxy radicals is evident from their re- 
actic-ls with olefins which are conjugated to electron-withdrawing 
~ u b s t i t u e n t s ~ ~ ~ ~ ~ ~ ~ .  With such substrates, both a diazide and the 
normal addition product are formed. The lower nucleophilicity of 
such olefins causes a commensurate reduction in their affinity for 
alkoxy radicals and forination of azido radicals from azido?::rric ion 
and alkoxy radicals becomes a competitive process. Diazides arc then 
formed as shown in equation (109). 

RO' [FeN,I2 ' CeHsCH=C H2 + C6H5k HCH20R 
C6H5CH ( N3)CH20 Rf Fez+ 

RO' + [FeN312+ --+ N; + Fe3+ + -OR Urn! 
N; C6H5CH2=CHz - C6H,kHCH2N3 [FeN,]'+ 

C6H5CH(N3)Cti2N3 + Fe2+ 

When hydrogen peroxide is employed instead of organic peroxides 
the diazide is formed exclusively, since the i;-)droxyl radical is more 
electrophilic rhan the alkoxy radical and reacts exclusively with azide 
ion rather than the olefin. In  this manner diazides can even be ob- 
tained from non-conjugated olefins such as pent-Zene, hex-1-ene, 
cyclohexene and steroids 370*372*373. The procedure may be further 
extended to the synthesis of a-azidoesters and a-azidoketones by passing 
a stream of oxygen through the reaction mixture374 (equation 110). 

bH + [FeN3];+ - h3 + [FeOHI2+ 

h3-F C 6 H S C H = C H 2 ~ C S H 5 C H C H 2 N 3  (110) 

C6H56HCH2N3+O2 C H HCH2N3 Fe", C6H5COCH2N3 + [FeOHIZ+ 5T 
0-0 - 
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In  the presence of chloride ion, these reactions lead to the formation of 
chlorine atoms as well as azide radicals and the former react prefer- 
entially with organic (carbon) free radicals. This is demonstrated 
by the reaction of cyclohexanone peroxide with the ferrous-ferric 
system in presence of both azide and chloride ions to give exclusively 
E-chlorocaproic acid (equation 11 1). This may be exploited syntheti- 

+ 
(FeOH)2+ 

+ 
Fez+ 

cally to accomplish azidochlorination of akenes 371s373. Thus cyclo- 
hexene reacts with sodium azide, ferric chloride, hydrogen peroxide 
and ferrous salts to give 1-azido-2-chlorocyclohexane (equation 1 12). 

HO-OH *OH -t (FeOH)2+ -. i3 +2(FeOH)2+ 0 0" !FeCIy+ ~ aN3 
CI 

+ Fez+ 

Similar procedures have been used to introduce two functional groups 
into a steroid 

V. SYNTHESIS OF AZIDES FROM DDAZQTIZATION 
AND RELATED REACTIONS 

A. Introduction 

In the previous sections we have discussed reactions in which the 
carbon-azide bond is formed by substitution on carbon of a preformed 
azide moiety or by its addition to various multiple bonds. Processes 
in which the azide nitrogen atoms are introduced in a stepwise manner 
are now considered. These syntheses include the reactions of diazo- 
nium salts with nucleophiles such as ammonia, chloramine, hydroxyl- 
amine, hydrazine, sulphonamides and azide ion. Recent work on 
6+ C.A.C. 
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the reaction between diazonium salts and azide ion has shown that it 
should be included in this section rather than those concerned with 
reactions at carbon, since it has been established that an electrophilic 
nitrogen atom is the reactive centre in the diazonium compound. 
Also included are the nitrosation reactions of hydrazines, the reactions 
of hydrazoic acid with nitroso compounds and the topical and 
potentially valuable diazo transfer reactions. 

B. Reaction of Diazonium Compounds with Nucleophiles 

1. Ammonia and i t s  derivatives 

In  his classical work on diazonium compounds, Griessl demon- 
strated that benzenediazonium tribromide reacts with ammonia to 
give phenyl azide in high yield (equation 1 13). I t  has since been estab- 

(C6H5N2)+ Br; + NH3 --+ C6H5N3 + 3HBr (113) 

lished that this is a general reaction of diazonium perhalides. In  parti- 
cular, treatment of the plumbichlorides (C6H5N~),PbCI~ - with 
ammonia provides a very convenient synthetic route to aryl azides 376. 

Some failures of the reaction have been reported, but these usually 
result from complications associated with the diazotization process 
(e.g. in 2-aminopyridine 377, 2-aminobenzaldehyde 378, etc.) . 

Boyer and Canter l5 suggested that the reaction proceeds through 
the intervention of a triazene, and further implied that this inter- 
mediate is subsequently oxidized to the azide by halogen or the anion 
(equation 114). In  support of this suggestion it has been observed 
that in the absence of oxidant some diazonium compounds form tri- 
azenes with ammonia. 

C6H5Ng + 2NH3 C6H5N=NNH2 i- N H i  (114) 
oxidation J. 

C6HSN3 

For example, the triazene (228) is obtained from diazotized anthra- 
quinone and ammonium carbonate under these conditions 379 (equa- 
tion 115). Further, the formation of aryl azides by oxidation of aryl 
triazeries with hypochlorite solution has been reported 3Q0. In  arelated 
process azides are formed by reaction of chloramine or chloramine-T 
with aromatic diazonium compounds 381, presumably through an un- 
stable N-chlorotriazene (229) as illustrated in equation (1 is). 
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H 

C6Hsfdi + NHzCI __f C6HsN=N -N ' -* C6H5N3 (116) 

CI 
\ 

(229) 

Clusius and co-workers 382-383 have established by 15N-labelling 
experiments that in the reaction between benzenediazonium per- 
bromide and ammonia, the terminal nitrogen of the azido group 
originates from a molecule of ammonia as shown in. equation (1 17). 

The distribution of the isotopic label in the azide was deduced after 
degradation to aniline and ammonia (equation 118) and to p-chloro- 
aniline and nitrogen (equation 1 19). 

These findings are consistent with the formation of a triazene inter- 
mediate. 

Reaction of diazonium compounds with primary and secondary 
aliphatic amines usually results in the formation of substituted tri- 
azenes (equation 120). However, an interesting exception with 

(120) 
+ 

C6HSN2 4- 2RNHR' + C6HSN=N-NRR' 4- RR'At(2 

some value in azide synthesis has been reported384. Reaction of 
aryldiazonium salts with azlridine yields the corresponding aryl azide, 
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presumably through the intermediacy of the triazene (230), which 
extrudes ethylene with concomitant azide formation (eqtiation 12 1 j. 

Arh2 + HN I + _t ArN, -I- CH2=CH2 (121) 

\I 
A (2SO) 

Ar=C,H,, p-MeCGH,,, p-MeOC6H4, P-NOZC~HA 

The synthesis of phenyl azide from hydroxylamine and benzenedi- 
azonium chloride was first observed by Emil Fischer305 and the reac- 
tion was further developed by Mai and c o - w ~ r k e r s ~ ~ ~ ~ ~ ~ ~ .  As in the 
case of the ammonia reaction, a triazene intermediate is generally 
implicated (equation 122). In the anthraquinone series the triazene 

+ 
(122) 

(231) was actually isolated in the reaction of diazotized 1-amino- 
anthraquinone and hydroxylamine and was subsequently converted 
into I-azidoanthraquinone (232) on treatment with alkali 388. 

+ -  CBHSN2 + 2NHzOH [C6HSN=N-NHOHJ 
C6H5N=N =N 4- H20 

&N-NHOH ~ 

0 0  
0 

0 0  
0 

(231) (332) 

Diazotization of o-aminobenzaldoxime gave the bicyclic inter- 
mediate 1,2,3-benzotriazine-3-oxide (233) and further reaction of this 
compound with alkali yielded o-azidobenzaldehyde (234) 389-391. 
This ring opening reaction probably leads initially to the triazene 
(235), which would arise from attack by hydroxide ion at the 4-posi- 
tion of the triazanaphthalene (233) followed by ring opening of the 
intermediatc N-hydroxycarbinolamine (236). 

axe N’ 
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Methyl-, benzyl- and fi-toluene-sulphonaxnide react with aromatic 
diazonium compounds to give isolable triazenes which decompose in 
the presence of alkali with the formation of the corresponding aromatic 
azide and the akyl- or aryl-sulphinic acid salt 392-395. This sequence 
(equation 123), known as the Dutt-Wormall reaction, is mechanisti- 

(123) 
+ HX 

H 
\ 

(AtN2)+ X- + Ar1S02NH2 + Ar-N=N-N 

A Ar-N=N-N--bS02Ar1 + BH 

cally similar to the BarnfordStevens synthesis of aromatic diazo com- 
pounds from toluenesulphonylhydrazones and alkoxide ion 396-397 
(equation 124). 

Ar-N=&=k + Ar'SO; '3 

R' I?' 
C=N-NH--S02RZ + 

R R 
R' 

/I 
c=N-N-so~R~ + BH 

8- \ \ 
/ / -0 

(124) 1 
\ + -  

/ 
C=N=N + R2S0, 

R 

The reaction between sulphonyl azides and Grignard reagents also 
leads to stable triazenes 398e399 which are similarly degraded with 
alkali to aryl azides (equation 125). This reaction constitutes not 

ArS02N, + ArlMgX __f 

ArS02N N=NArl * ArSO,QN=NArl __f ArSO; + Ar'N, 
I 

"I-AI alloy, \ alkali 

ArSO; + N2 + Ar'NH, 
'r 
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only a convenient synthetic route to aromatic azides from unactivated 
aryl halides but is also a valuable method for converting a Grignard 
reagent into an amine, which may be readily obtained by reduction of 
the azide. 

2. Hydrazine and i t s  derivatives 

Benzenediazonium chloride reacts with hydrazine to form phenyl 
azide and ammonia in greater than 90% yield385*400-402. The un- 
symmetrical tetrazene (237) has been assumed as the intermediate in 
this reaction; the alternative decomposition pathway of this unstable 
intermediate, to give aniline and hydrazoic acid, accounts for less than 
10% of the products (equation 126). The preferential decomposition 
of the intermediate to phenyl azide may reflect the effect of resonance 
stabilization on the equilibrium (237a + 237b) and it may be for this 
reason that better yields of azide result from the use of hydrazine rather 
than its substituted derivatives. 

CSHSNZ+ CI- + H2NNH2 __f CBHSN=NNHNHz CsHsNHN=NYHz 
. (23785 (237b) 

Much mechanistic detail has been elucidated, however, from re- 
actions involving substituted hydrazines. For example, the propor- 
tion of N(,,, No, to NC3), N(4, fission in the symmetrically substituted 
tetrazene formed from benzenediazonium chloride and phenyl- 
hydrazine (equation 1271, has been shown to be almost statistical by 
15N-labelling403. Rapid tautomeric exchange of the protons along 
the nitrogen chain of the retraxene was thereby established. 

In  reactions involving unsymmetrical diaryltetrazenes such as 
238 four different products arise as a result of this statistical decom- 
position *04 (equation 128). Horwitz and Grakauskas *05 have dis- 
cussed the mechanism of coupling between phenylhydrazine and 
benzenediazonium salts in detail. In  mineral acid, little or no free 
base is present and the reaction should involve either, or both, of 

the conjugate acids C,H5NH,NH2 (239) and C6H,NHNH3 (240). 
Horwitz and Grakauskas have suggested that the imino nitrogen in 
240 is not sufficiently nucleophilic to attack the benzenediazonium ion 
owing to the inductive effect of the ammonium ion adjacent to the 

+ + 
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ArN3 + ArlNH, 
7f 

ArNH, + Ar1N3 

imino nitrogen atom. The positive charge on the imino nitrogen 
atom in 239, however, has a comparatively small effect on the amino 
nitrogen since the phenyl group is an effective electron source. 
Consequently, coupling in an acidic medium involves nucleophilic 
attack by the amino nitrogen atom and the resulting I,4-diaryltetra- 
zene (241) subsequently decomposes to an a i d e  (equation 127). In 
sodium acetate buffered solutions, however, the weakly basic phenyl- 
hydrazine ( K ,  = 1.6 x is present as the free base and coupling 
occurs predominantly at the imino nitrogen atom to give the stable 
lY3-diphenyltetrazene l4 (242), although traces of phenyl azide and 
aniline in the products suggest some reaction at the amino nitrogen 
with transient formation of the unstable 1,4diphenyltetrazene (24P). 

Honvitz and Grakauskas have presented experimental evidence in 
support of their suggestion that both conjugated acids should be con- 
sidered in an acidic medium. Concurrent coupling at both the amino 
and imino nitrogen atoms of the conjugate acids 239 and 240 respec- 
tively was shown to occur with tetrazolediazonium chloride (243). 
Kuhn and Kainer406 have suggested that in dilute aqueous solution 
this tetrazole has the resonance stabilized zwitterionic structure 244 
and Honvitz and Grakauskas have postulated that both of the pro- 
tonated forms 239 and 240 coordinate with this zwitterion. Proton 
transfer to the tetrazole ring and synchronous nucleophilic attack on 
the diazonium substituent, as in Scheme 3, resu!ts in the formation of 
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both the 1,3- and 1,4-tetrazenes, (245) and (246), in approximately 
35y0 and 20y0 yield respectively based on prcduct analysis. 

+ 
N=N I +N 

I 

CI - p\ 
N ANH N i  - ‘:N 

\.. .;/ 
N-N 

\ /  
N=N 

SCHEME 3 

h i d e s  may be formed by reaction of aryldiazonium salts with 
hydrazides. For example, from benzhydrazide and benzenedia- 
zonium sulphate the tetrazene (247) was isolated and subsequently 
decomposed to benzazide and phenyl azide401 (equation 129). 

C6HSCONHNHz C6H5Nz ___f C6HSCONHNHN=NCcHS 

(129) 
(247) 
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Similarly, treatment of the anthranilic acid derivative (248) with 
nitrous acid gave the cyclic product 249 which underwent hydrolysis 
in aqueous alkali to afford o-azidobenzoic acid 407. 1,2-Diacetylhydra- 

zine undergoes reaction with aryldiazonium salts in alkaline solution 
to form 1,6-bisaryl-3,4-diacetyl-1,5-hexazadiene (250) *08. Hydrolysis 
of 250 at 5" in alcoholic potassium hydroxide affords an aryl azide 
and a 1 -acetyl-3-aryltriazene (251) which may be further degraded 
to nitrogen and an aryl amine (equation 130). High yields of 
aryl azides are obtained from this reaction; for example IY6-bis-(p- 

NCOR RCON- 

N 
I I 

RCONHNHCOR + 2ArNf aq NaHCOJ : 

ArN \N Ar 

t? 
ale. KOH. 

5' * RCON-N- 

ArN 

ArN3 f [RCOfi-N=NAr] [RCON=N-fiAr] 

(251) 

I-"" 
ArNH, -I- N, + ROCO- 

chlorophenyl)-3,4-diacetyl-l,5-hexazadiene gives a 94% yield of 
pure p-chlorophenyl azide 011 alkaline hydrolysis at 5". However this 
procedure offers no advantage compared with the classical method 
of synthesis and has therefare found little practicai application. 

Syntheses of azides from diazonium compoupds are generally 
6* 
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restricted to the aryl derivatives since aliphatic diazonium compounds 
spontaneously lose nitrogen to produce carbonium ions. Some ali- 
phatic azides have been prepared from related reactions involving 
aliphatic diazo compounds. One such case is the formation of the 
azide (252) from diazoacetic acid derivatives 409 (equation i 3 1). 

N - L C H C O R  
- + H 2NNH2 -+ N=k=N-C HzCOR + NH3 

NHiNHi (131) -1 
+ 5 

N=N-~HCOR 

N3CH2CONHNH2 + RH (R = NHi, OEt) 

(252) 

The interaction of azirines and diazomethane at room temperature 
leads to a mixture of allylic azides410 (equation 132). Although a tri- 
azoline intermediate such as 253 could be invoked, mechanistic 
speculation based on product analysis may be complicated by allylic 
isomerization (section III.B.2). 

MexC6H, + MexCH2N3 

H CH2N, H CsH5 

N 

3. Wydrazoic acid and its derivatives 

Aromatic azides may be synthesized from diazoniium compounds 
using hydrazoic acid or azide ion as the nucleophile (equation 133). 
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.. 4. - *Q-- P+ Ar-N=N-N=N =N * Ar-N=N N -N =N (133) 

+ -  
Ar-N=N =N S N 2  

This reaction was first carried out by Noelting and Miche1400 and may 
be used in all cases in which a primary amine undergoes diazotiza- 
tion, except where the diazonium compound subsequently reacts be- 
fore hydrazoic acid is introduced into the reaction medium (e.g. 
diazotization of o-aminodiphenylamine results in spontaneous cycliza- 
tion of the diazonium compound with the formation of l-phenylbenzo- 

This procedure has found wide application in the synthesis of 
aromatic and heteroaromatic azides; the yields are usuaUy high and 
often quantitative. General procedures have been developed by 
Smith and c o - ~ o r k e r s ~ ~ ~ ,  the method of choice mainly being deter- 
mined by the basicity of the amine involved or the solubility of its 
salts. Weakly basic amines, for example, are diazotized with amyl 
nitrite in an acetic acid-concentrated sulphuric acid mixture and 
aqueous sodium azide is subsequently added. Amines which form 
insoluble salts with common mineral acids are converted to the more 
soluble 2-hydroxyethanesulphonic acid salts prior to diazotization. 
This procedure has been applied in the diazotization of the N- 
(aminopheny1)phthalimides (254). Treatment of the resulting dia- 
zonium compounds (255) with hydrazoic acid and removal of the 
protecting phthalimido group affords the otherwise inaccessible 
azidoanhes 413 (equation 134). Some representative examples of 
azjdes recently synthesized by thesz methods, are shown in Table 
11. 

triazo~e 411). 
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TABLE 1 1. Synthesis of aryl azides from diazonium ccmpounds and 
hydrazoic acid 

Amine h i d e  Yield yo Ref. 

2-Azidoaniline 1,2-Diazidobenzene 
2,2’-Diaminoazobenzene 2,2’-Diazidoazobenzene 
1,4-Diaminobenzene 1,4-Diazidobenzcne 
2- (Aminophenyl) - 2-Azidoaniline 

5-Aminotropolone 5-Azidotropolone 
3-Amino-2-piperidino- 3-Azido-2-piperidinopyridine 

4-Aminofluorene 4Azidofluorene 
4Aminofluorenone 4-Azido fluorenone 
2-phenyl-1-naphthyiaminc 1-Azido-2-phenylnaphthalene 
2-Aminocumene 2-.4zidocumene 
2-Amino-4’-hydroxy- 2-Azido-4’-hydroxybiphenyl 

2-Amino-2’-mcthoxy- 2-Azido-2’-methoxybiphenyl 

2,2’-Diaminobiphcnyl 2,B’Diazidobiphenyl 
2-Aminodiphenyl thioether 2-Azidodiphenyl thioether 
2-Aminodiphenyl ether 2-Azidodiphenyl ether 
2-Aminobenzophcnonc 2-Azidobenzophenene 

phthalimide 

pyridine 

biphenyl 

biphenyl 

100 
93 
59 
57 

88 
- 

96-5 
83.5 
43 
68 
57-5 

87 

83 
64 
92 
12 

414 
415 
416 
413 

41 7 
418 

419 
419 
419 
420 
419 

420 

41 1 
41 1 
41 1 
41 1 

The mechanisms of reactions between diazonium compounds and 
various nucleophiles, including azide ion, have been closely investi- 
gated by several groups of workers and have recently been discussed 
by Miller421. I t  is now generally agreed that the reaction between 
azide ion and diazonium coinpounds involves an initial attack of the 
nucleophile on the terminal nitrogen of the diazonium group. This 
has been clearly demonstrated by the kinetic investigation of Lewis 



2. Introduction of the Azido Group 159 

and Johnson 422 who dctermined the rates of formation ofp-substituted 
benzenediazonium ions from tetrazotized p-phenylenediamine and 
several nucleophiles (Cl-, Br-, SCN-, N;, OH-) at  28.2". Dis- 
placement of nitrogen was found to be bimolecular in each case. 
Nucleophilic reactivity of a reagent towards substitution on carbon 
may be approximated by its reactivity towards a standard substrate. 
This behaviour has been expressed by Swain and in terms of 
the general equation (135) where s is the reaction constant and n is a 
measure of the nucleophilic character of the reagent. Lewis and 
Johnson derived a plot of log k vs. n (Figure 4) using the values of n 

determined experimentally by Swain and Scott. A straight line drawn 
log k = sn + constant (135) 

a 

. t 4  
CJ, 
0 

0 1- 

through the points for Cl- and Br- has a slope (s) of 1.5, which is 
as large as any cited by Swain and Scott and it has been suggested that 
C1- and Br- displace nitrogen by an activated SN2 mechanism421. 
The point for azide ion, however, deviates by an enormous factor 
(2 x lo9) which precludes a mechanism involving nucleophilic attack 
of azide ion on a carbon atom. 

Comprehensive 15N-labelling studies by Clusius, Huisgen and 
co-workers have led to the elucidation of the detailed mechanism 
which is shown in Scheme 4. A dual mechanism for this reaction was 
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indicated by the initial investigations of Clusius and colleagues 423*424. 

Interaction of benzeriediazonium salts and azide ion variously labelled 
at N", Nb or No enabled the distinction between two products 25s and 

+ -  
[C6H5-Nn=Nb]+ + [N'=Nd=NC]- Jc, C6H,--No=Nd=NC 

I (258) 

I 

++ - + -  
C,H5-Nn=Nb=No C~H,-N~=N~=N* 

(256) (267) 

+ + 
Nd- =N 0 Nb=No 

SCHEME 4 

257 which were formed in 85y0 and 15y0 yield respectively. I t  is sig- 
nificant in the light of the work of Lewis and Johnson422 that product 
258 which would arise from attack of azide ion on ring carbon, was not 
detected. The isotopic distributions in the products were rationalized 
by postulating that the 'by-product' (257) and an equal amount of the 
primary product (256) arose from ring cleavage of a resonance stabi- 
lized cyclic pentazole (259) via the two possible pathways A and B 
shown in Scheme 4. I t  was further suggested that the remaining 
70y0 of 256 was formed from the acyclic pentazene (260) which de- 
composed by rupture of an Nc-Nd bond. 

These conclusions were subsequently confirmed by Huisgen, Ugi 
and collaborators 425-427 who isolated the intermediate pentazoles and 
investigated the rates of decomposition of the intermediates and the 
effect of substituents on the reaction. An enlightening study4as of 
the reaction between benzenediazonium ion, isotopically labelled on 
the terminal nitrogen, and lithium azide in monoglyme clearly 
indicated the two-path nature of the mechanism. At - 25", only un- 
labelled nitrogen was evolved from the system; on raising the tempera- 
ture to &lo", however, a secondary reaction occurred which generated 
isotopically labelled nitrogen. Moreover, the phenyl azide produced 
in the overall reaction was also labelled (refer to Scheme 4 with the 
specific label on Nb). The percentage of nitrogen evolved in the two 
separate processes may be plotted against time. A typical diagram 
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for the reaction of benzenediazonium chloride with lithium azide in 
methanol at - 39.5" and - 0.8" is shown in Figure 5. This graph and 

I ,  I I 

20 40 60 80 
Minutes 

FIGURE 5. Plot of the volume of nitrogen evolved against time for the reaction 
of benzenediazonium chloride with lithium azide in methanol at -395' and 

- 0-8' showing the two-path nature of the reaction. 

the first-order plots derived from it (Figure 6) admirably demonstrate 
the primary and secondary reaction processes. 

I t  is also noteworthy that crystalline arylpentazoles have been 
isolated from the reaction mixtures at low temperatures and found to 
decompose into aryl azides and nitrogen427. In particular, on d o  
composition of isotopically labelled p-ethoxyphenylpentazole (261) 
the 16N was equally distributed between the p-ethoxyphenyl azide and 
nitrogen428 (equation 136). 
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In the above invcstigations of the main features of this reaction it 
was tacitly assumed, though not uncquivocally established, that the 
pentazene and pentazole intermediates form independently. Ugi 429*430 

has considered an alternative process in which phenylpentazole arises 
by cyclization of the initially formed pentzzene intermediate. This is 
shown in Scheme 5 where the subscripts ch, r,f, d and i denote chain, 
ring, formation, decomposition and isomerization respectively. 

FIGURE 6. First-order plots 
derived from Figure 5. 

0.9 

0.6 

0.3 

I I I I 

10 20 30 40 
Minutes 

According to this mechanism, the observed formation of phenyl 

azide with an isotopic distribution represented by C,H,-Na=NC=Nd 
would result from the isomerization process (i). Decornposition of 
the pentazole would have the same effect, as discussed previously. 
Ugi has been able to daerentiate between the mechanisms outlined 
in Schemes 4 and 5 by means of experiments in one-phase and two- 
phase media. In  80% aqueous methanol (phase I) at  -35" it  was 
found that lithium azidc and benzenediazonium chloride interact to 
form the pentazene and pentazole in the proportion Qchlr = 2.03 & 
0.05. Under these conditions the pentazene decomposes at a rate of 
kch.#.) = 5-2 x sec-l. When the reaction was repeated in a 
two-phase system, where phase I1 (carbon tetrachloride : n-hexane, 
22: 78 wt.%) has almost the same density as the aqueous methanol of 
phase I and is kept in intimate contact with it by rspid stirring, the 

+ -  
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ratio Qchl,(I+II) is almost the same (1.96 & 0.05) as in phase 1 alone. 
On the other hand, the rate of decomposition of the pentazene is re- 
duced by a factor of 2.5 ( k c h . d ( I + n )  = 2.3 x 10-3sec-1). In  the 
mechanism proposed by Ugi (Scheme 5) the ratio Qchlr is a function of 
the rate constant kc,r.d( Qchlr 21 kch.d/kchlr). However, the experi- 
mental evidence shows that kch.d and Qchlr are independent of each 
other, and this can only be consistent with the mechanism in Scheme 5 
if both k & d  and kchlr vary by exactly the same factor in different media, 
which does riot seem likely. Ugi has also considered the possibility 
that the pentazene exists in both cis and tram configurations, one of 
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which is rapidly converted into the pentazole whilst the other de- 
composes indcpendently to the azide. The ratio QZh,, would then 
reflect the proportions of cis to 1rum isomers in the system. However, 
Roberts208 has pointed out that such a difference in the chemical be- 
haviour of stereoisomers is improbable on the basis of molecular 
orbital calculations of the flexibility of the pentazene chain. 

It appears, therefore, that the formation of phenylpentazole 
proceeds independently of the pentazene (Scheme 4) possibly as a one- 
step, four centre process through intermediate 262. The decomposi- 
tion of the pentazole is also thought to involve a similar intermediate 
(263). This is supported by the inverse relationship between the rate 

(262) (263) 

OF decomposition of the pentazole and the polarity of the medium 
(Table 12). A similar relationship exists in 1,3-dipolar additions in 

TABLE 12. Rates of decomposition of phecylpentazole in various 
solvents 

Solvent 
Rate x lo4 

(sec-l) 
~~~ ~- 

n-Hexanc 45-2 
Carbon tetrachloride 344  
Tetrahydrofuran 10.4 
Methanol 9.8 
Chloroform 8.9 
Acetone 7.7 
Acetoni trile 4.1 
Formic zcid 2.3 
Carbon tetrachloride: acctonitrile 

(2 : 3) 8.0 
5.7 Methanol : water ( I  : 1 )  

which the transition state is less polar than the and 
such additions involve transition states which resemble 263. 

Finally, it is of interest that electron-withdrawing groups attached 
to the aromatic nucleus of arenediazonium compounds favour reaction 
through the acyclic intermediate (Table 13). Since the ratio Qclrl, 

is proportional to kch.f/k,.f it mziy be inferred that kch./ is more sus- 
ceptible to electronic effects than kr.f .  

The formation of methyl azide by interaction of hydrazoic acid and 
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diazomethane at low temperatures in inert solvents was initially 
thought to involve an unstable cyclic pentazole intermediate 432 (264) 
as shown in Scheme 6.  
Subsequent mechanistic studies by Clusius and Endtinger 433 using 

TABLE 13. The forlnation and decomposition 
of substituted phcnylpcntazoles in methanol 

at 0" 

Ratc of tlccomp. 
12 in R--CoH,X, Qc,,,, )I: 104 (sec-l) - 
f -NO, 6.1 59 
p-(Me)2NH+ - 

p-CI 3.5 12.1 

51 
rn-NO, .&G 36 
rn-CI 3-3 23 

H 3.2 8 4  
m- Me  2.6 7-6 
m-HO 2.0 7.1 
p- Me 1 -9 5.5 
p-HO 1 -9 3.2 
p -  Et 0 1.9 3.0 
f-(MeI2N 1 -2 1.7 
o - N O ~  24 92 
0-CI 8 86 
0- M e  3.4 31 

variously 16N-labelled hydrazoic acid and diazomethane cstablished 
that the reaction did not proceed by either of the two pathways shown 
in Scheme 6. In  fact, all of the evolved nitrogen originated from the 
diazo nitrogen atoms and Clusius and Endtinger have postulated the 
alternative mechanism for the reaction shown in Scheme 7. 

+ 
H2C - N"=Nb H2C-N"=Nb-H N n E N b  

No=N"=No - +  - H }-[ ?.=&6=NC 1 _ic + 
+ -  

M e-N '=N "=No 

SCIiEKE 7 

C. Reaction of Hydrazoic Acid with Mitroso Compounds 

The synthesis of aryl azides in high yields and under mild conditions 
by the reaction of aromatic nitroso compounds with hydrazoic acid has 
been reported by Maffei and c o - ~ o r k e r s ~ ~ ~ ' ~ ~ ~ .  Their results are 
summarized in Table 14. No intermediates have yet been isolated 
from this reaction, although Maffei suggested the intervention of a 
diazohydroxide. If the quantity of hydrazoic acid employed is less 
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Ar-N=O + HN, + (Ar-NEN) OH i- N2 * ArN, + N2 + H,O 

M. E. C. Biffin, J. lMillcr and D. B. Paul 
-+ 

(1371 
TABLE 14. Synthesis of azides from aromatic 

nitroso compounds and hydrazoic acid 
~~ ~ 

yo Yield of 
Ar in ArNO h N 3  Reference 

100 
100 
100 
100 
100 
91 
92 
89 
92 
750 
78 a 

435 
435 
434 
435 
435 
435 
435 
435 
435 
434 
434 

a Jsolated as its picrate. 

than that represented in equation (137), the yield of azide is 
diminished accordingly and unreacted nitroso compound is isolated 
with the product. I t  appears that the intermediate formed from the 
nitroso compound and the first molecular equivalent of hydrazoic acid 
interacts more rapidly with hydrazoic acid than does the nitroso com- 
pound. 

Geller and S a r n ~ s v a t ~ ~ ~  have carried out a detailed investigation of 
the mechanism of the reaction using the elegant 15N-labelling tech- 
nique of Clusius and collaborators (section V.B) . Three reaction 
pathways were considered and these are outlined in Scheme 8. 

When hydrazoic acid labelled on the two terminal nitrogen atoms, 

H+(15N = N = 15N), was used in the reaction the aryl azide 

produced had the isotopic structure Ar--N=15N=15N as shown by 
reductive degradation of the azide chain. Only reaction pathway 
(iii) in Scheme 8 is consist.ent with this isotopic distribution in the 
product. Moreover, the 15N content of the terminal nitrogen is lower 
than that of the central nitrogen in accordance with the formation of 
some aryl azide by decomposition of an aryl pentazole as shown in the 
secondary pathway of (iii) in Scheme 8. The proportion of the re- 
action proceeding through each pathway has been estimated (cf. 

- + - 
- + 
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section V.B) and it is apparent (Table 15) that electron withdrawing 
substituents on the aromatic nucleus favour reaction through the linear 
pentazene. This behaviour has been discussed previously in connex- 
ion with the formation of azides from hydrazoic acid and diazonium 
compounds (section V.B.3). 

The reaction has been extended by Maffei and c o - ~ o r l t e r s ~ ~ ~ * * ~ ~  
to include the synthesis of the a-nitroazidoalkenes (265) and (266) from 
the corresponding pseudonitroles. Similarly the a-chloroazido- 
alkanes (267) and (268) have been isolated. 
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TABLE 15. Proportion of ArN3 arising from linear and cyclic pcntazene 
in the reaction of ArNO with HN3 

yo of product from 
Ar in ArNO linear pentazenc cyclic pentazene 

P- 02NCsH4 92 8 
p- M e  CON HC6H4 80 20 
p- CICsH4 62 38 
P - ( M ~ ) ~ N C ~ H ~  53 47 

yo of product from 

D. Diazo Transfer and Related Reactions 

The diazo transfer reaction, which involves the transposition of two 
nitrogen atoms from p-toluenesulphonyl azide to a carbanion, was first 
utilized by Doering and De Puy439 in the synthesis of diazocyclo- 
pentadiene (equatior, 138). The diazo transfer reaction has since 

.n p 
N=N-N HTOS + 

been used to advantage in the synthesis of diazoalkanes 440. More 
recently it has been modified by Anselme and co-~orkers '*~-*~~ to 
provide an interesting synthetic route to azides. It was found that the 
corresponding azide was formed in moderate yield (see Table 16) when 
p-toluenesulphonyl azide was reacted with the conjugate base of an 
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TADLE 16. Preparation of azides by the diazo transfer reaction 

Aminc 

Aniline 
g-Toluidine 
fi-Chloroaniline 
Benz ylaxnine 
Cyclohexylamine 

15.3 
13.3 
15.0 
15.0 

61 
36 
66 
36 

a Yiclds arc based on thc amount of unrccovcred P-tolucncsulphonyl azidc. 
Figures in parenthcses refer to reactions in which mcthyllithium was employed; all other 

figures refer to rcactioiis using mcthylmagnesium chloride. 

aromatic or aliphatic amine, generated by reaction with methyl- 
magnesium chloride or methyllithium. 

Although the mechanism of this reaction has yet to be fully estab- 
lished certain of its aspects have been defined. The intermediacy of 
the anion 269 is very probable, particularly since a solid which is 
presumably the intermediate (269; R = C6H5) has been isolated 
from the reaction of anilide ion with p-toluenesulphonyl azide. In 
support of the structural assignment this solid gave a mixture of phenyl 
azide (407-J and aniline when heatcd. The reaction sequence has 
been summarized as shown in equation (139). 

RNH + N,TOS e RNH-N=N--NTO~ 

(209) 

Y=N\ 
.NTos . -  RN.. 

(139) 
''H'' \ - .. Y=N RN-N=N -NHTos 

RNHN=NNTOS / -  
\RP;3 $07 Y I 

? RN3 + T o s ~ H  0-H 

H 

H 

I 

Anselme and co-workers have suggested that the stability of the 

anion RNH relative to TosNH may be of significancc in the diazo 
transfer reaction. The poor conversion of k-nitroanilide ion into 
fi-nitrophenyl azide was originally ascribed to a reaction betweec 

- 
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the organometallic reagent and the nitro group of the substrate. 
However, it may be due at least in part to the greater stability of the 

p-nitroanilide ion relative to TosNH. One might similarly rational- 
ize the failure of this reaction when the conjugate bases of heiizamide 
and N-benzyl-p-toluenesulphonamide are employed as substrates. 

Nitrous oxide (270) is related electronically to the azido group and 
has been examined as a potential diazo transfer reagent. Meier444 

- 

+ + -  
N=N=O N e N - 0  
- 

(%iGj 

observed that with nitrous oxidc, anilide ion gave a small amount of 
oil, thought to be phenyl azide, together with 57y0 of azobenzene. 
Anselme and K ~ g a ~ * ~  reinvestigated this and related reactions at 
various pressures and obtained moderate yields of azides. Their 

TABLE 17. Azides from reaction of N20 and amine anionsU 
~ ~~ ~ ~ ~~~~ ~~ 

Pr rssur e Time yo Yield yo Yield 
h i d e  Ib/in2 hr (Gross) (Net)b 

C 6 H A C  30-40 5 9 (10) 39 
80 70 18 32 
80 42 35 51 

p-MeC6HoN3 50-55 2.5 16 46 

CyClO-C6H,, N3 30-50 5-0 10 15 
p-FAeOC6H,N3' 50-55 4.5 25 (19) 35 

,I Anions preparcd by the reaction of the amine with mcthyllithium. 
b Based on the amount of unrccovered amine. 
e Values in parentheses refer to initial runs carried out by bubbling N 2 0  through the reaction 

mixturc. 

findings are summarized in Table 17. No mechanistic details are as 
yet available but the sequence outlined in equation (140) would appear 
reasonable. 

r 
RNH 
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There are some resemblances between this reaction and the forma- 
tion of diazoalkanes from N-nitroso-N-fi-toluenesulphonamides, for 
which the intermediate (271), presumably resulting from an aniono- 
tropic rearrangement, has Seen postulated 446 (equation 141). There 

- 
R2CH-N ,J- Tos - R'CH-W> --- R~cH--~;=N + TOSO 

N \ !  \ A 1  (141) 
N 

0 GOTos + 
R~c=N=N + TOSOH 

(271) 

is a closer analogy, however, with the convcrsion of N-nitrosohydra- 
zides into azides which has been described by Ponzio and Canuto447 
and is discussed in section V.E. 

A further similarity exists between the diazo transfer reaction and an 
azide synthesis involving the use of Grignard reagents and p-toluene- 
sulphonyl azide, which has recently been described 398*399. The re- 
agents interact to form salts of p-toluenesulphonyltriazenes which 
undergo fragmentation in aqueous sodium pyrophosphate at 0-ZOO, 
sodium hydroxide, or on dry distillation, giving aryl or alkyl azides 
(equation 142). Moderate to good yields of aromatic azides can be 

R'SO,N, 
r 

(142) 
RCl --+ RMgX 

(RNNNS0,R')- MgXf _9 RN, + R'SO; MgX* 

achieved from this process (which is essentially a triazo transfer), but 
aliphatic azides are obtained only in poor yields. Although nearly 
all simple aryl azides are as readily obtained by the conventional 
diazotization procedure, the principal utility of the synthesis is with 
more complex compounds where amino groups cannot readily be 
introduced (e.g. the syr).thesis of o-azidostyrene derivatives). 

E. Nitrosation of H ydrarine Derivatives 

Phenylhydrazine reacts typically with nitrous acid to form a-nitroso- 
phenylhydrazine (272), which undergoes a facile dehydration to 
phenyl azide when treated with acid or alkali. When F i s ~ h e r * ~ ~  
discovered this reaction he postulated a cyclic structure (273) for 
phenyl azide, but this formulation was later abandoned in favour of 
the linear structure14, which has now been firmly established by I5N- 
labelling studies J49. 
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acid-catalyred 
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ring opening 

(272) . (278) 

By use of tracer experiments, Clusius 450 showed that branched path- 
ways are involved in this reaction; nitrosation of phenylhydrazine with 
16N-labelled nitrous acid produced two isotopic isomers of phenyl azide 
(274) and (275) (equatior, 143). 

In a more detailed examination of the mechanism, Clusius and 
S c h ~ a r z e n b a c h ~ ~ l  found that the same mixture of isotopic isomers 
arises both from diazotization of phenylhydrazine with labelled 
nitrous acid and from dehydration of specifically labelled cc-nitroso- 
phenylhydrazine (276). It was concluded that a-nitrosophenylhydra- 

zine is an intermediate in this reaction. Its dehydration through a 
3-membered ring cation (conjugate acid of 277) was proposed, as 
shown in Scheme 9. 

I 

SCHEME 9 
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The acid catalysed c0nversion4~~ of the nitroso derivative of benzyl- 
methylhydrazine (278) into its isonier (279) is significant in the context 
of the above mechanism. In addition, the formation of aryl azides 
from nitrosohydrazides such as 280 by treatment with 207, sodium 
hydroxide solution447 (equation 144) is consistent with the results of 
Clusius and co-workers. 

NO 20% NaOH I - ArN, + RCOtH 
ArN N HCO R (144) 

In  contrast to phenylhydrazine, 2,4-dinitrophenylhydrazine yields 

only the aryl azide of isotopic structure ArN=N=15N when treated 
with H"N02 453. This suggests that for arylhydrazines in which the 
aromatic nucleus is substituted with electron-withdrawing groups, 
nitrosation is directed to the /I-nitrogen atom and the resulting /3- 
nitrosohydrazine undergoes spontaneous decomposition to the termin- 
ally ,labelled aryl azide. 

Synthesis of aromatic azides by nitrosation of hydrazine derivatives 
has usually been employed in preference to procedures involving 
diazotization of a primary amine only in caslx where this latter pro- 
cedure is of a difficult or uncertain nature. For this reason many 
heteroaromatic azides have been synthesized by nitrosation of their 
readily obtainable hydrazino derivatives (Table 18). 

Alkyl azides are not gemrally obtained in appreciable yields by 
nitrosation of alkylhydrazines, although some examplcs have been 
reported (Table 18). Smith and co-workers 468 suggested that the 
intermediate a-nitxosoalkylhydrazines, which cannot give azides with- 
out rearrangement and dehydration (Scheme 9), decompose by 
alternative routes. Certainly there is a t  least one recorded example 
where loss of N,O after rearrangement competes more favourably than 
dehydration a52. However, the notorious instability of the lower alkyl 
azides might also be invoked to rationalize the poor yields in these re- 
actions, even if dehydration were more facile than loss of N,O. In- 
deed, Longo 469 has observed that substantial evolution of nitrogen 
accompanies azide formation from some nitrosohydrazine derivatives 

- + 
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TABLE 18. Preparation of azides by nitrosation of hydrazine 
derivatives 

Hydrazine Azide Ref. 

Pheiiylhydrazine 
3-Hydrazinophenylsulphonic acid 
2,4-Dinitrophenylhydrazine 
2,3-Dichloro-5-nitrophenyl- 

f i - A r i n o - 2 , 4 - d i s u l ~ ~ ~ ~ ~ m i ~ o -  

Benzylhydrazine 
Triphenylmethylhydrazine 
Ethyl a-hydrazifio-a-phcnylacetate 
Ethyl a-hydrazino-p-phenyl- 

Ethyl a-hydrazinohexanoate 

hydrazine 

phenylhydrazinc 

propionate 

HzNHN 

+ 
0 

Phenyl azide 
3-Azidophenylsulphonic acid 
2,4-Dinitrophenyl azide 
2,3-Dichloro-5-ni trophenyl 

5--4mine-2,4-diou!phc?n2rr:ido- 

Benzyl azide 
Triphenylmethyi azide 
Ethyl a-azido-a-phenylacetate 
Ethyl a-azido-p-phenyl- 

Ethyl cr-azidohexanoate 

azide 

phenyl azide 

propionate 

.c. 
0 

H z N N q S D  N 

Me Me 

25,454 
455 
456 
45 7 

458 

459 
460 
46 1 

46 1,462 

463 

204 

4 69 

465 

466 

464 N 
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Hydrazinc Azidc Ref. 

467 

aid it is also pertinent that higher molecular weight aliphatic com- 
pounds give reasonable yields of azides by this method. 

A limited number of alkyl azides have been obtained by Smith, 
Clegg and Lakritz 468 by reaction of N-acyl-N-alkylhydrazines with 
nitrous acid (equation 145). In  this manner, 2-hexahydrobenzyl- 
a i d e  and 2-isobutyl azide were obtained from the corresponding 

( 145) HZNN "ON' * RN3 + C 0 2  + N2 

R 
\ 

alkyl semirarbazides and similarly N-t-butyl-N-benzoylhydrazine 
afforded a small quantity of t-butyl azide. However, as the starting 
materials arc not readily accessible and the yields of azide are in- 
different this synthesis does not provide a practical alternative to the 
standard procedure (section 1II.B). 

Acyl azides may generally be prepared by nitrosation of acyl- 
hydrazines with nitrous acid 470-472, nitrosyl chloride 473 and organic 
nitrites 474. The competitive production of a.mides which sometimes 
accompanies the formation of acyl azides is averted by use of nitrosyl 
chloride or nitrous acid esters in organic solvents474. This side re- 
action is also suppressed when the synthesis is carried out a t  high 
proton and nitrite concentrations although no explanation of this 
observation has been forthcoming. 

Preparation of acyl azides by the nitrosation method has been used 
to advantage in the synthesis of peptides177*178-474-477 (cf. section 
III.B.3) and is particularly valuable since it is the only procedure for 
peptide chain lengthening which does not cause racemization of the 
peptide The use of acyl azides as protecting 
age1lf~180.181.l86,187.478 for labile amino groups in peptide synthesis 
has been discussed earlier. A sequential degradation of peptides 
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invoiving the Curtius rearrangement of an acyl azide has also been 
reported 479. 

Synthesis of azides by nitrosation of hydrazidines such as 281 has 
been achieved 217. These compounds can undergo nitrosation on the 
imino nitroger? of the hydrazone group or on the hydrazino substituent. 
I t  has been shown that the latter possibility occurs when the hydrazone 
hydrogen atom is strongly hydrogen bonded to a nitro group in the 
adjacent aryl nucleus. In  this case hydrazidic azides (282) are formed 
in good yield. In the absence of such hydrogen bonding, azides are 
not produced and the products, originally formulated as tetrazoles 480, 

z e  of uncertain structure. 

?,N ?,N 
: \  (t~le)~CC=Nc@ 

(Me)&C=N NHNH2 I iQ 
N3 I 

O2N O2N 
(281) ( 2 W  

Carbamoyl azides are produced by the action of nitrous acid on 
semicarbazides (equation 146) and this reaction has been used to pre- 
pare the parent compound and several N-substituted derivatives. A 
recent review on carbamoyl azides, including synthetic procedures, is 
available12. 

RNHCONHNH2 4- HONO + RNHCON3 + 2 H20 (W 

VI. MISCELLANEOUS SYNTHESES 

Some procedures for introducing the azido group cannot readily be 
incorporated into the above general classifications. Many of these 
reactions are mechanistically unclear and have not been widely 
investigated. For completeness these syntheses are now considered. 

A. Elect~olytic Reactions 

An electro-oxidation procedure developed by Wright for the syn- 
thesis of azides from salts of carboxylic acids or nitroalkanes (equations 
147, 14.8) has been briefly referred to by Smith in a recent review481. 
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B. Oxidation Reactions 

Arylhydrazines undergo complex oxidation reactions from which a 
variety of products such as arylhydmcarbcq biaxyls, nzo comp~unds, 
tetrazenes and phenols may be obtained. Hypochlorite oxidation of 
aryl semicarbazides, however, affords aryl azides 4640482, possibly by 
oxidation to the azo compound (283) which would undergo Hofmann 
rearrangement to a triazene (284) with subsequent oxidation to afford 
the azide (equation 149). 

NaOCl ArNHNHCONH, -EN ArN=NCONH2 - 
*ArN, (149) 

NaOCl 
(283) 

ArN-N N H2 
(284) 

Another oxidative procedure has recently been described by Koga 
and A n ~ e l r n e ~ ~ ~  who found that reaction of 1,l-dibenzylhydrazine 
(285) and of the symmetrical tetrazene (286) with lead tetraacetate in 
benzene gave benzyl azide in high yield (equation 150). The tetra- 
zene intermediate which has been invoked is thought to arise from an 
N-nitrene. 

P b ( 0 A ~ ) a  Pb(0Ac)r 2 (CsHsCH2)2NNHz * (C~HSCH~)~NN=NN(CH~CBH,)~ 

(285) (286) 

Pb(OAc), + MeCOzH + C6HS-C H2N-N=N-N (CH2C6H& + 

G CH ' (150) 
I 

* H5C( 'OAc 

C6HSCHZNs + (C6HSCH2)zNH + C~HSCHO 
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1. INTRODUCTION 

The chemical literature has been surveyed through standard texts and 
throbgh the indices of Chemical Abstracts from its inception, Vol. 1 
(1906) to the present, Vol. 71, (1 969). The following reference words 
were used in the Chemical Abstracts search: acyl azides, alkyl azides, 
aryl azides, azides, azido group, sulphonyl azides. Unless specifically 
mentioned, organometallic azides, i.e. compounds in which the azido 
group is presumably bonded to or associated with the metal atom, have 
been ignored. 

From this study, the overall impression arises that if the azide- 
containing compound is thermally stable and, of course, non-explosive, 
the proposed azide may be handled by any of the techniques availabie 
for the detection and characterization of organic compounds. The 
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azido group is generally detected by infrared and ultraviolet spectro- 
metry. Azides may be subjected to chromatographic techniques 
(which, of course, could purify but do not characterize azides). Mass 
spectrometry has been used with azides. Some effort has been ex- 
pended to use the optical rotato-ry dispersion (0.r.d.) and circular 
dichroism (c.d.) measurements of the azido group as a means to deter- 
mine the structure of the azide-containing molecule. Naturally, 
o.r.d./c.d. mezsurements would not lead one to assign an azido group 
to a molecule. Proton magnetic resonance (n.m.r.) measurements may 
be carried out; but again, this, in itself, does not lead to the assignment 
of an azide structure. Naturally, n.m.r. is useful in structure deter- 
mination of azides, but not in any particular way. (Nitrogen n.m.r. 
spectra of 15N-contai~iing azides have not been reported.) 

With this background this report will now review the chemical, 
infrared, ultraviolet, and mass spectrometric techniques as applied to 
the qualitative and quantitative measurements of organic azides. 
Additionally, a discussion of the o.r.d./c.d. properties of alkyl azides 
will be included in this chapter. 

II. CHEMICAL MEANS OF ANALYSIS 

A. Qualitative 

Very little appears in the literature or in published reviews 1-5 which 
suggests qualitative tests for the azido group. A 1928 report6 dealing 
with carboxylic acid azides suggests treatment with sodium hydroxide 
to displace the azide anion followed by its precipitation as silver azide 
after the addition of silver nitrate. An alternate suggestion in this 
paper is to treat the organic azide with hydrogen sulphide to yield an 
organic amine, nitrogen gas, and elemental sulphur. 

The suggestion’ that /3-naphthoyl azide could be used as a reagent 
for the determination of amines could be used in reverse; i.e. treatment 
of a suspected acid azide with a known amine should yield a urethane 
and molecular nitrogen according to equation (1). 

Sah showed that p-nitrobenzoyl azide and o-nitrobenzoyl azide could 
be used in similar fashion to obtain urethanes. 
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More recently published ideas include the formation of solid deriva- 
tives of alkyl azides by treatment with acetylene dicarboxylic acid lo to 
form 1 -alkyl-triazole-4,5-dicarboxylic acids. These frequently form 
hydrates with poor melting points and generally poor analytical pro- 
perties. Alternatively, one can obtain bicyclic fused-ring triazolines 
by treatment with norbornadiene or dicyclopentadiene lo. 

Fischer and Anselme l1 have reported the use of triphenylphosphine 
to form solid derivatives of aryl azides. 

A more roundabout method has been used to form solid derivatives 
of sugar azides12. The azide is treated with methanolic hydrazine 
hydrate and Raney nickel, followed by direct benzoylation of the 
resulting amine. Lithium aluminium hydride is also used12 to pre- 
pare a substrate which can be benzoylated. 

The only other commonly reported technique is the acid-catalysed 
evolution of nitrogen gas. Typically, sulphuric acid is used as the 
cataiyst 13. This is not totally reliable, however. Coombs14 reports 
that if carbon-nitrogen cleavage will yield a stable carbonium ion, 
then formation of HN, predominates over loss of N, and formaSon of 
imine. This is contradicted, however, by the reportlo that t-but$ 
azide in the presence of sulphuric acid yields acetone-N-methylimine 
which subsequently hydrolyses to give acetone, isolated as its 2,4- 
dinitrophenylhydrazone. 

B. Quantitative 

The difficulties of working with low molecular weight azides are 
characterized by the preparation of pivaloyl azide (trimetliylacetyl 
azide) 15J6. 

‘The thermal instability of (pivaloyl azide) prevented elemental 
analysis . . . Caution: pivaloyl azide, like other acyl azides of low 
molecular weight, has been observed to explode without warning at 
room temperature. The vapors. . . are quite toxic, and (in some 
persons) even brief exposure causes rapid pulse, nausea, vertigo, and 
severe headache.’ l6 

An earlier p ~ b l i c a t i o n ~ ~  also reports considerable difficulty in ob- 
taining combustion analysis of azides. 

Numerous techniques have been developed for the quantitative 
determination of the mmber of azido groups per molecule. The 
problem which must be solved is to release the covalently bound azido 
group. Most procedures yield one mole of nitrogen per azide leaving 
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the third nitrogen covalently bonded to the original substrate. Nitro- 
gen evolution is measured by the usual gasometric techniques. 

Arsenite ion has been used18-21 sccording tc equation (Z), but 
certain difficulties were noted22 with simple alkyl azides. If acid 
treatment quantitatively liberates hydrazoic acid such as in acid azides, 

ArN, + AsO;j % ArNH, + AsOi3 + N, .-’ (2) 

some sugar azides and some alkyl azides as mentioned earlier14, the 
hydrazoic acid thus liberated can be determined by ceric ion oxidation 
as in equation (3)23. An excess of ceric sulphate is added to the 

(3) 
2Cet4 + 2HN3 3N2 + 2Cef3 + 2Hf 

hydrazoic acid solution, the excess ceric ion is destroyed with excess 
potassium iodide, and the iodine is titrated against thiosulphate. 
Of course, this process works only if one can be assured tiltit complete 
liberation of the azido group has occurred. 

Water-soluble azides have been treated with hydriodic acid to obtain 
quantitative formation of molecular nitrogen and iodine, either of 
which can be measured24. Aryl azides have been handled in the same 
fashion25. These techniques suffer from the difficulty of working 
with iodine-free hydriodic acid and the difficulty of preventing air 
oxidation of hydriodic acid to yield excess iodine. 

Sulphonyl azidcs have been analysed by two processes : release of 
nitrogen by reaction with triphenylphosphine and release of iodine by 
reaction with potassium iodide-acetic acid 26. 

The best method for most azides seems to be a modification of the 
hydriodic acid reaction. In  this analysis 22, the necessary hydriodic 
acid is generated in situ by using a 90% trichloroacetic acid (lo”/, 
water) and sodium iodide system. The hydriodic acid is generated 
rapidlyin an equilibrium situation which prevents build-up of HI and, 
hence, negligible formation of excess iodine by air oxidation. Ex- 
cellent results are reported with a broad variety of substrates. 

Acyl azides are easily handled by acetic acid-catalysed Curtius 
rearrangement which generates one mole of nitrogen per azide2’. 
This can be done conveniently on a micro scale with no interference 
from such groups as nitro, nitroso, azoxy, azo, hydrazo, cyano, amido, 
imido, amino or ammonium. Diazo or N-nitroso groups do interfere. 
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Several other older and frequently more specific ideas are collected 
in standard texts2*. 

111. INFRARED SPECTROSCOPY 

At an early date it was reportedz9 that the azido group (ionic) showed 
absorption in the infrared region at 4.6-4-8 pm (2120-2300 cm-l). 
Since then organic azides have been the subject of extensive study. By 
a large margin, infrared absorptions in the region 2160-2090 cm-l 
(aiymmetric stretching), 1340-1 180 cm-I (symmetric stretching), and 
680 cm- l (bending) are most frequently cited for the characterization 
of azides5. 

Several extensive reports have appeared regarding the infrared 
spectra of organic azides 30-33. All of these report approximately the 
same conclusion. The asymmetric stretching frequency in the region 
2160-2090 cm-l is very strong, only siightly influenced by substituents, 
and highly characteristic for the azido group. 

The Russian workers30 claim that substituents on the azido group 
which increase the asymmetry, presumably by changing the equiva- 
lence of the bonding, shift the bands in question to higher frequency. 
They also suggest that this asymmetric stretching band for aromatic 
sulphonyl azides can be correlated by a Hammett a,p relationship 
where p has a small value. (They find the ultraviolet spectral para- 
meters responding in similar fashion.) 

The report 31 by Lieber and co-workers discusses such diverse classes 
of azides as acyl azides, carbamyl azides, vinyl azides, and a-azido 
ethers, thioethers and amines. None of these violates the limits gf the 
asymmetric stretching frequency cited earlier. 

Publications in 1951 34 and 195435 utilized this characteristic 
absorption at ca. 2100 cm-I to demonstrate the structure of a /3-keto 
azide and an u-hydroxy azide, respectively. The assumption that 
other functional groups in the molecule did not interfere was justified 
by a report36 in which both alkyl an.d aryl azides were studied, followed 
by a paper37 dealing with a-substitution. The clear result of all of 
this was the constancy of the azide asymmetric stretching frequency. 
Sheinker and c o - ~ v o r k e r s ~ ~ * ~ ~  have made similar studies and report the 
interesting conclusion that the intensity of the band is more sensitive 
to structure than is the position of the band. The intensity is raised by 
electron donor groups and lowered by substitution of electron acceptor 
groups. 
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Three recent publications dealing with a-imino azides", a-azido 
chlorides 41 andvinyl a ~ i d e s ~ ~  reflect the utility of infrared measurements 
with alkyl and aryl azides. 

Sulphonyl azides have asymmetric stretching frequencies at the high 
end of the range mentioned earlier (2140 cm-l). The success of an 
early preparation of methanesulphonyl azide 43 was characterized by 
i.r. absorption at 2137 cm-l 44. A 1964 study of infrared spectra in 
the series of compounds represented by Formula 1, showed that the 
frequency of absorption (214.0 cm-l) was quite constant. 

1 X = H; 2-OH; 4-OH; 2-OH, X I ;  3-CH3, 4-OH 

CarboxyIic acid azides have been analysed 45 and again, the charac- 
teristic asymmetric stretching frequency is 2140 cm-l. Substitution 
alpha to the carbonyl group has little effect46. A review47 of the 
infrared characteristics of carbamoyl azides has appeared which cites 
2150 cm-l as the characteristic frequency for the azido group. 

I t  is not surprising that organometallic azides such as 248 and 349 
still can be characterized by a band in the infrared spectrum at 2050- 
2100 cm-'. 

2 +3MN, M = carbon, germanium, tin, Lead 

3 C3M(N3), M = arsenic, ant imony 

The azide-tetrazole equilibrium (equation 4) has been studied by 
infrared s p e c t r o s ~ o p y ~ ~ * ~ ~  and settled in favour of the azide form. 

The similar structural problem, structure 4 or 5, 1ia.s been rcsdved in 
favour of 5 due to the absence of the usual absorption for N3 groups52. 
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Infrared riieasurenents of the complex between boron trifluoride (or 
trichloride) and carboxylic acid azides conclusively demonstrate that 
complexing occurred through the carbonyl oxygen rather than one of 
the nitrogens since the usual absorption is present 53. 

One of the most interesting features of the i.r. spectral properties of 
azides is the frequent occurrence of Fermi resonance. If an overtone 
or combination band falls near a fundamental frequency, the band 
intensity of the fundamental may be anomalously enhanced or the 
Sand may be split. This coupling between a fundamental frequency 
and the combination or overtone band is called the Fermi resonance. 
Certain symmetry properties must be met 54. 

Fermi resonance occurs only with aryl azides31*55*56 or with acid 
a z i d e ~ ~ ~ . ~ ~ .  I t  has been attributed31 to a combination band from the 
azide symmetric stretch (ca. 1250 cm-l) and an aromatic ring vibra- 
tion (ca. 1000 cm-l). Aryl acid azides are said31 to have a similar 
vibration a t  ca. 900cm-l. Other possible combinations are the 
azide symmetric stretch (1250 cm-l) and the G N  stretch (ca. 
1150 cm-l) or the C-Nstretch and the aromatic vibrations mentioned 
earlier. Bhaskar points out that in aromatic azides conjugation 
between the phenyl ring and the azide group is necessary, for benzyl 
azide shows a sharp singlet. Furthermore, he reports that the exteiit 
of interaction is dependent on the electronic properties of substituents 
on the aromatic ring. A maximum effect is found with electron 
releasing groups (f-dimethylamino) and a minimum with electron 
withdrawing groups (p-nitro) . 

The related phenomenon of Raman spectroscopy has been applied 
to azide chemistry, mainly in the early discussion of whether the azide 
structure was linear or cyclic"-6o. 

IV. ULTRAVIOLET SPECTROSCOPY 

Organic azides have been studied by ultraviolet absorption techniques 
since the early 1 9 3 0 ' ~ ~ ~ * ~ ~ .  Alkyl azides are characterized by two 
relatively low intensity transitions 63. These solvent insensitive bands 
centred at 287 nm (~,25) and 216 nm (~,50O) have been describede3 as 
rY -+ m,* and s-p, -+ my*, respectivcly. Closson and Graye3 also 
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mention that substitution of elcctronegativc groups in the alkyl portion 
would lower via induction the energy of the electrons on the nitrogen 
bonded to carbon. This would increase the energy (shift to shorter 
wavelength) of both of these transitions. 

Precisely this effect was noted, first by Bohme64*G5 and then by 
Lieber aild Thomas 37. The German paper 64 reports absorpticm of 
a-azido ethers, thioethers, and amines in the range 275-290 nm with a 
blue shift due to the adjacent heteroatom. The more recent publica- 
t i ~ n , ~  cites absorption in the range 264-284 nm and a shift to shorter 
wavelength caused by sulphur, oxygen, or nitrogen when the azide is 
located alpha to thioether, ether, or amine functions. Nitrogen causes 
the greatest shift, sulphur the least. B i i i ~ m e ~ ~  also reports ultraviolet 
absorption for a-azido sulphones. The tetrazole-iminoazide equili- 
brium has been studied by ultraviolet as well as infrared spectros~opy~~. 

As one would expect, the ultraviolet spectra of aromatic azides is 
decidedly more varied. Several papers have appeared reporting the 
general features of aryl a z i d e ~ ~ ~ * ~ ~ - ~ l .  Generally, it can be said that 
the intensity of the long wavelength band (ca. 285 nm) is substantially 
increased 67. Reiser and co-workers present data for various aromatic 
and condensed aromatic azides and conclude that a red shift of the 
entire spectrum occurs with increased intensity. Due to the complex 
nature of polycyclic aromatic hydrocarbons it is difficult to say whether 
or how the azide transition energy is changed. I t  is noted6? that 
ortho and meta substituted phenyl azides behave as if no interaction is 
present. For example, ortlzo- and meta- nitrophenyl azide each yield a 
spectrum which appears as a superposition of nitrobenzene and phenyl 
azide. Howcver, the spectrum of para-nitrophenyl azide is substan- 
tially different and difficult to interpret. 

No mention of the ultraviolet spectra of acyl azides was found. It 
was reported6? that in N,C02CH, the 285 nm band is not seeo, per- 
haps due to interaction of the azido group with the carbonyl group. 

Aroyl azides (ArCON,) have been studied by some Japanese 
workers72. Benzoyl azide is reported to have a maximum at 245-5 nm 
while substitutioE in the para position causes a shift to longer wave- 
length. Methoxy changes the maximum to 283 nm while fluorine 
moves it to 251 and nitro to 260.5. Other substituents such as C1, Br, 
I, methyl, and CON, caused the maximum to fall between that of the 
p-F and p-OMe derivatives. 

The long wavelength band (285 nm) is not found in sulphonyl 
azides". Perhaps, due to its i0-N intensity it is hidden under the tail 
of other intense but shorter wavelength absorptions. 
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V. OPTICAL ROTATORY DISPERSION AND CIRCULAR 
DlCHROlSM 

The low intensity long wavelength absorption of alkyl azides (A,,, 
285 nm, E - 50) is perfectly suited for measurements of optical rotatory 
dispersion and circular dichroism. 

Indeed the rotatory dispersion properties of configurationally related 
alkyl azides were determined as early as 193773. Further o.r.d./c.d. 
studies on azides apparently were discontinued until 1967 when 
Djerassi, Moscowitz, Ponsold and Steiner 74 reported the o.r.d./c.d. 
properties of 34 steroidal azides. An Octant Rule for thc azide 
chromophore was presented. To date, one further application of the 
Rule has appeared. 

The Octant Rule for azides was established theoretically by recog- 
nizing the similarity between the n -+ T* transition of ketones and the 
s-fx -+- T: transition of a z i d e ~ ~ ~ * ~ * .  The geometry of the transitions 
appears similar; however, there are differences in the two situations. 
First, in the ketow, the atomic orbitals of both the ground and the 
excited state are associated with the oxygen atom. In  azides different 
nitrogen atoms are involved in the two centres. This should result 
in a reduced magnetic dipole moment and would contribute to a 
decidedly lower amplitude for the 0.r.d. curve. Secondly, conforma- 
tional mobility from rotation about the C I N  bond might contribute 
to low rotational strength. 

Conformational mobility is a serious drawback to application of this 
Octant Rule. For a compound such as 2cr-azidocholestane, the Rule 
is applied to each of six rotamers (generally depicted as Newman 
projections). By a combination of conformational analysis and this 
Octant Rule, one tries either to predict the sign of the rotation from 
:he favoured structure or vice versa. I n  this particular case, no 
stereochemically significant conclusion was reached 74. 

Paulsen 75 has studied the c.d. of sugar azides. 

VI. MASS SPECTROMETRY 

One c o m m ~ n i c a t i o n ~ ~  has appeared which addresses itself to the mass 
spectral properties of organic azides. The mass spectrum of phenyl 
a ~ i d e ~ ~  is reported to have a base peak at m/e 91 corresponding to loss 
of a nitrogen molecule (M-28). This is followed by the loss of HCN 
to yield the C,H,+ ion. The authors report that the spectrum is the 
same as that from benzotriazole. 
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Other recent publications have utilized mass spectral measurements. 
Azidotropones are reported to yield a peak at  M-28 rather than a 
molecular ion peak77. Vinyl azides generally do not show a molecu- 
lar Various sugar azides were prepared and found to show no 
molecular ion, but peaks corresponding to loss of molecular nitrogen 79. 

An a-azidolactam is reported to fragment to yield the M-28 ion as a 
result of the loss of Nze0. Moore and co-workers have employed 
mass spectrometry in their study of azidohydroquinonesS1 and 
azidoquinones82. The spectra are not published but the descriptions 
suggest that molecular ions are not always fcund and that loss of 
molecular nitrogen is most prevalent. 
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1. INTRODUCTION 

In  contrast to most common fhnctional groups, the azido group has 
been the subject of comparatively few investigations of specific rele- 
vance to its directing and activating effects. The reason may perhaps 
be due to the fact that the azido substituent is often the most reactive 
centre in a molecule owing to its general lability in many chemical 
environments. Thus investigations of the chemical effects of its 
electronic properties have been restricted. The reactive nature of the 
azido group is, however, of obvious value in organic synthesis and 
indeed the main interest in the chemistry cf the organic azides has 
been focused on this aspect. 

Despite the brevity of this chapter, sufficient data are available to 
illustrate the influence of the azido group on both electrophilic and 
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nucleophilic substitution reactions, particularly aromatic substitutions, 
and its role in neighbouring group participation. Some evidence of 
relevance to the directing and activating effects of the azido group in 
addition and elimination reactions is also available. 

I n  this chapter we have limited our d.iscussion to include only thore 
processes in which the azido group maintains its intcgrity. Hence 
reactions in which the azido group mzy strictly be deemed to be 
activating, but which result in the fcrmation of a product other than 
an organic azide, are not considered. 

II .  THE DIRECTING AND ACTIVATING EFFECTS OF T H E  
AZfDO GROUP IN SL!Z§TITUTION REACTIONS 

A. Polarization and Polarizability Effects" 

Determination of the dissociation constants of azidoaliphatic acids 
has conclusively shown that the azido group is acid strengthening. 
I n  Table 1 the acid dissociation constants of a-azidoacetic and a- 

TABLE 1. Ionization constants* of substituted 
acetic and propionic acids14. 

~~ 

Acid 103 K,, 

a-Chloroacetic acid 
c-Bromoacetic acid 
a-Azidoacetic acid 
a-Iodoacetic acid 
Acetic acid 
a-Chloropropionic acid 
a-Bromopropionic acid 
a-Azidopropionic acid 
a-Iodopropionic acid 
Propionic acid 

~ 

1-55 

0.93 
0.75 
0.018 
1.5 
1-1 
0.9 
0.62 
0.014 

1-38 

a Mcasurcd at 26°C. 

azidopropionic acids obtained by Philip1 are compared with the K ,  
values for the corresponding haloacetic acids24. From these figures, 
the substituent constant 0' for the azido group may be evaluated as 

* The symbols K (conjugative effect) I (inductive effect) M (mesomeric 
effect) and E (electromeric effect) are employed throughout this chapter and 
follow the notation cmployed by C. K. Ingold in Sfiucture and Mechanism in 
Organic Chemistry, 2nd Ed., Bell, London, 1969. 
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+ 0.41 by using a procedure based on the Hammett-Burkhardt 
relatio~ship~. Hence in the ground state the azido group exerts an 
electron-withdrawing effect by induction ( - Is), the magnitude of 
which falls between those of the bromo and iodo groups and is closely 
comparable to that of the trifluoromethyl substituent (Table 2). 

TABLE 2. Substituent constant  value^^*^ 

Substitucnt 0' Substitucnt 0' 

t-Butyl - 0.07 Trifluoromethyl + 0.41 
Methyl - 0.05 Bromo + 0.45 
Hydrogen 0 Chloro + 0.47 

E thoxycarbonyl + 0.30 Cyano + 0.59 
Iodo + 0.38 Nitro + 0.63 
Azido + 0.41 Trimethylammonio + 0.86 

Methoxy + 0.23 Fluoro + 0.50 

I n  the aromatic series it has also been shown that the electron- 
withdrawing effect of the azido substituent is similar to those of the 
bromo and iodo groups. Smith, Hall and Kan6 have recorded the 
ionization constants of the ortho-, meta- and para-azidobenzoic acids 
and azidoanilines (Table 3) and from the Hammett-Burkhardt rela- 
tionship these authors derived values for the constant a,,, of the azido 

TABLE 3. Ionization constants of azidobenzoic acids and azidoanilines 

Hammett substituent 
10°K,, 10"Kb constant 

Benzoic acida 
o-Azidobenzoic acida 
m-Azidobenzoic acida 
#-Azidobenzoic acida 
Anilineb 
o-Azidoani:ineb 
m-Azidoanilineb 
#-Azidoanilineb 

5-76 
29.5 
13.5 
6.92 
- 

- 
25.7 
2-30 
3-31 

12.6 

- 
om = 0.37 
up = 0.08 
- 
- 

om = 0-33 
up = 0.11 

Apparent Kc measured at 25°C in 45.44/, aqueous methanol. 
Mcasurcd at 25°C in 454y0 aqueous methanol. 

substituent of 0.37 from the benzoic acid series and 0.33 fiom the 
anilines. These are of the same order as the curxently accepted a, 
values of the halogens (Table 4) and slightly greater than that of the 
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Hammctt and electrophilic substituent constants of some common 
functional g ~ - o u p s ~ * ~ - ~  

Substituent urn UP 4 

Dimcthylamino 
Hydroxy 
Methoxy 
Azido 
Methyl 
Trifluoromethyl 
Phenyl 
Fluoro 
Chloro 
Bromo 
Iodo 
E thoxycarbonyl 
Cyano 
Nitro 
Diazonio 
Acetamido 
Benzamido 
Amino 
Trime thylammonio 

- 0.2 1 
0.121 
0.1 15 
0.37 

- 0.07 
0.42 
0.06 
0.337 
0.37 
0.39 
0.35 
0.37 
0-56 
0.7 1 
1.76 

0.2 17 
- 0.16 

1.01 

- 

- 0.83 
- 0.37 
- 0.27 

0.08 
-0.17 
0.54 

-0*01 
0.062 
0.23 
0.23 
0.18 
0-45 
0.66 
0.78 
1.91 

-0.015 
0.078 

0.88 
- 0.66 

- 1.7 
- 1.0 
- 0.78 
- 0.54 
- 0.3 1 

0.6 1 
- 0.18 
- 0.07 

0.1 i 
0.15 
0.1 35 
0.48 
0.66 
0.79 
- 

- 0.6 
- 

- 1.3 
0.408 

benzamido group (0.217). The lower, yet still positive values calcu- 
lated for up indicate that the azido group is inductively electron- 
withdrawing, but mesomerically electron-releasing in the para position 
(-Is, +M), with the inductive effect in ascendance (-Is > +M). 
The extent of the conjugative effect is comparable with those of the 
fluoro and benzamido substituents which have up values of 0.062 and 
0.078 respectively (Table 4). The differences in the orders of electron- 
withdrawing ability that are apparent from the aliphatic series and the 
meta-substituted aromatic compounds (compare Tables 2 and 4) may 
be rationalized on the ground that the + M  effect also has some 
influence on positions meta to the azido group in the aromatic nucleus5. 
The conjugative effect is obviously more significant from the para- 
position and this is reflected in the lower up values. 

Estimations of the Hammett cr constants for substituted aromatic 
compounds by application of the Doub and Vandenbelt lo empirical 
relationship between ( up-om) and ultraviolet wavelength shifts have 
been described. In  particular the values for the azido group obtained 
by Smith and co-workers have been confirmed by this procedure 6*11. 
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Further evidence that the polarization effect of the azido group 
affords a net electron-withdrawal is provided by the magnitude and 
direction of the dipole moments of organic azides12-16. I n  phenyl 
azide for example, the dipole is directed with the negative pole away 
from the ring and the value of the dipole moment (1.44 D) is approxi- 
mately the same as that of the G-N(,, contribution. This low figure 
is consistent with nearly equivalent and opposing dipoles in the major 
resonance contributors 1 and 2. The dipole moments of aliphatic 
azides appear to be generally larger than those of aryl azides (see 

Table 9 in Chapter l j  and this is presumably due to the absence of 
atteniiaring conjugative components in the polarization of the ali- 
phatic derivatives. The low value of the dipole monient for p- 
chloroazidobenzene is consistent with the similar dipole contributions 
of the azido and the halogeno groups. 

The polarizability effects of the azido group impart strong ortho- 
para activation towards electrophilic substitution. This is exemplified 
in the large Brown up' constant ( - 0-54) obtained from competitive 
bromination studies on mixtures of phenyl azide with benzene, toluene 
or anisole6. The conjugative influence (-I-  K effect) of the azido 
group is thus greater than that of fluoro (uz = - 0.073), intermediate 
between methyl (a,+ = -0.31) and methoxy (a,+ = -0-78), and 
only slightly less than that of acetamido (0; = -0.6) (Table 4). 
Additional evidence for the + K  effect of the azido group, albeit 
qualitative, is provided by the infrared carbonyl stretching frequency 
ofp-azidoacetophenone 6, which occurs a t  1680 cm-l. This frequency 
is lower than that of acetophenone and substantially higher than that 
of p-aminoacetophenone in which the p-amino substituent exerts a 
powerful + K  effect (up+ NH2 = - 1.3). Again there is a close 
similarity with the acetyl carbonyl stretching frequezcy ofp-acetamido- 
acetophenone which is only slightly lower than that of p-azido- 
acetophenone. 

Information concerning the directing and activating effects of the 
azido group on nucleophilic substitution is scarce but from the existing 
evidence it has been suggested that in S,Ar reactions the azido sub- 
stituent is activating to #ma-substitution l'. Nevertheless, the 
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electron-withdrawing influence is relatively weak and compzrable 
with the effects of the P-CO; and P-SO; groups. 

I n  summary, it is apparent that the polarizability of the azido group 
is such that the substituent may be either electron-donating or electron- 
attracting according to the demands of the approaching reagent. I n  
electropfiilic aromatic substitution the conjugative effect overrides the 
opposing electron-withd.rawa1 by induction ( + K >> - I d )  and the 
importance of structures such as 3 and 4 is implied. Similarly, for 
nucleophilic substitution the activating effect may be considered as 

N - N r N  N-N=N 

(4) 

-0 + 
(3) 

- I d ,  -K, with activation by conjugation occurring as shown in 5. 
Internal conjugation in the azido group places a fractional negative 

charge on the a-nitrogen atom as in 6, and it is for this reason that 
only a small activating- effect has been observed in S,Ar reactions. 

+ -  k... + .... J -  Ar-fi-N=N f--) Ar-N=N=N o r  Ar-N-N=N 
(6) 

Substituents which are capable of activating both electrophilic and 
nucleophilic substitution have been termed pan-activating18 and the 
azido group falls into this category, together with such structural 
units as aromatic N-oxide, arylazo, azoxy, thiocyanato, nitroso and 
phenyl. 

Finally, the azido group would be expected to activate homolytic 
aromatic substitution by virtue of its ability to provide additlonal 
stabilization to frce radical intermediates. No evidence in support 
of this prediction is available however and investigation in this area 
seems warranted. 
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8. Electrophilic Substitution 

Under conditions of strong electron demand the conjugative 
polarizability ( + K) effect in aromatic azides is the controlling factor. 
The azido group thus activates electrophilic substitution reactions arid 
directs the incoming group to the ortho and para positions. 

This activating influence by the azido group was predicted on 
electronic grounds by Miller and Parker l7 in 1958. Both the suscep-, 
tibility of aromatic azides to electrophilic substitution and the ortho- 
para directing effect could perhaps be inferred from earlier qualitative 
investigations of the nitration of aromatic azides which are sum- 
marized in Table 5. These conclusions have since been placed on a 

TABLE 5. Electrophilic substitution of aryl azides 

Substrate Kcagent Product Yield (7’) Reference 

Phenyl azide H N 0 3  (d = 1-44) 
Phenyl azidc HN03-c.HZSO4 
Phenyl azide HN03-c.HZSO4 
Phenyl azidc, 

Phenyl azide Nitrating 

HNO, (d  = 1.5) 

conditions 

Phenyl azidc 
Phenyl azidc 
a-Nitrophenyl azide 
a-Nitrophenyl azide 
p-Nitrophenyl azide 
p-Nitrophenyl azide 
m-Nitrophenyl azide 
m-Nitrophenyl azide 

Br2-CC14 
Br,-Fc-CC1, 
H N 0 3  (d  = 1.5) 

HNO, (d = 1-5) 

Fumicg H N 0 3  

HN03-C. H2S 0 4  

H N O ~ - C . H ~ S O ~  

HN03-c.HZS04 

1,5-Diazido-2,4- Fuming HNO, 

1,3,5-Triazido-2,4- HN03-c.H2S04 

1-hidonaphthalene H N 0 3  (d = 1.4) 

2-hidonaphthalene HNO, (d  = 1.4) 

2-Azidonaphthalene Br2-CCI, 

2-Azidoanthraquinone Fuming HNO, 

dinitrobenzenc 

dini trobenzene 

2,6-Diazidciaatlira- Fuming HN03 
quinone 

p-Nitrophenyl azide 30 
p-Nitrophenyl azide 37 
p-Nitrophenyl azide 44 

p-Nitrophenyl azide, - 

p-Nitrophenyl azide, ca.45 
2,4-dinitrophenyl azide ‘small’ 

2,4-dinitrophenyl azide, 
picryl azide 
p-Bromophenyl azide 54 
p-Bromophenyl azide 45 
2,+-Dinitrophenyl azidc - 

2,4-Dinitrophenyl azide - 

3,4-Dinitrophenyl azide 94 
2,4,5-Trini trophenyl 76 

1,3-Diazido-2,4,6- 76 

1,3,5-Triazido-2,4,6- 62 

1 -Azido-4-ni tro- - 

2-Azido-1 -nitro- - 

2-Azido- I-bromo- 57 

2-Azido- 1 -nitro- - 

2,6-Diazido-1,5- - 

Picryl azide - 

Picryl azide - 

azide 

trinitrobenzenc 

trinitrobenzene 

napthalene 

napthalene 

naphthalene 

anthraquinone 

dini troanthraquinone 

19 
19 
20 
21 

22 

6 
6 

23 
24 
23 
24 
25 
25 

25 

25 

26 

26 

6 

27 

27 



210 M. E. C. Biflin, J. Miller and D, B. Paul 

quantitative basis by Smith, Hall and Kan6 who obtained a valuc of 
up' for the azido group from a study of tlic competitive bromination of 
phenyl azide in the presence of other aromatic substrates. Bromina- 
tion of an equimolar mixture of anisole and phenyl azide using molecu- 
lar bromine and sodium acetate in glacial acetic acid afforded 
p-bromoanisole and p-bromophenyl azide in the ratio of 13 : 1 and 
similarly 12 times as much p-bromophenyl azide as p-bromotoluene 
was formed in a competitive reaction with toluene. From these 
results the up' value of - 0.54 was calculated for the azido substituent 
which thus activates electrophilic substitution to approximately the 
same degree as the methylthio and acetamido groups (Table 4). 

Systematic surreys in this area have been limited, however, due to 
the sensitivity of the azido group in strongly acidic media28. Under 
these conditions aromatic azides generally form ring-substituted 
anilines6J9~". This probably occurs by nucleophilic attack and a 
subsequent prototropic shift. It is presumed that the initial process 
involves protonation of the azicio group to produce the conjugate acid 
(7).  Subsequent loss of nitrogen leads to an intermediate delocalized 
cation (8). This may react with the conjugate base of the acid, or the 
solvent (as nucleophiles) , and by subsequent prototropic shift afford a 
substituted aniline. This is illustrated in equation (l), zlthough it is 
possible that the addition of a second proton may occur earlier than 
illustrated. For brominations with molecular bromine in acetic acid 
the extent of the process illustrated in equation (1) has been mini- 
mized by employing sodium acetate to remove hydrogen bromide 
generated by electrophilic bromination6. 

It appears that in nitration reactions the nitronium ion is sufficiently 
powerful as an electrophile to enable ring-substitution of the aryl azide 
to compete adequately with the decomposition pathway, and modest 
yields of nitroaryl azides may be I t  is significant that 
high yields of di- and tri-nitroazidobenzenes have been obtained when 
nitroaromatic azides are employed as starting materials 23--25 and this 
presumably reflects the lower basicity of such substrates and the conse- 
quent attenuation of the competitive decomposition through the 
conjugate acid. This situation is somewhat similar to the case of 
dimethylaniline and p-nitrodimethylaniline which are both nitrated at 
comparable rates despite the powerful electron-withdrawing effect of 
the nitro grou? in the latter. I t  is thought that the lower basicity of 
p-nitrodimethylaniline results in relatively higher concentrations of the 
unprotonated nitroamine in the nitrating mixture and that this offsets 
the deactivating effect of the nitro group on the rate of nitration3'. 
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A further example of the diminished significance of the decompo- 
sition pathway for nitroaromatic azides is implicit in the observation 
of Bailey and White2* that whereas phenyl azide is an unsuitable 
starting material in the synthesis of picryl azide, both o- and p- 
nitrophenyl azide react smoothly in a mixture 01 nitric and sulphuric 
acids at low temperature to yield the sp-trinitro derivative. 

It is apparent from Table 5 that in the benzene series the incoming 
electrophile is directed preferentially to the para position by the azido 
group, except in those cases where this position is already substituted. 
IR the naphthalene series ortho-substitution is only preferred for cases 
such as 2-azidonaphthalene 6p26 where substitution involving a 
p-quinonoid type intermediate such as 9 would result in the loss of 
resonance energy in both rings. The very high para to ortho ratios in 

8 + C.A.C. 
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electrophilic substitutions influenced by substituents of the - I + K 
type are well recognized (Table 6 ) ,  particularly for cases where the 

TABLE 6. Percentages of ortho- and para- products obtained from bromination 
of aromatic substrata containing - I, + M g r o u p ~ ~ * ~ l  

ortho- - 11 13 10 
para- 100 87 85 90 

incoming group has a - M character. Such is the case with the azido 
group where electron withdrawal by induction selectively deactivates 
the ortho positions to electrophilic substitution. In  addition, the 
powerful + K  efiect of the orienting azido group is transmitted more 
effectively through the p-quinonoid state, particularly where extended 
conjugation with an introduced - M group such as nitro 7s32 may be 
achieved. 

C. Nucleophilic Substitution 

Information concerning the directing and activating influences of the 
azido group on nucleophilic substitution reactions is somewhat 
fragmentary and is related mainly to aromatic substitutions. In  this 
latter connexion it is pertinent to compare the ease of displacement of 
the azido group with the mobilities of other common functional groups, 
since in many reactions between aromatic azides and nucleophiles the 
azido group is itself displaced22*26*33-37 and is subject to the directing 
and activating effects of substituents with lower mobilities. 

Miller 38 has suggested that in activated (addition-elimination) 
aromatic SN2 rcactions, the electron-attracting power of the replace- 
able group usually exert.. the major influence on mobility (for cases 
where the formation of T.St.1 is rate-limiting). Thus one would 
anticipate the order of replacement Xf > Xo > X- and within each 
polar category it would be expected that electronegativity determines 
the relative mobilities (e.g. F > OR > NR,; and F > C1 > Br > I). 
I n  addition, high polarizability and low bond dissociation energy 
enhance mobility but only become influential in cases where electro- 
negativities are unimportant. I t  may therefore be predicted that the 
azido group would usually have a similar mobility to the halogens, 
excluding fluorine, and accordingly Bunnett and Zahler 39 have placed 
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a number of common leaving groups in the sequence F > NO, > 
Cl,Br,I > N, > OS02R > OAr > OR > SR,SAr,SO,R > NR, 
(R = alkyl) with the qualification that changes in reagent may vary 
this order. 

The mobilities of some common functional groups X relative to 
chlorine (C1 = 1) for the reaction of 1-X-4-nitrobenzenes with 
methoxide ion in methanol at 50" have been determined by Miller and 
co-workers (Table 7). These data indicate that the leaving group 

TABLE 7. Leaving group mobilities in reactions of 1-X-4-nitrobenzenes with 
OMc- in MeOH at 50°38 

Mobility relative AEC 
Leaving group (X) to c1 = 1 (kcal mole-') log1oB 

SMeZ 
NMe; 
NO2 
N3 
NMC2 
F 
c1 

2-09 x loG 24.5 16.8 
2-36 x 103 20.0 11.8 
1-83 x lo2 22.4 12.6 
1-05 25.4 12.1 
<< 1 
3.12 x lo2 21-2 11-7 
1 24.0 11.2 

- - 

.. . . 

mobility of the azido group (1 -05) is almost equivalent to that of the 
cliioro group 38. 

Selective nucleophilic replacement of the chloro group is therefore 
possible in systems such as 1 -azido-4-chloro-3-nitrobenzene since the 
nitro group exerts a substantially greater activating effect at the 
ortho and para- than at the nzeta- positions, and this has been used to 
advantage to determine the activating effect of the azido group in 
nucleophilie substitution reactions. Miller and Parker l7 have in- 
vestigated the kinetics of the reaction of methoxide ion on a series of 
l-chloro-2-nitro-4-X-benzenes (Table 8) and from their results a 
value for a; of 0.116 was derived for the azido group. Although 
this value implies some activation, the effect is very weak and com- 
parable to that of p-CO;. It is also noteworthy that no reduction 
in AEf ,  compared with the case where X = H, has been observed. 

The weak activation by the azido group is not unexpected since 
internal conjugation places a fractional negative charge on the a- 
nitrogen atom, and leads to an N,-N, bond-order between 1 and 2, as 
in 6. The conjugative polarization of the azido group tends towards 
the dipolar structure (3) and it is generally considered that only weak 



214 M. E. C. Biffin, J, Miller and D. B. Paul 

TABLE 8. Substituent constantsa and reaction parameters for reactions of 
I-C1-2-NO2-4X-benzenes with OMe- in MeOH at 50°2*18 

Ratc relativc AEt  
X t o H = 1  0;  (kcal molc-1) 

1 
3.37 
2.62 x lo2 
1-28 x lo4 
2.84 
4-16 x 102 

-b 2.52 x lo2 
- 1-02 x 103 

1-14 x 105 
6.27 x 105 

0 
0.135 
0.627 
1 -049 
0.1 16 
0.672 
0.616 
0.772 
1-270 
1 -486 

23.6 
21.1 
21.3 
18-6 
24.2 
20.3 

19.5 
17.4 
16.2 

- 

a p = 390. 
From reaction with OH- in dioxan-watcr (75:25 v/v). 

-E effects apply ifi such cases32. Conversely, powerful + E  effects 
are the norm for + M  substituents, and the rzsults of electrophilic 
substitution with aromatic azides are in accord with this pattern. 
Additional confirmatory evidencc concerning the magnitude of the 
activating effect of the azido group in SNAr reactions is lacking, how- 
ever, and further studies in this area would be of value. 

The activating effect on nucleophilic substitution of substituents 
such as - COX, which incorporate both + M and - M components 
has been examined by Fuller and Miller40 and in particular the in- 
fluence of the azido moiety in the azidocarbonyl group has been com- 
pared with the related cases where X = 0-, NH2, OMe, Me and 
C,H,. The electron-withdrawing power of groups - COX where X 
is a + M substituent depends on the extent of internal conjugation32, 
this effect being particularly noticeable for the carboxylate substituent 
(structure 10) which is only mildly activating in SNAr reactions 
(a; = 0-135). O n  theoretical grounds one would expect the activating 
power of -COX groups in SNAr reactions to be in the order - CHO 

- CCI;. The c; values for the various - COX groups determined 
from reactions of the 4-iodo-3-nitro-COX-benzenes with azide ion 
indicated the validity of this suggested sequence. The activating 
effect of the azidocarbonyl group (c; = 0-780) is of the same order 
as that of -C02h4e (0; = 0.819) and substantially greater than that 
of -CONHz (cg = 0.627). 

> - COR > -COOR > -CON, > -CONH2 > -CONR, > 
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Information concerning the directing effect of a neighbouring azido 
group and its influence in rates of solvolytic reactions in the alicyclic 
series has been provided by Streitwieser and PukV-erQ1 from a study of 
the acetolysis of tra~~-2-azidocyclchelryl p-toluenesulphonate (11). 
These authors determined the rate of acetolysis of 11 a t  100" and com- 
pared this result with the acetolysis rate for cyclohexyl p-toluene- 
sulphonate 4 2 3 4 3  extrapolated to the same temperature. I t  was con- 
cluded that cyclohexyl p-toluenesulphonate is 280 to 380 times 
more reactive than the azido derivative (ll). Using an apprcximate 
value of o* (0.968) fi-om the dissociation constant of azidoacetic acid 
in water, and a p value ( - 3.15) from the known correlation between 
the acetolysis rates of sulphonates arid a*, a value of 2-5 x lo3 was 
estimated for the expected relative rate. However, Streitwieser 
and Pulver pointed out that this value may be in error by as much 
as a factor of ten because of the approximate nature of the derived 
o* for the azido group and concluded that iittie, if any, anchimeric 
acceleration is associated. with the participation of the neighbouring 
azido group. 

A specific directing effect of the azido group operates in this reaction 
since the acetolysis of 11 is accompanied by complete retention of con- 
figuration to afford trans-2-azidocyclohexyl acetate (13). It is thought 
that an intermediate azidonium ion, probably with structure 12, is 
produced and that its participation at  the rate-limiting transition state 
is small. Hence the azido group displays pseudohalogenoid character 
in that it forms a bridged ion which controls the stereochcmistry of a 
reaction without greatly affecting the rate. 

Azidonium ions similar to 12 have recently been formulated as 
reaction intermediates by other authors 4 4 9 4 5 .  For example, Hanessian 
has invoked the intermediate 15 to rationalize the partial retention of 
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configuration in the reaction of 5-azido-5-deoxy-4-0-methanesul- 
phonyl-~-arabinose-2,3-0-isopropylidene diethyl dithioacetal (14) 
with sodium azide in dimethylformamide (equation 2). Neighbouring 

(14) (15) 

group participation by the azido group is the exception rather than 
tlie ruie, however, in carbohydrate chemistry46 (cf'. chapter 2). 

111. T H E  DIRECTING AND ACTIVATING EFFECTS OF THE 
AZlDO GROUP IN ADDITION AND ELIMINATION 

REACTIONS 

A. Addition Reactions 

,AJthcugh there are virtuak; EO experirnenta! data relating to the 
influence of the azido group on addition reactions it is pertinent to 
consider the probable consequences particularly in the case of vinyl 
azides where both the inductive and conjugative effects of the azido 
group would be of significance. 

It might be anticipated that when the azido substituent is conjugated 
to the olefinic bond, electrophilic addition (Ad,) reactions would be 
activated by the undeniably powerful + K  effect and directed as 
shown in equation (3). An example, albeit an indirect one, wb.ere this 
effect may be inferred occurs in the reaction of ethoxyacetylene with 
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hydrazoic acid4’. When these reagents are mixed in benzene a 
spontaneous addition occurs with the formation of the diazide (16). 
No vinylic azide (17) could be isolated and it seems probable that 17 
is formed iriitially but undergoes addition even more rapidly than the 
alkyne because of the activation by both the azido and ethoxy groups. 

/O Et 
0 Et 

H2C=C 
I 

N? N3 

(16) (17) 

Inductive electron-withdrawal by the azido group, perhaps rein- 
forced by the weak conjugative (- K) esect, should activate nucleo- 
philic addition (Ad,) reactions of olefins conjugated to the azido 
substituent. The only data available in this area concerns the addi- 
tion in a dipolar aprotic medium of azide ion to picryl azide (18), in 
which the nucleophile is directed to the C,,, position of the aromatic 
ring with the formation of the benzenide anion (19)48. Although 
activation is predominantly due to the nitro groups, the inductive 

\ 

02N*Ro2 

\ 

N 0 2  N 0 2  

N3 
I 

electron-withdrawing effect of the azido group relative to hydrogen 
may be inferred from the fact that 19 is formed in preference to the 
methine complex (20). In contrast, picryl derivatives, such as tri- 
nitrotoluene, with substituents having + I effects form stable methinc 
complexes 49950. 

B. Elimination Reactions 

The synthesis of vinyl azides by regiospecific elimination of hydrogen 
iodide &om vicinal iodoazides has been developed by Hassner and 
c o - w ~ r k e r s ~ ~ * ~ ~  and constitutes the only noteworthy example of the 
directing effect of the azido group on elimination reactions. 

Iodine azide adds to terminal olefins51 as shown in equation (4) 
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(cf. Chaptcr 2) and elimination of hydrogen iodide from the P-iodo- 
azide using potassium t-butoxide in ether affords the vinyl azide. In  
the case of ,l?-iodoazides derived from addition of iodine azide to 

R H  I 

2-( R-C=CH2 (4) 
IN> ~ RCH=C H2 

N3 H H I 
N3 

internal olefins; however, cither Saytzeff or Hofmann elimination, or 
both, are possible (equation 5). If the azido group has no directing 
influence on the elimination, then a mixture of the vinylic and allylic 
azidcs would result. However, Hassner and Fowler 51 have established 

that the elimination is Saytzeff regiospccific, vinyl azide being the 
exclusive product. The elimination is also stereospecifc, as evidenced 
by the cases of the iodine azide adducts fiom cis-2-butene and trans- 
2-butene, which give tram- and cis-2-azido-butenes respectively 
(equations 6 and 7). 

I n  view of the degree of inductive polarization associated with the 
azido group it is reasonable that the relative lability of the geminal 

H& * (6) 
M e  M e  

H 
cis .three0 trans 

N3 
-HI  ~ "MH (7) 

H M e  tM e 

H 
trans erythro cis 
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proton should be enhanced in such p-iodoazides; when the oppor- 
tunity exists for trans elimination, even though this may cntail the 
eclipsing of bulky substituents as in equation (7), stereospecific 
elimination to the vinyl azide occurs. In  the case of the iodine azide 
adducts derived from simple cyclic olefins, however, the stereo- 
electronic preference for trans diaxial elimination predominates and the 
azido group has no directing control over the elimination which 
consequently proceeds exclusively to the allylic azide (equation 8). 

" I  

With larger ring compounds such as 
duction of vinyl azides is possible by 
iodide (equations 9 and 10). 

cyclooctene iodoazides, pro- 
trans elimination of hydrogen 
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1. INTRODUCTION 

The decomposition of organic azides has been studied from a number 
of points of view, the objectives being mainly synthetic or mechanistic. 
The nature of the intermediates formed have received much attention. 
In  this chapter we shall consider the decomposition of alkyl, aryl and 
sulphonyl azides under various conditions. Acyl and vinyl azides 
are considered elsewhere in this volume. 

This present treatment is subdivided into the five major modes of 
decomposition : acid-catalysed, thermal, trivalent phosphorus com- 
pound-catalysed, photolytic and transition metal-catalysed decom- 
positions. Each section is further subdivided into alkyl, aryl and 
sulphonyl azide decomposition. The nature of the products formed 
and how these are affected by the nature of the reactive intermediates 
is discussed. 

I I .  ACID-CATALYSED DECOMPOSITIONS 

A considerable amount of work has been carried out in this area and 
several reviews have given fairly extensive coverage of some aspects of 
this t ~ p i c l - ~ .  The discussion below is divided into protonic and 
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Lewis acid-catalysed decompositions. Reactions in which the azide 
(derived from an alcohol or carbonyl compound) is not isolated, but 
reacts further to give various products (Schmidt reaction), are 
included. 

The protonic acid-catalysed decomposition of azides is conceived 
of as involving an initial protonation of the a-nitrogen atom, sub- 
sequent to which nitrogen niay be eliminated either in a non-concerted 
or a concerted process. 

H 
H+ I 4. (1) - Ni - +  

R.-N-N=N R-N-N-N (ii) -".+ products 

A. Protonic Acids 

1. Alkyl azides 

Curtius and co-workers 5-7 studied the acid-catalysed &composition 
of alkyl azides such as benzyl azide. This was decomposed in either 
warm 1 : 1 (v/v) sulphuric acid-water or with concentrated hydro- 
dihk acid io give a mixture of prociucts corresponding to hydrogen 
migration [benzaldiinine (l)] , phenyl migration [formaldehyde anil 
(2)], the azide reduction product [benzylamine (3)], and the solvolysis 
product [benzyl alcohol (4)]. The first two were obtained as the 

PhCH,N3 PhCH=NH + PhN=CH2 + PhCH2NH2 + PhCH2OH (2) 

(1) (2) (3) (4) 

hydrolysis products, benzaldehyde and aniline, respectively; the latter 
two were formed to a lesser extent. 

When treated with fuming sulphuric acid followed by hydrolysis, 
ethyl azide produced methylamine (methyl migration, 14y0) and 
acetaldehyde (hydrogen migration, 8670) 8. Similar behaviour was 
exhibited by n-butyl azide in concentrated sulphuric acid, but it was 
reported that n-hexyl and n-dodecyl azides gave products correspond- 
ing only to hydrogen migration9. 

Pritzkow and Mahler lo studied the four isomeric azido n-heptanes 
and obtained directly information concerning the migratory aptitudes 
of different alkyl groups. Contrary to earlier observationsg, they 
found that n-hexyl migration did occur (10-307) to give n-hexyl- 
amine after hydrolysis. The secondary heptyl azides also gave rise 0. 
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to alkyl migration in which the longer chain group migrated to a 
greater extent (1-5-2.5 times) than the short chain. Perhaps the 
discrepancy in results might be due to the difference in reaction con- 
ditions used : Pritzkow and Mahler lo used glacial acetic acid-perch- 
loric acid, whereas Boyer and co-workers used concentrated sulphuric 
acid. Second-order kinetics (first-order in each of azide and perch- 
loric acid) were found for the four azido-n-heptanes only for the first 
25% of the reactionlo. This is not surprising since the amounts of 
reagents used (10 ml 2~ perchloric acid in acetic acid and 10 ml 2~ 
azide in acetic acid) were such that the acidity changed appreciably 
during the reaction, and the concentration of perchloric acid rather 
than the activity was used in the calculations. The rates of evolution 
of nitrogen and the Arrhenius activation energies (24.9-27.4 kcal/niole) 
varied little among the four isomers. 

Boyer and co-workers studied thc sulphuric acid-catalysed decom- 
position of three secondary cyclic azides : cyclopentyl, cyclohexyl and 
cycloheptyl, and found that ring expansion, i.e. alkyl migration, 
competes quite favourably with hydrogen migration. For example, 
cyclopentyl azide in chloroform, gave cyclopentanone (as its 2,4- 
.1.-i~.-itr~pEe~~~hydrazoiit., 2-270j and piperideine (5) (79.8y0), on 

reaction with sulphuric acid. The other two azides also gave appre- 
ciable amounts of ring-expanded products, but polymerizatbn was so 
rapid that the products were not characterized. 

Other work in which migratory aptitudes have been compared has 
involved the formation of the azide (or its conjugate acid) in situ from the 
corresponding alcohol or olefin, and its decomposition without isolation 
(the Schmidt reaction). For example, 1 -substituted cyclohexanols 
underwent predominantly ring expansion when the 1 -substituent 
was methyl, ethyl or cyclohexylll. A series of tertiary carbinols 
were studied in which it was found that the migration tendency was 
in the order Ph N" i-Pr z C,H1, >> Et z Me12J3. The products of 
the Schmidt reaction on menthol (6, equation 4) indicate the inter- 
mediacy of a secondary carbonium ion 7, which can rearrange to 
more stable tertiary carbonium ions 8 and 9 before reacting with 
hydrogen azide 14. The ring expansion product, 4-methyl-7-iso- 
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propyl-3,4,5,6-tetrahydro-2H-azepine (10) (6.7y0) was derived from 8 
while 9 yielded methyl 4-methylcyc!ohexyl ketone (11) (methyl 
migration, 23y0) and cyclohexylamine (12) (methylcyclohexyl migra- 
tion, 14%) after a hydroljjtic workup. This illustrates the danger of 
utilizing the Schmidt reaction for alcohols or olefins as a proof of 

1 
structure 
possible. 

where rearrangements of intermediate carbonium ions are 
- 

It was shown that ring expansion could occur in the Schmidt re- 
action of norborneol (13) or norbornene (14) to give the trimer of 
3-azabicyclo(3,2,l)oct-2-ene, which could be reduced to 3-azabi- 
cyclo(3,2,l)octane (15) 15. 

There is a lack of reliable quantitative data concerning migratory 
aptitudes in acid-catalysed decomposition of alkyl azides. Of par- 
ticular interest would be thc acid-catalysed decomposition of tertiary 
aliphatic azidcs, coupled with modern quantitative techniques, such 
as gas liquid chromatography, in which a minimum of manipulation 
of products would be involved. The use of azide rathcr than carbinol 
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or olefin plus hydrazoic acid and sulphuric acid would ensure that the 
imines formed would not undergo further Schmidt reactions. 

Cleavage of the N-N bond of the azido group in triarylmethyl 
azides does not occur readily in strong, concentrated acids. Proto- 
nation of the a-nitrogen atom results in elimination of hydrazoic acid 
and formation of the triarylinethyl carbonium ions l6. For example: 
when 9-azido-9-phenylxanthene (16) was dissolved in sulphuric acid, 

0 
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the yellow colour and green fluorescence characteristic of the 9- 
phenylxanthenyl cation (17) was observedlB. The presence of fkee 
hydrazoic acid was demonstrated by the addition of fluorenone to the 
reaction mixture, which gave phenanthridone (18) (vide infa) .  
Dilution of this mixture with water gave 9-hydroxyphenylxanthene 
(19). The azide (16) was largely recovered when the reaction mix- 
ture was poured into water (without the addition of fluorenone) even 
afrer 24 hours. 

The Schmidt reaction of diarylmethylcarbinols or 1 ,I-diarylethy- 
lenes and benzhydrols, or acid-catalysed decomposition of 1,l- 
diarylethyl azides or benzhy dry1 azides has received considerable 
attention, and reliable data are available. It was found that a 
Hammett relationship was followed in the migratory aptitudes of sub- 
stituted aryl groups. For the Schmidt reaction of unsymmetrical 1,l- 
diarylethylenes, the Hammett relationship was1? 

log (migratory aptitude) = - 2.1 1 a + 0.293 

und for the acid-catalysed decomposition of benzhydryl azidcs l8 

log (migratory aptitude) = - 2 . 0 3 ~  + 0.237. 

A iater paperis modified the iatter rho value to -2-26. 
The question of w-hether migration of the aryl group is concerted 

with elimination of nitrogen (equation 8) or whether the protonated 
nitrene (nitrenium ion) (20) is a discrete intermediate was considered 
by Gudmunsen and McEwenI9 who used the rate law 

- d (azide) /dt = k2 (azide) ho, 

where h, is the negative antilogarithm of the acidity function H,. By 
considering the relationship between the rate of evolution of nitrogen, 
the product ratio (i.c. substituted phenyl compared with phenyl 
migration), and k2, they concluded that thc nitrenium ion is a discrete 

Ar 
I-AH + 

H 

Ph-C-fj-N=N * P h C H d J H A r  PhCH=NAr 

t 
I L u- 

I 

H H 
I H  I ,  

Ph-C-N-&=N * Ph-C-NH 
I I b- 

A r  
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intermediate. 
by considering the rate law to be of the form 

d(N2) /dt = kNKbH0c 

where kN was the rate constant for the evolution of nitrogen, Kb, the 
basicity constant for the substituted benzhydryl azides, and c, the 
s toichiometric concentration of. azide. Thus, by considering the effect 
of substitution on the basicity of the azido group it was concluded that 
migration and elimination of nitrogen are synchronous. Whether 
migration and elimination of nitrogen are concerted when the groups 
attached to the carbon bearing the azide are aliphatic has not been 
established. The activation energies are somewhat higher (2527 
kcal/mole) for the decomposition of the azidoheptanes lo than for 
benzhydryl azides l9 (20-23 kcal/mole) , perhaps supporting the step- 
wise formulation given for the acid-catalysed decomposition of the 
former lo. 

The migratory aptitudes of substituted phenyl groups have been 
determined for the Schmidt reaction of unsymmetrical diarylethy- 
lenesl" and are, in order of decreasing mobility (X in XC,H,) : 
!-Me0 > 3,4-(Me)2 > p-Me > p-Et > rn-Me > p-Ph > P-F > H > 
p-Cl > f-Br. The migratory aptitudes relative to phenyl ranged from 
6-12 for p-Me0 to 0.54 for p-Br. This is a very narrow range of 
reactivities for a process involving participation (cf. carbonium ions) , 
which is indicative of the intervention of a very reactive species. A 
similar order exists for benzhydryl azides 18, although not all the above 
substituents were studied. 

It has been found that both ruthenocenylphenylcarbiiiyl azide 20, 

and ferrocenylphenylcarbinyl azide 21*22 undergo phenyl migration to 
give ruthenocenyl and ferrocenyl carboxaldehyde (after hydrolysis), 
but no products due to the metalloccnyl group migration. Thc ferro- 
cenyl derivative 21 was studied more fully, and it was found that, in 
addition to the rearrangement product 22 ( 6 ~ 7 7 ~ )  , considerable 
amounts of 1,2-diferrocenyl-l,2-diphenylethane (23) (3 lyo, two dia- 
stereoisomers) were formed, along with several other minor products. 

R. A. Abramovitch and 33. I?. Kyba 

However, exactly the opposite conclusion was reached 

, 

H 

(9) 
I 
I 

Fc-C-N, FcCH=NPh + Fc-CH-CH-Fc 
I 1  

(21) (22) (23) 

P h  P h  Ph 

Fc = ferrocenyl 
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I t  was suggested that the complete lack of ferrocenyl migration was 
due to protonation of the metal atom, thereby greatly reducing its 
electron-releasing properties 22. 

The Schmidt reaction of substituted fluorenols, 24 and the acid- 
catalysed decomposition of the corresponding azides 25 have been 
studied e ~ t e c s i v e l y ~ ~ - ~ ~ .  In  particular, Arcus and Coombs 24 found 
that a substituent's electron-releasing ability markedly affected the 
product distribution. When R was electron-withdrawing, the ring 

'R 
(27) 

not bearing the substituent migrated preferentially (with R = 3-N02, 
ratio 26 : 27 = 1 : 16), whereas an electron-releasing substituent caused 
the substituent-bearing ring to migrate more readily (with R = 1,2- 
benzo, ratio 26:.27 = 2.9: 1) 26. This is only a qualitative rela- 
tionship, however, and not all the results are fully understood. For 
example, with R = Z-Me, the ratio of 26 : 27 was 53 : 47, whereas only 
26 was formed with R = 3-Me. The kinetics of the decomposition of 
9-azidofluorene were studied in acetic acid-sulphuric acid media in 
the range H, = - 2-87 to - 4.85 27. The reaction was found to be 
first-order in azide, and went via the monoprotonated species present 
in small equilibrium amounts. With H0250 = -3.21, the energy of 
activation was 24.0 kcal/mole using the initial rate technique, or 22.8 
kcal/mole, from pseudo first-order rate constants measured over times 
for half reaction. 

Treatment of N-benzhydrylidene azidobenzhydrylamine (28) with 
trifluoroacetic acid at room temperature for 2 hr yielded 7 9 x  benz- 
anilide (33) and 65y0 benzophenone imine (34)29. Similar results 
could be obtained using concentrated sulphuric acid at room tem- 
perature, or aluminium chloride and gaseous hydrogen chloride at 
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- 30". It was suggested that the imino nitrogen was suitably located 
tc provide anchimeric assistznce for the expulsion of nitrogen to give 
the diaziridinium ion (30). Since N-phenyl-N'-benzhvdrylidene 
benzamidine ($1) was stable to the reaction conditions, it was 

R. A. Abramovitch and E. P. Kyba 

N=C Phz 
/ 
\ 

N3 

PhzC 

suggested that 
but rather that 

* PhzC 

31 was not an intermediate in the rearrangement, 
migration of pheny! was assisted by a gegen ion attack 

at benzhydryl carbon in 30 to give 32, hydrolysis of which would give 
the observed products. The possible incursion of non-classical ions 
was also suggested 29. 

N=C Ph2 (12) 
I 
I 

% PhCONHPh 4- Ph2C=NH __f Ph -C-NHPh 

X 

The Schmidt reaction of carbonyl compounds30 follows a different 
course to that of alcohols and olefins. This reaction has been re- 
viewed31, and the work of Arcus and  colleague^^^-^^ and of Pritzkow 
and Schuberth 36 are representative of more recent investigations. 
Smith37 postulated that the conjugate acid (36) of the carbonyl com- 
pound (35) adds to hydrazoic acid to give +he protonated a-hydroxy 
azide (37), which then eliminates water to give 38. Elimination of 
nitrogen and migration of one of the groups to electron-deficient 
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OH 
- n,o HN, ~ I -I- 

RzCO RZC-OH - R-C-R 
I 

H N - ~ N  
(37) 

n o  R-C-R +C-R -;+ * R-NHCOR 
I\ 
/ 

R 
(38) (39) 

+ (40) N 
II 
N-NEN 

nitrogen would give 39 which, upon hydration and loss o f a  proton, 
would give the amide (40). Arcus, Coombs and Evans32 reasoned, 
however, that if dehydration of 37 did occur, it would be unlikely for 
rehydration to occur under the reaction conditions (concentrated 
sulphuric acid). They assumed that hydration occurred on workup. 
To test this hypothesis they attempted to trap 43 from fluorenone (41) 
by adding anhydrous methanol at the completion of the reaction and 
keeping it completely free of water. Only amide (42) was formed and 
no methoxy-derivative (44) could be detected, even though it had 
been established that 44 was stable to the reaction and workup con- 
d i t i m s .  A-cUus and co-workers conciuded that neither dehydration 

0 OMe 
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to 38 nor rehydration occurs, and postulated the formation of int,er- 
mediates 45 and 46. The group trans to the -N,+ would migrate, 

and the configuration of the >N-N, relative to R and R1 would be 
expected to depend partly on polar forces between these groups and 

partly on the bulk of the groups in the vicinity of the >N-N, unit 32. 

Indeed, no correlation has been found between electronic character or 
bulk of a phenylene ring in a fluorenone and its migratory aptitude3,, 
in contrast to the situation observed with alcohols and olefins. 

who 
treated benzaldehyde with 2-phenylethyl azide in the presence of 
sulphuric acid and obtained N- (2-phenylethyl) benzamide (47) in 

+ 

+ 

Related to these studies is the work of Boyer and 

OH 
PhCH,CH,N, I + 

PhCHO & Ph6HOH . Ph-CH-N-NrN * 
I 

C HZCHZP h (15) 
OH O H  
I I 

PhCH-hCH2CH2Ph.- Ph-C=NCH2CH2Ph PhCONHCH2CH2Ph 

(47) 

Y A W  --:-id 9 - 1  
lu /,, ylclu. N o  aride f~rxat ion wzs otsemed with Ti-buiyi aziae or 
benzyl azide, but in a later paper39 it was reported that n-butyl azide 
did indeed react to give the amide. In  some cases, azidohydiins give 
substituted A2-oxazolines with benzaldehyde. Thus, ethylme azido- 
hydrin and benzaldehyde in sulphuric acid gave 2-phenyl-2-oxazoline 
(48) in 77y0 yield 38. With I-azido-3-pi-opanol and m-nitrobenzalde- 
hyde in sulphuric acid, an 82y0 yield of 2-(m-nitrophenyl)-5,6-dihydro- 
4H-1,Q-oxazine (49) was obtained9. The high yield of product 
derived from reaction of a,zide and aldehyde is believed to be related 

<.%h 
PhCHO + N3CH2CH20H yz* 

N 
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to the fact that the azidohydrin can undergo intramolecular hydrogen 
bonding. I t  is thought that this might retard nitrogen elimination 
from the protonated azide, thereby increasing the opportunity for 
reaction with the aldehydes. 

Two reports * O v 4 l  have appeared concerning an extension of the 
Schmidt reaction of aryl alkyl ketones in which the ketone was treated 
with an alkyl zzide to give benzaldehyde, an aliphatic aldehyde and 
an amine. The yields of benzaldehyde were claimed to range from 

OH 

PhCOCH,R -!%- Ph-C-CH2R R'N, - H,O 
- N2 

I 

+ 2H 0 + 
R-cH=C-N-R' c--) RCH-C=N-Rl -A+ 

I 
Ph 

I 
Ph 

(17) 
OH OH 

I t  
I 

R-CH-C-NHR' + PhCHO -I- RCHO + R'NH2 

Ph 

62-85y0 with either acetophenone or propiophenone and n-butyl, 
n-hexyl, cyclohexyl and n-cctyl azides. Considerable doubt has 
recently been cast on these results42. 

The Schmidt reactions discussed above involve the reaction of a 
carbonium ion with an  azide. There has been a report of the reaction 
of carbonium ions, generated either from triethyioxonium tetra- 

+ 
N=N 
1 

CH3CH2CH2CH2N3 + CH; __f CH3CH2CH2CH2-N-CH3 * 
CH3CH2CH2CH2-&-CH3 ;!&* CHsCH2CH2CH=NCH3 

1-5-1056 

'CH3 
(53) 

(52) 

+"lo : CH3CH2CH2NHCH3 + CH20 -H'  

(54) 
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fluoroborate or from alkyl halides and silver perchlorate, with alkyl 
For example, n-butyl azide was decomposed by the methyl 

cation (from methyl iodide and silver perchlorate) to give three 
products (equation 18). Two were the imines 51 and 52, which could 
result either from removal of a proton from one of the carbon atoms 
adjacent to the positive nitrogen in 50, or by hydrogen migration to 
positive nitrogen followed by loss of a proton from nitrogen. The 
third product arose fiom alkyl migration to electron-deficient nitrogen, 
which, upon hydrolysis and loss of a proton, gave N-methyl-n-propyl- 
amine (54) and formaldehyde. 

?; A*yl azides 

The protonic acid-catalysed decomposition of aryl azides was first 
observed by Griess 4 4 a 4 s ,  who reported that the decomposition of 
phenyl azide in hydrochloric acid gave a mixture of o- and p-chloro- 
anilines, whereas with 'strang' sulphuric acid p-aminophenol was 
formed46. The hydroxylation either ortho orpara to the original azido 
group has proved to be quite a general reaction using a concentrated 
sulphuric acid to water ratio of 2: 1. Thus, 4-amino-m-cresol was 
formed from o-tolyl azide 47 and 4-amino-2-nitrophenol was obtained 
from m-nitroazidobenzene". Brass and co-workers found that 2- and 
4-azidophenanthraquinone (55) gave the ring-hydroxylated products 
[Z- and 4-aminophenol derivatives (56), respectively] 49950,  but 3- 
azidophenanthraquinone was much more stable to acid-catalysed 
decomposition and yielded only 3-aminophenanthraquinone 51. 

0 

3q. H,SO. 

(55) 

Friedlander 47-48 assumed that 

(56) 

the phenols arose by way of a 
rearrangement of a hydroxylamine which was formed by the reaction 
of water with a nitrene. Bamberger52 compared the behaviour of 
arylhydroxylamines and aryl azides under similar conditions and con- 
cluded that hydroxylamines are not intermediates in the acid- 
catalysed decompositions of aryl azides. He proposed instead that 
with phenyl azide, for example, the initially formed nitrene wils 
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attacked at  the pcra position by water, followed by tautomerization 
to give an iminoquinol (57) which would further tautoinerize to h e  p- 
aminophenol. It is unlikely in such strongly acidic media that a 

(57) 

H0*NH2 

free nitrene would be involved. A much more probable sequence of 
events would involve the formation of the conjugate acid (58) of the 
azide, which could then lose nitrogen to give a resonance-stabilized 
nitrenium ion (59)3*53. Reaction of 59 with a nucleophile at either 
the activated ortho or para positions would lead eventually to the ring- 
substituted amine. Alternatively, attack by the nucleophile and 
elimination of nitrogen could be synchronous. Unfortunately, as 

Smith and Brown54 have pointed out, the interpretation of many of 
the decompositions in acidic media are subject to question due to the 
failure to differentiate clearly between acid-catalysed and thermally- 
induced reactions. SiEce it is known that thermal decomposition of 
phenyl azides occurs at appreciable rates at temperatures in the range 
Of l4r3-17Oo4, it is probable that the reactions investigated by 
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Bamberger 52 were acid-catalysed, since many wcre carried out, at or 
near, rooin temperaturc or on a water-bath. For example, 2,4-xylyl 
azide was decomposed in sulphuric acid-ethanol medium at a temp- 
erature < 35" 55 ,  or in a 1 : 2 mixture o€ sulphuric acid and water at 
65" 56. p-Tolyl azide was decomposed in concentrated sulphuric acid 
at - 20" 57. O n  the other hand, it was also decomposed under con- 
ditions in which some thermolysis may well have been occurring, i.e. 
in a 1 : 3 (v/v) mixture of boiling sulphuric acid-water50. More 
quantitative data are needed in this area, and kinetic data along with 
activation parameters would aid in clarifying the mode of decomposi- 
tion. This typt: of data has been obtained for the acid-catalysed 
decomposition of a similar system, thc arylhydroxylamines, and has 
helped in establishing that this is a nucleophilic intermolecular 
rearrangement 59. 

Bamberger and Brun 58 reported the rearrangement of para-sub- 
stiiuted aryl azides in acid. When p-tolyl azide was boiled in a 
mixture of sulphuric acid and water (1 : 3, v/v) for two hours, tolu- 
hydroquinone (60) was obtained in 217, yield along with p-toluidine, 
ammonia and the usual resinous material. The toluhydroquinone 

M e - a N 3  
aq.  HISO, 

A 

Me 
\ 

(60) 

possibly arose via the hydrolysis and rearrangement of the intermediate 
imine (61). TJnder less vigorous conditions (sulphuric acid at - 20"), 
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Bamberger" was able to isolate a low molecular weight polymer 
having a composition corresponding to a quinonoid monomeric 
structure 62 from fi-tolyl azide. 

n 

More recently, Sheric, Moupt and Brown decomposed phenyl 
azide in fuming sulphuric acid and isolated phenylhydroxylamine 
0,m-disulphonic acid (63) which, upon hydrolysis, rearranged to 4- 
aminophenol-2-sulphonic acid (64). The same product 64 (38y0) was 
obtained52 in addition to paminophenol (1 1%) on heating the azide 
in a 1 : 3 (vlv) mixture of sulphuric acid and water. 

H 

(25) 

HIS3, 1 + 
PhN3 _L [PhN-NJHSO; 

S03H 

Smith and Brown54 carried out a study of the hydrogen halide- 
catalysed decomposition of 2-azidobiphenyls. It had been estab- 
lished 52 that p-chloroaniline (61 yo) and o-chloroaniline (18oj,) were 
the main products formed when phenyl azide and concentrated 
hydrochloric acid were heated at 100". It was felt54 that a clear 
differentiation between acid-catalysed and thermally-induced re- 
actions had not been established. Their choice of 2-azidobiphenyls 
was predicated on the possibility of competitive reactions of ring halo- 
genation accompanying reduction of the azide, and cyclization. I t  
was found that the reactivity of 2-azidobiphenyl with hydrogen 
halides was in the order of their reducing abilities and acid strength: 
HI > HBr > HCl > HF. The azide was almost completely inert 
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to hydrogen fluoride, but decomposed instantaneously with hydrogen 
iodide, with the liberation of free iodinc. 

Although the possibility existed for cyclization to the carbazole, in 
practice this was not detected in the hydrogen bromide catalysed 
decomposition of 2-azidobiphenyls ''. I t  was found that reduction of 
the azide to the amine could occur with or without ring halogenation, 
depending on the substituents present on the ring bearing the azide 
group. If both the ortho and para positions were blocked, no halo- 
genation occurred; otherwise, halogenation always accompanied 
reduction. For example, 2-azidobiphenyl gave 2-amino-5-bromo- 
biphenyl (65) in 82y0 yield, and 2-azido-5-nitrobiphenyl (66) gave 2- 

amino-3-bromo-5-nitrobiphenyl (67) in 87y0 yield. I t  was observed 
qualitatively that the rate of evolution of nitrogen increased with 

3 0 %  HBrIHOAc . 
50-60° 

NO2 
\ 

/ \  
Br NH; Br- 

increasing acid strength of the medium, but was retarded by base- 
weakening substituents on the azide. For example, 2-azido-3,5- 
dinitrobiphenyl was rccovered from the reaction mixture in 90% 
yield, even though the temperature was raised to 70". In  accord with 
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these observations, Smith and Brown 54 proposed the following 
mechanism (equation 28). In  support of molecular bromine being 

ArN, + H+ (ArNH-N,)' 
(ArNH-N,)+ + Br- + ArNHBr i- N, 
ArNHBr f HBr --+ Br, + ArNH, (* ArNHiBr - )  
ArNH, + Br, brorninated products 

(28) 

the brominating agent, it was fovlnd that in the presence of phenol, 
66 was reduced to the unhalogenated derivative 68 in 80Oj, yield. 
Whether hydrogen halide catalysed azide decompositions follow a 
different course to those with aquems sulphuric acid is not certain, 
but it has been proposed (vide sufira) that in aqueous siilphuric acid, 
ring substitution is due to a nucleophilic attack, whereas Smith and 
Brown supported an electrophilic attack for the case of hydrogen 
bromide. 

Recently, a series of papers has been published. concerning the 
Schmidt reaction of k-quinones 61, and the acid-catalysed decompo- 
sition of azidoquinones 62-66. The Schmidt reaction of various p-  
quinone derivatives gave rise to substituted 2,5H-2,5-azepindiones in 
yields ranging from 75-85y0 61. For example, 3,4-benzo-6-methyl- 
2,5-azepindione (73) was obtained from the reaction of hydrazoic acid 
with 2,3-benzo-5-methyl-l,4-quinone (69) in concentrated sulphuric 

acid at 0". 
mediates 70-'i261. 

It was suggested that the reaction proceeds via the inter- 
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The reaction of thymoquinone (74) to yield the y-alkylidene- 
Aa*B-butenolide (79) illustrates the interesting chemistry that 1,4- 
quinones exhibit upon reaction with sodium azide in trichloroacetic 
acid6,. Intermediates 75, 76 and 78 were synthesized and shown to 

1 

(78) (79) 

give 79. The intramolecular oxidation-reduction reaction 75 -+ 76 
occurred in boiling chloroform in an argon atmosphere. Based on the 
nature and stereochemistry (cyan0 group on the exocyclic double 
bond trans to lactone oxygen) of the product, the following mechanism 
was proposed (equation 31) 63. I t  was found that when the reaction 
was carried out in sulphuric acid-d,, no deuterium exchange occurred, 
supporting the intermediacy at the iminodiazonium ion (Sl), and 
eliminating any intermediate which could incorporate deuterium 
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0 0 

(84) (85) 

(e.g. a ring protonated species) 66. Spectroscopic evidence for the 
existence of 81 was also obtained. For example, treatment of 2- 
azido-3,6-dimethyl-1,4-benzoquinone (80) (R1 = R3 == Me, R2 = H) 
with concentrated sulphuric acid at 5-10" resulted in an absorption at 
567nm (80 absorbed at 495 nm). The half-life of this species a t  
25.5" was 35 sec and it disappeared in a first-order process. It was felt 
that the iminodiazonium ion (81) was responsible for this long-wave 
absorption, although the protonated azide was a possible inter- 
mediate. Since the latter would lead to an intermediate such as 85, 
whose subsequent reactions would not lead to the observed stereo- 
specificity (cyano group trans to the lactone oxygen), it was rejected. 

It was shown that for a variety of substituents the y-alkylidene- 
(07 arylidene)-AaJ-butenolides (84) could be obtained in good yields 
(60-9070, mostly over 807,)62.66. It has been pointed out that the 
reaction conditions are important 62 ; for example, if instead of trich- 
loroacetic acid, sulphuric acid were used, the ring-expanded azepin- 
dione would be produced. A good yield (82y0) of the ring-expanded 
product (87) was obtained by acid-catalysed decomposition of the 
benzo-1,2-quinone (86) 65. 
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3. Sulphonyl azides 

There has been onc report of an acid-catalysed decomposition of 
sulphonyl azides67. In  the presence of aromatic substrates and sul- 
phuric acid below 25" arylsulphonyl azides caused amination of the 
aromatic substrate. For example, benzenesulphonyl azide gave 
aniline (60-650/,), benzenesulphonic acid and nitrogen when treated 
with sulphuric acid in the presence of benzene. Similar decomposi- 
tions in toluene or chlorobenzene led to 0- and fi- substituted anilines 

R. A. Abramovitch and E. P. Kyba 

(35-607,). 
reported 67. 

The relative amounts of the 0- and p-isomers were not 

B. Lewis Acids 

1. Alkyl azides 

Treztment of methyl azide with antimony pentachloride gave an 
adduct (88) with an intact azido group, as shown by its infrared 
spectrum68. The adduct could be decomposed to methylene- 

dry HCI 

rcllux 

M e N ,  SbC'5 f MeN,SbCI, CHIC,, t CH2--fiH2ShCI, + N2 (34) 

(38) (89) 

imonium hexachloroantimonate (89) with dry hydrogen chloride on 
heating. 

Decomposition of alkyl azides with aluminium chloride in benzene at 
50" gave products which corresponded to the formation of a carbonium 
ion (loss of N;) and to an electron-deficient nitrogen (loss of N,) G9*70. 

For example, cyclohexyl azide gave phenylcyclohexane ( 307,) , cyclo- 
hexanone imine (90) (15x7,) and the ring-expanded imine (91) 
(30407,).  The same workers reported the first example of an alkyl 
nitrenium ion being trapped by benzene in reasonable yield71. I n  
the presence of three equivalents of aluminium chloride in benzene, 
azidoacetone (92) gave the aromatic substitution product (93) in 357, 
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MeCOCH2NHC6H5 (36) 
BAICl, . 

MeCOCH,N3 C,H, 

(93) (93) 

yield. 
be involved. 

An aluminium chloride complex of a nitrenium ion could well 

2. Aryl azides 

Borsche 72 reported that phenyj: azide decomposed to intractable 
tars in nitrobenzene in the presence of aluminium chloride. I n  carbon 
disulphide, two products were obtained in addition to tars: phenyl- 
isothiocyanate (95) ( 30y0) and l-phenyl-2-phenylimin0-5-thio-3,4- 
dithiazolidine (96) (6y0). It was felt that phenyl azide reacted under 
the influence of aluminium chloride to give the addition product 94, 
which could then extrude sulphur to give 95. ’This, in the presence of 
94, could form the 5-membered heterocycle (96). The reaction of 

,S 

(94) 
(37) 

Ph . 
(96) 

phenyl azide with aluminium chloride and aromatic substrates gave 
diarylamines in yields of 3040% 73. For example, phenyl azide and 
aluminium chloride in toluene gave 4-methyldiphenylamine (97) 
(35y0) and aniline (22y0). When phenyl azide was decomposed with 
aluminium chloride in acetyl chloride, acetic anhydride, or better still, 

AlCl, 
P h N 3 i  PhMe ___ p-MeC6H4NHPh + PhNH2 (38! 

(07) 

9 + C.A.G. 
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a mixture of the chloride and anhydride, P-chloroacetanilide (98) 
was formed73. 

N HAc 
I 

AICI, 
PhN3 AcCI/Ac,O * (39) 

Cl 
(98) 

Hoegerle and Butler74 decomposed phenyl azide in the presence of 
alkyl aluminiums to give, in addition to aniline, N- and ring-alkylated 
products and an olefin. For example, phenyl azide reacted with 
triethylaluminium at - 70" to form a hydrocarbon-soluble complex 
which decomposed slowly on warming, evolving nitrogen to give 
aniline (63.570), N-ethylaniline (99) ( 16-3y0), o-ethylaniline (loo) 
(9.0%), p-ethylaniline (101) (ll.2yo), and a trace of Npdiethyl- 

aniline (102). These products could be formed from a phenyl- 

nitrenium-aluminiumalkyl complex (PhNAlEt,) . 
From the kinetics of the aluminium bromide-catalysed decompo- 

sition of phenyl azide in toluene at 0" in the prescncc of traces of hydro- 
gen bromide, it was concluded75 that two paths were available for the 
azide decomposition, as shown below. 

+ -  

fast + 
PhN3 + AIBr, * Ph-N-N=N 

I 
;AIBr3 

1 'H . . . . Br- 
-AIBr, 
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3. Sulphonyl azides 

Kreher and Jager 7 0  reported that arylphenylsulphones and anilines 
were formed froin arylsulphonyl azides in the presence of aluminium 
chbride and benzene. The yields and thc specific azides used were 
not given. 

111. THERMALLY INDUCED DECOMPOSITIONS 

A. Alkyl h i d e s  

The thermal 
decomposition of alkyl azides was first demonstrated by Senior 70, 

working with Stieglitz. He showed that benzophenone anils, nitrogen 
and tars were obtained by heating triarylmethyl azides at temperatures 
of about 200". The effect of substituents on the nature of the products 
was considered also, but the analytical techniques available were quite 
crude. The work was repeated and extended more recently, and will 
be discussed later. 

The gas phase thermolysis (245") of methyl azide was first studied 
by Ramsperger 80, who found it to be a homogeneous first-order 
reaction: but did not determine the nature of the products formed. 
Leermakers showed the presence of hexamethylenetetramine, 
hydrazoic acid, ethylene, ethane, ammonia and nitrogen (in high con- 
version experiments at  200-240" and pressures of 0-0846.6 cm). In 
order to account for the initial to final pressure ratio (1.66) a t  constant 
volume, he proposed that methyl azide decomposed according to 
two primary modes: 75y0 to give methylnitrene and nitrogen and 
25% to give methylene and hydrazoic acid. The reactive inter- 

Some aspects of this topic have been reviewed7e-78. 

CH3N3 759H3N + N2 

25ACH2 + HN3 

mediates generated initially then reacted further to give the h a 1  
products. Similar decomposition modes were postulated for ethyl 
azide, via ethylnitrene (80"/,) and methylcarbene (207J 82. It was 
pointed out in both papers however, that the reaction scheme 
merely agreed with the initial to final pressure data and product 
distribution, and that no claim was made that all of the reactions 
occurred as writtcn. An attcmpt to stabilize methylnitrene by 
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decomposing 1-0 mole of methyl azide at 900" in a flow system in 
which the decomposition pmducts were frozen out a t  -196" gave 
nitrogen (0-97 mole), hydrogen (0.25 mole), ammonia (0-29 mole), 
hydrogen cyanide (0.23 mole), methane (trace) and polymera3. The 
difference between these products and those observed by Leermakersal 
is probably due to the use of a flow system and high temperatures in 
the latter work. For example, it is possible that at 900" methyl- 
nitrene is sufficiently vibrationally excited to give hydrogen cyanide 
and hydrogen, whereas at 200-240" these products were not observed. 

Very recently, the gas phase pyrolysis (155-200') of methyl azide 
at low conversions (< 1%) was studiede4. Nitrogen was the major 
non-condensable gas, in addition to small amounts of hydrogen (6y0 at 
lowest initial pressure of azide to less than 1% at the highest pressure) 
and methane ( c 2%). Ethane, ethylene, ammonia and hydrazoic 
acid were not detected, although the ethane, ethylene and hydrazoic 
acid determinations were subject to some uncertainty. Two solid 
white products were also obtained which were not characterized. 
The results showed that the thermolysis of methyl azide is of first- 
order, homogeneous and free from chains, in agreement with previous 
workeo*al. The Arrhenius activation parameters (see Table 1) 

TABLE 1. Arrhenius activation parameters for gas phase pyrolysis of alkyl 
azides 

E,, (kcal/mole) A x lO-'4 (sec-l) kloo0 x lo6 (sec-') 

MeN3 4 7 3 ,  43.5, 28.OU, 30.2, 2.3, 3.0" 

EtN3" 40-1 3-30 9.6 
n-PrNaBs 39.4 1.50 10.2 
i-PrN3 38.5 0.72 16-6 
CeH11N3 " 47-5f 

40.86 2 ~ 8 5 ~  

a Reference 80. 
Reference 84. 
Ethyl benzoate solution. 

obtained in this studya4 were significantly different from those obtained 
earlier 

It was felt that the most important step in the decomposition was the. 
formation of th.e nitrene and nitrogen. In  contrast to a previous 
proposale1, G - N  bond cleavage to give methylene and hydrazoic 
acid was not thought to be a significant process. Since added olefins 
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did not reduce the rate of nitrogen evolution, but did inhibit the for- 
mation of polymer, it was suggested that methylnitrene molecules did 
not react with methyl azide to give nitrogen and azomethane, but 
rather dirnerized to the latter which then gave polymers. 

Since no ethane could be detected, it was fclt that methar.e had to be 
formed directly, and not by way of methyl radicals. It was proposed 
that methane arose from two methylnitrene molecules reacting at a 
surface to give methane and diazomethane. There was, however, 

2CH3N f C H I  + CHzN2 

no effect observed on the [CII,]/[N,] ratio when the surface to volume 
ratio of the reaction vessel was increased by a factor of 18-7, as might 
have been expected from such a reaction at the glass surface. 

Finally, arguments were presented that the nitrene was formed in 
the X3X- state, 

rather than 

CH3N3 __f CH3N(a 'A) + N2(X ' Cc+) (44) 

contrary to the rules of spin conservation. The authors felt that the 
most compelling reason for preferring a reaction which forms triplet 
MeN(X3C-) rather than singlet MeN(alA) was the observed difference 
in behaviour of the thermally and photochemicallyg7 generated species. 
Thus, the former did not appear to react with methyl azide, while the 
latter did. I t  was assumed that photolysis of methyl zzide gave a 
singlet nitrene (this is not necessarily so; a nitrene may not be formed 
in photolysis, see section V.A.). If the triplet nitrene were indeed 
formed and did not undergo reaction with methyl azide, it would 
appear to contradict the observation of Reiser and co-workers (vide 
i n f a )  85, who found that low concentrations of triplet arylnitrenes 
react with unchanged aryl azides at diffusion-controlled rates. 

The gas phase therrmlysis of ethyl, n-propyl and i-propyl azides has 
been studied 86 and the results reaffirmed the previous conclusion80-82 
that i t  is a homogeneous first-order process. Radical inhibitors such 
as nitrous oxide had no effect on the rate of decomposition. The 
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problem of whether a radical chain mechanism was opcrative in the 
explosive decomposition of ethyl azide was considered. I t  was shown 
that the activation energies of the explosive and non-explosive 
decompositions were essentially the same, from which it was concluded 
that the same mechanism probably prevails in both processes. In this 
context, it is interesting to note the observation that hydrogen cyanide 
occurred only in traces in the slow decompositions of ethyl azide, but in 
much greater quantities in explosicns. In such rapid decompositions, 
local temperatures would be much higher than the initial temperature 
(ca. 200"), and enough energy might be available for hydrogen 
cyanide to be formed from ethylnitrene. Arrhenius parameters for 
the thermolysis of some alkyl azides are presented in Table 1. The 
activation energy for the decomposition of cyclohexyl azide seems 
abnormally high, although it was obtained in ethyl benzoate solution, 
whereas the others were from gas phase pyrolyses. The trend in 
activation energies from methyl to i-propyl azide might indicate an 
inductive stabilization of the developing electron-dzficient nitrene. 

Pritzkow and TimmE8 studied the gas phase pyrolysis of eight alkyl 
azides, in which quantitative product determinations were carried 
out. The decompositions were effected in a flow system using argon 
as the carrier gas at 350-4.10". The major products obtained were 
those of rearrangement in every case but one. Hydrogen migraiion 
predominated, with H/R migratory ratios ranging from 2.2 (H/n-  

H 

(45) 

heptyl) to 9-2 (H/i-propyl). Only in the case of ethyl azide, did a 
non-rezrrangement process occur to any significant extent. I t  was 
found that in addition to rearrangement products, aziridine (103) was 
formed in 35-46x yield, in agreement with previous observations82*E6. 

* * RCH=NH + CH2=NR R-C-N, -N, 
I 
I 
H 

(103) 

The formation of 103 may be thought of as an intramolecular C-H 
insertion by the nitrene (104), but in comparison with all other alkyl 
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(47) 

azides studied thus far, this behaviour is anomolous and deserves 
further attention. 

With the exception of the above report, there exists very little 
evidence for the intermediacy of discrete nitrene intermediates in alkyl 
azide thermolyses. A unimolecular process may arise either from a 
rearrangement concerted with elimination of nitrogen, or from a rate- 
determining elimination of nitrogen followed by a fast rearrangement 
(equation 48). Several tertiary aliphatic azides were synthesized to 
determine whether processes other than rearrangement could be 

R R .. 
\ 

- N a  / 
> C=N-Ft 

R-c-N, I c o n c e r t e d  

R I 
R 

\;: R-C--N y 
I 

.. 

\ 

- N a  / 
> C=N-Ft 

R-c-N, I c o n c e r t e d  

R I 
R\ ;f 

R-C--N 
I 
R 

observed on thermolysis and photolysis. In particular, the question 
of whether an akylnitrene could be trapped by aromatic substitution 
was probed. Equation (49) illustrates the results of the thermolysis of 
1 -biphenyl-2-yl- 1-methylethyl azide (105) 89, with percentage yie?.ds 
in parentheses, and equation (50), the results from the thermolysis of 
biphenyl-2-yldiphenylmethyl azide (112) Both 105 and 112 were 
decomposed in the absence of solvent. Products 111 and 118 show 
that an alkylnitrtme is indeed formed and can undergo aromatic 
substitution. In  the case of azide (105) this process competes favour- 
ably with rearrangement to imines (109) and (110). (A discussion of 
migratory aptitudes of aryl and alkyl groups is presented in the section 
on photochemical decomposition of alkyl azides.) h i d e  (112) was 
studied so that elimination of hydrazoic acid could be circumvented, 
but 113 and 114 were formed. 

That the absence of hydrogens at  the a-carbon atom in azides (105) 
and (112) does increase the lifetime of the nitrene sufficiently to 
make possible non-rearrangement processes may be seen from the 
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Me, ,Me % - H N a  M e  

A> 

C=CH2 + 

(106) (62.07,) (107) (1 '7x1 (105) 

(49) 

Me, ,Me 

% 
Me 

Ar 

% - ArN=CMe2 + \ ,C=NMe 

(108) (109) (7.4%) (110) (7.6%) (111) (6 .5 'Z)  
Ar = o-Biphenylyl 

-HN, 

Ph Ph 

+ ArN=CPh2 + ArPhC=NPh+ cq) % (115) 0 
(116) (20*2'70) (117) (36.07,) (118) (1 *7 %) 

results of the thermolysis of biphenyl-2-ylmethyl azide (119) at 
248-250" in diphenyl ether 91. The aromatic substitution product 
122 was not observed, rather, the formaldehyde anil (1.20) and imine 
(12i) were found. Imine (121) corresponds formally to the coupling 
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A ArN=CH, -k ArCH2N=CHAr 

(120) (1 9 %) (121) (65 %> 

ArCH ArCH,N ArCH=NH 

(123) (124) (125) 

Ar ='o-Biphenylyl 

of o-biphenylylcarbene (123) with o-biphenylylmethylnitrene (124) , a 
most unlikely process. In  light of the obsexvation that no product of 
hydrogen migration (125) was detected, and that hydrazoic acid was 
formed in the reaction, a plausible sequence of events would be the 
formation of 125, followed by a lj3-dipolar addition4 of a i d e  (119) to 
give the tetrazoline (126) which, on elimination of hydrazoic acid, 
would give 121. 

(126) 
Ar = o-Biphenylyl 

The formation of small' amounts of the hydrogen abstraction prod- 
ucts, amines (128) and (130) from the thermolysis in the absence of 
solvent of azides (127) and (129) also lends some support to the view 
that a free alkylnitrene is formedg0. However, routes to the amines 
other than hydrogen abstraction may be envisaged. For example, 
1,3-dipolar additions (of the type described for azide 119) to olefins 
and imines formed in the thermolysis of the azide, followed decom- 
position of the adducts and hydrolysis could give 128 and 130. 

The results described above indicate that for tertiary aliphatic 
azides (as for pximary aliphatic a z i d e ~ ~ ~ n ~ ~ ) ,  two primary modes of 
decomposition exist, one involving C-N bond fission, and the other, 
N-N bond fission. The G-N bond cleavage usually predominates 

9" 
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M e  M e  
I 
I 

i\, ph-c-NH2 + other  products  
I 

P h- C-N 3 

I 
M e  M e  

(127) (128) 
(53) 

M e  
I 

I 
M e  

(129) (130) 

M e  
I 
I 

M e  

-b- PhCH2CH2C-NH, + o t h e r  products  P h C H 2C H 2 C- N 3 

with tertiary azides, except in the case of the triaryhnethyl azide (112). 
The formation of the triarylmethane derivative 114 from 112 and of 2- 
methyl-4-phenylbutae in the thermolysis of azide (129) suggests 
that a homolytic C - N  bond fission is occuning as well in these cases. 
Thus, when the carbonium ion is generated from the triarylmethanol 
(131), a quantitative yield of cyclized product (113) is obtainedg2. 

Ph, ,Ph 

H+ * 113 100% % (131) 

(54) 

Since the yield of 114 is about three times that of 113 in the azide 
pyrolysis, it appears that a different reactive intermediate is involved. 
The occurrence ofboth 113 and 114 may be rationalized on the basis 
of the formation of the tertiary radical 132 and azide radical89. 
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Thermolysis of a-azidocarbonyl compounds (134) at 200" to give 
imines (135) and (136) may proceed via a nitrene i n t e r m e ~ l i a t e ~ ~ - - ~ ~ .  
It was found that the acyl group never migrated, and when R1 = H, 

0 R' 0 R' 
I 1  I I I  I 

I 
R2 

I 
R2 

(134) 

R-c-C-N, L R-C-C-N + 
(56) 

0 0 
I 1  II 

R-C-C=N-R' + R-C-C=N-R2 
I 
R' 

(135) (136) 

I 
R2 

R2 = Me or Ph, only H migrated, whereas X R l  = Me, R2 = Ph, Ph 
migration predominated. Either the migratory aptitude of hydrogec 
is enhanced or those of phenyl and methyl are depressed in thc 
presence of the a-carbonyl group, since it has been found (vide mpa) 
that alkyl group migration competes quite well with hydrogen 
migration 86. 

When N-benzhydrylidene azidobenzhydrylamine (137) was heated 
at 200" in decalin a 207, yield of N-benzhydryl benzophenone 
imine (141) was obtained together with much targ6. I t  was suggested 
that the reaction proceeded via the dimerization of the nitrene (138) 
to give 139, which then decomposed to give radical (140). (Thus 

far, there is only one tentative report of an alkylnitrene dimeriza- 
tiong7.) Abstraction of hydrogen from solvent would give 143. It 
was considered less likelyg6 that 140 would be produced directly by 
loss of azide radical. In  view of the findings on the ease G f  C-N bond 
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fission in tertiary alkyl a z i d e ~ ~ ~ * ~ ~ ,  the latter pathway becomes more 
plausible and indeed more likely. Thermolysis of 137 in naphthalene 
followed a different course, with N-phenyl-N’-benzhydrylidene ben- 
zamidine (142) being isolated in 23y0 yield, in addition to tarsg6. No 

evidence is available as to whether the rearrangement is concerted 
with nitrogen evolution or not. 

The thermolysis of triarylmethyl azides to give benzophenone anils 
(144) and (145) has been carefully studied by Saunders and co- 
w o r k e r ~ ~ ~ - ~ ~ ~ .  Table 2 gives the kinetic data for the thermolysis of 

TABLE 2. Kinetic data for the thermolysis of p-XCeH4(C6H5)zCN3 in dibutyl 
carbitol and migration aptitudes in absence of solveiite8 

Migration Relative AH8 ASS 
X aptitudecmd ratee (kcal/mole) (calldeg mole) 

Ha 
Hb 
H 
c1 
NOz 
Me 
OMe 
NMez 

- 
1.0 

0.39 
0.20 
1.8 
2.5 
6.7 

- 

0-94 
1-13 
1.00 
1.1 I 
1.07 
1 -08 
1-53 
2-50 

31.3 
34.3 
32.0 
33-8 
34.3 
29.0 
28.9 
25.4 

- 11.0 
- 4.7 
- 9.8 
- 5.6 
- 4-6 
- 16.1 
- 16.0 
- 22.5 

a Solvent-nitrobenzene. 
Solvent-hexadecane. 
fi-XCeH,: C,H,, corrected for statistical preference. 
Decompositions carried out in the aosencc of solvent. 
Rate of decomposition of Ph,CN,(X=H) in dibutyl carbitol dcfincd as 1.00. 

diphenyl(4-X-phenyl) methyl azides (148). The strong variation in 
the enthalpy and entropy of activation with afiara-substituent X in the 
thermal decomposition was in the direction expected for rearrange- 
ment to an electron-deficient nitrogen intermediate, but \vas felt to be 
too large to be explained in terms ofjust an inductive effect (path a),  
and more in agreement with a concerted process (path b ) .  
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i. (59) 

\ 

/c=r ' 
Ph 

The thermal migratory aptitudes varied from Ar/Ph = 6.7 for 
X = p-NMe, to 0.20 for X = p-NO,. I t  has been pointed out, how- 
ever, that these rate differences are small compared with the corres- 
ponding migratory aptitudes observed in assisted migrations involving 
carbonium ion intermeSiates, and that if the effect of substituents on 
AH$ only is considered, the inductive order is indeed followed3. A 
study of the effects of meta-substituents would be of value since these 
would not be expected to facilitate or retard aryl participation by 
direct conjugation 3. 

When benzyl azide was decomposed in the presence of barbituric 
acid (146) at 165", a quantitative yield of benzylaminobarbituric acid 
(147) resultecllol. This was thought to be a G H  insertion reaction 

PhCH2N3 + 0 (60) 

NH NH 

of the nitrenelol. Since intramolecular H-migration would be 
expected to be much faster than an intermolecular insertion reaction, 
this might more probably be a 1,3-dipolar addition to the tautomeric 
enol form to give a triazoline (l48), which could then lose nitrogen to 
give 147. Other apparent G H  insertions have been reported. 
When benzyl azide was heated with either diethyl malonate or with 
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.3H,(COaEt)> P hCH2N HCH(CO2Et)z 

(62) 
160 -1 70' 

PhCH,N HC( Me)(CO,Et), PhCHZN, - c - 7  McCH C0,Et) 

diethyl methylmalonate, the a-benzylaminomalonates were formed lo2. 
Before any conclusion can be reached concerning the mechanism of 
these decompositions, it will be necessary to determine whether the 
rates me dependent upon the concentration of barbituric acid or of the 
malonates. 

The thermal decomposition of olefinic azid.es such as 5-azido-5- 
methylhex-1-ene (149) proceeds by way of the isolable triazoline 
(150), and a nitrene mechanism was ruled out, as was indicated by 

Nf 
I 

('!!Me x + I T > M e  N- -H2c>>Mc + 
N3 Me M e  M e  

(149) (W (151) (63) 

the low decomposition temperature (80") lo3. 
152 and 153, were obtained. 

Two cyclic products, 

8. Aryl h i d e s  

1. Introduction 

variety of products than alkyl azides. 
The thermal decomposition of aiyl azicl.es can lead to a much wider 

One of the major reasons for 
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this is that rearrangement does not occur as readily as with alkyl 
azides (though the rearrangements are rnuch more complex) and con- 
sequently the nitrene obtained on thormolysis of aryl azides is longer- 
lived. Thus, the probability of intermolecular reactions is much 
higher. 

2. Mechanism of decomposition of aryl azides 

Addition of phenyl azide to an approximately equivalent amount of 
aniline at 150" gave a compound ClzHlaNz (6-lOx) that Wolf€ 
named dibenzamil lo4. Several incorrect structures were proposed 
initially for this compound until Huisgen and co-workers lo5 obtained 
improved yields (up to 5473 by adding phenyl azide to a two hundred- 
fold excess of aniline at l65", and suggested the structure 2-anilino- 
7H-azepinq which was later modified to 2-anilino-3H-2zei;ine (l5.l) Ice. 

The intermediacy of the 1H-azirene derivative (156) was eliminated by 

14C labelling (equation 65)lo7. If 156 were an intermediate, the 
labelled carbon would be found in both the 2 and 7 positions of 154. 

a N 3  % 

[oH N t - t  oH N- 4--f ~ ; ] + * Q N H  

PhNp.. (155) (156) 

NHPh (65) @zph+ \ cH / __f 154 

In  fact, 100~'  of the label was found at C-2, thus eliminating 156 as a 
possible intermediate. Finally, it was found that substituents meta 
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to the azido group had virtually no effect on the rates of decom- 
positionlOO. This indicated that the decomposition of an aryl azide 
led to a nitrene intermediate, and was not a concerted process, since 
the latter would be sensitive to electronic effects of substituents. It 
was suggested that the equiiibrium 157 + 155 lay well to the side of 

157 so that only strong nucleophiles could trap 15!j3. (The existence 
of such an equilibrium has recently received more support log.) 

There was only a very small change in the rate of evolution of nitro- 
gen on changing the solvent from aniline to nitrobenzene, hence 
solvent does not participate in the decomposition, again supporting 
the formation of a discrete nitrene intermediate Io8. 

Smith and Halll'O carried out extensive studies which showed that 
the primary thermolytic process is the loss of nitrogen with formation 
of aryl nitrenes from aryl azides. The previous conclusionslo8 con- 
cerning meta-substituted azides were confirmed, but an eight-fold 
variation in rate constants, from slowest to fastest, was found for para- 
substituted aryl azides. Since these azides gave a variety of products, 
2-azidobiphenyls were investigated because these compounds gener- 
ally give high yields of carbazoles. Table 3 gives the kinetic data and 

TABLE 3. Rate constants and activation parameters for thermolysis of 2- 
azidobiphcnylsl10 

~ ~~~ ~~ ~ ~ 

y-X-2-hidobiphenyl k x lo3 rnin-l AHt  kcal/mole AS$ cal/deg mole 
(155.3") (1 56") 

Unsubstituted 14.55 & 0.05 31-4 k 0.5 -2.5 & 1.1 
5-Methoxy 107.3 f 1.3 25.5 f 0-2 - 12.3 f 0.4 
5-Methyl 27.3 f 0.6 29.0 k 0.4 -6.8 f 1.0 
5-Bromo 29.5 f 1.1 28-2 f 0.8 -8.6 f 1.9 
5-Nitro 25.0 f 0.1 41.6 f 0-3 - 1.0 & 0.7 
4-Methoxy 15.81 f 0-18 31-7 -I- 0-2 -2.7 f 0.4 
4-Methyl 15-18 & 0.11 31.8 0.2 - 1.3 f 0.6 
4-Bromo 20.8 f 0.05 31.8 f 0.7 -0.9 I: 1.5 
4-Nitro 12.81 0.07 33.6 f 1-1 2-4 f 2.6 
2',5'-Climethoxy 11.78 f 0.04 36.7 If: 0.3 9.0 f 0.7 
2',3'-Benzo 1 2.72=sb 36.0 & 2.5 8.0 f 8 
3',4'-Benzo 1 8a*b 29 f 6 

~~~ ~ ~~~ 

a 156.7". 
Onc determination only. 
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activation parameters for the thermolysis of substituted 2-azidobi- 
phenyls. The rates were, in all cases, strictly first-order, and the 
yields of carbazoles were almost quantitative. The effect of a 4- 
substitiient (rneta to the azido group) had a negligible effect on the rate 
of decomposition, whereas a 5-substituent (para to the azido group), 
where direct conjugation between the substituent and azido group was 
possible, caused a ten-fold variation in rates. The rate constant for 
decomposition of 2-azidobiphenyl was the same in decalin as in nitro- 
benzene, but was about doubled in ethylene glycol and tripled in 
benzyl alcoholllO. I t  was felt that this acceleration might be due to 
acid catalysis by hydroxylic solvents. In general, this work showed 
that thermolysis of aryl azides is a unimolecular process leading to an 
arylnitrene, and that inert solvents play no part in the decomposition. 

Walker and Waters8' considered the effects of various solvents on 
the rates of decomposition of phenyl, p-methoxyphenyl and cyclo- 
hexyl azides and on the nature of the products obtained. Some of 
their results are summarized in Table 4. The decompositions couid 

TABLE 4. Rate constants and activation parameters for azide thermolysise7 

k x lo5 sec-' (132.6") E,,, kcal/mole A S  cal/deg/mole 
(132.6") 

Ethyl Ethyl Ethyl 
Azide benzoate Indene benzoate Indene benzoate Indene 

Cl3H5N3 0.78 150 (39~0)~ 23.6 (18~7)~ -4.6 
fi-MeOC6H,N3 9.1 166 38.5 23.2 19.6 - 4.9 
C6Hl lN3 3.aa 8.7 47.5 34.6 32.2" 17.4 

~~~~ ~ ~~ 

0 194.4'. 
Decomposition in decalin solution, calculated from results of Smith and Hallllo. 

be classified into slow, intermediate and fast rates. The slow rates 
were observed in inert solvents such as hydrocarbons (saturated and 
some aromatic) , benzophenone, ethyl benzoate and tetrachloro- 
ethylene. The intermediate rates were found in hydroxylic solvents 
(benzyl alcohol and diphenylmethanol), and the fast rates in indene 
and styrene. Product studies showed that amines and azo com- 
pounds resulted from slow decompositions in inert solvents, a complex 
niixture of products, but no azo compounds in hydroxylic solvents, and 
a single compound involving the solvent was characteristic of decom- 
position in indene. Since the rates of disappearance of azide and 
evolution of nitrogen were equal it was suggested that the decom- 
position involved a concerted elimination of nitrogen to give the 
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aziridine (158), but it is possible that the triazoline intermediate was 
formed and decomposed in a fast step. The energies of activation for 

decomposition in indene were lower by 15-20 kcal/mole than in inert 
sclvents 87. 

3. Decomposition in the presence of unsaturated compounds 

In  general, aryl azides undergo 1,3-dipolar addition reactions with 
strained olefins to give 1 ,2,3-A2-triazolines, rather than direct decom- 
position ofthe azido group. This subject has been reviewed recently*, 
and since the azido group is not decomposed directly, it will be de- 
scribed only in a cursory fashion. Unactivated o lehs  react quite 
slowly with aryl azides, whereas strained bicyclic systems are very 
reactive. For example, the addition of phenyl azide to dicyclopent- 
adiene (159) occurs exclusively at the double bond of the norbornene 
nucleus to give 160111*112. At more elevated temperatures ( > looo) 
the A2-triazolines decompose, evolving nitrogen and giving aziridines 

and imines 4. For example, the adduct (161) from phenyl azide and 
norbornene gave the aziridine (162) (55%) and anil (163) (2'7%) at 
116"lI3. p-Methoxyphenyl azide rencted with indene to give the 
aziridine (158) (4573 as the only product isolateds7 (vide supra), 

N+N -N, &NPh + & (69) 
NPh (161) Ph (162) (163) 
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whereas phenyl azide gave the anil(164) (7973 as the sole product114. 
Thus, if aryl azides are heated (>  100") in the presence of olefins, 

i- PhN, *t WNPh (70) m (164) 

products are obtained which may correspond to those expected from 
a nitrene. In  cases where substrate participation is suspected, it is 
essential to establish that the rate of decomposition is independent of 
its concentration before a conclusion is reached that a nitrene inter- 
mediate is formed or not? Aromatic azides also undergo 1,3- 
dipolar additions with ecamines, zldimines, Iretimines, vinyl ethers 
and a,jl-ilnsaturated esters and nitriles 4. 

4. Assisted intramolecular cyclization 

There are many cases where a suitzble ortho substituent assists iii the 
elimination of nitrogen and no nitrene is formed. I t  is characteristic of 
these reactions that they have a lower activation energy than those in 
which nitrenes Tse formed, and consequently the decompositions occur 
at significantly lower temperatures. For example, o-nitrophenyl azide 
(165) decomposes at  65-90" to benzofuroxan (166) l15a116, whereas 
miassisted decompositions occur at 140-1 70" 4. Dyall and 
Kemp 117*118 carried out a systematic study of neighbouring-group 

P- 0- 
I 

participation in the pyrolysis of aryl azides, and the results are pre- 
sented in Table 5. I t  was found that phenylazo, nitro, acetyl and 
benzoyl groups lend anchimeric assistance in the displacement of 
nitrogen from the corresponding 2-substituted phenyl azides. The 
energies of activation were in the range of 22.4 to 27.2 kcal/mole, 
whereas for unassisted reactions the values ranged from 32.5 to 40.6 
kcal/moie l18. An ortho-hydroxymethyl substituent was found not to 
participate as a neighbouring group. In  agreement with previous 
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TABLE 5. 

R. A. Abramovitch and E. P. Kyba 

Kinetic data and activation parameters for pyrolysis of substituted 
phenyl azides in decalidla 

Substituent in 
phenyl azide krel" (161') Ea kcal/mo!e AS, e.u. 

2-N=N-Ph 
2-AC 
2-Bz 
2-NOZ 
2-N02-4-Me 
2-N02-3-Me 
2-No2-6-M~~ 
2-CHzOH 
4-NOZ 

6680 
254 
45- 1 
537 (294)* 
323 
47.6 
7.0 
0.82 
1.4 

22.4 C 0.1 
25.8 & 0.3 
27.2 f 0.2 
26.2 & 0.3 
27.3 ir 0-2 
29.0 k 0.2 
28.8 f 0.8 

40.6 k 1.2 

-8.3 1 0.2 
-7.1 1 0.8 
-7.4 f 0.5 
-4.9 +- 0.8 
-3.1 0.5 
-3.2 k 0.5 
-6 +. 2 

16 f 2.8 

Relative to PhN3. 
Solvent, di-rr-butyl philialate. 

it was proposed that a concerted n-bond 
reorganization leading to the new heterocyclic ring provides the 
driving force in assisted reactions118. Using this concept, it was 
reasoned that the failure of the phenyl ring in 2-azidobiphenyls to 

assist in elimination of nitrogen is due to the fact that the veny unstable 
tautomer 167 would have to be formed, in which the aromaticity of 
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both phenyl rings would be lost. Substituents ortho to the assisting 
group la' or to the azide 118 interfere with anchimeric assistance. For 
example, 6-methyl-2-nitrophenyl azide (168) showed virtually no 
evidence of assisted nitrogen elimination, indicating the need for 
coplanarity between thc azido and assisting group l18. 

Thermolysis of o-azidobenzophenone (169) gave 3-phenylanthranil 
(170)122, and a kinetic study of the thermal decomposition of o- 
azidobenzophenones of the type o-N3C,H4COC,H4R-py to give de- 
rivatives of 170 showed that the rate of nitrogen loss was accelerated 
by electron-withdrawing, and retarded by electron-donating groups 
Rlz3. The enthalpies and entropies of activation varied over a wide 
range: AH$, from 20.5 to 27.0 kcal/mole, and A S y  from -5.9 to 
- 2 1-4 cal/deg mole. The data are inconsistent with either a nitrene 
or a concerted nitrogen-elimination process. A mechanism involving 
an intramolecular ly3-dipolar addition appears more likely78J23. 

Ph do! -N2 (74) 
a > + N  - - p \ \ /  

I 

(169) (170) 

The first elimination of nitrogen in the double cyclization of 2,2'- 
diazidoazobenzene (171), which occurs at 58" 124~125 involves a con- 
certed mechanism3. The second step proceeds at 170" to give 

N3. 

dibenzo-ly3a,4,6a-tetraazapentalene (172) and pobably involves a 
nitrene. The last step is similar to the forriiation of pyrido[lY2-b]- 
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indazole which had been reported earlier120. It was found that 
when 2-(2'-azidophenyl)-5-methylbenzotriazole (178) was pyrolysed 
at 1 70", the nitrene cyclized more readily onto the nitrogen para to the 
methyl rather than meta to it (175: 174 = 1.9) 12'. 

R. A. Abramovitch and E. P. Kyba 

As mentioned above, aryl azides norinally react with olefins to form 
1 ,2,3-A2-triazolines or aziridines with concerted nitrogen evolucon. 
Pyrolysis of o-azidostyrenes leads to good yields of the 2-substituted 
indoles 177 instead128. FOF example, with R = n-Pr in 176, the 

corresponding indole (177) was obtained in 81% yield. Thc reaction 
probably involves an assisted elimination (178) of nitrogen of the type 
described by Dyall and Kemp1le. 

Thermal decomposition of o-azidobenzylidene amines leads to the 
corresponding indazole derivatives in good yields (75977,) lZ9. 

An interesting case was the two-stage thermolysis of 179, which, at 
120-130" gave 180 (7973, and at 150" gave a 90% yield of 181. 
Krbechek and Takimoto assumed that a nitrene was involved and 
commented on the high degree of stercospecificity for 5-membered 
ring formation. No evidence was presented, however, that a nitrene 
was actually involved. 



5. Decomposition of organic azides 265 

5. Decomposition in the presence of aliphatic substrates 

When thermolysis of an aryl azide leads to an arylnitrene, the latter 
is generated in the singlet (182) state, which can be in equilibrium 
with the triplet (183). Electron spin resonance experiments have 

shown that the ground state of alkyl-, aryl- and sulphonylnitrenes is the 
t r i ~ 1 e t ~ ~ O - l ~ ~ .  Intermediate 182 would be expected to behave as an 
electrophilic species, whereas 183 would exhibit the properties of a 
diradica13. The nature of the products obtained upon decomposition 
of an azide may then be used to infer the electronic state of the nitrene 
produced. For example, it  is generally agreed that hydrogen 
abstraction in aliphatic solvents is characteristic of the triplet diradical, 
regardless of the group attached to the electron-deficient nitrogen 
atom4-78*134-136 whereas stereospecific C-H bond insertion reactions 
are due to the singlet nitrene134*137. In  fact, one of the most 
common products of aryl azide thermolysis is the corresponding 
aniline. Where readily abstractable hydrogens are available, this 
may become the dominant r e a c t i ~ n ~ ~ * ~ ~ ~ .  On the other hand, 
insertions into aliphatic G-H bonds are normally low yield processes. 
For example, when phenyl azide was pyrolysed in n-pentane, aniline 
was obtained in 30y0 yield and the mixture of solvent insertion prod- 
ucts (1%) was formed in 10% yield139. Thermolysis of 2-azido-4,6- 

* PhNH2+ PhNHCSHll 
( 184) 

PhN3 n-CsH,z 
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dimethylpyrimidine (186) (which is in equilibrium with the tetrazole 
185) in cyclohexane gave a 48% yield of hydrogen abstraction product 
(187) and 11% insertion product (188) 13'. On the other hand, when 
2-pyridyl azide (also in equilibrium with the corresponding tetrazoio 

(187) (188) 

compound) was heated in cyclohexane at 195", only non-volatile 
materials were obtained, in addition 1 yo of hydrogen abstraction 

Therrnolysis of 185 in isobutane at 175" gave 187 (48%) 
and +he insertion products 189 (5-4y0) and 190 (1-6y0). Recently, 
some evidence has been presented in favour of a triplet phenylnitrene 

185 186 (CHACH+ ,75. 

(82) 

H CH2C H ( CH3), 

187 + M e  dl NHC(CH,), + Med& 
(189) (190) 

from the pyrolysis of phenyl azide in mixtures of cyclohexane-neo- 
pentane, giving rise to both hydrogen abstraction and insertion prod- 
u c t ~ ~ ~ ~ .  I t  was found that there was no change in the aniline: 
N-cyclohexylaniline ratio with increasing concentration of the neo- 
pentane inert solvent. As the concentration of substrate (cyclo- 
hexane) is decreased, the probability of intersystem crossing should 
increase. If the singlet nitrene (191) were responsible for the formation 
of AT-cyclohexylaniline and the triplet that of aniline, then dilution 
should have led to the formation of more aniline at the expense of the 
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PhNj  

Ph'NHC6HI1 

'insertion' product. Since this did not occur, it  was argued that both 
products must arise from the same intermediate, the triplet nitrene 
(192). 

Aliphatic C-€3 insertions become dominant only in intramolecular 
cyclizations 142-146. For example, 194, obtained ic .50-60% yield 
from azide (193), was 100% optically active when produced by vapour 
phase pyrolysis, and about 60% optically active from solution phase 
decomposition 149J46. This evidence lends support to the idea that 

stereospecific insertion is due to the singlet species, whereas the non- 
s tereospecific cyclization involves the abstraction of one hydrogen to 
give 195, followed by radical coupling. It is expected that singlet --f 
triplet conversion would occur more readily in solutim than in the 
vapour phase, due, to the greater number of collisions suffered in 
solution. Other yields of intramolecular C-H insertion products 
have ranged as high as 8670 144J45. 

6. Decomposition in the presence o? aromatic substrates 

B e r t h ~ l ~ ~  first studied the decomposition of phenyl azide in benzene 
and#-xylene. He  found that when the decomposition was carried out 
in benzene under pressure at 150-160" for 7-8 hours, azobenzene 
(llyo) and aniline (18y0) were obtained. When the reaction was 
carried in p-xylene under the same conditions, aniline (85%), a small 
amount of azobenzene, and p,p'-ditolylethane were obtained. 
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When 0- or p-halogenophenyl azides (196) were heated in boiling 
chlorobenzene, toluene or xylene, to which a few drops of aniline had 
been added, a sublimate was produced consisting mainly of anilinium 
halide (197), a little halogenoanilinium halide (198) and ammonium 
halide14'. In the absence of aniline the sublimate was formed more 

slowly and in smaller quantity, and consisted mainly of 198, together 
with some ammonium halide. With f-chlorophenyl azide in the 
absence of aniline, the amount of chloride liberated corresponded to 
about 7yo of the starting azide, whereas in the presence of excess 
aniline, it was about 70% of the azide used. Evidence was presented 
which indicated that the source of the halide ion was the reaction of 
the halogenoaniline (199) (formed by hydrogen abstraction) and 2- 
anilino-3H-halogenaazepine (200). It could be determined whether 

+ggNH2+ 
(199) 

X 

(200) 

(87) 

tars 

the halogen removal was the result of a substitution or an elimination 
reaction 1<6. 

The thermal decomposition of ferrocenyl azide in benzene gave 
ferrocene (13-6oJ)~ phenylferrocene ( 1-9yo), azoferrocene (17*80Jq), 
and ferrocenylamine (16.9%) 148. Thermolysis of this azide m 
cyclohexane gave ferrocene (7.3'73, and azoferrocene (20.5%). No 
product of aliphatic CLH insertion nor of aromatic substitution by 
the nitrene was observed14*. (For more results and a comparison 
with photolysis, see section V.B.). 

Aromatic azides readily undergo intramolecular--but not inter- 
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molecular-aromatic substitution 110*149. An interesting comparison 
of intramolecular aromatic substitution and aliphatic C-H insertion 
may be made. 2-Azido-2’-methylbiphenyl (201) gives the carbazole 
(202) exclusively in 91% yield gl, and only when aromatic substitution 
becomes much more difficult, as in the case of 2,4,6-trimethyl-2’- 
azidobiphenyl (2Q3) does C-H insertion become dominant 16’. 
When 2-azidodiphenylmethane (204) was pyrolysed in tr’ Lchloroben- 

(203) 

Q - p 3  

N 
I 

+ ($$&CH3+*CH3 

HZN CH3 

(48%) (1 9%) 

zene, azepino[2,1-a]-lIH-indole (205) was obtained in 66% yield 151. 
This lends support to the idea that aromatic substitution is due to the 
addition of a singlet nitrene to the aromatic n-electron system followed 
by electrocyclic ring expansion 152-165. 

That no intermolecular aromatic substitution was observed has 
been attributed to rapid intersystem crossing of the thermally gener- 
ated singlet nitrene to the triplet. Even when phenylnitrene was 
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generated thermally from the azide in a very large excess of benzene, 
no diphenylamice was formed 13flJ56. Since alkoxycarbonylnitrenes, 
cyanonitrenes and sulphonylnitrenes all undergo intermolecular 
aromatic addition, it was felt that a possible explanation for the ab- 
scnce of a similar reaction with singlet phenylnitrene could be that the 

x * E j ; - x e N :  

(206) (207) 

latter was not electrophilic enough ( 2 0 6 ~ 2 0 7 ,  X = H)78. Ther- 
molysis of aryl azidcs bearing an electron-withdrawing substituent in 
the phenyl ring (X = CN, NOz, CF,) which would destabilize 207 
in aromatic solvents bearing electron-donating groups, e.g. N, N- 
dimethylaniline and sym-trimethoxybenzene, did indeed give rise to 
products of aromatic substitution157. For example, fi-cyanophenyl 
azide in N,N-dimethylaniline gave a mixture of 0-208 ( 2 5 ~ 1 7 ~ )  and 
p-209 (3.473 substitution products, together with the hydrogen + c N 

+ 

N Me2 
I 

N Me, 
I 

+ M e,N /JQfNH'8- (2091 C N  + 

(91) 

y H2 
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abstraction product (210) (20-3oJ,) 15'. The results of a study of the 
thermolysis of p-X-phenyl azides in various solvents are given in 
Table 6157. 

?'ABLE 6. Products of thermolysis of aryl azides in aromatic solvents*57 

Temp Time yo Diphenyl- yo Azo- yo Ani- 
fi-XC,HBNB Solvent ("C) (hr) amine compound line 

140 45 
155 15.5 
130 50 
130 50 
130 48 
165 12 
130 50 
130 50 
150 16 

- 25.2 4.9 
- 2.4 18.1 
- 3.4 41.0 

19.2 2.0 13.6 
25.1", 3*4b - 20.3 
13.2 - 16.4 
13.5O 1.0 18.3 
18.9 - 16.8 
1 3.4a - trace 

a o-Isomer. 
b #-Isomer. 
Also obtaincd 3,3',5,5'-tetramethyIbibenzyl (237'). 
Also obtained 4,4'-methylenebis(N,N-dimcthylaniline) (23.7%). 
Also obtained 2,4,6-trimethoxy-4'-nitrobiphcnyl (3.4%). 
Also obtained 4,4'-rnctilylenebis(N,N-dimethylaniline) (9.07'). 

The kinetics of the decomposition of f-cyanophenyl azide in chloro- 
benzene at 132" with or without N,N-dimethylaniline were studiedI5'. 
It was shown that the rate of decomposition of this azide was un- 
affected by the presence of the amine, even when in five-molar excess, 
and remained zero order in amine. This eliminated the possibility 
of a bimolecular decomposition involving a nucleophilic attack by the 
substrate on the azide. 

Huisgen and von Fraunberg140 have reported a number of aromatic 
substitutions by 2-pyridyl- and 2,4-dimethyl-2-pyrimidyl azides with 
reactive nuclei e.g. naphthalene, anthracene, anisole and others. I t  
is not yet known whether these are direct substitutions, or additions 
followed by ring-opening of an aziridine intermediate. Since the 
pyridyl- and pyrimidylnitrenes can also be looked upon as aryhitrenes 
bearing a strongly electron-attracting substituent, this work supports 
the suggestion made concerning the electrophilicity requirement of 
arylnitrenes for them to undergo aromatic substitution 78. 

7. High temperature pyrolyses 
Recently, a considerable amount of work has been carried out on the 

high temperature (300-900") vapour phase pyrolysis of aryl 
azides158-165. At these elevated temperatures, rearrangement reac- 
tions are important and most of the products can be rationalized on the 
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P h N j  -L T 

basis of die following equilibrium (equation 92) 78. Most of this work 
is beyond the scope of this treatment, but several examples will be 
given. The pyrolysis of phenyl azide at 300-670" led either to azo- 
benzene and aniline or to a cyanocyclopentadiene (212) depending on 
the rate of introduction of phenyl azide into the pyrolysis furnace168. 

I t  might have been expected that high concentrations of reactant 
(high rate of introduction) would lead to increased yields of azoben- 
zene and aniline. I t  was felt that 
at high rates of introduction, the singlet nitrene (191) might be 
unable to diffuse from the hot zone of the furnace and might absorb 
additional energy to become a vibrationally excited nitrene (211) 
(a 'hot' nitrene). It is this species that would then insert intramole- 
cularly into the benzene ring, eventually leading to ring contraction. 
At low rates of introduction, the nitrene (191) would be better able 
to diffuse from the hot surfaces of the furnace, undergo intersystem 
crossing to the triplet (192) and then undergo dimerization or hydro- 
gen abstraction. 

Nitrene-carbene interconversions have been observed at elevated 
temperatures. For example, 2,6-dimethylphenyl azide was pyrolysed 
at 900"/0-02 mm to give an 8 7 ,  yield of 2-vinyl-6-methyl-p)dine 
(213) l64.  As with the nitrene-carbene interconversion, nitrogen 

In fact, the opposite was found. 
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C H3 

scrambling was demonstrated when substituted 2-pyridyl azides (in 
equilibrium with the tautomeric tetrazolo compound) were pyrolysed 
at 380"/0.05 mm. For example, starting fiom either 4- (214) or 
5-methyltetrazolo[ 1,5-a]pyrid&e (215), the same products 
virtually identical yields, were obtained (equation 95) 165. 

fi: 
Me 

hN=& N3 -.-I& 
\ /  
N=N 

21L.222 in 

T- 

\ /  
N=N 

(95) ..- (315) (217) 

CN 

H (318)" 

a Yield from 216, 1*670; from 217, G%. 
b 1 : 1 Mixture of 4- and 5-methyl-2-aminopyridine. 
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8. Decomposition in t h e  presence of nucleophiles 

When aryl azides are decomposed thermally in the presence of 
suitable nucleophiles, the nitrenes generated may be trapped. For 
example, when phenyl azides are heated at  180" in an autoclave in 
the presence of carbon monoxide at  pressures greater than 136 atm, 
quantitative yields of the isocyanates are obtained 166J67. When 
2-o-azidophenylpyridine (223) was heated at  160-1 70°, the pyrido- 
[1,2-b]indazole (224) was formed126. No evidence was obtained as to 
whether this was a concerted process or not. The same product was 
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obtained on heating 2-o-nitrophenylpyridine with ferrous oxalate 126 
or triethyl phosphite 168. 

The thermolysis of aryl azides in acetic anhydride gives rise to 
N, 0-diacetyl-o-aminophenols (226), along with azo compounds and 
a n i l i n e ~ l ~ ~ .  I t  was postulated that the nitrene reacts with acetic 

Ac 
I 
I 

N HAc 

Me 0 Ac 

anhydride to give 225 which couId then rearrange to give 226. A 
concerted process was not ruled out, however. A similar mechanism 
has been postulated for the formation of oxazolcs by pyrolysis of aryl 
azides in a mixture of carboxylic and polyphosphoric acids, in which 
226 is formed and reacts further to give an o ~ a z o l e l ~ ~ * ~ ~ ~ .  For 
example, 4-azidoisoquinoline (227) gave the oxazole derivative 228 
in 85"/, yield171. The reaction was thought to proceed by attack of 
the nitrene on acetic anhydride formed by dehydration of acetic 
acid. Under the acidic conditions used, however, acid-catalysed 
reactions cannot be ruled out. 

Thermal decomposition of 1-amino-8-azido-naphthalene deriva- 
tives (229) gives rise to oxazoles (230) and perimidines (23B)172. 
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dN (227) PPAlHOkc ~ &Te (228) (98) 

The former are thought to arise via an intramolecular acid-catalysed 
reaction (amide N-H), and the latter via a concerted reaction of 

N' 'N H 
R 

H2N N< 

&OR&& +d (99) 

(229) (230) (231) 

the azide and carbonyl group. 
-NMeAc or -NAc2, benzo[c, d]indazoles result 172. 

9. Decomposition in the presence of radicals 

There have been very few reports of azide decompositions induced 
by radicals. It has been found that the decomposition of phenyl 
azide was accelerated by thiyl radicals, particularly when it way 
carried out in thiols as solvents in the presence of free radical sources, 
such as tetraphenylhydrazine, hexaphenylethane and triphenylmethyl 
hydroperoxidc 173. When the decomposition was carried out in 
thiophenol, the major product was aniline, along with a small amount 
of o-aminodiphenylsulphide (232) lT3. 

If the nitrogen is tertiary, e.g. 

Phr43 PhSH A * PhNH2 i as" 
N H2 (232) 

Thermolysis of bis(o-azidobenzoyl) peroxide (233) at 80" in benzene 
in the absence of air led to a number of products in which the azido 
group was left intact : o-azidobenzoic acid (234) j10270), o-azido- 
biphenyl (235) ( 18y0), p3enyl o-azidobenzoate (236) (20y0), and a 
mixture of unidentified, apparently aliphatic, esters of o-azidobenzoic 

10 + C.A.C. 
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acid (237) (20 wt. yo) were ~btainedl '~ .  
of carbazole (238) was isolated. 

I n  addition, a lG% yield 
I t  was suggested that the sourcc of 

aPh+ 
N3 

aco2ph+ Qfo2R+ Q--JQ 
N3 N3 N 

235 and 238 was intermediate 239. Carbazole (238) would come 
&om 240, which could result from a radical-induced intramolecular 
reductive decomposition of the azido group in 239. a @  

-['I t eas -co> PhH, 
233- 

N3 N3 

Thermolysis of benzoyl peroxide in a degassed solution of phenyl 
azidc i11 benzene at  80" led to no decomposition of the azide over two 
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half-lives of the peroxide17*. On the other hand, the decomposition 
of phenyl azide in carbon tetrachloride at 80" was quite rapid in the 
presence of benzoyl peroxide, and yielded p-chlorophenylcarboni- 
midoyl dichloride (241) (67y0) 17*. Evidence was presented which 
suggested that the radical responsible for inducing the decomposition 
of phenyl azide was trichloromethyl, and the mechanism proposed for 
the formation of 241 is outlined in equation (103). 

-N1, 
0 
I I  

(PhC-O)p CCI., CC13. PhN3 * ?hNN=iCCIJ 

Aryl azides undergo induced decomposition when heated at 50-80" 
in i-propyl alcohol in the presence of diethyl peroxydicarbonate 
(243) 175. For example, 2,4,6-tribromoazidobenzene (242) and 
243 (ca. 1:l mole ratio) in i-propyl alcohol gave a 35y0 yield of 
2,4,6-tribromoaniline (244). I t  was felt that the radical responsible 
for the induced decomposition was the 2-hydroxy-i-propyl radical. 

Decomposition of 4-azido-2-picoliiie l k i  the presence of hydrogen 
peroxide gave 4,4'-azoxy-2,2'-picoline eo. 

10. Decomposition of azidoquinones and azidstropones 

The thermolysis of azidoquinones probably involves a concerted 
ring-opening and elimination of nitrogen. The cyclized product 247 
may well arise from a nitrene (246) formed in the pyrolysis of the 
azidoquinone (245) lT6. 

Thermolysis of 2,5-diazido-3,6-di-t-butyl-l,4-benzoquinone in boil- 
ing benzene is a convenient route to t-butylcyanoketene 176a. 

Thermolysis of 2-azidotropone (248) in boiling cyclohexane gave 
o-cyanophenol, whereas in protic solvents (methanol, water, aniline) 
the ring-opened products 250 were obtained177. Both may be 
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P h o N - & = N  L‘ - 

P h G : p h  

0 0 

- N Y  ~ I f -  
Ph 

I /  
(245) 

rationalized on the basis of a concerted ring-opening and nitrogen loss 
to give the ketene (!249). Pyrolysis of 3- and 4-azidotropones gave 

mainly intractable tars in addition to small amounts of hydrogen 
abstraction products 17*. 
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6. Sulphonyl Axides 

1. Mechanism af t h e  decomposition 

Certain aspects of this topic have been r e v i e ~ e d ~ ' ~ J ~ ~ .  The 
uncatalysed thermal decomposition of sulphonyl azides is believed to 
give sulphonylnitrene intermediates and nitrogen. It has been 
observed that arylsulphonyl azide decomposition is independent of 

RS02N3 RSOzN+N2 (107) 

solvent 181 and follows first-order kinetics in chlorobenzene, nitro- 
benzene and p - ~ y l e n e ' ~ ~ J ~ ~ .  More recently, it was found that the 
thermolysis of #-toluenesulphonyl azide was first-order in a variety 
of solvents with rates of decomposition varying little ( f 15% relative to 
decomposition in diphenyl ether) from solvent to solvent 134. These 
results are shown in Table 7. The greatest rate observed was in 

TABLE 7. Decomposition of p-toluenesulphonyl azide a in various solvents134 

Temp Rcl. Gas evolved 
Solvent "C kl x 104sec-' rate yo of theory 

Diphcnyl ether 
Tetradecane 
Nitro benzene 
1-Octanol 
n-Hexanoic acid 
Dimethyl terephthalate 
Diphenyl ether 
1,4-Dichlorobutane 
Diphenyl ether 

155 
155 
155 
155 
155 
155 
145 
145 
130 

3 43 1 100 
3-80 1.1 1 - 
3.97 1.15 i lgb 
3-63 1-06 96 
2.97 0.86 114" 
3-23 0.95 104 
1 -44 1 
1.70 1-18 140d 
0.330 - - 

- 

a Approximately 0.1431 in azide. 
b Contained NO a d  other gases. 
c Contained C02. 
d Contained a chlorobutene. 

nitrobenzene and the sm.allest in dimethyl terephthalate. The 
average half-life of p-toluenesulphonyl azide at 155" was 33 min, with 
AH* = 35.1 kcal/mole and A S  = 7 e.u.134a Pyrolysis of benzene- 
sulphonyl azide in cyclohexane at 135-150" was a first-order reaction 
with an activation energy of 33 kl=al/mole and A S  = 5.2 e.u.18*. On 
the other hand, the activaticn energy for the thermolysis of benzene- 
sulphonyl azide in naphthalene at 110-135" was found to be 36.4 
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k ~ a l / m o l e ~ ~ ~ .  The rate constants for the decomposition of j-sub- 
stituted derivatives have been reported to correlate well in a Harnmett 
plot '06, but other groups found that there is a negligible substituent 
effect ( p  = -0.1) using a modified Hammett e q u a t i ~ n ~ ~ ~ J ~ ~ .  
Table 8 gives the rate constants for decomposition of substituted aryl- 

TABLE 8. Decomposition of fi-R-substituted benzencsulphonyl azides in 
naphthalene at  120°186 

R. A. Abramovitch and E. P. Kyba 

R Me0 Me H c1 Br NO2 
~~ ~~ 

kd x 105sec-l 1.31 1.12 1-07 1-15 1.36 1 -60 

sulphonyl azides in naphthalene solution. In  general, the rate- 
determining step in the thermal decomposition of arylsulphonyl azides 
is the loss of nitrogen to give the electron-deficient nitrene inter- 
mediate, with little interaction between the clectrons on the nitrogen 
atom and the aromatic nucleus. This is further supported by e.s.r. 
measurements of the triplet species, generated photochemically in a 
glass, in which the zero-field parameters D and E indicated the lack of 
important delocalization of the unpaired electron on nitrogen. For 
example, for triplet p-fluorobenzenesulphonylnitrene, D = 1.555 
cm-l and E c 0.005 cm-l 133. 

Aliphatic mono- and disubstituted sulphonyl azides also decompose 
thermally in diphenyl ether in a first-order process, but are somewhat 
more stable than the aromatic sulphonyl azides13* (compare rates in 
Table 7 with those in Table 9). Thermolysis of 1-pentane and 2- 

TABLE 9. Decomposition of various sulphonyl azideSa in diphenyl ether 134 

Temp Gas evolved 
Sulphonyl azide "C kl x lo4 sec-' yo oftheory 

1 -Pent ane- 
1,4-Butanedi- 
1,6-Hexanedi- 
1,g-Nonanedi- 

1,lO-Decanedi- 
1,4-Dirnethylcyclohexane-a,a', di- 
m-Xylene-u,a'-di- 
fi-Xylene-u,a'-di- 

166 
163 
163 
179 
160 
150 
163 
163 
163 
163 

4.46 
5.02 
5-02 
4.25 
2-25 
0.884 
4.45 
4.82 
6-09 
5-78 

102 
99 
98 
- 

- 
100 
98 

101 
96 

a Solutions approximately lx in azide. 
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propanesulphonyl azides in mineral oil did not give good first-order 
p 1 0 t s ~ ~ ~ J ~ ' .  In  the former case, evolved gases were identified as 
nitrogen, sulphur dioxide and a small amount of n-pentane. Also, 
the solvent incorporated some azide, as was indicated by the infrared 
absorption band at 2100 cm-l after heating the sulphonyl azide for 
60 half:.lives. The amount of sulphur dioxide evolved with l-pentane- 
sulphonyl azide was 16-20z. With added radical inhibitors such as 
hydroquinone, however, this could be reduced to about 3y0 and good 
first-order kinetics were observed. In  comparison with alkane deri- 
vatives, p-toluenesulphonyl azide in tetradecanc gave a l-3yo yield of 
sulphur dioxide134J87, and mesitylenesulphonyl azide in dodecane 
at  150" gave a 22y0 yield of sulphur dioxide188. In  all cases, essen- 
tially quantitative yields of gas were obtained from alkanesulphonyl 
azides 134. In  order to account for these observations, Brrslow and co- 
workers 134 postulated the following mechanism (equations 108-1 11) 
for the process in which SO, is formed. Since each azide evolves 
either N2 or SO,, a quantitative yield of gas is to be expected. In  

(1  08) 
( 109) 
(1 10) 
(111) 

support of step (log), both Leffler and Tsuno182, and Breslow and 
co-workers 134 showed that added radical sources such as t-butyl- 
hydroperoxide catalyse the cleavage of the sulphur-nitrogen bond. 

A careful study of the evolution of sulphur dioxide showed that this 
reaction was completed by the lime half the sulphonyl azide had de- 
composed. The source of the radical R was not established, although 
peroxidic impurities in the solvents and impurities in the azides were 
ruled out. Another possibility is that initially produced singlet 
nitrene undergoes intersystem crossing to give the triplet, which could 
then ahtract a hydrogen atom fi-om solvent to give R .  This, at first 
glance, seems unlikely since the triplet should be expected to be formed 
continuously during the run and not stop when only half the azide 
has been decomposed, unless an inhibitor of the singlet to triplet 
conversion process were formed, or a radical trap were generated in 
the reaction179. This could, for instance, be the sulphonamide or the 
amine formed by Curtius rearrangement (uidt infra). Some of the 
SO, probably comes from the Curtius rearrangement, particularly 
since radical inhibitors do not completely eliminate SO2 evolution. 
Another source of radicals might be the homolysis of the S-N bond, 

C5HllSO2N3 ____f C5Hl1SO2G: + N2 
R' + CSHllS02N3 __f CSH11S02' + RN3 
CgH11S02.- CSH11' + SO, 
CSH11' + RH- CsH12 + R' 
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analogous to the C - N  fission which cccurs with alkyl azides (vide 
supra). The same problem exists for this suggestion as for the triplet 
nitrene. There must be a mechanism by which SO, evolution is 
complete in about one half-life of azide. 

In agreement with equation (log), recent work has shown thar the 
thermolysis ( 1 SO0) under nitrogen of mesitylene-2-sulphonyl azide 
(251) in n-dodecane gave rise to dodecyl azides ( 2 ~ 3 7 ~ )  188. This was 
thought to occur by the triplet nitrene (253) abstracting a hydrogen 
from the solvent to produce C12H25' which could then attack azide 
(251) to produce an alkyl azide and 254180. The same products 

Me-(@-S02N3 .-i2 + Vl@sO$j: += 

M e  M e  

(252) ~e--Q-So2~- 

(281) 

M e  
(253) 

263 + n-Cq2H2, + M ~ S 0 ~ ~ t - I  + C12H25* (112) 

Me 

C12H25.+ 251 + C,2H25N, + M e  

M e  
(254) 

could have been obtained by homolysis of the S-N bond to give 254 
and azide radical. Radical (254) could lose SO, to give the aryl 
radical (255) which could then abstract hydrogen from solvent to give 
mesitylene or combine with other radicals in solution (C12H25', N3*, 
255) to give various products, most of which would be difficult to 
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separate from solvent. 
aryl radicals on thermolysis of arylsulphonyl azides. 

There is some evidence for the formahon of 
Thus dip5enyl 

264 + Me (113) 

M e  
(255) 

sulphone-2-sulphonyl azide (256) in n-dodecane at 150" gave diphenyl 
sulphone (357) (27y0) together with the hydrogen abstraction product 
(258) ; in Freon E-4 at 153" some diphenylene sulphone (259) (1*3y0) 
was obtained log. Thermolysis of ferrocenylsulphonyl azide in cyclo- 
hexane at 150" under pressure gave ferrocene (20%) r48. The detec- 

. .  
I 

SOzNH, 
(257) (358) I Laso2a Freon E-4 -t 255 

(2591 

tion of n-pentane from the thermolysis of n-pentanesulphonyl azide 
speaks for the occurrence of alkyl radicals 134. 

Until recently, Curtius' classification of sulphonyl azides as 'rigid' 
or 'starre' azides, that is, incapable of rearrangement, had found few 
exceptions. The vapour phase pyrolysis of benzenesulphonyl azide 
at  625" gave a 17-57' yield of azobenzenelgO, and traces of azo com- 
pound could be obtained in boiling cyclohexanone ls4. Surprisingly, 
no C--H insertion product was obtained in the latter case, and only 
about one thkd of the azide was accounted Two products 
lO* 
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were obtained from the decomposition of mesitylene-2-sulphonyl azide 
(251) which can best be explained by a Curtius-type rearrangement. 
2,4,6-Trimethylaniline (260) and the corresponding azobenzene (261) 
were formed (among other products) in yields of 20.7 and 0-4y0 
respectively lE8. Analogous products were obtained with durene-3- 
sulphonyl azidele9. I t  is possible that the migration and elimination 

- so* 151 -N’ * Me- ($so2fi: 0 2 M e - @ -  N=S02 

M e  M e  

Me+N+ 

M e  

of nitrogen could be concerted, or a rearrangement with extrusion of 
sulphur dioxide to give the aryl azide might occur1g1, which would 
then give 260 and 261. However, this is less likely as normal nitrene 
products were also obtained. 

2. Decomposition in the presence of aliphatic substrates 

Thermolysis of alkanesulphonyl azides in cyclohexane led to unsub- 
stituted sulphonamides (H abstraction) in yields of 0-3’70, but the 
yields of G-H insertion products ranged above 5097, 13*. For exam- 
ple, 2-prapanesulphonyl azide decomposed in cyclohexane to giv,e 
N-cyclohexyl-2-propanesulphonamide in 60% yield, and a maximum 
of 3% of 2-propane~ulphonamide~~~. O n  the other hand, aryl 
sulphonyl azides gave higher yields of hydrogen abstraction products, 
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generally in the range of 5-200J,. Good yields of aliphatic L H  
insertion products were also obtained 134*179J89. Two examples of 
intramolecular CLH insertion have been reported. Mesitylene-2- 
sulphonyl azide (251) 18@ and durene-3-sulphonyl azide (263) gave 
the corresponding sultams (262) and (264) in 2 and 15% yields, 
respectively, on thermolysis in dodecane at 150". A high yield (48y0) 
of hydrogen abstraction product (265), in addition to the insertion 
product (267) (247'), was produced from the thermolysis of ferro- 
cenylsulphonyl azide (265) in cyclohexane (equation 11 7) 148J79. 

I 

CH3 
(Z 51) 

3. Decomposition in the presence of aromatic substrates 

Decomposition of sulphonyl a.zides in aromatic solvents may lead to 
aromatic 'substitution', which is thought to involve the addition of the 
singlet nitrene to the aromatic nucleus, followed by further rearrange- 
ment to give p r o d u c t ~ ~ ~ ~ . ~ ~ ~ .  In aromatic solvents, the yields of 
unsubstituted sulphonamides (hydrogen abstraction) are better than 
in aliphatic  hydrocarbon^^^^*^^^. Due to the absence of biaryls in 
these decompositions, it was postulated that this reaction is due to a 
singlet nitrene which added to the aromatic nucleus to give 268 and 
then decomposed to amide and 269 in a concerted or almost concerted 
abstraction of two hydrogen atoms162. Thus, no aryl radicals would 
be formed. No evidence was obtained for the intervention of benzy- 
ncs (269) in these reactions but tars are always formed. When the 
thermolysis of methanesulphonyl azide was carried out in various 
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"-t)]' \ + MeSo2NHz 
(269) 

substituted benzenes, in which the substituents were activating or not 
too deactivating towards electrophilic substitution, the results could be 
rationalized entirely on the basis of a rate-determining addition of the 
singlet nitrene to the aromatic nucleus to give an intermediate such as 
268 and a product-determining r i n g - ~ p e n i n g ~ ~ ~ .  On the other hand, 
when the aromatic nucleus was quite deactivated (e.g. nitrobenzene) 
towards electrophilic attack, the substitution pattern was similzr to 
that observed for highly electrophilic free radicals (i.e. the triplet 
nitrene) 155. With less deactivated substrates such as methyl benzoate, 
benzonitrile and benzotrifluoride, the substitution pattern was that 
expected of a mixture of singlet and triplet species 155. 

Decomposition of methanesulphonyl azide in a mixture of benzene 
and substituted benzene resulted in the following total rate ratios for 
sulphonamidation ; anisole, 2.54; toluene, 1 -86; and chlorobenzene, 
0-44152. For benzenesulphonyl azide the values were 0.96, 1-00 and 
0-69 respectively192. In  a similar experiment, ring substitution in p- 
xylene by k-toluenesulphonylnitrene was shown to take place 2.2 
times as rapidly as in benzene134. When p-toluenesulphonyl azide 
was decomposed in an equimolar mixture of benzene and cyclohexane 
at 165", it was found that the benzene 'double bond' is about eight 
times more reactive than a G H  bond in cyclohexane134. 

Decomposition of suitable o-substituted benzenesulphonyl azides 
can result in intramolecular aromatic substitution. For example, 
biphenyl-2-sulphonyl azide (270) gave the cyclized product (271) in 
38-70y0 yield on thermolysis in n-dodecane or in the absence of solvent 
at 150" lE9. 
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A great deal of interesting work was carried out by Curtius and co- 
workers lg3Jg6, who first studied the thermolysis of sulphonyl azides. 
Some of the work certainly deserves reinvestigation using modem 
analytical tools. For example, the report lQ5 that 272 and 273 were 
obtained from decomposition of sulphonyl azide in #-xylene must be 
viewed with scepticism, but it would certainly be interesting to deter- 
mine the correct structures of the products formed. 

~ + . . . . . . - ~ ~ ~ ~ + ~ : : ~ + t ~ o o t ~ ~ ~  H products (120) 

M e  Me M e  

(272) (273) 

4. Decomposition in t h e  presence of nucleophiles 

Thermolysis of sulphonyl azides in the presence of pyridine results in 
the formation of pyridinium ylids 197*198. It is not known whether the 
reaction is concerted or involves a free nitrene, but when benzene- 
sulphonyl azide was decomposed in the presence of 2,6-lutidine, at 
least part of the azide decomposed to the free nitrene, as evidenced by 
the formation of 3-benzenesulphonamido-2,6-lutidine (275) , in 

addition to the ylid (274) Ig9. Table 10 presents the results of the 
thermolysis of benzenesulphonyl azide in the presence of various 
pyridine derivatives lg9. 

Curtius and co-workers1”6 studied the thermolysis of a number of 
aromatic sulphonyl azides in the presence of aniline, N-methylaniline, 



288 

TABLE 10. 

R. A. Abramovitch atid E. P. Kyba 

Yields of products from the thcrmolysis of benzenesulphonyl azide 
with pyridine dcrivativcslee 

3-Substitution Pyridinium Benzenesul- 
Substrate product yo Ylid Y o  phonamide 7' 

Pyridine - 30 
2-Picoline 8.8 37 
2,6-Lutidine 13 18 
sym-Collidine 15 15 
4-Cyanopyridine I 17 

-a 

45 
57 
61 

> 30 

a Not determined. 
Mixture of 3- and 5-bcnzenesulphonamido-2-picolinc. 

and N,N-dimethylaniline. Some (10-207,) 0- and $-aromatic sub- 
stitution products (276) along with the hydrogen abstraction product 
(277) and nitrogen were obtained. With aniline, the major product 
was usually the aniline (278), formed by a nucleophilic displacement 

A r S 0 2 N 3  + P h N R 2  Y$-+ ArS02NHCGH4NR2 f A r S 0 2 N H ,  (122) 

of the azido group, to give hydrazoic acid. Decomposition of most 
arylsulphonyl azides in N-methylaniline or N,N-dimethylaniline gave 

(123) 

appreciable yields of 4,4'-methylenebis-(N-methyl- or N,N-dimethyl- 
anilines) respectively. For example, 15 g of benzenesulphonyl azide 
in excess N,N-dimethylanhe gave 9 g of 4,4'-methylenebis-(N,N- 
dimethylaniline) (280), although in other cases yields were 
considerably It was suggested lE0 that formaldehyde is prod- 
uced by hydrolysis cluring workup of the N-methyl C-H insertion 
product (279), which could then condense with excess solvent to give 

(276) (277) 

ArS02N3 f P h N H 2  A A r S 0 , N H P h  + HN3 
(278) 

PhS02N3 + Me,NPh -* PhSO,NHCH,N(Me)Ph 
(2793 * P h S 0 2 N H ,  + HCHO 4- P h N H M e  

Me,NPh + HCHO - Me,N a c H 2 * N M e 2  
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280. No hydrazine derivatives were observed in any of the thermo- 
lyses of sulphonyl azides in anilines studied by Curtius and co- 
workers lg6. 

Thermolysis of sulphonyl azides in dimethyl sulphoxide leads to N- 
sulphonylsulphoximines. For example, f-methoxybenzenesulphonyl 
azide gave a 31% yield of the sulphoximine (281) lal. No evidence is 

0 

(125) 
A II 

p- MeOC6H4S02N3 Me,SO, - N, p- MeOCGH,SO,N= S Me, 
(251) 

available concerning the effect of dimethyl sulphoxide on the rate of 
decomposition of sulphonyl azides. 

5. Decomposition in the presence of unsaturated compounds 

Sulphonyl azides react with strained olefins, at temperatures below 
those required for the formation of the corresponding nitrenes, to give 
aziridines and anils. These reactions have been reviewed recent1y4Je0. 
Benzenesulphonyl azide reacts with norbornene in acetonitrile solu- 
tion at 55-60" to give the aziridiiie (282) (6470) in 2-3 hr201*202. It 
was found, however, that when benzene was the solvent, a quantitative 
yield of 282 was obtained at room temperature in about 1.5 hr203. 

(582) (283) 

Although an unstable triazoline intermediate was a possibility, it was 
thought that a concerted mechanism involving a species such as 283 
was more likelyzo2. When benzenesulphonyl azide was heated at 
100" for 1 hr with maleic anhydride, N-phenylmaleimide, divinyl 
sulphone, mesityl oxide, cyclohexene, cyclopentene, styrene, vinyl 
acetate or p-quinone, no gas evolution was observed, nor was there any 
change in the concentration of sulphonyl azide (as indicated by infra- 
red measurement) 201. 

Sulphonyl azides react slowly (1-2 weeks at 70-80") with some 
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acetylene derivatives to yield the corresponding 1,2,3-triazoles 
(284) 204. 

Enamines react readily with sulphonyl azides to give various prod- 
ucts, depending on the structure of the enamine. For example, with 
enamine (285) and p-toluenesulphonyl azide, the sulphonamidine 
(287) was obtained in good yield, presumably via the triazoline inter- 
mediate (286) 205. The reaction of 2-morpholino-1 -benzoylpropene 
(288) with p-nitrobenzenesulphonyl azide illustrates two other ways 

which the unisolable triazoline intermediate (259) may react (equation 
129) 206. 
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Vinyl ethers also react readily with sulphonyl azides to give imino- 
esters. For example, from dihydropyrzn and p-toluenesulphonyl 
azide, the arylsulphonylimine of 8-valerolactone (290) was obtained 
in quantitative yield207. 

(290) 

The reaction of benzene- and toluenesulphonyl azides with tetra- 
methyllallene has been studied recently208. A 26y0 yield of 
N-( 1,2,3-trimethyl-2-butylidene) benzenesulphonamide (291) was 
obtained with benzenesulphonyl azide. 

(131) 
/Me 

\ /Me /c=c 

Me Me Me 
/ A \ 

C 

c=c=c +PhS02N3 -N, * 
\ 

/ \ 
Me Me Me 

‘N- S02P h 
(291) 

6. Decomposition in the presence of radicals 

I t  has been reported that decomposition of benzenesulphonyl azide 
in thiols is induced by thiyl radicals, particularly iq the presence of 
free radical sources 173. The major product was bznzenesulphona- 
mide. Benzenesulphonyl azide and t-butyl hydroperoxide exhibit 
mutually induced decomposition in chlorobenzene at 1 26*7°182. The 
rate of decorxiposition of the azide at the beginning and end of the 
reaction was that expected for the uncatalysed decomposition, but in 
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the intervening period there was a very rapid nitrogen (and oxygen) 
evolution. This induced decomposition could be inhibited completely 
by addition of iodine or by usingp-xylene as the solvent. The reaction 
proved to be quite complex and no specific mechanism was proposed. 

When p-toluenesulphonyl azide was heated at 50-80" in isopropyl 
alcohol in the presence of diethyl peroxydicarbonate (20.3 azide : 
1.4 peroxide), p-toluenesulphonamide and acetone were obtained in 75 
and 81% yields re~pectivelyl'~. I t  was thought that the 2-hydroxy-i- 
Fropyl radical (292) added to the azide to give 293 (equation 132) and 
that an intramolecular reduction and elimination of nitrogen occurred 
via a cyclic intermediate (294) to give the radical (295) and acetone. 
Hydrogen abstraction by (295) would then give the sulphonamide. 

0 0 
II I1 

(EtO-C-O), + EtO-C-0' EtO' + C 0 2  

EtO' + Me2CHOH - EtOH + 
ArSO,-N=&=N + Me2kOH - ArS0,-N ArS02-v 

\ 
N /H I I  

H \N 
/ I -  

\C' 

(293) (294) 

0 N' o\,/N 
/ \  / \  

Me M e  M e  Me 

294 -'" ArS02NH' ArS02NH, 

(285) 

7. Decomposition in the presence of organic anions 

Reactions of this type were first studied by Curtius and co- 
workers lgG. For example, diethyl malonate and p-toluenesulphonyl 
azide reacted in the presence of cold sodium ethoxide to give the 
sodium salt of the 5-hydroxytriazole (296) 209. Acidification gave the 
5-triazolone (297) which isomerized to the diazo compound (298) 
(overall yield 90%). (The same product could be obtained in 85% 
yield without base by heating the azide and malonate at 100" and a 
pressure of 20 mm) 209, This reaction provided the basis for the 
so-called diazo-transfer reaction, an cxtremely useful method of syn- 
thesizing diazo compounds, which has been reviewed210. The reac- 
tion has been formulated21o as shown in equation (134), and has been 
extended to the synthesis of azides by a diazo transfer to amine 
anions 211*212. fl-Toluenesulphonyl azide reacts with hydrazone 
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C = C -C D2 Et 

ONa 

\ "=T NaOEt TsN, + CH,(CO,Et), - * Ts-N 

I 

(296) 

/C02Et 
+ N2C 

CONHTs 
\ 

C-C HC0,Et 
Ts-N \ "=I 

4 
(297) (298) 

0 

(133) 

N a +  N a  + 

/OZEt 
H O  

Et02C-C 
I II 

Et0,C-C-COEt TsN' 

,N&-\H \ 1 Et02CC0,Et + TsNHNa 

N+ 

N- 

II 
II 

3 Na'+ 
H 0- 

Ts 
I I  

EtO,C--C=C 0 E t  

\ ?-Na+ / 
EtOzC-C-OEt 

/ \  
N N-Ts 
\N/ 

0 
II 

EtO2C-C-C N HTs 

N+ 

N- 

II 

o Na+ 
EtO,C-C-C< - :o 

11 Y. ..... f I 
II 

N, N-S-C,H,Me-p 

3 

(134) 

anions to give diazo compounds. For example, benzophenone hydra- 
zone anion (299) in tetrahydrofuran reacted immediately with this 
azide to give diphenyl diazornethane (304)) (5073, p-toluenesulphon- 
amide anion (301) and nitrogen213. 

Ph Ph 
- \ + -  - 

C=N-NH + T s N ~  . C=N=N + TsNH + N2 (135) 
\ 
/ / 

Ph' 
(299) 

Ph' 
(300) (301) 
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Recently, it has been found that when benzenesulphonyl azide and 
quinaldine are heated at 110-1 15" for 40 hr, a 70oJ, yield of the diazo- 
transfer product (302) is obtainedlg9. This type of reaction was not 

+ PhS02N3 A acy + PhS02NHz 

I I ( 136) 

observed with 2-picoline or sym-collidine (see Table lo), but has been 
extended to 6-methylphenanthridine and 1-methylisoquinolinelg9. 

IV. DECOMPOSITION WITH TRIVALENT PHOSPHORUS 
C O M P O U N D S  

These reactions were first studied by Staudinger and co-workers 214s215 

who showed that the initial product is a very unstable 1 : 1 adduct, 
which in some cases could be isolated by low temperature workup 215. 

I n  almost all cases, the reaction occurs readily at room temperature. 

A. Alkyl h i d e s  

The decomposition of methyl and ethyl azide with triphenyl- 
phosphice has been studied. When ethyl azide in petroleum ether 
was treated with a suspension of triphenylphosphine at -2O", little 
nitrogen evolution occurred, but the piiinary adduct (303) was not 
isolated215. When the mixture was warmed to room temperature, 

EtN3 + Ph3P -200t EtN,.PPh3 :ii EtN=PPh3 (137) 
(303) (304) 

nitrogen was evolved and the phosphimine (304) obtained. Some 
difficulty was encountered in purXying 304 sufficiently for analysis 215. 

The primary adduct formed from n-butyl azide and triphenylphos- 
phine was isolated but no analysis x i s  g;vcxi"16. It was found that 
benzyl azide reacted with triphenylphosphine about one tenth as fast 
as phenyl azide in xyleneZ1". 

Triphenylmethyl azide 217 and 9-phenyl-9-fluorenyl azide 218 give 
quite stable 1 : 1 adducts with triphenyl phosphine, which decompose 
only at elevated temperatures in neutral solvents at rates which appear 
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to be similar to those of the azides in the absence of the phosphine. 
The major product from the triphenylmethyl azide adduct is benzo- 
phenone anil2I8. 

5. Aryl h ides  

When phenyl azide was treated with phenyldiethylphosphine in 
ether at -8O", the primary adduct (3Q5) was isolated at  low tem- 
p e r a t u r e ~ ~ ~ ~ .  In  solution at 0" nitrogen was evolved and the phos- 
phimine (306) was produced. The kinetics of the reaction of 

substituted phenyl azides with triphenylphosphine were studied by 
Homer and Gross216, who found that the rate was accelerated by 
electron-withdrawing substituents and retarded by electron-donating 
groups. The decomposition followed a rough Hammeti relationship 
with p = + 1-36. The p-methoxy substituent gave a point signifi- 
cantly off the Hammett plot line216. More recently, a very careful 
study of the Staudinger reaction of aryl azides showed that adherence 
to second-order kinetics is only approximate. Deviations increased 
when electron-releasing substituents were present in the triphenyl- 
phosphine and electron-withdrawing substituents in the phenyl 
azide a19. Evidence was presented for a reaction proceeding through 
two isomeric trmsition states and an intermediate complex, all having 
the empirical formula Ar3P ArlN,. The first transition state involved 
the attack of the phosphine at the terminal nitrogen of the azide to 
give the 1 : 1 adduct (307), whereas in the second transition state (308) 
the phosphorus was at  least partially bonded to the a-nitrogen atom219. 

PhN3 + Ph3P -* PhN=N-N=PPh3 
(307) 

ry=N ( 1 39) . .  . .  . .  
PhN=P Ph3 ] -N, 

(308) 

Although the apparent k2 was complex, its Arrhenius plot showed no 
significant deviation from linearity. From this were calculated 
AH$ = 9.6 1 0.9 kcal/mole and A S  = - 33 & 3 cal/deg. mole for 
the reaction of phenyl azide and triphenylphosphine 210. 
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C. Sulphonyl Azides 

Trialkylphosphites and thiophosphites react with a variety of 
sulphonyl azides at room temperature or above to form phosphinimine 
derivatives (309) and nitrogen2”. It was shown that in benzene at 
low temperature, a 1 : 1 adduct, probably the triazine (310), could be 
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RS02N3 + (R’0) jP -N2 RS02N=P (OR’), (140) 
(309) 

isolated, which on warming decomposed to the phosphinimine (311) 
in a clean first-order reactionlE2. In chloroform and similar solvents, 

the reaction was more complicated. The evolution of nhogen was 
not quantitative, benzenesulphonamide and triphenylphosphhe 
oxide were obtained and no 311 was formedlE2. The reaction was 
investigated in more detail, and diphenyl sulphide (315) and disul- 
phide (314) were isolated when the reaction was carried out in 
acetonitrile or chloroform221. It was postulated (equation 142) that 
the phosphine was deoxygenating the sulphonyl azide to give the sul- 
phinyl azide (312), and then the sulphenyl azide (313), which would 
then decompose to give the disulphide (314) and nitrogen221. Di- 
phenyl sulphide (315) could then arise by reaction of 314 with the 
phosphine. The formation and thermal decomposition of benzene- 

PhS02N3 + PhjP + PhjPO + PhSON3 
(312) 

313 + Ph,P + Ph,PO + PhSN, 

(313) 
313 PhSSPh i- N, 

(314) 
314 + Ph3P + PhSPh + Ph3PS 

(315) 

(1421 

sulphinyl azide (312) has been described recently222. This Fave 314 
and triphenylphosphine oxide in yields of 80 and 75%, respectwely, on 
treatment with Ph3P222. 
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V* PHQTOLYTIC DECOMPOSITION 
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This is a corvenient method of introducing the energy required to 
effect decomposition and has been used, for example, in electron spin 
resonance studies, where it was necessary to decompose the azide in a 
solid matrix at low temperatures 130-133. 

A. Alkyl b i d e s  

The v a p o ~ r  phase photolysis.of methyl azide at low conversions gave 
nitrogen as the predominant gaseous product 07. In addition, hydro- 
gen (6-11%), methane (lx), ethanc (I%), hydrogen cyanide (ap- 
proximately equal to hydrogen yieldj, and a polymeric material of 
empirical formula CH3N were obtained. The polymer contained 
some hexamethylenetetramine (370).  The quantum yields for N2 
production at 30" ranged from 1-7 to 2-3 depending on the wavelength 
used for irradiation, but were independent of intensity, temperature 
and pressure. Free radical scavengers inhibited the production of 
N2, and an inert gas (CO,) also inhibited N2 production but to a 
much lesser extent. Based on the above observations, it was postu- 
lated that the only primary photolytic process of any import was the 
cleavage of the N-N bond to give nitrogen and methylnitrene, 
probably in a vibrationally excited state, since the excitation energy 
(91-1 12 kcal/mole) far exceeded the energy of the N-N bond (ca. 
40 kcal!mole) 97. A short chain, carried mainly by the CH,N radical, 
was thought to be probableg7. 

On  the other hand, a study223 of the solution phase photolysis of 
hydrazoic acid, methyl and cthyl azides showed that for hydrazoic 
acid and methyl azide, the quantum yields were concentration depen- 
dent, and reached a maximum value of 2.1 k 0.2 at azide concen- 
trations somewha: over h. At first glance, these results might appear 
to contradict those obtained in the gaseous phaseg7. I t  is probably 
very significant, however, that in most cases hydroxylic solvents were 
used. In  particular, the concentration dependence studies were 
carried out in methanol. It is known that alcohols play important 
roles in determining the nature of the products of sulphonyl azides 
(vide infra). I t  is possible that the solvent could play a role in stabiliz- 
ing the excited azide sufficiently (perhaps it is the hydrogen-bonded 
azide which itndergoes excitation) so that its reaction with unexcited 
azide could become important and the quantum yield for nitrogen 
evolution consequently would be dependent on the azide concectration. 
The fact that the molar extinction coefficients of hydrazoic acid and 



298 R. A. Abramovitch and E. P. Kyba 

methyl azide are concentration dependent 223 suggests that some 
interaction is occurring between the azide arid methanol or between 
azide moiecules themselves. I t  was concluded 223 that the unimolecular 
decompositioz of hydrazoic acid and methyl azide to the correspond- 
ing nitrene was an insignificant process. The possibility of solvent 
association w-ith azide affecting the course of the reaction was not 
considered as likely as that of the azide merely being excited and 
existing in this state long enough to encounter an unexcited azide 
molecule233. Since it was found that the quantum yield of nitrogen 
for ethyl azide photolysis in methanol was unity and independent of 
azide concentration, it was felt that a nitrene was formed in this case. 
I t  would seem then, that in this case association with solvent does not 
affect the lifetime of the excited azide sufficiently for bimolecular pro- 
cesses to be significant. This might be due to an inductive stabiliza- 
tion of the incipient nitrene (316) or to a stabilization of a developing 
partial positive charge on the a-carbon if hydrogen migrates as nitro- 
gen departs (317), i.e. no free nitrene is formed. The concerted pro- 

CPSS might explain the fact that no ' nitrene-adducts' were found 223 

when the photolysis was carried out in methanol. In  order to under- 
stand the processes involved in the photolysis of simple alkyl azides 
better, these decompositions should be carried out in non-hydroxylic, 
preferably non-polar, solvents. 

Reports of reactions characteristic of nitrenes (aromatic sub- 
stitution, intramolecular C-H insertion and hydrogen abstraction) 
obtained by photolysis of various alkyl azides224*225 proved to be 
irreproducible 88J32J42*2260227. Thus, in the photolysis of n-butyl, 
n-octyl and 4-phenyl-1-butyl azides, either in ether or in cyclohexane, 
the major product was that of hydrogen migration (318) 227. Prod- 
ucts due to hydrogen abstraction (319) (up to 15y0), 1,2-alkyl 
migration (320) and solvent insertion (321) were obtained in minor 
amounts. In  addition, in the case of 4-phenyl-1-butyl azide (322), a 
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7 4 %  yield of 2-phenylpyrrolidine (323) was said to be formed, 
apparently by intramolecular C-H insertion of the corresponding 
nitrene”’. More recently, however, it has been shown228 that at low 

(322) H 
(323) 

(5%) conversions, no intermolecular rcactions (insertion, hydrogen 
abstraction) nor intramolecular insertions (322 /f. 323) took place. 

I n  agreement with the latter results, it was found that photolysis of 
tertiary alkyl azides in cyclohexane gave, in addition to small amounts 
of hydrocarbons (C--N fission, ca. 1 yo) products corresponding only to 
rearrangement 89-90-99. No intramolecular cyclization, solvent inser- 
tion or hydrogen abstraction products were detected ( < 0.273. 

R R’ R 

/ I 
\ 

(145) 
/C=N-R’ 

C=N-R + 
R R 

I hv \ 
R’-C-N, + 

R 

Table 1 1  presents the phenyl to methyl migratory ratios derived 
from the decomposition of 2-phenyl-2-propyl azide and 1 , l-diphenyl- 

TABLE 11. Phenyl/methyl migratory ratiosa from the decomposition of tertiary 
alkyl azides 99  

2-Phenyl-2-propyl azide 1,l-Diphcnylethyl azide 

Thermal 
Photochemical 

4.05 
0.96 

2.36 
2.1gb, l C  

a Corrected for statisticzi preference. 
Measured at high conversions. 

conversions. 
Revised 

More recent valuee obtained from measurements at lotv 

ethyl azide. Table 12 gives recent quantitative data on the migratory 
aptitudes of various groups, these being derived from thermolysis and 
photolysis of tertiaiy dkyl a z i d e ~ ~ 8 * ~ ~ .  It  is quite significant that in 
both thermal and photochemical decompositions, a methyl group 
migrates to an appreciable extent. These results may be compared 
with the observation that methyl groups do not migrate to a radical 
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TABLE 12. Migratory aptitudes= in the decomposition of tertiary alkyl 
azidcs"". : 

Ph/Meb Ar/MeC Ar/Phe PhCH,CH2/Mef 

Thermal 1-9 1.9 1.1 ,P 

Photochemical 0.75 0.69 0.44 0.89 

a Corrected for statistical prcfercnce. 
From 2-phcnyl-2-propyl azidcB0. 
Ar = 2-biphenylyl, from 1 -biphenyl-2-yl-1 -methylethyl azidea0. 
Revised, previously reported as 0*438m, and 0.34"". 
Ar = 2-biphenylyl, from biphenyl-2-y1d:'phcnylmcthyl azideB~.OO. 

f From 2-azido-2-mcthy14phaiylbutancBo. 
P No product of 8-phencthyl migration observed, only mcthyl migration. 

centre. For example, only phenyl migration occurred (57-637,) 
when a neophyl radical (325) was produced from the aldehyde (324) 
(equation 146) 230. In formolysis of neophyl derivatives (326) (migra- 

M e  hl e 
I (1- Bu 0),  I .  

Ph-C-CH2CHO ,300 Ph-C-CHZ + (146) 
--ti., -CO I 

M e  
I 

M e  
(324) (325) 

PhCH,tMe, a PhCH2CH2Me 

tion to a cationic centre), phenyl/methyl migratory ratios were close to 
1000: 1 or greater, depending on the leaving group X (equation 
147) 231. Nitrous acid deamination of 3-phenyl-2-butylamine (327) 

8 -  
M e  M e  X 

h e  

I \ . . .  
Ph-F-CH2X + Me-C-CH, . .  --+ product (147) . .  . .  

. ,  
(326) 

led to appreciable amounts of methyl and hydrogen migration in 
addition to phenyl migration, depending on which diastereoisomer 
was used232. For example, the (+)- threo isomer (327) gave 32y0 
methyl (328), 24% phenyl (329) and 24% hydrogen (330) migration 
(equation 148). In contrast, 6% methyl, 68% phenyl and 20y0 
hydrogen migration was observed with the erythro isomer. The results 
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Ph OAc OAc OAc 
I I I 

~~~~ p. Me,CHCHPh -t- MePhCHCHMe + MeCHzCPhMe 

M e  H (328) (329) (330) 
H$ M e  (148) 

(327 

were in agreement with migration to a little-solvated, high energy, 
very short-lived open carbonium ion, in which the ground state con- 
formations greatly influenced the product distribution (Hammond 
postulate)233. I t  has been found that 1,Z-alkyl migrations are pre- 
ferred in the oxygen diradicals (332) generated thermally from j3- 
peroxylactones (331) 234-336. I t  was felt that the rearrangement was 

.... -co, 
Re-. .I ......... 

/-----O** Ph 

synchronous with elimination of carbon dioxide, and that a ‘push- 
pull’ mechanism was operative, in which the p-scission and carbonyl 
formation were as important as the ‘pulling’ action of the leaving 
carbon dioxide 235. Preferred conformations probably play an im- 
portant role in determining migratory aptitudes here as 
Finally, it has been found that the phenyl to methyl migratory ratio 
was about 10 to 1 in the thermal decomposition of l-diazo-2-methyl-2- 
phenylpropane (333) (equation 150) 237. 

M e  
A ’  

PhCH=CMe, + MeCH=CMePh +other products 
I 

Ph-C-CH=N, -N,r 
I (150) M e  

(333) 

In  the light of the above discussion, it seems ciear that if an assisted 
elimination of nitrogen were occurring i~ the thermolysis of tertiary 
alkyl azide, the preference for aryl group migration would be much 
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greater than is actually observed, by analogy with solvolyses 231. 

Thus, in the thermolysis of alkyl azides, the migratory aptitud.es are 
best rationalized in terms of a highly electrophilic singlet nitrene (334), 
which is then stabilized by migration of one of the groups on the a- 
carbon to the nitrogen. 

R R 
I 

R2 

+ R’-C!--N + products (151) Rl-P-N 
I 
RZ 

(334) 

The situation as regards the photolysis of alkyl azides does not 
appear to be as straightforward. Evidence has been presented that 
triplet sensitized decomposition of p-X-phenyldiphenylmethyl azides 
led to migratory aptitudes close to unity238, that were similar but not 
identical with those obtained in the direct photolysesg9 (Table 13). 
It was concluded, therefore, that direct photolysis involved triplet 
azide, and because OC the lack of stlectivity in the subsequent migra- 
tions, probably a triplet nitrene. There exists some doubt, however, 
as to whether or not the triplet azide was indeed formed in the sen- 
sitized photolyses (Table 13), since some of the sensitizers used (tri- 

T 

TABLE 13. Migratory aptitudesC Ar/Ph in the direct and triphenylene sen- 
sitized photolysis of fi-XCsH4(C8HS)2CN3 

X in fl-XCGH4 Direct photolysisb Sensitized photc1y:is’ 

1-03 
1-26 
- 

1.16 

1-07 
0.97 
0.89 
1 - 1  1 
1.08 

Corrected for statistical preference. 
He-xane solvent, room temperaturce”. 
Hcxanccthcr (9: 1, v/v). 
Average of two values from different amounts of convcrsionseo. 
‘ Benzene solvent, triphenylcnc s c n s i t i z ~ r ~ ~ ~ .  

phenylene, naphthalene and pyrene) and assumed to give rise to trip- 
let energy transfer have recently been used as singlet sensitizers in the 
photolysis of aryl 239*240 and alkyl azides2’l. Sensitizers which un- 
doubtedly give rise to triplet energy transfer (e.g. benzophenone, aceto- 
phenone, cyclopropyl phenyl ketone) do lead to decomposition of 
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ally1 azides, but have not been used in the determination of migration 
aptitudes 238*242. Thus, there is at present no information concerning 
migratory aptitudes derived from ucambiguously triplet sensitized 
decompositions of alkyl azides. 

In  a later paper, Lewis and SaundersZz9 observed that triplet 
quenchers (k-piperylene, oxygen) failed to affect the course of the 
direct photolysis of akyl  azides, from which it was concluded that the 
photolysis proceeded tia a singlet azide and singlet nitrene. This was 
further supported by the observation that hexyl azide acted as an 
efficient quencher of aromatic hydrocarbon fluorescence, and that 
this singlet sensitization of hexyl azide led to the decomposition of the 
azide with an efficiency similar to that of direct photolysis241. Thus, 
although triplet sensitization leads to decomposition of alkyl azides, it 
appears that direct photolysis proceeds by way of an excited singlet 
azide without intersystem crcssing to the triplet. 

Evidence has been presented to show that both triplet242 and sing- 
let 0,41 sensitization could result from a non-classical energy transfer, 
perhaps through a vertical excitation of a vibrationally excited (bent) 
azide ground state. Using the technique of sensitization, it was 
estimated that the lowest alkyl azide triplet energy lies at 77-78 
kcal/mole 242, and the first excited singlet energy at  91-92 kcal/molez41. 
The latter is in agreement with the ultraviolet absorption spectrum of 
alkyl azides which is quite broad and has a maximum corresponding in 
energy to 99 k c a l / r n ~ l e ~ ~ ~ .  

I t  seems reasonable to assume that the initial absorption of a photon 
of light leads to an electronically excited singlet azide ($35) which, a 
p i o t i ,  may react in several ways. I t  could decompose in a concerted 
or stepwise process to give product; alternatively, it  might undergo 
intersystem crossing (ISC) to the triplet species (336) (equation i52). 
This could then decompose to product, again in a concerted or a step- 

R3CNJ R3CN3’ 2- products 

(335) \ .. / 
R3CN: 
(337) 

ISC 1 ISC 4 I sc 

+/;;::*\ 
products 

R3CN: I 
(336) 
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wise process. In  the presence of a triplet sensitizer, triplet azide (336) 
would be produced directly. It is also possible that in the stepwise 
process intersystem crossing of the nitrenes (337) and (338) might 
occur, but the conversicn 338 + 337 would be rather unlikely. 

The photolytic migratoiy aptitudes (Tables 11 and 12 and Moriarity 
and Reardon’s 228 unpublished results) are difficult to rationalize on 
the basis of a nhene  intermediate (337 or 338). The possibility was 
considered that, if a nitrene were formed, migration could occur at 2 
diffusion-controlled rate i.e. v cc M-l12, where v = velocity of migra- 
tion and 14 = molecular weight of the migrating group. While this 
would explain the observed 2-biphenyllmethyl migratory ratio, no 
correlation was found between the observed and calculated migratory 
ratios in the other cases. Since the nitrene nitrogen is cylindrically 
symmetrical, whether it is in the singlet or triplet state, no steric 
preference for migration would be expected. Certainly there appears 
to be little evidence of intrainolecular acceleration by an aryl group 
(vide mjm.~), since methyl migration is preferred relative to phenyl and 
2-biphenylyl migration in the photolyses studied so far. 

Moriarity228 has suggested that ground state conformation is im- 
portant in determining migratory aptitudes in alkyl azide photolysis. 
We can extend this concept to develop a theory to explain the results 
obtained so farg0. It is first necessary to consider the likely non- 
bonded interactions involved in the various possible conformations of 
the ground state ofalkyl azides. The structure of methyl azide has 
been determined to be as in 339244. The a-nitrogen atom is con- 
sidered to be sp2 hybridized, with two of the sp2 hybrid orbitals forming 
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(339) (340) (341) 

CJ bonds with the carbon atom and /3-nitrogen atom, and the third con- 
taining the non-bonded lone pair ($2) (vide infro). The remaining py 
orbital is perpendicular to the plane containing the sp2 orbita!s, and is 
occupied formally by one electron (some overlap may occur with the 
rg orbital on NA-Nc)243. Consider the example of 2-phenyl-2- 
propyl azide. The distance between the methyl carbon and the p -  
nitrogen atoms in one of the eclipsed forins (340) can be estimated to 
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be about 2-7 A (assuming normal bond lcngths and angles). In  
comparison, the distance between the methyl carbon atoms in the 
eclipsed form of butane (341) is estimated to be 2-54A. Thus, 
although the C-N,-N, is greater than the C,-C,-C, angle in 
butane, the C-N, bond is shorter than a C-C bond, so that the 
Me-N, distance is still quite short, and appreciable non-?xE.ded 
interac~ons might be expected in the ground state. It is further 
assumed that an N,-Ph interaction would be greater than an 
N,-Me repulsion, and that these in turn are greater than the cor- 
responding interactions between these substituents and the N, lone 
pair (sf:). On that basis, the Newman projections 342345 of some 
of the possible conformations of the ground state of 2-phenyl-2- 
propyl azide indicate that conformations 342 and 343 should be lower 
in energy than those in which the large phenyl group is closer to the 
N, group (344 and 345), with the ske-v (343) possibly the more stable 
of the two. 

(343) (344) (345) 

In  contrast to thermolysis, photolysis leads to an electronically 
excited state in which the a-nitrogen atom is probably electron- 
deficient. Clossen and Gray 24s have described the electronic tran- 
sition normally involved in photolysis (287 nm) as a 7ry 3 7 r z  transition 
[346 4 3471 (equation 153). This would leave the f y  orbital on the 

SPZ P, 

:::::: - + . . . . . . . 
N-N-N (153) 

L6m N-N-N 

R’0::::QSiO R’ 

a-nitrogen atom electron-deficient. Although the situation is not 
completely analogous, molecular orbital calculation on phenyl azide 
do show that in both the mr* and ti# excited states, the a-nitrogen 
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atom is electron deficient relative to the ground state245. In  the 
rryr: state, a concerted rearrangement and elimination of nitrogen 
could occur leading to an excited-state imine (348). One consequence 
of this is that a concerted migration-elimination would not involve a 
backside (tram) attack (which would require migration to a filled sp2 
orbital), but rather the migrating group and departing nitrogen mol- 
ecule would be in mutually perpendicular planes (equation 154). 
Thus, die relevant orbitals at the migration origin and the py orbital 
(migration terminus) would be coplanar. If one assumcs the Franck- 
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(& L 

(348) . 

d 

S 
\ 

C=N-M 
/ 

L 
( 154) 

Condon principle to hold in the photolysis of alkyl azides and con- 
siders the example of 2-phenyl-2-propyl azide, the two largest groups 
on the tertiary carbon and a-gitrogen atom (Ph and N,) are most 
likely to be traits to each other in the ground state (342) or nearly so 
(343). O n  this basis, the group most likely to migrate in the photo- 
excited state would be the methyl. 

An examination of the migratory ratios presented in Table 12 
indicates that steric effects are important in migratory aptitudes in 
photochemical decompositions. In  every case, the above theory 
predicted correctly which group would migrate most readily. The 
observations that methyl migration is favoured over phenethyl and 
aryl group (phenyl and 2-biphenylyl) migration, and that a 2-bi- 
phenylyl group migrates less readily than phenyl are thus accounted 
for. Saunders and co-workers 99*229 favoured a nitrene mechanism 
since they observed almost no effects due to apara-substituent in the 
photolysis of triarylmethyl azides. They argued that since these 
effects were minimal, migration must be occurring to a highly re- 
active centre, i.e. a nitrene. These observations could also be fitted 
into the above concerted mechanism since a para-substituent would not 
exert any steric effect and all stable conformations should have about 
t5.d same energies. Being cylindrically symmetrical, a nitrene should 
not lead to the observed selectivity (Table 12). Finally, the above 
theory accounts quite nicely for the observations that aromatic sub- 
stitution, aliphatic CLH insertion, and hydrogen abstraction have not 
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been unambiguously shown to take place in the photolysis of alkyl 

The concerted niechanism may also explain why attempts to observe 
triplet alkylnitrenes by direct irradiation of alkyl azides (e.g. n-PrN,, 
2-0ctN3 and C,H11N3) at 77°K were unsuccessful, although weak 
signals were observed at 4°1<1320246. Perhaps a t  77°K a concerted 
decompGsition occurs in which no nitrene is formed on expulsion of 
nitrogen, but at 4°K there may be insufficient molecular bcnding 
motion to permit migration. The singlet azide could then undergo 
intersystem crossing to the triplet azide and then the triplet nitrene. 
Triplet sensitized (benzophenone) photolysis of alkyl mono- and 
diazides (vide inza)  did give the triplet nitrenes at  77"K, which were 
stable for days a t  this temperature246. 

Very recently, evidence has been presented to show that photolysis 
of a highly fluorinated alkyl azide, 2H-hexafluoropropyl azide, can 
lead to a nitrene. In  cyclohexane, cyclohexene or methylcyclohexane 
the insertion products were formed. 

I n  contrast to thermolysis, photolysis of tertiary alkyl azides leads 
only to very small amounts of hydrocarbon products (C-N 
fission) 89*90. For example, irradiation of 2-phenyl-2-propyl azide 
(341) gave a-methylstyrene in 1 *5y0 yield Lewis and Saunders loo 
obtained evidence that photolysis of triphenylmethyl azide (349) 
led to the formation of some triphenylmethyl radicals (350). Using 

azides 89 0 90,228. 

P h 3 C * +  N j  __f 

+ -  h v *  Ph3C-N=N=N* 

(349) (350)  (155) 
+ -  

P h3C-N ==N=N* + Ph,CN-N+=&=N 

N' stands for 15N 

15N-lzbelled 349 the e.s.r. spectrum of 350 was observed and, from 
the amount of 15N-scrambling, it was estimated that C-N fission 
occurred to the extent of about 21y0. 

Photolysis of gem-alkyldiazides has been s t ~ d i e d ~ ~ , - ~ ~ ~ .  E.s.r. 
experiments at 77°K showed that photosensitized decomposition of 
351 gave a triplet nitrene (352)246. Prolonged irradiation gave the 
carbene (853). The results of direct photolysis of 351 at room 

P h  N 3  A. P h  P h  Ph 
\ 

C = N 2  
\ 

/ 
+ \ /" " - h v  

P h  P h  N3 N 3  P h  P h  
/c\ 

C 
/ \  

(351) (351)  (353)  

I I + C.A.G. 
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temperature illustrate the danger of comparing photosensitized to 
direct photolyses on the one hand, and low temperature solid matrix 
studies to ambient temperature solution studies on the other. I t  was 
found that 351 gave three products: 354,355 and 356 on direct photo- 
lysis in benzene (equation 157) 248. No products derived from di- 
phenylcarbene (353) were observed. 

Ph Ph 

C=N __f (PhN=C=NPh), 
\ 

/ \ 
- N >  + C=N 

\ 

/ \ 
351 b 

Ph P h  N N3 
(356) 

1 1 (157) 

(354) 
k 

(355) 

B. Aryl h ides  

Photolysis of phenyl and o- trifluoromethylphenyl azide in solid 
matrices led to the triplet nitrene as detected by e.s.r. 130. The actual 
processes involved in aromatic azide photolyses have been the subject 
of much study85*245*249-251. The electronic spectra of the nitrenes 
were measured by photolysis of a number of aryl azides in organic 
matrices at 77°K249. These species were stable indefinitely at this 
temperature, no change being observed in the spectra for hours. The 
photolysis of diazides at 77"K, whether conjugated (e.g. p-diazido- 
benzene) or not [e.g. bis(p-azidopheny1)methanel proceeded in two 
distinct steps to the dinitrene. The second step was about two to 
three times as efficient as the first (+2/+1 N 2-3) 250. 

Diazide 2: * azidonitrene 2 + dini t rene (158) 

In  order to determine whether the photolysis of aryl azides in solid 
matrices at 77°K and the solution phase photolysis at 25" involved the 
same processes, a series of eight substituted aryl azides were studied 
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under both sets of conditions. The quantum yields ranged from 
0.37 to 1-00 for the various azides; and it was found that without 
exception the quantum yields obtained from solid matrix and solution 
photoiyses were identical within experimental error 245. For example, 
3-azidobiphenyl in hexane at 25°C gave a quantum yield of 0.37 f 
0.05 and of 0.36 +_ 0.05 in methylcyclohexane isopentane at 77°K. 

Aromatic azide photolytk decomposition is thought to be a special 
case of the more general process known as aromatic side chain photo- 
l y ~ i s ~ ~ ~ .  The excited states are those of the parent hydrocarbon and 
are not due to an electronic transition in the azido group but rather are 
T +- 7r* in the aromatic nucleus. In  addrtion there is a low intensity 
long wavelength band due to transition of a non-bonding electron 
localized on nitrogen to a 7r* orbital. Reiser and Marley245 felt that 
the best explanation of the phoiolysis was that an absorption in the 
main band in the aromatic azicle populates a mr* excited singlet state 
in a vibrational level not sufficient to induce bond dissociation. The 
excited molecule would then undergo rapid internal conversion to 
lower excited states and finally to a vibrationally excited ground state 
in which transmission of vibrational momentum and energy from the 
aromatic skeleton to the azide side chain would lead to dissociation 
of the N-N bond to give the nitrene. 

One of the problems that has received some attention concerns the 
nature of the electronic state of the nitrene produced on photolysis. 
Reiser and co-workers 245 approached this question by comparing 
the photolysis of 2-azidobiphenyl (356) in a solid matrix and in 
solution. I t  was found that photolysis gave the nitrene (357) as 
identified by its electronic absorption spectrum, and that the reaction 
could be followed by ultraviolet spectroscopy, monitoring azide dis- 
appearance, nitrene appearance and disappearance, and finally, the 
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appearance of carbazole (358). I t  was necessary to irradiate 357 jn 
order to obtain the spectrum of 358. In ethanol a t  25" the quantum 
yield for nitrene formation was 0.44 & 0.02, using the quantum yield of 
carbazole as a monitor, as compared with a quanium yield of 0.43 
0.05 in a solid matrix at 77°K. Thus, it appeared that the same inter- 
mediate was involved at  both temperatures. The question was still 
unanswered, however, as to whether the intermediate was a singlet or 
a triplet. E.s.r. evidence showed the ground state to be the triplet 130, 

but the fact still remained that the nitrene had to be irradiated to form 
358. The quantum yield for the second step was low (0.01-0.02). 
One possible interpretation was that a ground state triplet nitrene was 
bcing excited to a higher triplet state which, by internal conversion, 
could supply additional energy in a particular vibrational mode 
required for cyclization. This would complete with rapid redistri- 
bution of energy within the molecule, and hence cause a low quantum 
yield. I t  was pointed out, however, that an excited singlet nitrene 
could be populated via the excited triplet, and this could give rise to 
the cyclization. The work of Swenton an? co-workers 239*240-252 

throws much light on this subject. Direct photolysis of 2-azidobi- 
phenyl (356) in benzene gives rise to carbazole (358) and the cor- 
responding azo compound (359) in yields of 68-71y0 and 8--11yo, 
respectively 239. Triplet sensitizers (acetophenone, benzophenone) 

R. A. Abramovitch and E. P. Kyba 

356 -&+ 358 + ArN=NAr 

Ar = 2-biphenylyl 
(359) 

drastically reduced the yield of 358 ( < 2y0) and increased the yield of 
359 (ca. 40%). On the other hand, singlet sensitizers such as tri- 
phenylene and naphthalene gave about the same product distribution 
as direct irradiation. With pyrene as the sensitizer rarbazole was 
formed in 95y0 yield and the azo compound in less than 1%. This 
marked decrease in yield of 359 and increase in 358 could be evidence 
that the production of triplet nitrene occurs by way of the triplet azide 
and not from the singlet nitiene by intersystem crossing. Ground state 
pyrene is acting as a quencher to azo compound formation (i.e. a 
triplet qumcher), as well as a singlet sensitizer240. To explain the 
increased production of carbazole and decreased azo compound pro- 
duction one can postulate that the triplet nitrene (To) arises pre- 
dominantly via pathway a (equation 161) so that this route couId be 
blocked by a triplet q u e n ~ h e r ~ ~ ~ .  If the triplet nitrene were formed 
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A z i d e  (So)  * Azide  (S,) 8, Az ide  (To) .I- N* - Nz/ d (161) 

Ni t rene  ( S o )  Ni t rene  (To) 

by pathway b, c, a triplet quencher would not have the effect of re- 
cycling azide to the singlet nitrene, and thus increasing the yield of 
carbazole. The evidence thus indicates that photolysis of aryl azides 
leads to aryl nitrenes; the singlct species is responsible for aromatic 
substitution (cyclization) and the triplet gives rise to azo compounds. 

By using flash photolysis, in which the rates of disappearance ofnitrene 
and formation of product were followed by ultraviolet spectroscopy, 
the rates of three basic processes involved in aryl azide photolyses 
were measureda5. It was found that flash photolysis of l-azido- 
naphthalene with high intensity light (with which high concentrations 
of nitrenes could be realized) gave high yields of 1 ,l’-azonaphthalene 
(dimerization or reaction of nitrene with unreacted azide) at  a diffu- 
sion-controlled rate. When 1-azidoanthracene was photolysed with a 
flash of reduced intensity such that about 5y0 nitrene appeared, it was 
found that 10% of the azide had disappeared by the end of the 2rocess. 
This must mean that the azide was being consumed by the nitrene to 
give the azo compound and nitrogen. It was calculated that &is 
bimolecular process also occurs at  a diffusion-controlled rate. Flash 
photolysis of 4,4‘-diazidobiphenyl in ethanol gave an absolute bimo- 
lecular rate constmt for hydrogen abstraction, k2 = 1-3 x 1 
mole-1 sec-l, referred to the concentration of secondary C-H bonds 
in the reaction mixture. No evidence was presented, however, that 
the nitrene was indeed reacting with the secondary G H  and not the 

Photolysis of 4-phenyl- and Pmethoxyphenyl azides gave good 
yields of azo compounds, whereas phenyl, 4-nitrophenyl and 
4-chlorophenyl azide gave undefined products 253. Photolysis of 
4-methoxyphenyl azide in benzene gave only 18% yield of azo com- 
pound (4-azidobiphenyl gave 81”J,), but in solvents such as tetra- 
hydrofuran and methylsulphide, the yields of the azo compound were 
S0-9070. It was felt that complexing of the nitrene with solvent lone 
pairs of electrons stabilized this species and enhanced the probability 
of azo compound formation 253. 

The photolysis of substituted phenyl azides in the presence of nucleo- 
philes has been studied. Irradiation of phenyl azide in diethylamine 
resulted in a 34y0 yield of 2-diethylamino-3H-azepine (360), whereas 

o-we5. 
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in liquid ammonia, the corresponding amxfioazepine (25y0) was 
formed, and in the presence of aniline in triethylamine the anilino- 
azepine (154, 2y0) 'dibenzamil' Io4, (see section III.B.2) was obtained. 
These products arose via intermediate 361, which could also be 
trapped with hydrogen sulphide, albeit in low yields (5'73, to give 
1,2-dihydr0-2-thienoketo-3i-l-azepine (362) lo6. Similar results were 

(360) (361) (362) 

reported for p-methoxy- and p-chlorophenyl a z i d e ~ ~ ~ ~ .  On  the other 
hand, photolysis of p-cyanophenyl azide (363) in dimethylamine gave 
a 70y0 yield of l,I-dimethyl-2-f4.-cyanophenyl) hydrazine (364) and 
p-cyanoaniline (365) (5y0) 254. When a triplet sensitizer (xanthen-9- 

p-CNC6H4N3 ,,",y,, * p-CNCsH4NHNMe2 f p-CNCsH4NH2 (163) 

(363) (364) (365) 

one) was used the relative product yields were reversed. Thus, it 
may be inferred that the skglet nitrenc gives 354 and the triplet 365. 
It was felt that two factors might enhance an intermolecular mute at 
the expense of the intramolecular (azepine) pathway; the cyano group 
could decrease the rate of singlet nitrene ring closure to the cyano 
derivative of 361 ; also, because of the increase in e1ectrophilic charac- 
ter of the nitrene, the rate of reaction of nitrene with amine could be 
increased. 

Photolysis of 2,2'-diazidobiphenyl (366) in n-heptane led to traces 
of benzo[c]cinnoline (368) and 4azidocarbazole (369) (!joy0) 255. 
It was concluded that the G-H bond in the 0'-position was a better 
nitrenophile than the azido group in the same position. This is 
interesting in light of the observationa5 that combination of a nitrene 
and an azido group occurs at diffusion controlled rates. A possible 
explanation is that the nitrene (367) is formed in the singlet state, 
whereas azo compound formation is due to the triplet nitrene. I t  
would be of interesi to determine whether a triplet sensitizer would 
increase the yields of 368. 

Ferrocenyl azide (370) has been photolysed in various solvents in the 
presence and absence of ~ x y g e n l " ~ . ~ ~ ~ .  The results show that two 
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+ 

processes are involved in the photolysis (and thermolysis, see section 
III.B.6) of this azide: the major pathway involves N-N cleavage to 
give the nitrene (372) ; the minor process gives rise to C-N clezvage 

FcN, *Y_",',/ t Fc- SH + FcH + FcS 
(3701 (37 1) 

F c N  SH * FcNH,+ FcNHS ( 165) 
(372) \ 

Fc  = Ferrocenyl 
SH = Solvent 

to give ferrocenyl (371) and azide radicals (equation 165). Table 14 
summarizes the results of the decomposition of 370 in benzene, cyclo- 
hexane and cyclohexene in the presence and absence of oxygen266. 
Of particular interest is the formation of nitroferrocene (ca. 21y0) 
when 370 was photolysed in the presence of oxygen either in benzene 
or in cyclohexane. This product is, presumably, the result of the 
reaction of 372 (in the triplet state) with oxygen, but could conceivably 
arise also from triplet azide and oxygen followed by loss of nitrogen. 
Ferrocenyl amine does not give nitroferrocene under these conditions. 
This is probably the best preparation available for nitroferrocene 266. 

Photolysis of 4-azidopyridine- 1 -oxide in acetone under nitrogen 
gave a 37y0 yield of 4,4'-azopyridine-l,l'-dioxide. When the 
photolysis was carried out in the presence of oxygen 4,4'-azoxypyri- 
dine-1,l'-dioxide was obtained in 27y0 yield. 
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TABLE 14. 
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Decomposition offerrocenyl azide in various solvents in thc presence 
and absence of oxygen25s 

FcN 
Solvent A or hv =NFc FcNHz FcNOz FcPh FcH FcNHSa 

.- 

A 17-8 16.9 - 1.9 13.6 - - CeMo 
h 11 16.4 16.1 - 2.8 34.9 - - 
A 3.5 - 4- 1 - 3-4 C,H0/02 

- - 7.3 G H i z  A 20.5 - 
- - 9.0 hv 42-2 - 

A 5.4 - 9.4 - Trace - - CIHl2/02 
hv 6-2 - 21-2 - 3.3 

CoHio A 4.0 35.2 - - 1.4 2.4 4.8 
hv 6-2 8.2 - - 4.4 2.9 4-4 

CeHioPz A 2.7 - 1.3 - Trace 1.3 1 a 9  

hv 4.8 - 8-2 - Trace 2.2 3.4 

- - 
- - hv 4.5 - 21-2 - 4.8 
- - 
- - 

- - 

a S=CeHe, aUylic insertion. 

A study of the effect of temperature on direct and sensitized 
photolysis of o-propylphenyl azide (373) was carried out 257. Direct 
photolysis of 373 in i-octane at room temperature gave 2-methyl- 
2,3-dihydroindole (374) in trace quantities along with several other 
products. When xanthen-9-one was used as a triplet sensitizer a t  
room temperature, 374 was obtained in 36y0 yield. When 873 was 
photolysed directly at 99", however, 374 was obtained in 49y0 yield 

i-t:an: + mMe H + other  products (166) 

I N3 

(373) 
A 

(374) 

but triplet sensitization at this temperature gave only 3 ~ 9 7 ~  of 374. 
Thus, it appears that at room temperature, the triplet nitrene is 
involved in intramolecular alkyl C-H insertion, whereas at 99" the 
singlet is responsible for cyclization. 

C. SuZghonyl h i d e s  

Unlike the photolysis of alkyl and aryl azides, photolytic decomposi- 
tion of sulphonyl azides in solvents such as cyclohexane, cyclohexene, 
benzyl alcohol, pyridine and thiophene gives insoluble polymeric 
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materials 181*268*259. For example, irradiation of methanesulphonyl 
azide in benzene gave a ycllow ailiorpllous material which did not 
melt below 290" and formed a gum with boiling When 
deposition of polymer on the sides of the quartz flask was prevented, a 
very small amount of nitreiie was formed which rezcted with the 
benzene. 

Photdysis of sulphonyl azides in the presence of nucleophilic trap- 
ping agents such as dimethyl sulphoxide or dimethyl sulphide gave 
imine derivatives. For example, irradiation of p-toluenesulphonyl 
azide in dimethyl sulphide gave a 54y0 yield of N-(p-toluenesulphonyl) 
dimethylsulphimine (375) 181. The use of dimethyl sulphoxide 
resulted in lower yields of the trapped nitrene (377) (13-32%), and 

p-MeC6H4S02N, + Me,S *+ p-MeCsH4S02N=SMe2 (167) 
(375) 

a concerted mechanism, perhaps involving an intermediate such as 
376 cannot be ruled out. It is probable that a nitrene was involved in 
the formation of 375. 

0 
II N 

' %N *" : RSO,N=SMe, (168) RS02N, + Me,SO .-+ RS02N -- N2 \ I  (377) 
Me2S -0 

(376) 

Photolysis of p-toluenesulphonyl azide in methanol gave, as the 
main product, N- (p-toluenesulphonyl) -0-methylhydroxylamine (378) 
(44%) le1. Irradiation of benzenesulphonyl azide in methanol gave 

p - Me C6 H 4 S 0 2 N 3 - & & ~ i  p - M e C6 H 4 S 0 2 N I-! 0 M e ( 169) 
(378) - N2 

a product (380) (28y0) which corresponded to a Curtius rearrangement 
of the starting azide, in addition to the hydroxylamine derivative 
(379) and benzenesulphonamide 260. (Five other minor products 

PhSO2N3 d!&* PhS02NH2 + PhS0,NHOMe + PhNHS0,Ohrle (170) 
(379) (380) 

were obtained). 
was important and a free nitrene might not be involved. 

- N, 

I t  was felt that hydrogen-bonding with the solvent 
An inter- 

11. 
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mediate or transition state such as 381 was proposed. Although 
Homer and Chrisimannlel did not report any rearrangement in the 
study of p-toluenesulphonyl azide, no search was made for this 
product 25Q. 

R. A. Abramovitch and E. P. Kyba 

J- 

H/oMe .HOMe 
0'' 
\ 

S=NPh +380 (171) -N, + 
N2 *--O';: S-N ..... 

c? o" **;i v; PhS02N3 M%H * 
Ph 

(381) 

Direct or sensitized photolysis of methanesulphonyl azide in iso- 
propanol gave high yields of methanesulphonamide, acetone and 
nitrogen 261. Direct photolysis showed a marked induction period 

hv 
MeSO,N, Me,CHOH * MeS02NHz f Me,CO + N2 (172) 

which could be completely eliminated by the addition of a small 
amount of acetone to the reaction mixture. The average quantum 
yield over the initial 20y0 of the reaction ranged from 20 to 75 and the 
values calculated from the instantaneous rate at 20y0 completion 
ranged from 110 to 150. A radical chain mechanism which is 
accelerated by triplet sensitization was proposed. The marked 
induction period in direct photolysis was due to the initial lack of 
sensitizer (acetone). The benzophenone-sensitized reaction prob- 
ably had two propagation sequences one of which involved benzo- 
phenone and hence was absent in the direct photolysis. 

In  contrast to the problems encountered on photolysis of alkyl 
and arylsulphonyl azides, it has been found that ferrocenylsulphonyl 
azide (382) is decomposed smoothly by 350 nm light in cyclohexane 
or benzene to give ferrocene, ferrocenylsulphonamide (383) and the 

( o t . . 2 N 3  

\---, 
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bridged [2]-ferrocenophanethiazine- 1 , 1 -dioxide (384) 262. The yield 
of 384 varied with the natnrc of the solvent, being 67y0 in benzene, 
13.3% in cyclohexane arid 0% in dimethyl sulphoxide or dimethyl 
sulphoxide-benzene 263. The cyclization appeared to be a singlet 
reaction since the yield of bridged product (384) in benzene was 
essentially unaffected by oxygen or hydroquinones 2G3. 

VI. TRANSIT10 N METAL-CATALYSED DECQ MPOSlTlO N S  

A. Alkyl h i d e s  

The decomposition of methyl azide in the presence of di-iron nona- 
carbonyl has been described briefly2G4. The principal product of this 
decomposition was the complex (385), in addition to a 20”7, yield of 

MeN3 + Fe,(CO)S + M e  
\ 1 ,Me 

(CO)JFe.-...Fe(CO)3 /” (174) 

a stable, volatile solid, which was identified as a metal-stabilized tetra- 
zadiene (386). Numerous other minor products were obtained. 

B. Aryl Azides 

Phenyl azide and di-iron nonacarbonyl react rapidly in benzene 
at room temperature264 (as compared with thermolysis of PhN, 
alone which occurs at temperatures of 140-17Oo4). The principal 
product was the orange phenyl nitrene-complex (387) which decom- 
posed spontaneously in solution to give the urea-based complex (388). 
Also obtained in low yield was the orange complex (389). The yield of 
azobenzene was reported to be negligible. On the other hand, when 
the decomposition was carried out in benzene under reflux in the 
presence of Fe3(CO),,, a significant amount of azobenzene was 
found 264. 

Campbell and Rees 265 investigated the possibility of metal-cata- 
lysed decomposition of aryl azides being a useful method for cycliza- 
tions. It was found that although decomposition takes place readily 
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0 
.1 (175) 

under very mild conditions (benzene solution at 20" in the dark), a 
variety of products were obtained. When 2-azidobiphenyl was de- 
composed in the presence of di-iron nonacarbonyl, carbazole (389) 
was formed in only 1% yield. Other products were N,N'-bis(2- 
biphenyly1)urea (390) (3473, 2-aminobiphenyl (391) (10%) and the 
dimeric arylnitrene bis( tricarbonyl) iron romplex (392) (5y0). It 
was concluded that although the decomposition of aryl azides is 

N3 

Ar = 2-biphenylyl 

+ (ArNH),CO + 
(390) 

(176) 
v 

Ar Ar 
\ / 

I 
H 

(389) ArNH2 + 

markedly catalysed by di-iron nonacarbonyl, the reactions are com- 
plex and do not offer an attractive alternative route to nitrene cycli- 
zation products. 

The decomposition of Z-azido-4,6-dimethylpyrimidine (186) (in 
equilibrium with the tetrazolo compound 185) in the presence of 
copper acelylacetonate in cyclohexane at 140" gave the hydrogen 
abstraction product (187) (46%) and L H  insertion product (188) 
(8~57~) 288. The same products were obtained in essentially the same 
yields by thermolysis of 186 at 185"140, (see section III.B.5). I t  was 
felt that the reaction proceeded via a copper-nitrene complex. The 
copper-catalysed decomposition of 186 and also 2-azidopyridine (in 
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- G H I a  ~ 

Cu(acac)l,-N, 

Me N3 

(185) (W 

I 
N 

I N= 

319 

(177) 

Me J$x (187) NH2 + Me dl (188) NHCBHII 

equilibrium with the corresponding tetrazolo tautomer) was investi- 
gated in the presence of various other substrates266. For example 
186 gave a mixture of the trans- (393) and cis-aziridine (394) in yields 
of 40% and 3yOy respectively, with trans-stilbene at 120". The same 
products were obtained at 160" without copper via the triazoline inter- 
mediate. When 2-pyridyl azide (396) was heated in the presence of 

186 i- 7 LPh 8 120' hr. Cu ~ Ph A-/ph N -k '&Ih N (178) 

t 
Ar 

I Ph 

Ar 

(393) (394) 

copper powder with benzonitrile at 120", 2-phenyl-s-triazolo[1,5-a]- 
pyridine (398) was obtained in 62y0 yield, the nitrenoid species (397) 
behaving as a 1,3-dipole. 
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C. Sulphonyl Azides 

Decomposition of benzenesulphonyl azide in the presence of freshly 
reduced copper in boiling methanol gave a quantitative yield of nitro- 
gen, together with benzenesulphonamide (ca. 807') and minor 
amounts of niethylene bis(benzenesu1phonamide) (400) and 1,3,5- 
tris(benzenesuIphony1) hexahydro-s-triazine (401) 267. The latter two 

R. A. Abramovitch and E. P. Kyba 

cu 
PhS02N, Cu L-- NS0,Ph Cu" ... -NSO2Ph 

(3991 

aQ9 Cuo + PhS02NHz + H,CO 

SO2Ph 

I 
(PhSOzNH)2CHZ --r- + i"1 

SOzPh 
(400) /N--N\ 

PhS02 

apparently arose from condensation of benzenesulphonamide with 
formaldehyde formed by dehydrogenation of methanol. It was felt 
that the reaction proceeded by way of a copper-nitrene complex (399). 
When the reaction was carried out in the presence of a slight excess of 
dimethyl sulphoxide, a fourfold increase in the rate of nitrogen evolu- 
tion was observed, and the only product obtained was N-benzene- 
sulphonylsulphoximine (404) (97%). The rate acceleration was 

0 
II 

Me,S=NSO,Ph (181) 
\ 

(404) 

.O-ii -I% * 
N 

DMSO 
PhS02-N ' \N Me,S 

\Cu/ N-N 
I 

(403) 

SOzPh 
(402) 

thought to result from the interaction of dimethyl sulphoxide with the 
copper-azide complex (402) to give the oxathiatriazoline (403) and 
then 404 with loss of nitrogen. 

The copper-catalysed decomposition of benzenesulphonyl azide in 
cyclohexene gave a variety of products (equation 182)288. In  the 
presence of hydroquinone, cyclohexyl azide was not observed. I t  was 
assumed that cyclohexanone came from the hydrolysis of the imine 
(405). The copper-catalysed decomposition of 2-biphenylylsulphony1 
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I 
SOzPh 

1- N, 
(37.5 %) 

(1772 (405) (trace) . (2%) (1 6%) 

azide and methanesulphonyl azide in benzene and cyclohexane solu- 
tion at 80" led to the corresponding sulphonamides (67-82y0) as 
the only products isolated269. The reactions were slow at this tem- 
perature, requiring 3-10 days for about 50y0 completion. 

Decomposition of methanesulphonyl azide in aromatic solvents 
(methyl benzoate or benzotrifluoride), in the presence of transition 
metal compounds (e.g. copper(r1) acetylacetonate, manganese(r1) 
acetylacetonate, di-cobalt octacarbonyl, tri-iron dodecacarbonyl, and 
iron pentacarbonyl) led to a marked decrease in the aromatic sub- 
stitution product compared with thermolysis, and, with the iron 
carbonyls, to an increased yield of methanesulphonamide 155. In  
addition, the aromatic substitution products shifted from mainly 
ortho-substitution with no additives to mainly meta-substitution in 
the presence of the additives mentioned above. 

Sulphonyl azides are decomposed by Fe, (CO) at room temperature 
or by Fe(CO), at 80" in non-polar non-protic solvents such as benzene 
or cyclohexane to give novel stable complexes having the probable 
structure (406) (or the cyclic dimer) in which all the carbonyl groups 
on iron have been displaced lS8. 
A related complex is obtained from methyl 2-azidophenyl sulphone 270. 

The decomposition of various sulphonyl azides using aqueous 
ferious chloride-hydrochloric acid mixtures as catalysts was studied by 
Reagan and Nickon261. When the reaction was carried out in iso- 
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R 0 
\+f 

\ /  

S co 
/ \N/ 

I +  - 
kS\O 

-0 

.CO Fe 

‘N’ p 2 0  

0 R 

O h + /  R 

S 
N 

K,O’ 1 ‘N 
I 

-0-+s 
‘ :Fe)+ R ’ \o 

(406) 

propanol, benzenesulphonamide and acetone yields sometimes ap- 
proached the theoretical values, and the molar ratio of azide consumed 
to ferric chloride formed was typically of the order of 20: 1. The 
reaction rates and nitrogen yields were quite irreproducible, suggesting 
an impurity-sensitive chain mechanism; the possibility of peroxidic 
impurities in the isopropanol was excluded, however. The ferrous 
chloride initiates a chain mechanism by an electron transfer to azide 
to form a radical anion intermediate. Loss of nitrogen and capture of 
a solvent proton would then produce the sulphonimido radical (407), a 
chain propagating species. 

RS02N3 + FeCI, + HCl __f RS0,kH .5 + FeCI, + N2 (183) 

(407) 
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1. lNTWQDUCTlOM 

The azido group possesses all the qualities required to make it an 
excellent starting group for synthesis. It can be easily intraduced into 
aliphatic, aromatic and heterocyclic nuclei, even in the presence of 
various other functional groups. Ths dipolar character and the 
relative instability of the azido group enable it to react in numerous 
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fashions, depending on the structure of the molecule, the reagents and 
the conditions. 

(1) Attacks by electrophilic reagents at the a-nitrogen atom 

The most important reaction types of azides are the following: 

R N 3  + E - R-~-&GN 

k- 
(2) Attacks by nucleophilic reagents at the azide terminus 

RN3 + B: __t R-&N=N-B+ 

(3) 1,3-Dipolar cycloadditions to polarophiles 

(4) Decomposition reactions, resulting in the very highly reactive 
nitrenes 

RNj + R-N + N2 

(5) Reductioiis 

RN3 R--N=N-NH* + RNHz + N z  

The above equatiions show the formation of primary intermediates 
which in most cases react further and can yield a very large variety of 
products. h i d e s  were in fact utilized for the synthesis of most types of 
open-chain and heterocyclic nitrogen-containing organic molecules. 

Although the chemistry of azides has been reviewed several times1-*, 
a first attempt was made in this chapter to arrange azide reactions 
according to products rather than to reaction types or starting 
materials. This seemed preferable in order to classify the synthetic 
applicatiora and to point out the various possibilities. 

I!. fRAMSFORCI/1ATlBN O F  AElDO GROUPS INTO 
OTHER FUNCTIONAL GROUPS 

A. Syntheses of Amines 

I. By reduction of azides 

a. Reduction methob. h i d e s  can be reduced to amines by most 
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reduction methods known. The method of choice generally depends 
on the other functional groups present in the molecule. 

The most cammon method is catalytic hydrogenation. I t  is usually 
performed at low hydrogen pressure, with catalysts such as platinum 
oxide, palladiuin on carbon or Raney nickel. The reaction course 
cannot be followed volumetrically, since hydrogen uptake is balanced 
by nitrogen evolution, and the completion of the hydrogenation can 
only be estimated. In  cases involving selective hydrogenation, how- 
ever, this is sometimes possible, e.g. the hydrogenation of phenacyl 
azide (1) could be either stopped (without pressure drop) at a-amino- 
acetophenone (2) or continued (with pressure drop) to 2-amino-1- 
phenylethanol (3) 

PhCOCHZN3 * PhCOCH2NH2 H2’Pd 5 PhCHCH2NH2 
I 

OH 
(3) 

As yields in the catalytic hydrogenation are usually almost quantita- 
tive and the work-up is very simple, this is the method most widely in 
use. However in certain cases a non-catalytic reduction is preferable. 
A very useful reagent is lithium aluminium hydride (equation 1). 

4 RN3 + LIAIH,, + (RNH),AILi f- 4 N2 

4 (1) 
4 RNHZ 

The reagent reduces all types of azides, yields in monofunctional 
azides being 80-90’%6. Azido ketones yield amino alcohols6 while 
unsaturated azides retain the double bonds, thus reduction of 3- 
azido-4-hydroxy- I-butene (4) gave 3-amino-4-hydroxy-1 -butene (5) 7 .  

CH3CHZC HCHzOH ,H,IPd CH2=CHCHCH20H 
I 
N3 

LiAIH. 

I 
N H2 

(4) CH,=CHC HCH20H 
I 
N H2 
(5) 

Sodium borohydride has been found to be a much less satisfactory 
reagent. Monofunctional aliphatic and aromatic azides were not 
reduced, while azido ketones yielded azido alcohols8. Later work 
showed that phenyl azide can be reduced to aniline by NaF3H4 upon 



6. Azidcs as synthetic starting materials 335 

employment of harsher conditionsD. In  carbohydrates the reduction 
of azides by NaBH, proceeded without difficulty in excellent yields’O. 

Additional reduction methods reported in the literature but seldom 
used include the use of sodium bisulphitell, sodium sulphide12, 
sodium arsenite13, titanous chloride1* tin-hydrochloric acid16 and 
sodium-ethanoP. 

The reaction of aryl azides with two equivalents of sodium in dry 
ether” or liquid ammonia18 yielded the disodio salt of the correspond- 
ing aniline 6. This could be either decomposed by water to the 

-t- N2 
/Na 

ArN, ZNa + ArN 
\ 

(6) Na 

ArNH2- ArN R2 

(Ar = Ph, p-MeC6H4. o-MeCsHo, R = M e ,  C2H5) 
(7) (8 )  

aniline ‘7 or dialkylated with alkyl halides to S1’J8. A series of azido 
sugars were reduced to the corresponding amino sugars by zinc dust 
in boiling dimethylfi>rmamidels. 

The introduction of amino groups into organic nuclei 
v k  azides is six of the most important and of most frequent use. The 
rezction sequences 

b. Utility. 

Hal --+ N, --+ NH2 and OH --+ OS02R - N3 - NH2 

are now standard methods for converting halides and alcohols 
to amines. The azide route is in many cases preferable over direct 
amination with ammonia, as the higher nucleophility and lower 

1 NaNJ 
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basicity of the azide ion decreases the propensity for side reactions, 
such as 8-eliminations and ring fissions. 

In  the synthesis of pentafluorophenylalanine (12), attempted ami- 
nation of 2-bromo-3- (pentafluorophenyl) propionic acid (9) yielded 
only the cinnamic acid derivative 10. The desired 12 was however 
obtained from the azido acid 11 by reduction20. Another example is 
the synthesis of 2-amino-4,4,4-trifluorobutyric acid (16) from 13. 
This was achieved only via the azido ester 15, as direct amination 
yieldzd the 3-aminoamide 1421. Examples of avoidance of ring 

* CF3CHCHzCONHZ NII.OH 

I 
CF3CHzr HCOCCzHB 

T 
Br 1 NaN, 
F 'i 

03) NH2 (14) 

CF3CH2 HCOOC2H5 k,:c> CF3CH2 HCOOH 

openings are the syntheses of a-aminocaprolactam (lS), prepared 
from the azide and of a-aminoy-b~tyrolactone~~. 

Q - 3  H&anev Nit Q-H2 

N H  NH 
(17) (18) 

The use of azido acids for the introduction of aminoacyl groups 
eliminates the need of protecting the amino group during the acylation. 
The azidoacyl derivatives obtained are reduced directly to the amino- 
acyl ones. This method was used in the preparation of aminopenicillins 
(19) from azidoacyl chlorides and 6-aminopenicillanic acid24. Azido- 

RCHCOCl+ HAPA _Lf R HCOAPA + RCHCOAPA 
I 
N H2 

f: 
. N3 

I 
N3 

0=\ 

CO-N- 

-N H -C H--H C C (CH3)Z 
I I 

\APA = 

acylation has been employed also in the preparations of aminotri- 
glycerides25 and of glycopeptides26. 
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A veiy important advantage of the azide route to amines is its high 
stereospecificity. The introduction of azides by nucleophilic sub- 
stitution37 and by ring openings of epoxides7 or aziridines28 proceeds 
with inversion of configuration, while the reduction step proceeds with 
retention. This stereospecificity is well demonstrated in the synthesis 

R 

1. CH,SO&I 
$ 4 $ 3  OH 2. NaN,  

R' H R' 
cis threo 

epoxide azido alcohol 

N3 HI/Pd+ H2:$NH2 H 

R' R' 
erythro 
diazide 

erythro 
diamine 

(20) 

2 . N a N ,  

HO H 

R' R' H,,Pd ~ :$"". 
trans 

epoxide azido 
alcohol ,, NH2 

R' R' 
threo threo 

diazide diarnine 
(21) 

of the stereoisomeric vicinal diamines 20 and Sterically con- 
trolled introduction of the amino group is of special importance in 
certain fields of natural products chemistry, such as steroids, terpenes 
and carbohydrates. The azide route has been used for conversion of 
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cholestanol to 3cr-aminocholestane by the reaction sequence : equa- 
torial alcohol + equatorial tosylate -+ axial azide --+ axial amine30. 
The same sequcnce has also been used for introduction of axial amino 
groups into terpenes3'. In the carbohydrate field the method is in 
frequent use in the preparation of aminosugars. Thus 4-amino-4- 
deoxy-a-D-glucopyranoside (22b) was readily obtained from the 
corresponding 4-mesyl-a-~-galactopyranoside Othei recent 

CHzOR - CH20R C HzOH 

Mso@oR :LN; *g4R + + HZN QOH 

OR O R  OH 
(22a) (22b) 

examples are the syntheses of 6-amino-6-deoxy-~-mannose~~ and of 
3-amino-3-deoxy-~-nbose~'. 

In nucleotides, azides have been used for the introduction of 
amino groups into either the purine moiety, as in the synthesis of 8- 
amin~adenosine~~, or into the sugar moiety, as in the synthesis of 5- 
amino-5-cleoxy ~ r i d i n e ~ ~ .  

2. By acidolysis of azides 

h i d e s  undergo decomposition upon treatment with strong con- 
centrated acids, one of the main products being primary arnines. 
The reaction of aryl azides with concentrated sulphuric acid yielded 
complex mixtures37, probably because of nucleophilic attacks on the 
positively charged intermediates. Amines could be isolated in low 
yields only, and the reaction has no real preparative value. 
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Smooth conversion of azides to amines was achieved by using hydro- 
gen bromide in acetic acid so l~ t io r r~~ .  The reduction is, when 
possible, accompanied by bromination by the liberated bromine. 
The bromination can be prevented by addition of a bromine acceptor. 
2-Azido-5-nitrobiphenyl (23) thus yielded 2-amino-3-bromo-5- 
nitrobiphenyl (a), but in the presence of phenol the product was 2- 
amino-5-nitrobiphenyl (2ti)38. The method has also been used with 
amino acids, acetone serving as a bromine acceptor3Q. 

The reaction of azides with aluminium chloride in benzene pro- 
duces, beside other products and much tar, substituted anilines in low 
yields40. The reaction has been applied to a-azidoketones; thus 
azidoacetone (26) yielded 35y0 of u-anilinoacetone (27) 41. 

0 0 
It 

MeCCH,N HC6H, MeCCH2N, :it: II 

(26) (27) 

In the presence of sulphuric acid, azides react with aromatic alde- 
h y d e ~ ~ ~ .  The first step is probably a condensation of the azide with 
the protonated aidehyde, to give the intermediate 28 which caii either 
lose nitrogen to give the substituted benzamide 29 (path Q, in the pre- 
sence of an excess benzaldehyde), or rearrange with phenyl migration 
to the nitrogen to give, after decarbonylation, the substituted aniline 
30 (path b ) .  Yields in both cases were low ( < 30x)42. 

O H  
I 

PhCHO + RN3 H** PhCHN-N; 

PhNHR f CO f Nz + Hi PheNHR + N, + H+ 
(30) (29) 

3. Via nitrene intermediates 

Nitrenes, generated from azides by pyro- 
lysis or photolysis, yield stable products by several reactions, OF-e of 
which is hydrogen abstraction from the environment to give primary 
amines 

a. Hydrogen a6straction. 

Aorhv+ RN RNH, 
RN3 

I2 + C.A.C. 
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The amine-forming pathway is not the most favourcd one. In the 
case of aliphatic azides, primary amines are very minor  product^^^^^^. 
I n  aromatic azides, where rearrangement is impossible, amine for- 
mation is morc frequently encountered, sometimes in nearly quantita- 
tive yields45. Thc reaction course can be solvent dependent, thus 
pyrolysis of o-azidodiphenylmethane (31) ir, decalin, which is a good 
hydrogen donor, yielded the abstraction product, o-arninodiphenyl- 
methane (32) , while pyrolysis in 1,2,3-trichlorobenzene yielded ex- 
clusively azepino [2,1-a]-llH-indole (310)46. Some cases of intra- 

(31) (3%) 

molecular hydrogen abstraction have also been reported. Pyrolysis of 
o-azidobenzyl alcohol (33) produced o-aminobenzaldehyde (34) in 
60% yield47. &acHo 

NH2 

The nitrene intermediates may undergo 
By 

(33) (34) 

6. Intennoleculur ime7tion. 
insertion into a molecule of the solvent, to give secondary amines. 

RN3 + R N  RNHR' 

this process low yields of N-alkylanilines were obtained either by 
photolysis of alkyl azides in benzene43 or pyrolysis of phenyl azide in 
aliphatic  hydrocarbon^^^. 

Better yields have been obtained in the insertion reactions of car- 
boalkoxy nitrenes. Pyrolysis of n-octadecylazidoformate (35) in 
cyclohexane gave 60% of (N-cyclohexy1)-n-octadecyl carbamate(36) 
along with 23% of the abstraction product 3749. 

0 
II 

0 
I I  + Me(CH2),,0CNH, 

(37) 

0 

M e(C t i 2 ) ,  7 0 C  N c y c ' ~ ~ ~ a n e ~  

Me (C H 2) 7 0 C  N H 
II 

(35) (36) 
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Similar results were obtained in the photolysis of ethyl azidofor- 
mate50 and in the decomposition of sulphonyl azides, which yieided 
~ulphonamides~ l. 

Heating of aryl azides in acetic anhydride resulted in insertion of 
the nitrene into the anhydride molecule. The phenylhydroxylamine 
derivative (38) formed readily rearranged to N, O-diacetyl-o-hydroxy- 
aniline (39) 52. 

(38) (39) 

The behaviour of acyl azides upon 
heating differs from that of the other azide types described above. In  
this case migration of an alkyl or aryl group onto the nitrene nitrogcn 
gives isocyanates, which are usually allowed to react further to yield 
primary amines, either directly or via urethans (equation 2). The 

t. The Curtius rearrangement. 

0 
II 

I 4 
__f RNCO R'oH : RNHCOR RNH2 (2) 

0 
II 

I 1 
H,O/ H C  or OH- 

reaction is one of the most useful methods for converting carboxylic 
acids to amines or amine derivatives containing one carbon less. A 
tabular compilation of Curtius reactions published up to 194563 lists 
hundreds of examples and shows the wide scope of the reaction. I t  
has been carried out successfully on aliphatic, alicyclic, aromatic and 

c=o NHCOO t-Bu 
I 
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heterocyclic acids, on saturated and unsaturated acids and on acids 
containing various functional groups. 

Other types of carbonyl azides, such as azidoformates and car- 
bamoyl azides, previously believed not to uzdergo the rearrangement, 
can also be induced to rearrange by photolysis in alcohols54. Diaryl- 
carbamoyl azides have been found to rearrange even upon heating in 
t-butanol and this reaction was used for the synthesis of 1,l-diaryl- 
hydrazines, thus N-aminocarbazole (41) was prepared in 80% yield 
from 4055. 

B. Syntheses of Azomethiner 

1. By acidolysis of azides 

The action of strong acids on aliphatic azides causes decomposition 
with migration of either a hydrogen or an alkyl group onto the nitro- 
gen, to give aldimines or ketimines respectively (equation 3). The 

R R 

C=NH f RCH=NR' + R'CH=NR (3) 
\ \ 

/ / 
CHN3 

R' R' 

produced imines usually cannot be isolated and the reaction course can 
be derermined only by detection of the amines and the carbonyl com- 
pounds formed by their hydrolysis. Acidolyses of benzyl a ~ i d e ~ ~  or 
ethyl a ~ i d e ~ ~  indeed yielded mixtures, but in hiqher azides, because of 
the increased difficulty of the larger alkyl groups to migrate, only 
hydrogen migration was detected, by isolation of the corresponding 
aldehyde. In this manner hexyl azide and dodecyl azide yielded n- 
caproaldehyde (730jb) and lauraldehyde (84y0) respe~tively~~. The 
reaction can actually be regarded as a synthesis of carbonyl compounds 
and was suggested as the best method for converting ketones to a- 
diketones, as shown in the synthesis ol' 1,2-cyciohexanedione (43) from 
2-azidocyclohexanone (42) ( 63y0 yicld) 59. 

ON3 H,SO. >& NH-N-N ; + (yH+ - 
(42) Q 0 
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a-diketones, probably via an aziridine intermediate. 
I-azidobutane-3-one (44) yielded biacetyl (45)6”. 

343 

I t  is interesting to note that acidolysis of ,3-azidoketones also yields 
In this manner 

v 
I 

Me-C-C-C Hz --F MeC@CH,CH,N, --+ H‘ 

II I> I 
0 H NH 

(44) 

I 

MeC-C- CH2 + MeC-CCH, + MeC-CCH, 
II II 
0 0  

I I  \+/ II I I  
0 N H l  0 + N H 2  

(45) 

Acid treatment of benzhydryl azides and of 1 ,l-diarylethyl azides 
resulted in aryl migration61, the migration aptitude being promoted by 
electron-releasing substituents and retarded by electron-attracting 
one+. 

Treatment of methyl azide with antimony pentachloride yielded a 
crystalline adduct (46), which decomposcd under the action of dry 
hydrogen chloride, to give formaldimine hexachloroantimonate (47) 62. 

t CH3N-NZ [CHZ=NHz]’ SbCI, SbCI, 

I 

(46) (47) 

CH3 N3 

SbCI; 

Completely analogous to the protonation of azide is the attack 
by carbonium ions. This could be accomplished only by using very 
powerful carbonium ion donors. The reaction of ethyl azide and 
triethyloxonium fluoroborate thus yielded the imine 48 63. Other 
examples of this reaction have been reported 64. 

CZHSN3 (C’H’)yo’BF‘~ C2HS-N-N; BF,  __f [C2H5NH=C tICH3]+ BF, 

(48) 
I 
CZH5 

2. By rearrangement of nitrenes 

hydrogen shift (equation 4). 
Aliphatic nitrenes having an u-hydrogen can form imines by 1,2- 

This rearrangement has been found to 

be the main stabilization process both in the p h o t ~ l y s i s ~ ~  and the gas 
phase pyrolysis65 of alkyl azides. As in acidolysis, usually only the 
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corresponding carbonyl compounds could be isolated ; however, 
imines have been obtained in several cases. Heating of the azide 49 
-fielded the imine 50ss and photolysis of 51 yielded the imine 5267. 

CH=NH 

' OAc 
(51) 

i)Ac 
(52) 

When the azido group is linked to a tertiary carbon atom, an alkyl 
or aryl shift occurs, and the resulting N-substituted azomethines can 
often be isolated. Trityl azide (53) yielded, by action of heat68 or 
light 69, benzophenone anil (54). 

or hv Ph3CN:, * Ph,C=NPh 

(53) (54) 

As the migrating aptitudes of the aryl groups are only slightly 
influenced by substituents in the thermal reaction and not a t  all in the 
photochemical one, trityl azides containing differently substituted 
aryl groups always yield mixtures of anils. 

Some a-keto anils have been obtained in this manner by heating the 
suitable azidoketones, but yields were low. The imine 56 was pre- 
pared by heating of a-azido-a-phenylpropiophenone (55) in i9% 
yield ?O. 

Ph 
I 

PhCO-CMe-N, _Q PhCOCMe=NPh 

Vinyl nitrenes usually do not produce keteneiniines. 

(55) (56) 

However, in 
the case of 1 -azido-2,2-dicyanoethylenes (57) the major products were 
the dicyanoketeneimines 55. Due to their instability only their 
addition products [Le. with ethanol (59)I were isolated 71. 
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NHR 
C,H,OH / 

A (NC),C=C=N R >. (NC),C=C 
/R 

( N C) 2 C= C 
\ \ 

(57) N3 (58) (59) OCIH5 
(R = H,  M e ,  Ph) 

3. By decomposition of azide adducts 

Organic azides react with alkenes via lY3-dipolar cycloaddition 72. 

The resulting 1,2,3-triazolines are thermally unstable and eliminate 
nitrogen, to give azomethines (equation 5) beside other products such 
as aziridines. 

The course of the decomposition reaction is much dependent on the 
relative stereochemistry of the substituents on the C-C bond of the 
triazoline 73. At intermediate temperatures (40-90") the stereo- 
chemistry is conserved and usually only one product is detected. 
Cyclopentene, cycloheptene and cis-cyclooctene reacted with phenyl 
azide to give the corresponding N-phenylimino derivatives in excellent 
yields, while cyclohexene and trans-cyclooctene did not yield imines at 
all, aziridincs being the sole products73. When higher temperatures 
are used, the stereochemical selectivity is apparently lost and a mixture 
of products is generally observed. In the reaction of norbornene 

-t other products 
(61) 
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with phenyl azide, decomposition of the adduct 60 yielded five pro- 
ducts, with their ratio being dependent on the solvent used. The 
2-phenylimine derivative 61 accounted for 46y0 of the products in 
dimethylformamide, and for only 18y0 in de~alin'~. 

Triazolines formed from azides attached to electron-withdrawing 
groups are much less stable and the decomposition products are ob- 
tained directly. A'-Picryl iiiiines were obtained in the reaction of 
picryl azide with a series of olefins: yields were 70y0 with cyclopen- 
tene, 58y0 with cycloheptene and only 20y0 with cyclohexene. No 
imine was formed with norbornene 75. 

Nlenes have been reported to undergo a carbon skeletal rearrange- 
ment on reacting with picryl azide. Thus tetramethylallene (62) 
yielded the imine 637s. 

M e  "; M e  

C=C-C-Me 
\ 

/' / \ 
Me N 

t RN, __f 

/Me \ 

l"'N-R 
M e  

/c=c=c \ 
(6% 

M e  

(R = Picryl) 

/Me 
Me 
\ 

C-Me 

N R  

/c=c \ 
Me 

I I  
(63) 

Cyclic enol ethers can be converted by this method to iminolactones. 
Compound 66 was obtained from 2,3-dihydro-2H-pyran (64) by 
heating the triazoline 65 in boiling tol~ene'~. 

o++ + cJN>N N I Q N-C6H4Br-p 

Br C,H,Br-p 

(64) (65) (66) 

N-Sulphonyliminolactones have been obtained directly in this 

The reaction of azides and enamines can be useful for this synthesis 
manner from 64 and sulphonyl azidesT8. 
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The amidine 68 was the final product in the reaction of 
When tosyl 

of amidines. 
1-morpholino-I-butene (67) and p-nitrophenyl azide70. 

CPH,CH=CH-N (67) A?+++ u 
N I 

N 0 2  

0 

n-PrC=N 
I 

.N 0 2  

azide is employed in the reaction with enamines, the triazoline may, 
in certain cases, decompose via a 1,3-elimination. The benzoyl 
enamine 69 thus yielded the enamine 70 and diazo-acetophenone 80. 

A similar cleavage was also observed in the reaction of some enol 
ethers with tosyl azide8'. 

+ TosN, ,Me PhCOCH=C HN 

(69) 'Ph 

PhOC, ,N 
HC \ 

N 

I 
Tos 

M e  
\ 

Ph' 
NCH=NTOS + CGHSCOCHN2 

(701 

Azomethines have also been obtained in the reaction of azides with 
Thiobenzephenone and phenyl azide thus yielded ben- thioketones. 

zophenone anil (72), probably via the cyclic intermediate 71 82. 

120 
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Ph2(i- S 
Ph2C-S + PhN, __f I Ph,C=NPh 

Ph-N, 4 N  
N 

C, Syntheses of Nitriles 

Terminal vinyl azides give, upon deconiposition, vinylnitrenes 
which can stabilize by rearrangement to nitriles. The pyrolysis of 8- 
styryl azide (73) afforded in this manner phenylacetonitrile (74) 
(74y0) 83. Nitriles were also obtained from a-azidoketenes (75) gene- 

PhCH=CHN3 -----f PhCH=CHN + PhCHZC-N 

(73) (74) 

rated in situ by treatment of a-azidoacyl chloride with triethylamine84. 
The postulated mechanism is a cyclization to an azirine (76) which 
undergoes decarbonylation to the nitrile 77. Yields were 40-85y0 84. 

(Et),N 
RCHCOCI * RC=C=O _t R-C- C=O + R C E N  

N3 I N3 I \N/ 

(75) (76) (77) 
(R = Et, ~ - B u )  

Cyclic vicinal diazides undergo a thermal ring fission with formation 
of dinitriles. In  this manner 1,2-diazidobenzenes yielded (in ca. 
80y0 yield) cis, cis-l,4-dicyano-l,3-butadienes (78), and 1,Z-diazido- 
naphthalene yielded cis-2-cyanocinnamonitrile (79) 85. 

Other examples are the fissions of 2,3-diazido-l,4-naphthoquinone to 
phthaloyl cyanide (80) 88 and of 2,3-diazido-N-phenylmaleimide to 
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N,N-bis (cyanccarbonyl) aniline (81) 87. Another type of ring fission 

- a C O C N  COClr! 

(81) 

with nitriie formation has been observed on heating 2-azidotropone 
(82). The cyanoketene 83 formed cyclized to salicylonitrile (84) or 
could be trapped by reaction with nucleophiles, yielding their acyl 
derivatives 85 88. 

0 
0 - I1 C HZCN 

II 
RCCH 

-iN - RC- 
(85) (R = OMe, NHC,H,) 

D. Syntheses of Isocyanates 

Isocyanates can be prepared from azides by reaction with carbon 
monoxide. The reaction has been at first reported to proceed only 
with catalysis of rhodium or iridium carbonyl c o m p l e ~ e s ~ ~ .  Later 
work has however shown that aryl azides and carbon monoxide inter- 
act without catalysis at temperatures of 160-180" and pressures of 
200-300 atm, yielding aryl isocyanates (86) in good yields. Ethyl 
azidoformate yielded under these conditions ethoxyisocyanate O0. 
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NCO 

R - - a N 3  4- CO + R - a  + N, 

(86) 

(R = H, o-CHJ, p-CHj, p-NO2, p-OCHJ 

Isocyanate dichlorides are obtained from azides 2nd dichlorccarbene. 
The reactior, proceeds at Go, thus intermediates of type 87 rather 
than nitrenes are probably involved. n-Octyl isocyanate dichloride 
(88) was prepared by this method from n-octyl azide in 89y0 yields1. 

C 8 ~ , ; ~ 3  + :cci2 -+ C~H,,N-&=N --+ C~H,,N=CCI, 

k I 2  

(87) 

Another approach to the preparation of isocyanates is the Curtius 
rearrangement. The reaction can be stopped at  the isocyanate stage 
when carried out in an inert solvent such as benzene. Undecyl 20- 
cyanate (89) has been prepared from the corresponding acyl chloride 
via the azide in 85% yields2. 

E. Syntheses of Diazo Compounds 

1. By diazo transfer 

Diazo transfer occurs when azides attached to good leaving groups 
react with nucleophiles. Use of carbanions a s  nucleophiles results in 
the formation of diazo derivatives. The process was first successfully 
utilized by Doering and DePuy 93, who reacted cyclopentadienyl 
lithium with tosyl azide and obtained diazocyclopentadiene (90) in 
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357, yield. The reaction has since been used €or the preparation of 
various types of diazo compounds and has been recently reviewed ". 

The synthesis of diazocyclopentadiene and its substituted deriva- 
tives has been improved by using weaker bases such as diethyl 
amine96~06 or piperidineo7. The yield of90 was increased to 857, and 
that of its triphenyl derivative to 95%. 2,5Diphenylcyclopentadiene 
(21) Selded a i?ikture of 92 (5Sz) znd 92 (307,), as a result of the  
corresponding mescmeric forms of the carbanion 07. 

Ph 
I I  JJ TGzG-+ TosN, QPh+ phaN2 

Ph Ph Ph 
N2 

(91) (92) (93) 

Diazoanthrone (94) was obtained in the same manner from anth- 
rone in 947, yieldo8. 

~ + + ~  
0 0 

(94) 

Excellent yields of diazo derivatives can be obtained by the reaction 
In  this of th.e active methylene group in 1,3-dicarbonyl compounds. 

manner 1,3-diketonesY B-keto esters and dialkyl malonates9g~100 were 
transformed into the corresponding diazo compounds, the most 
effective reagent being tosyl azide. Picryl azide gave substantially 
poorer results loo. 

Methylene groups activated by only one carbonyl group usially 
do not react, but 8-aryl ketones are reactive. Side products formed 
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via a Wolf rearrangement are also obtained, thus pheny' ,acetone 
yielded the expected 95 together with 96 loo*lol. As a-diazoketones 

Ph\ R 0 N2 0 
II TorN, II II 

PhC-CCH3 4- CHCNH-TOS PhCH2CCH3 
/ 

CH3 

(951 (96) 

are smoothly cleaved by treatment with alkali, the method offers a 
route to terminal diazo derivatives. Ethyl diazoacetate (97) was pre- 
pared from ethyl acetoacetate in 6597, overall yieldloo. 

* HCCOOC2Hs 
ArSO,N, NaOH 

CH3COCH2COOCzHS : CHjCOCCOOCzHs 
II II 
N2 N2 

(97) 

The cleavage of /3-carhonyl groups occurs readily when the a- 
position contains only one hydrogen. The order of preference for 
cleavage is CHO > COR > COORloO. The utility of this process 
was demonstrated in the synthesis of a-diazocycloalkanones (99) from 
a-formylcycloalkanes (98) lo2. The diazo transfer reaction has also 

TosN, ~ icHr[=N2 
L = O  

(98) (99) 
( n  = 3,4,5,6,9,10) 

served for the introduction of the diazo group on methylene groups 
flanked by phosphonate lo3, phosphinate lo4 and sulphonate 106*106 
groups. 

Another type of azides which can serve as diazo donors is the 
azidinium salts of the general formula 100. The important advantage 

(100) 
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of these reagents over sulphonyl azides is their ability to function in a 
non-basic medium, thus avoiding side reactions. An example is the 
reaction of a-cyanoacetophenone (101) with 2-azido-3-ethylbenzo- 
thiazolium fluoroborate (102), which yielded a-diazo-a-cyanoaceto- 
phenone (103) in 88y0 yieldlo7. The method served for the first 
preparation a-diazo-a-nitro ccmpounds lo8. 

2. By cleavage of azide adduces 

The cleavage of the triazolines formed by the addition of azides to 
0x0-enamines has already been mentioned in section II.B.3. This 
cleavage can be applied to the synthesis of diazo compounds un- 
available otherwise. a-Diazobutyraldehyde (105) was obtained for 
the first time from a-ethyl-/I-dimethylaminoacralclehyde (104) and 
tosyl or picryl azide log. 

C2HS 
I 

(CH3),N-HC-C-C HO 

R-N, #J 

CH,C H2C CH 0 
I I I I  + (CHj),N-CH=N R + 

N2 
N (105) 

The triazolines formed from aryl azides and cr,p-unsaturated esters 
or ketones can be opened by bases to a-aminodiazo compounds. 
Methyl acrylate and phenyl azide thus ;<elded ethyl 2-diazo-3- 
phenylaminopropionate (106) ll0. 
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CH2=C HCOOC~HS 
+ __f 

CBHSN3 
HzC-7 HCOOCZHS (Et),Nt 7 i i2 - i  COOCZH, 

CGHSNH Nz 

(106) 

I 
CBHs--N\ //N 

N 

Imino diazo compounds are obtained directiy by reaction of 
With tosyl azide the product sulphonyl azides with ethoxyacetylene. 

was 107'11. 

HC=C-OCzHS H C=COCzHS H C-C-OCZHS - I I  I1 
N2 NTos 

I I + + 

0 0 7 )  
T o s N ~  N*N/N-ToS 

F. Syntheses of Aro Compounds 

I. By diazo transfer 

conditions. 
Diazo compounds couple wit5 active methylene groups under basic 

Using one mole of the azide with two moles of methylene 

(110) 
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compound in the usual diazo transfer reaction furnishes the azo 
derivatives directly. Dimedone (108) afforded the azo compound 109 
in 70y0 yield112. Azo derivatives are also obtained in the reaction of 
tosyl azide with phenoxide ions. Sodium p-naphthoxide yielded 
2,2'-dihydroxy-l,l'-azonaphthalene (110) I13. 

2. By dimerization of nitrenes 

One of the stabilization modes of nitrenes is a coupling to forni azo 
compounds. This dimerization has been observed both in the pyro- 
lysis4' and the photolysis114 of aryl azides. The pyrolysis of o- 
trifluoromethylphenyl azide in the gas phase yielded 80y0 of bis 
(o-trifluoromethyl) azobenzene (111). 

2d3 N3 - A ($LNQ 
F3C 

(111) 

Photolysis of p-methoxy and p-phenyl phenyl azides zfforded the 
corresponding azo derivatives in 94y0 and 81y0 respectively. Amix- 
ture of these two azides yielded the three possible azo products in about 
equal amounts ll*. The tendency towards dimerization on photolysis 
is strengthened by addition of sensitizers. 2-hidobiphenyl yielded in 
the presence of acetophenone mainly the azo derivative (112), with 
only minor amounts of carbazolelf5. Azidoformates can also form 

+ 

H 

minor amount 
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azo compounds, bur in lower yields. 
azidoformate tlius yielded diethyl azodiformate (113) l16J1'. 

The photolysis of neat ethyl 

0 0 0 
11 hv II II 

2 CzH50CN3 + C~H~OCNI=NCOCZHS 

(113) 

G. Syntheses of Iminophosphorunes and Irninosulphuranes 

with tertiary phosphines. 
triazenes 114. 

Iminophosphoraues (115) are produced in the reaction of azides 
The reaction proceeds via the phospha- 

RN3 + R;P + R-N=N-N=PR; + R-N=PRj + N2 

. (114) (115) 

Staudinger, who discovered the reaction118, applied it to the syn- 
thesis of numerous aryl and alkyl iminophosphoranes and to benzoyl- 
iminophosphoranes l19. The scope of the reaction has been widened 
to include sulphonyl azides 120 and carbamoyl azides 121. 
A poiymeric iminophosphorane (116) has been prepared by the 

reaction of 1,4-diazidobenzene with 1,4.-bis(diphenylphosphino) 
benzene 122. The iminophosphoranes are useful intermediates for the 
synthesis of a variety of nitrogen compounds from azides 123*124. 

Iminosulphurans and iminooxysulphurans were obtained by photo- 
Benzoyl azide in dimethyl lysis of azides in sulphides or sulphoxydes. 

sulphoxide yielded compound 117 126. 
hv 

PhCON, + (Me),S=O - (Me),S=NCOPh 
II 
0 

(117) 
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H. Syntheses of Triazenes 

The conversion of azides to mono substituted triazenes by reduction 
is a very difficult operation, owing to the instability of the products. 
Phenyltriazene (118) was prepared by the reduction of phenyl azide 
by stannous chloride in ether at -20°128. 

SnCI, 
CSH5N3 C6H5N =N--N H2 

(118) 

1,3-Disubstituted triazenes are formed in the reaction of azides with 
nucleophiles, the attack always occurring at the, azide terminus. 
With Grignard reagents, triazenes of the type 119 are obtained. 

RN3 f R‘MgX + R-N-iq=N-R’ H10_ R-NH-N=N-R’ 

(119) 

The reaction was discovered by Dimroth lZ7, who synthesized a 
series of diaryl, dialkyl and aryl alkyl triazenes128. Vinyl triazenes 
were prepared in the same manner, thus phenyl azide and styryl- 
magnesium bromide afforded phenylstylyl triazene (120) in 54y0 
yield lZ9. 

I 
MgX 

CsH5N3 f C,H,CH=CHMgBr C6Hs-NH-N=N-CH=CHCsHs 
(120j 

The reaction of azides with cyanide ions yields, after acidification, 
Due to their instability these were isolated as cyanotriazenes (121). 

sodium or silver salts130. 

C6H5N3 + CN- C6HS--N=N--NHCN 

PI) 

The isolation of phosphatriazenes (R-N=N-N=PR,‘) , the inter- 
mediates in the synthesis of iminophosphoranes, has been reported in 
several cases 131-133. 

Triazenes such as 122 are obtained in the reaction of azidinium 
salts with sodium azide. The reaction proceeds via an intermediate 

+NaN3- LTJQ QLTL 
I 

N N=N-N N3 
I BF, 
CzH5 

1 B F i  
C*H5 C2H5 

(122) 
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tetrazene, which combines with an additional molecule of the starting 
azidinium salt with elimination of 2N2134. 

1. Syntheses of h i d e s  

Tosyl azide has been used as a starting material fnr the s-pthcsis 
or” akyi  and aryl azides by acting as a diazo donor to amine metal or 
Grignard compounds. Yields were 2!5-50y0 100s135*136. An example 
is the conversion of cyclohexylamine to cyclohexyl azide (123) 
(35%) 136. 

(123) 
Another approach utilized the reaction of tosyl azide with aryl 

Grignard reagents and fragmentation of the resulting tosyltriazene 
salts by zqueous sodium pyrophosphate. Mesityl azide (124) was 
thus obtained from mesityl bromide in 63y0 yield137. 

TosN, 
c 

dMe 
---+ C,H,SO; 

111. AZIDES AS STARTING MATERIALS IN SYNTHESIS 
OF HETEROCYCLES 

A. 6eneral Considerations 

compounds in several ways, the most important being the following: 
The azido group can be utilized for the synthesis of heterocyclic 

(1) Syntheses of functional groups described above, which involve a 
bimolecular reaction, can take place in an intramolecular 
fashion when the azide grmp is placed in a suitable molecule. 
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The newly formed functional group thus becomes a part of a 
ring. 

(2) Azide reactions can be carricd out on azides containing suitable 
additional functional groups to yield products which can under- 
go cyclization to form heterocycles. 

(3) Heterocycles may be forzec! directly by addition reaction of 
azides. 

Applying these approaches azides have been widely used as starting 
materials in the synthesis of heterocycles of various types and sizes, 
some of which are unavailable by other routes. 

B. Syntheses of Three-membered Rings 

1. Aziridines 

The photochemical decomposition of the triazolines formed by the 
addition of organic azides to double bonds is a very efficient method 
for the preparation of aziriclines (equation 6). 

C,H4Br-p 
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Aziridines are obtained almost exclusively and contamination with 
azomethines is very small if any13*. The course of thc photolysis is 
not affected by the nature of the substituents on the triazoline nucleus, 
thus the reaction has quite a wide scope. Recent examples are the 
syntheses of 2-carboxamido- 1 -phenylaziridine (125), 1 -p-.bromo- 
phenyl-l-azaspiro[2,5]-octane (126) and 7-f-bromophenyl-7-azabi- 
c)rcl0[4,1,0]hept-2-ene (127) 139. Yields in the irradiation step were 
almost quantitative. 

Although thermolysis of triazoline can also, in certain  case^'^, lead 
to aziridines, mixtures with azomethines usually result, and the photo- 
chemical process is preferable. The triazolines formed from acyl 140 
or sulphonyl azides 141 are unstable and the corresponding aziridines 
can be obtained directly. The reaction of norbornene and benzoyl 
azide at 40" yielded the aziridine (128) directly140. 

(128) 

A related reaction is the addition of nitrenes to olefins. Irradiation 
of e thy1 azidoformate in cyclohexene yielded 7-carbethoxy-7-azabi- 
cyc!0[2,1,0] heptane (129) (50y0) 

-I- N3COOC2HS A N C 0 0 C2H 5 

(129) 

As the two components do not react in the dark, a triazohe inter- 
mediate is not probable. Other N-carbethoxyaziridines were formed 
via carbethoxy nitrene when ethyl azidoformate was irradiated in 
dihydropyran 142 and in enolacetates 143. The stereospecificity of the 
addition is high. The photolysis of cis and trans 2-butene at -20" 
yielded mainly the cis (130) and tram (131) aziridines respe~tively'~~. 
This stereospecificity has been found to diminish upon dilution 145. 

c H3 
H3C\ + N3COOC,H5 

CH3 C H 3  
(87Z i- 13Z of 131) H\IH 

N-COOCpHB 

(130) 
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/=”!’’ i- N3COOC,Hs h 
H3C 

H c H3 
(92% i- 8% of 130) cH3T7-H 

N- COOCzHS 
(131) 

The photolysis of 1 -azido-2-phenylprop-2-ene (132) yielded 3- 
phenyl-1-azabicyclo[ 1,l ,O] butane (133), contaminated with the imine 
134, probably via an intramolecular addition of the allylic nitrene 146. 

(13%) 

2. Azirines 

in good yields. 
2-phenyl-1-azirine (135) in 80y0 yield 147. 

Thermolysis or photolysis of vinyl azides gives 1-azirines, usually 
Heating a-azidostyrcne in the gas phase produced 

The carbethoxy azirine 

,C6HS \//C6H” 
H,C=C 

\ N 

N3 (135) 

137 was obtained in 65y0 yicld by photolysis of the azide 13614c. 

c H3 

& H,CFA 

N COOCZHS N3 c H3 
(136) (137) 

HC O OC2 

The development of neivcr methods fcr synthesis of vinyl azides 
enabled the preparation of series of azirines, including fused ones 
such as 138149. 
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Contrary to previous reports, the reaction can also be applied to 
terminal vinyl azides, which form 1-azirines unsubstituted at position 
2. Both isomers of /3-azidostyrene yielded 3-phenylazirine (139), 
however these azirines are very unstable lS0. 

CcH5CH=C H N3 hv Or A f 

cis or trans N 
(139) 

3. Diaziridines 
. 

Nitrene insertions ifito a-amino groups should lead to diaziridines. 
The only existing report of such a reaction is the photolysis of 2-amino- 
hexafluoroisopropyl azide (140) which yielded 437, of 3,3-bis (tri- 
fluoromethy1)-diaziridine (141). The thermal decomposition of 140 
yielded only 11% of 141, the main product being hexafluoroacetone 
hydrazone 151. 

C. Syntheses of Five-membered Rings containing One Nitrogen 

1. By intramolecular nitrene insertions and related reactions 

Five-membered rings are formed from azides when the respective 
nitrenes give intramolecular insertion into a C-H bond located four 
carbons away. The simplest case of this type, the cyclization of 
saturated aliphatic azides to pyrrolidines has been reported 433 but 
could not be ~ e r i f i e d ~ ~ ~ l ~ ~  and the reaction cannot be applied to the 
synthesis of completely saturated rings. Exceptions are cases in 
which a suitable steric arrangement enables easy accessibility of a 
methyl group. Photolysis of 1,l -dimethyl-tram-decalin- 1 0-carbonyl 
azide (142) yielded 14y0 of the pyrrolidone 148 along with the 8- 
lactam 14.4 and rearrangement and hydrogen abstraction products 153. 

An internal addition of nitrenes is also possible, when the double 
bond is located at a suitable distance. The highly strained fused 
aziridines formed undergo immediate hydrolysis to hydroxymethyl 
pyrrolidines. With acyl azides yields were low, as the respective 
isocyana tes were the major products. Examples are the conversions 
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O=C-NH 

+ other products 

(143) (143) (144) 

of o-vinylbenzoyl azide (145) to 3-hydroxymethyl-l,2-dihydroisoindo- 
line (146) (yield lox) and of endo-norbornene-5-carbonylazide (147) 
to the pyrrolidone 148 (yield 20%) 154. 

Q-q +e:"" 
0 0 

(145) (146) 

Five-membered rings have also been obtained from unsaturated 
alkyl azides. Heating of 5-azido-5-methyl-I-hexene (149) yielded a 
mixture of 2,5,5-trimethyl-l-pyrroline (151) and 2,2-dimethyl-l-aza- 
bicyclo[3,!,O]hexane (152) (total yield 70y0, products ratio 2.2 : 1). 
This reacuon however proceeds via the isolable triazoline P5Q and no 
nitrene intermediates are involved lS5. 

(149) 
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Aromatic azides form 5-membered rings very readily. Stabiliza- 
tion of the nitrenes by isomerization to imines is impossible and inser- 
tions onto saturated, olefinic and aromatic carbons do occur, providing 
a very useful method for the preparation of fused 5-membered rings. 
Indolines have been prepared in this method by thermolysis of o- 
azidoalkylbenzenes. For example o-azidoTher?ylr,yc!ohexar.e (153) 
yielded 94y0 of hexahydrocarbazole (154) (about equal amounts of the 
Cis and trans isomers) 156. 

In  the same manner o-azido-n-butylbenzene (155) yielded about 
40y0 of 2-ethylindoline (156) along with smaller amounts of 157 and 
158 157. 

The thermolysis of o-azidostyrenes gives good yields of indoles. By 
this method 2-alkyl, 2-aryl and the relatively inaccessible 2-acylindoles 
have been prepared. (o-Azidostyry1)phenyl ketone (159) yielded 
7 1 yo of 2-benzoylindole (160) lS8. Another indole synthesis utilizing 

(159) 

azides is the thermolysis of $-azidostyrenes : a- and /3-methyl$- 
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azidostyrene (161 and 162) yielded 3- and 2-methylindole (163 and 
164) respectively8'* 15g. 

(162) (164) 

The most versatile reaction of this type is the insertion of aromatic 
nitrenes into aromatic rings to form tricyclic systems. Pyrolysis or 
photolysis of o-azidobiphenyl (165) afforded a good yield of carbazole 
(166) 160. The reaction has been utilized for the synthesis of a number 

of substituted carbazoles, including fused ones 160*1e1. 1,2-Benzocar- 
bazole (169) could be prepared from either 167 or 168 (yield 94y0 in 
both routes) 161. Non-benzenoid aromatic azides react as well. 

pyrolysis of 4-phenyl-5-azidotropolone (170) yielded 50% of indolo- 
[3,2-dJtropolone (171) 162. The reaction has also been applied to the 
synthesis of carbolines. Pyrolysis of 3 (o-azidophenyl) pyridine (172) 
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yielded a rnixture of a-carboline (173) (47y0) and y-carboline (174) 
(23y0) le3. Heating of 2-(o-azidophenyl)pyridine (175) did not afford 
8-carboline (178) but cyclized to pyrido[ l,2-b]indazole (176) 164. 

Carboline 178 was however obtained by heating 3-azido-2-phenyl- 
pyridine (177) 165. 

Another system synthesized is the thieno[3,2-b]indole (180) 
obtained by pyrolysis of 2-(o-azidophenyl) thiophene (179) in 93'7, 
yield le3. 

(179) 

2. By other methods 
A special type of substituted pyrolidines has been obtained when 

aryl azidcs were reacted at 90" with ethylenes carrying two electron- 
withdrawing groups on one carbon. Phenyl azide and ethyl benzal- 
cyanoacetate (181) yielded the pyrrolidine 183. The reaction prob- 
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ably proceeded via the aziridine 182 which underwent 1.3-di~olar 
addition with another molecule of the ethylene. Yields &were 
20-807" 16'. 

D. Syntheses of Five-membered Rings containing TWQ Nitrogens 

1. lmidazoles 
Imidazoles have been obtained by pyrolysis of phenacyl azides, 

probably by dimerization of the intermediate imines. 2-Benzoyl- 
4(5)phenylmidazole (184) was Gbtained from phenacyl azide in 64y0 
yield 15". A more general method, which produces fused imidazoles, 

* zl COCsH5 

0 0 
-H,O II II 

2 CBH5CCHzNj __f 2 CBHsCCH=NH 

H 
C6H5 

(184) 

is the insertion of aromatic nitrenes into nitrogen containing side 
chains. For example pyrolysis of N- (o-azidophenyl) pipendhe (185) 
resulted in cyclization to the benzimidazoline (186). This eliminated 
hydrogen to yield piperidino[ 1,2-u]benzimidazole (187) (30y0) Is'. 

ON3*Qr-,.D+Q75Kl " 

(187) 
H H  N3 

(185) (186) 

Similar reactions have been carried out with N-(o-azidopheny1)- 
morpholine 168 and 1 - (o-azidophenyl)-4-acetylpiperazine 169. The 2- 
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and 4-substituted 3-azidopyridines yielded in this manner the imida- 
zolopyridines of types 188 and 1189 respectively 170. With azidodime- 
thylaminopyridines the methylated imidazolopyridines 194) and 191 
were produced in low yields171. Better yields are usually obtained 

I 

(191) CH3 

when the nitrene can attack a t  an unsaturated position. Pyrolysis of 
benzylidene-o-azidoaniline (192) afforded 45y0 yield of 2-phenyl- 
benzimidazole (1.93) 172. With some substituted benzylidene groups 
yields up to 95% have been r e p ~ r t e d l ~ ~ J ’ ~ .  

2. Pyrazoles 

2-Substituted indazoles have been obtained in the pyrolysis of o- 
azidobenzylidenamines, by nitrene insertion onto the nitrogen. 2- 
Phenylindazole (195) was thus obtained in 757, yield from 194 and 
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2,2'-bi indazole (197) in 90% from o-azidobenzaldehyde azine 
(196) 17*. 

E. Syntheses of Five-membered Rings containing Nitrogen and 
Oxygen 

5. Oxazoles 
hidoformates, containing a C-H bond at the right distance from 

the azido group, cyclize upon thermolysis or photolysis to yield 2- 
oxazolidones. 5,5-Dimethyl-2-oxazolidone (198) was obtained in this 
manner in 60-75y0 yield from t-butyl a4oformate 175*176. Heating 

of ethyl, isopropyl and t-butyl azidoformates at 300" afforded the cor- 
responding 2-oxazolidones in 4!5-75y0 yield 177. 

The thermal reaction (1 30") of ethyl azidoformate with acetylenes 
yields, by lY3-dipolar addition of the nitrene, 2-ethoxyoxazoles. With 
diphenylacetylene, 4,5-diphenyl-2-ethoxyoxazole (199) was obtained 
in 45y0 yield. With methyl propiolate or dimethyl acetylenedicar- 
boxylate, addition of the azide was faster than the nitrene formation, so 
triazoles were the major products. In  these cases oxazoles were 
formed only in 3y0 yield178. The photochemical reaction of methyl 

0 
I 1  

130', PhI--IPh PhC=CPh + N3COC2H5 

"Yo OCzH5 

(199) 

azidoformate with 2-butyne yielded 12y0 of the oxazole 200 and 30y0 
of a 2 : 1 adduct which rearranged to the oxazoline 201 lT9. 
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CH3 
0 

I! 
CH3CSCCH3 + N3COCH3 ‘Ir * + H3C CH3 

OCH3 
OCH3 

(200) 
(201) 

Oxazole derivatives can also be obtained from azides by reactions 
which involve acidolysis. fl-HyCroxy azides react with aromatic 
aldehydes in sulphuric acid, thus 2-azidoethanol and bcnzaldehyde 
yielded (7 1 %) 2-phenyl-A2-oxazole (202) lea. 

Fused oxazoles have been prepared by heating aryl azides containing 
electron-withdrawing groups at the para position with carboxylic acids 
in polyphosphoric acid. p-Nitrophenyl azide and acetic acid yielded 
(83y0) 2-methyl-6-nitrobenzoxazole (203) lel. 

Heteroatoms of heterocyclic rings can also serve as the electron- 
withdrawing group, as in the conversions of 3-azidoquiloline (204) 
to 2-methyloxazolo[4,5-c]quinoline (205) lal and of 5-azidoindazole 
(206) to 2-methyloxazolo[4,5-e]indazole (207) la2. 

o7fcH3 mN3 N :.E.* bN N’ 

(204) (205) 
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2. isoxazoles 

Formation of an isoxazole system has been reported in the case of 
2-Azidobenzophenone (208) gave a the pyrolysis of o-azidoketones. 

good yield of 3-phenylanthranil (209) IE3. 

(208) (209) 

3. Qxadiazoles 

The 1,3,4-oxadiazole system is formed on cycloaddition of carbo- 
alkoxy nitrenes to nitriles. The photolysis of ethyl midoformate in 
acetonitrile yielded 2-ethoxy-5-methyl- 1,3,4-oxadiazole (21 0) (yields 
52-60%) 17591Q4J8G. With benzonitriles yields were much lower185. 

o-Nitrophenyl azides cyclize upon heating to give good yields of 
benzohroxans. The unsubstituted benzofuroxan 212 was obtained 
on heating a tohene solution of 211 on a water bath (yield 77-85x) lE6. 

13 -I- C.A.G. 
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It should be noted that pyrolysis of either of the substituted nitro- 
phenylazides 213 and 214 yields the same single compound la'. Thus 
a tautomerism must occur between the products 216 and 217, prob- 
ably via the dinitroso derivative 215, to give the more stable isomer lE8. 

In the case where X = C1 or Br this has been shown, by an X-ray 
crystallographic study, to be the 5-substituted benzofuroxan 217 lag. 

The low reaction temperature of benzofuroxan formation from 
azides can be rationalized by assuming a concerted mechanism, 
rather than nitrene intermediates. Benzofuroxan formation is pre- 
ferred over the products obtained usually from nitrenes. Heating of 
2-azido-3-nitrobiphenyl (218) yielded exclusively the furoxan 219 
and not the carbazole 22Ol6O. 

A completely analogous reaction is the cyclization of o-nitroso- 
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azides to benzofurazans. 4-Chlorobenzofurazan (221) was pre- 
pared in this manner in 93% yieldloo. 

(221) 

F. Syntheses of Five-membered Rings containing Three Nitrogens 

I .  S,2,3=Tr i azo I in es 

The dipolar character of the azido 
group enables it to undergo 1,3-cycloaddition with olefins, forming 
A2-1,2,3-triazolines (222) 72. 

a. BJ addition ofazides to olejns. 

+ RN3 R-N, 4 N  
N 

(222) 

Double bonds which are a part of strained bicyclic systems are par- 
ticularly reactive. Norbornene (223) for example, yielded quantita- 
tively in a very fast reaction, the triazoline 224, the addition o-ccurring 
at the less hindered e m  sideLg1. The importance of the strain is 

(223) (224) 

evident in the reactivity of dicyclopentadiene (225). Even on using 
an excess of phenyl azide only the double bond of the norbornene 
moiety reacted to yield 226lg2. 



3 74 Tuvia Sheradsky 

Another type of strained olefins which add azides are the medium- 
sized tram-cycloolefns. In this series increase in the ring size relieves 
the strain and thus lowers the reactivity103. 

Double bonds flankcd by electron-withdrawing groups are also 
reactive. Methyl acrylate and phenyl azide yielded 77% of l-phenyl- 
4-carbomethoxy-A2-.~ ,2,3-triazoline (227). Formation of the iso- 
meric triazoline 228 was not detected l l O .  

The exclusive formation of 227 indicates that the orientation of the 
addition is controlled by electronic effects, the azide terminus attack- 
ing the more nucleophilic carbon. 

Triazolines have also been easily obtained in the reactions of azides 
with unsaturated nitriles lo, with ethylenesulphonic acid derivativeslS4 
and with maleimides lg5Jg6. Steric hindrance caused by additional 
substitution by alkyl or aryl groups lowers the yields and also infiuences 
the orientation. The reaction of phenyl azide with p-nitrostyrene 
proceeded only at 130" and yielded only ZOyo of the expected 1,5- 
diphenyl-4-nitrotriazoline (229), together with 1,4-diphenyltriazole 
(230), resulting from addition in the opposite directionlg7. 

C6HsCHzC H NO2 c6H5) CNOZ+[ZN /C6H, 

+ + 
C,Hs--N, //N CBHS-N, //N 

N 
(329) 

C6H5N3 

,=-CCGH5 / 
C~HS-N, //N 

N 

(230) 

En- 
amines react very readily with azides yielding 1 -substituted 5-amino- 
1,2,3-triazolines 79. The oricntation is determined by electronic 
rather than steric effects. The piperidine enamines of acetophenone 
(231) and phenylacetaldehyde (233) yielded the isomeric triazolines 
232 and 234 respectively198. Azomethines also react in the form of 
enamines, yielding aminotriazolines. The reaction of n-propylidene- 

Electron-rich double bonds also show very high reactivity. 
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(="I (CsH5 

N--CH=CHC,Hs C6HSN3--+ 
(94%) c6 H ~ A N , ~ ~ N  

(233) (234) 

c 
propylamine (235) with p-nitrophenyl azide produced compound 
236 log. 
CCi3CHzCH=N-Pr-n =+ CH,CH=CH-NH-Pr-n 

(235) + 
p-N02C6H4N3 

p-N02C6H4-N\ n - P r - H N w C H 3  //N 
L 

N 
(236) 

Vinyl ethers react in the same manner, the reaction being somewhat 
or-Methoxystyrene and p-nitrophenyl azide yielded (9373 slower. 

the triazoline 237 2oo. 

The reaction of simple unstrained and unactivated olefins with 
azides had been considered until recently to proceed too sluggishly to 
have any synthetic utility. The formation of the triazoline 238 
(X = Cl) from the aryl azides and 1-hexene was complete (897') at 
room temperature only after 5.5 months. At elevated temperatures 
( > 80") extensive decomposition was observed. However it was 
possible to obtain acceptablc yields of triazolines provided that the 
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temperature and reaction time are carefully controlled. The tri- 
azoline 238 (X = Br) for example was obtained in 43y0 yield after 
3 days at 640201. 1,3-Dienes and styrenes react faster. IsoprcneZo1 
and styrenezo2 yielded with phenyl azide the triazolines 239 and 240 
respectively. 

C 6 H 5 - 7 1  

N N 
(9140) 

x-c~H4-N. //N C~HS-N, =h //N C~HS-N, //N 

N 
(23% (239) 

As the addition proceeds by a concerted mechanism a stereoselective 
cis addition can be observed. Indeed cis and tram p-methylstyrenes 
(241 and 242) yielded exclusively cis and tram 4methyl-l,5-diphenyl- 
triazoline 243 and 244 respectively203. The same stereoselectivity 
has also been observed in the addition reaction of vinyl etherszo4. 

'58.3 

6 .  23' other methods. Two additional syntheses of triazolines which 
start with azides have been reported. The reactions of alkyl or aryl 
azides with the sulphur ylid 245 yield 4,5-unsubstituted triazolines. 
With phenyl azide, for example, the product was 1-phenyltriazoline 
(246). The mechanism involves two consecutive methylene transfers 
followed by cyclization. Yields were 6590y0 205*208. 

5-Hydroxytriazoles have been prepared by the reaction of aliphatic 
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ketones with alkyl or aryl azides in the presence of potassium t- 
butoxide. The reaction proceeds via a nucleophilic attack of the a- 
anion of the ketone on the azide terminus, followed by cyclization. 
Methyl ethyl ketone and phenyl azide thus yielded the triazoline 
247 207. 

CHjCHZCCH3 0 II C ~ N S N ~  r - B ~ O K  ~ H3C&CH3 

C6H S-N,N//N 

(247) 

2. 1,2J-Triazoles 

Most hydroxy- 
and amino-triazoles, prepared by addition of azides to vinyl ethers or 
enaiiiiiics, can be induced to eliminate a molccule of alcohol or amine 
and form the corresponding triazole 198s200. 1,5-Diphenyl-l,2,3- 
triazole (249) was thus obtained from the acetophenone enamhe 
248 and phenyl azidelSa. 

a. By addition of  azides to olejins, followed by elimination. 

b. By addition of  azides to triple bonds. The reaction of azides and 
acetylenes yields 1,2,3-triazoles directly. In  the synthesis of the parent 
ring 251 benzyl azide was reacted with acetylene yielding l-benzyl- 
1,2,3-triazole (250) (85%), which was converted to 1,2,3-triazole 
(251) by catalytic hydrogenolysis 208. 
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(252) (853) 

(454) 
(ratio 7: 1) 

(255) 

In  the addition to unsymmetrical acetylenes the orientation is 
controlled by electronic effects. Thus, while in the reaction of phenyl 
azide with phenylacetylene the two isomeric diphenyltriazoles 252 
and 253 were obtained in almost equal methyl propiolate 
yielded mainly 1-phenyl-4carbomethoxy- 1,2,3-triazole (254) and 
only minor amounts of the isomeric 255 zlo. Dimethylaminoacety- 
lene yielded 1 -phenyl-5-dimethylamino-1,2,3-triazole (256) as the 
sole productzl1. 

This addition reaction has been used for the preparation of a large 
number of substituted triazoles, using various types of azides and acety- 
lenes 212-215, including cycloalliynes 210. 

I-Substituted benzotriazoles were obtained by this method when 
benzyne served as the acetylenic component. 1 -Ph enylbenzotria- 
zole (257) was prepared in this manner in 52% yield217. 

QKNH'z COOH 

Compounds prepared includc 1 -ary1217, l-alky1217, 1-acyl 218 and 
1 -sulphonyl benzotriazoles 218. The synthesis of 1 -glucosylbenzo- 
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triazoles from glucosyl azides and benzyne has also been recently 
reported 219. 

The base- 
catalysed reaction of alkyl and aryl azides with active methylencs 
provides a very useful triazole synthesis. The reaction proceeds via a 
nucleophilic attack of the carbanion on the azide terminus, followed by 
cyclization on the adjacent functional group. The reactions of benzyl 
azide with ethyl acetoacetate and with diethyl malonate yielded 1- 
benzyl-4-carbethoxy-5-methyl-1,2,~-triazole (258) and l-benzyl-4- 

c. By nucleophilic attacks on azides, followed by cyclization. 

NaOC,H, 
-k C ~ H S C H ~ N ~  - 3 

COCHJ 
\ 

H2C 

C~HSCH~-N, H3cwC00C2H5 //N 

HJPd * H3cwc00c2H5 HN, HN 

N N 
(258) (259) 

t $. C6H5CH2N3 - NaOCIH, OOC2 H5 

\ 
H2C 

COOC2Hs 

HN, 4 N  
N 

GHSCH~-N, //N 
N 
(260) (961) 

carbethoxy-5-hydroxy-1,2,3-triazole (260) respectively. Removal of 
the benzyl group by hydrogenation yielded the 1-unsubstituted 
triazoles 259 and 26P220. 

The reactions of methylene groups activated by cyan0 groups give 
5-amino-l,2,3-triazoles. Cyanoacetamide and phenyl azide yielded 
(88y0) the triazole 262 321. 

With phenylacetonitrile, l-substituted-4-phenyl-5-amin0-1,2,3-tria- 
zoles are produced in excellent yields. Compound 262a has been 

(262) 

13* 
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obtained in 99% yield from phenylacetonitrile and phenyl azide z29. 

With n-hexyl azide a yield of 98y0 has been achievedz23. The 5- 
aminotriazoles rearrange very readily on treatment with pyiidine, 
with substituent migration from position 1 to the 5-amino group. 
Compound 262a was thus transformed into 263 in 92% yieldzzz. 

(263) 

A related triazole synthesis utilizes phosphorous ylids, such as 
264. The initially formed triazenes cyclize with elimination of 
triphenylphosphine oxide. The reaction proceeded sluggishly with 
phenyl azide, but good results have been obtained with acyl or sul- 
phony1 azides. Tosyl azide and 264 yielded 98y0 of the l-tosyl- 
triazole 265. The tosyl group could be removed by solvolysis in 
boiling ethanol 224. 

Ylid esters such as 266 react similarly. With benzoyl azide the 
trizole 267 was obtained in 63y0 yieldzz6. 

-k C6HsCON3 __f 

/ c  O0 cz 

\ 

(206) 

(C6H5)3P=C 

c H 3  

(267) 

It should be noted that prolonged heating of aryl azides with sodium 
The reaction requires two ethoxide alone also produces triazoles. 
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equivalents of the azide, one of which is reduced to aniline22e. This 
reaction has been recently used for the synthesis of a number of i- 
aryltriazoles 237. Phenyl azide, for example, yielded (457') l-phenyl- 
1,2,3-triazole (268). Use of sodium n-propoxide yielded the 4-methyl 
derivatives 237. 

(268 j 
d. By decomposition of o-azidoazobenzenes. 2-Substituted benzo- 

triazoles are obtained by the thermal decomposition of o-azidoazo- 
benzenes. The conversion of 269 to 2-(4-dimethylaminophenyl) benzo- 
triazole (270) was affected in quantitative yield by reflux in dioxan228. 
The low dccomposition temperature indicates a concerted mechanism. 

QN=N*N(Me12 - 
(270) 

The reaction has been utilized for syntheses in the tetraazapeneta- 
lene series. Heating of o,o'-diazidoazobenzene (271) gave 1,3a,4,6a- 
tetrazzapenetalene (273) in 93oj, yield. The intermediate: benzo- 
triazole 272 could be isolated when the reaction was carried out at 
58". The second step which probably involves a nitrene intermediate 
required a temperature of 170" 229. 
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This type of cyclization has been 
observed during the hydrogenation of a-azidodiphenylacetonitrile 
(274). A probable intermediate is the cyanotriazene 275 which 
cyclized to the aminotriazolenine 276 (59y0 yield). The normal 
hydrogenation product 277 was however also obtained (30%) 230. 
The scope of the reaction has been extended to include also the 
reductive cyclization of a-azido esters to hydr~xytriazolenines~~~. 

e. By reductive cgcZization of  nzides. 

Ph 

(277) 

C. Syntheses of Tetrazoles 

1. By addition of azides to  nitriles 

The uncatalysed addition of organic azides to nitriles to form 
tetrazoles can be affected only if the nitriles are activated by electron- 
withdrawing groups. The reaction of octyl azide and trifluoro- 
acetonitrile at 120-150" yielded (96q0) the tetrazole 278. Such good 
yields can be obtained only when the azide employed is stable at the 
high reaction temperature. With the less stable phenyl azide the 
yield was only 22y0 232. 

C F j C E N  
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An intramolecular uncatalysed addition has Seen observed upon 
heating of 2-azido-Z'-cyanobiphenyl which yielded the tetra- 
zolophenanthridine 279 161. The cyclization of azidonitriles of the 
general formula 280 has been carried out with acid catalysis, and 
yielded the fused tetrazoles 281 232. 

2. By decomposition of gerninal diazides 

produce 1,5-diplienyltetrazole (283) in 90% yield 233. 
The thermolysis of benzophenone diazide (282) has been reported to 

(282) I 
Ph 

(483) 

Photolysis of-282 yielded only 14y0 of 283 234. With diethyldiazido- 
malonate the yield of 1,5-dicarbethoxytetrazole was 48y0 235. 

3. The azi doazom et h i ne-tet razol8 eq u i I i b r i u m 

Azidoazomethines (284) , usually cannot be isolated as they readily 
isonierize to tetrazoies. Thus the azides in this case have to be con- 
sidered as intermediates, rather than starting materials. The iso- 
merization has been applied to the synthesis of large series of 1,5- 
&substituted tetrazoles (285; R, R' = aryl or alkyl) 2 3 6 9 2 3 7 .  

(284) (285) 

In some special cases the azides could be isolated. One example is 
the stable nitroguanyl azide (286), which served for the synthesis of 
5nitrairLinotetrazole (287) 238. 
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When the azomethine group is part of an electron-deficient ring, 
such as pyridine, pyrimidine or thiazole, the compounds exist as 
tetrazoles in the solid state, and at equilibrium with the azido form in 
solution23B. The equilibrium constants depend on the solvent, the 
nature of the substituents and the temperature 240. 2-Azido-4,6- 
dimethylp-pimidine (28th) thus exists in equilibrium with tetrazolo- 
pyrimidine (288b). Its chemical behaviour is, however, in accord 
witk the azide structure 288a, including dipolar addition reactions 241 

and nitrene reactions 242. 

(2883) (28Bb) 

H. Syntheses cf Six-membarod Rings 

1. By intramolecular insertion of nitrenes 

Cases in which decomposition of an azide results in the formation of 
a 6-membered ring are quite rare. In the thermolysis of (o-azido- 
phenyl) butane-n (289), 2-methyl-l,2,3,4-tetra-hydroquinoline (290) 
is only a minor product (10-2073 157. 

Transformztions of the type 241+292 were successful when 

r- (289) wA + aTA, + other products. 

H H 
(minor) (major) 
(290) 
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applied to the synthesis of phcnothiazine (X = S, 32y0) and its dioxide 
(X = SO,, 42X)lE3 and failed when X was 0, NH or CH2183-48. 

(291) (992) 

Pyrolysis of the azidobiphenyl 293 also led to a 6-membered ring, 
yielding, along with other products, 48% of 2,4-dimethylphenanthri- 
dine (294)243. 

M e  M e  
I I 

(293) (294) 

A suitable spatial arrangement of a molecule, which allows an easy 
access of the azido group to a C-H bond (as in 295) can promote the 
formation of a 6-membered ring. Photolysis of the perhydrophenan- 
threnene derivative 296 yielded (25y0) the lactam 297 244. 

O = h  (295) 

p 
C H 3  

(297) 

2. By ring expansions of five-membered rings 

Five-mem.bered ring azides can rearrange upon decomposition 
to form 6-membered ones. Acid decomposition of 9-azidofluorene 
(298) yielded in this manner phenanthridine (249) 245. Unsym- 
metrical fluorenes produce mixtires, thus both 801 and 302 have been 
obtained from 8Q066. 
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LN’ 
(499) 

+ 

(301) (302) 

9-hido-9-substituted fluorenes yield the corresponding phenan- 
thridines upon thermolysis. Thus 9-azido-9-phenylfliorene (303) 
yielded 804e6. 0 0 o--0 0 

(303) 

3. By dimerization reactions 

Pyrazine derivatives have been obtained on pyrolysis of a-sub- 
stituted vinyl azides in ethanol. Thus 1 -azido-2-phenylpropene (305) 
produced 2,5-dimethyl-2,5-diphenyldihydropyrazine (806) (48Cr,) on 

c H3 

C H C=CHNj EtOH A + 3 xlFc 6 5 

C6H5 
5~ 

c H3 

(305) (3061 
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pyrolysis in ethanol. No trace of 306 was detected when the pyrolysis 
was carried out in mesitylene87. 

The reaction of a-azidoketones with triphenylphosphine has 
recently been reported to give pyrazines in good yields. I n  this 
manner ?,5diphenylpyrazine (307) was obtained in 75% yield from 
phenacyl azide. The reaction probably proceeds by dimerization 
followed by oxidation 246. 

CH2-cCsHS 

2 c H 2 C o c 6 ~ ,  ( C C H d 3 P  

2 1 a 1 -z(CGHS)3PO_ 

I 
N3 (C6H5)3 

x;ycy& 1 0 j C G H 5  

CiiH, 

(307) 

1. Syntheses of Seven-membered Rings . 

Carboalkosy nitrenes add to benzcne rings yielding, after valence- 
bond isomerization of intermediate aziridines, N-carboalkoxy aze- 
pines. N-Carbethoxy azepine (308) was thus synthesized by photo- 

(308) 

lysis (75y0 yield) 247 or thermolysis (41y0 yield) 248 of ethyl azidofor- 
mate in benzene solution. Some substituted azepines have also been 
prepared by this method 249. 

I n  one case a similar reaction of an aryl azide has been observed. 
The thermal decomposition of o-azidodiphenylmethane (309) yielded 
(6673  azepino[2,l-a]-H-indole (310) 46. 

(309) 
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Another synthesis of azepines from azides involved the photolysis or 
thermolysis of aryl azides in the presence of nucleophiles. The photo- 
lysis of phenyl azide in diethylamine yielded (34y0) 2-diethylamino- 
3H-azepine (311) 250. In  the same manner 2-substituted azepines 
were obtained from phenyl azide and liquid ammonia, aniline and 
hydrogen sulphide z53. 

"T \ J  N(C2H5)2 

aN3+ HN(C2HS)z * 
(311) 

The thermal reaction, peiformed with aniline, requires a very large 
excess of the amine. An acceptable yield (54'70) was obtained only 
upon using a 200-fold excess of aniline251. 

The ring expansion route has also been applied to the synthesis of 
7-membered rings, however, imines were also formed in every case. 
Pyrolysis of 9-azido-9-phenylxanthene (312) yielded a mixture of the 
desired dibenzoxazepine (313) and the anil314. Similar results have 
been observed with the corresponding thioxanthene 252. 

A ring expansion has also been observed upon acid treatment 
of 4-azido-l,2-naphthoquinone (315). 4-Hydroxy-benzazepine-2,5- 
dione (316) was obtained in 82% yield253. 
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1. I N T R O D U C T I O N  

Rearrangements involving azides can be grouped into several classes 
showing some mutual overlap. In the following sections the status 
of these classes at January, 1970, is summarized mainly from the 
viewpoint of their reaction mechanisms. Neither historical develop- 
ment nor complete coverage is attempted : the former is adequately 
described in several articles and the latter is precluded by the quantity 
and diversity of rccent work. Details of reaction conditions, beyond 
bare descriptions as photolyses, therniolyses, etc., are given only 
when of mechanistic or other significance since conditions often vary 
from substrate to substrate for a particular type of reaction so as to 
make generalizations or inferences from individual examples of little 
value. 

The subject matter of the present article has been discussed with 
varying degrees of completeness in reviews on the general reactions of 
organic azideslM7 and on nitrenes 8-11. 

II. T H E  C U R T I U S  REARRANGEMENT O F  ACYL AZIDES 

A. Thermal Reactions 

In  1890 Curtius discovered that acyl azides readily lost nitrogen on 
heating in an inert solvent and formed isocyanates, some requiring 
refluxing for many hours while others reacted near room temperature. 
I n  the more frequently used. alcoholic solvents urethanes were pro- 
duced by addition of alcohol to the initially formed products. Yields 
were usually good and often greater than 80y0. Since the starting 
materials can be easily synthesized in high yield by treatment of an 
acid chloride with azide ion a d  as heth isclcj'mates acd urethazes can 
be efficiently hydrolysed by mineral acids to amines, the reaction 
forms an important route for the conversion of a carboxyl group into an 
amino group (reaction 1) and is especially convenient for decarboxy- 
lation of tracer-containing material of biosynthetic origin as part of 
degradation schemes. 

A RCOOH ROC1 + RCON, __f Hf, RNH, RNCO 
RNHCOOR 

A less used route to the substrate is the treatment of an acyl hydra- 
zine RCONHNH2 (formed from an ester and hydrazine) with nitrous 
acid. Detailed compilations and reviews 4~32*13  list the many hun- 
dreds of examples of the rearrangement recorded up to 1961. The 
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procedure is extremely successful for aliphatic, alicyclic, aromatic and 
heterocyclic azides of various sizes and complexity : all reamangf.; 
uneventfully except for one case when a cyclopropyl ring is opened14 
and even here rearrangement took place normally and ring-scission 
occurred at  a later step. In some compounds migration of groups 
from nitrogen and oxygen to nitrogen 43 and from sulphur to nitrogen44 
were found. 

The rearrangement has a mechanism similar to those of the 
Hofmann rearrangement of amides, the Lossen rearrangement of 
acylhydroxamic esters, the Schmidt rearrangement of carbonyl com- 
pounds and the Wolff rearrangement of diazoketones. Evidence con- 
cerning the mechanism of one can often be applied to the others, and 
the whole family has been reviewed briefly16. Sometimes the dis- 
tinction is made that the ccnversion of an acyl azide into an isocyanate 
or urethane is the Curtius rearrangement whereas the overall sequence is 
the Curtius reaction, but usually the former name is used for both 
processes. 

There appears no doubt that the migrating group never becomes 
kinetically free in this and the related rearrangements. Optically 
active amines of the same specific rotation were isolated from the 
rearrangements of the azide or amide derived from (+)-2-methyl-3- 
phenylpropionic acid and correlations of the rotations of starting 
material and products in this and in other examples led to the con- 
clusion that the configuration of the migrating group was preserved l6 

with typically greater than 99% retention of optical pu~- i ty~~- '~ .  
In another example20, optical activity was retained in a biphenyl 
where the asymnxtry was due to hindered rotation (reaction 2) and 
separation of the migrating group (if any) was not sufficient to allow 
free rotation about the central bond. Recently, geometrical iso- 
merism has also been found21 to be retained in the rearrzngement 

cis - P hCH=C H C O N  A* cis -P hCH=C H N H2 (3) 

(reaction 3). Before the fact of intramolecularity had been conclu- 
sively established the possibility was considered that the migrating 
g1.oup was a carbonium ion or a. free radjcal. The former species was 
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eliminated for the Hofmann rearrangement by observations that 
groups very susceptible to Wagner-Meewein rearrangements, e.g. 
neopentyl and 2,2,2-triphenylethyl, migrated to the nitrogen with 
their structure unaltered22 and the latter was ruled out when the 
Curtius rearrangement was found to be unaffected by the addition of 
sources of triphenylmethyl radicals to the reaction and 
also when acry1onit.de added to thc medium was not polymerized26. 
The Curtius rearrangement has nitrogen both in the leaving group 
and at the migration terminus but studies with 15N-tracer have shown 
that far spanning migrations do not occurz6 (cf. reaction 4) and a 
1,2-s11ift appears universally Likely. 

PhCONHNH, -t- H15N02 + P h C O - N - ~ ~ ’ 5 N  & (4) 

ArNH, 4- N=15N 

T i e  diiving Grce for the family of rearrangements is undoubtedly 
the tendency of an electron-deficient nitrogen to acquire electrons 
from a P-Linked carbon which is thus induced to migrate, but there 
has been considerable controversy as to whether rearrangement occurs 
in one stage of concerted migration and nitrogcn loss or in two stages 
with the intermediate formation of a nitrene. These alternatives 
for the Curtius rearrangement are shown (reaction ‘5). One possible 
method of deciding between them is to observe the effect of varia- 
tion of R on the rates: the concerted route should be dependent on 

the migratory aptitude of R whereas a route involving formation 
of nitrene in the almost certain rate-determining step would be un- 
affected by this aptitude. In  consequence, several investigations 
have been made of the kinetics of rearrangement of 0, m and p- 
substituted benzoyl azides. 

The reaction of benzoyl azide itself was first-order, was facilitated in 
polar solvents and showed an unusually large (AH$ = 25-32 kcal 
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mole-l) dependence on temperature 27-8. Electron-releasing p-sub- 
stituents decreased the rate compared with the unsubstituted parent in 
a way unexpected for either of the routes of reaction (5) and at variance 
with the corresponding situation for the Hofmann and Lossen re- 
arrangements. Presumably acyl azides arc uniquely stabilized by 
conjugation between the aromatic and triazene groups which more 
than counteracts even the migratory ability impressed on the forme? by 
its p-substituents 4n29*50.  o-Substituted groups of any polarity in- 
creased the rate by some 50-100-fold above that of the unsubstituted 
parent31 and this, which is similar to findings for the Beckmann 
rearrangement 16, has been reasonably attributed to steric inhibition 
of conjugation between the triazene group and the aromatic ring 
destabilizing the molecule and in addition promoting its orientation 
for effective overlap with the empty orbital of the nitrogen to which it is 
migrating. Electron-releasing nz-groups increased the rate of re- 
arrangement29*30 but the effects were small and no correlation with 
the Hammett equation could be demonstrated. Thesc last results 
have been considered consistent with either the nitrene8 or the con- 
certed4 mechanism. 

The former route was also supported by measurements of the volu- 
mes of activation of the Hofmann rearrangement of benzamide carried 
out a t  high pressures32 but the consensus of opinion for the Curtius 
and related rearrangements definitely favours the concerted mecha- 
nism7J1. There are several reasons for this decision. The disproof 
of the long advocated intermediacy of monovalent nitrogen derivatives 
in the Beckmann rearrangement cast doubts on the existence of ana- 
logous species in the rearrangement under consideration and all 
attempts to trap nitrenes in the Curtius rearrangement have : 
e.g. no hydroxamic acid could be detected by sensitive tests when the 
reaction was carried out in aqueous solvents35. More decisively, 
large 14C-isotope effects were found for the Curtius, Hofmann, and 
Lossen rearrangements of compounds labelled in *he migrating 
groups11 and this is compatible only with the concerted mechanism. 
Also little variation in yields was found when the Curtius rearrange- 
ment was carried out in a range of solvents 36 which would have almost 
certainly trapped intermediate nitrenes to differing extents. How- 
ever, relatively few reactions have been studied to date and the pos- 
sibility remains of a spectrum of mechanisms with the concerted and 
two-step routes as extremes: the latter may yet be characterized for 
suitably elaborated structures and chosen conditions. 

An interestkg cyclization promoted by heat or ultraviolet irradia- 
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tion has been found to accompany rearrangement of a few olefinic 
acyl azides 47848 (cf. reaction 6). 

PhCH=C HCONB 
NO ,A\ N ,co 

- 
H 

B. Acid-Catalysed Reactions 

After consideration of the mechanism of the Schmidt reaction of 
carboxylic acids (cf. section 1II.A)the prediction was made and veri- 
fied that the Curtius rearrangement would be subject to acid cataly- 
sis3'. The charge and bond distribution in the substrate can almost 
certainly be best represented by 1 and protonation (reaction 7) was 
believed to form 2 in which the positive charge on the nitrogen of the 

- 
(7) 

RCO-N-N=N -+ RCO-NH-A=N 
(1) (2) 

potential leaving group favoured the tendency of this group 'to split 
off: Acid catalysis by sulphuric acid in acetic acid as solvent was 
demonstrated for the rearrangement of benzoyl azides and the small 
but significant effect of electron-donating m-substituents which could 
be correlated with the Hammett equation ( p  - 1.1) was consistent with 
a concerted m e c h a n i ~ m ~ ~ .  Protonation of the oxygen of the acyl group 
rather than the innermost nitrogen has been suggested by analogy 
with the situation in the Schmidt reaction39, but acid-catalysed hydra- 
tion to RC(OH)2N3 is not a necessary preliminary to rearrangement as 
anhydrous acids are efficient catalysts4 : in addition, an isocyanate 
has been isolated in one instance for the related Schmidt process 40 and 
this could not reasonably be derived from the hydrated species. 

Lewis acids may also act as catalysts with an efficiency roughly 
parallel to that found in Friedel-Crafts and related  reaction^^^*^^. 
These rearrangements are first-order in acid and a substrate-acid 
adduct is believed to be rapidly formed which rearranges in a slow 
step with concomitant release of catalyst. Adducts of benzoyl azide 
with boron trichloride and trifluoride have been isolated at low 
temperatures 42. 

C. Photochemical Reactions 

Rearrangements induced by ultraviolet radiation (cf. reactions 8 
and 9) are well known25*45 2nd neighbouring groups can be impli- 
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PhCON3 * PhPICO (8) 

PhCH2CON3 Et& : PhCH,NHCOOEt (9) aCoN3 aN>o 0 (10) 

OH 

~ a t e d ~ ~  (reaction 10). Triplet nitrenes have been proposed as inter- 
mediates which lead to various products of interaction with alcoholic 
solvents8*46. This is reasonable since irradiation could well provide 
sufficient energy for N-N bond fission witho!it the need for neighbour- 
ing-group participation leading to a concerted reaction. Reactions of 
synthetic utiiity have been derived from these supposed nitrenes 49-51 : 
thus the photolysis shown in reaction (1 1) gave the lactam where- 
as thermolysis of the same starting material gave the isocyanate. in 
a conventional Curtius rearrangement. In another example the 

PhH2C PhH,C 

Me? M?Q (12) 

N 3 0 C  
0 

acyl azide t-BuCoN, gave both products of rearrangement and of 
insertion into thc solvent on photolysis whereas thermolysis gave only 
the former52. The intramolecular insertion (reaction 12) led to a 
product with complete retention of configuration a t  the starred carbon 
atoms4 in a reaction with a postulated singlet nitrene as intermedi- 
ate. Nitrenes that were presumed to be intermediates of photo- 
chemical Curtius rearrangements have been trapped with dimethyl 
sulphoxide 4633 and other  scavenger^^^. 

Nevertheless, although nitrenes undoubtedly can exist under con- 
ditions where rcarrangement can occur, the observation of 14C- 
isotope effects on rates and products for photochemical as well as for 
thermal rearrangements" and thc small effect of solvent in altering 

14+ C.A.G. 
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the yield of rearrangement product obtained from photolysis of pivaloyl 
a ~ i d e ~ ~  strongly suggest that two independent rextions are operating 
under these conditinns of photolysis l1 at least. One reaction leads to 
nitrenes that undergo characteristic trapping and insertion rcactions 
but do not rearrange and the other is a concerted rearrangement to 
isocyanate. However, as in the thermal reaction, too few examples 
have been adequately studied to allow generalizations of any wide- 
spread validity to be made. 

B. Unusual Substrates 

Various types of so-called ‘rigid’ azides, e.g. carbamoyl azides 
R,NCON,, sulphonazides RSO2N3, and diazides of carbonic and 
sulphinic acids were once thought not to undergo the Curtius re- 
arrangement 56 and ratiorializations were proposed on structural and 
electronic grounds 57. Certain N,N-diary1 or N,N-alkyl-aryl carba- 
moyl azides have, nevertheless, Seen found to rearrange on heating in 
appropriate  solvent^^*^^*^^ (reactions 13, 14) and other types do so 
under photolysis in methanci and ethanol but not apparently in hydro- 
carbon solvents 6o (reaction 15). The non-occurrence of rearrange- 
ment in general has been attributed to the predominance of competing 

Ph2NCON3 E&, * PhNHNHC02Et (13) 

Ph2NCON3 ! L ~ ~ ’ ~ ~ ~ ~  : Ph2NNC0 + myph (14) 
NH 

I1 
0 

EtNHCON, h”*MeoH i EtNH NHC0,Me (15) 

solvolysis61, but the former is usually only of very minor extent even 
when carbamoyl azides are heated in an inert solvent until general 
decomposition sets in. 

Heating benzenesulphonyl azide at 100” does not cause rearrange- 
ment although products of reaction of the derived nitrene with the 
solvent can be isolated62: if rearrangement in general involved the 
nitrene route some would surely be expected to intrude here. In 
contrast, photolysis in methanol leads to phenylsulphamic esters in a 
reaction analogous to the Curtius rearrangement 60*63. Other sul- 
phony1 azides probably decompose to nitrenes on thermolysis as 
products typically derived from such intermediates, i.e. of hydrogen 
abstraction and insertion, are found 11*64*65. 
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Azidoformate esters, N,C02R, also can show the Curtius rearrange- 
ment. A low yield (ca. IOOJ,) of a trimer of methoxyisocyznate was 
isolated after irradiation of methylazidoformate in aprotic media 66, 

but generally both photolysis and thermolysis lead to similar products 
of secondary reactions that are characteristic of the formation of 
nitrenes 66 with the rearrangement product either not present or in 
very minor yield. I n  aromatic solvents insertions can leads7 to 

(3) 

interesting azepines (3), and in inert solvents cyclizations (reaction 16) 
can occur 68069.  The necessity of azidoformates and sulphonyl azides 
to form nitrenes in the step of nitrogen loss provides the only reasonable 
explanation fcr their great difference in reactikity compared with acyl 
azides. The former sluggishly undergo transformations at high tem- 
peratures, typically over 1 Z O O ,  whereas the latter can usually rearrange 
cleanly at  much lower temperatures by utilizing a concerted mecha- 
nism7. 

111. T H E  SCHMIDT REACTION 

This name is given to a rather loosely defined family of reactions of 
hydrazoic acid with various types of organic compounds in the pre- 
sence of a strong acid, usually concentrated sulphuric acid, that are 
usually carried out in an inert solvent at about 40”. In  all types, the 
crucial step is a rearrangement and the reaction has close similarities 
to, and ir,deed some overlap with, the Curtius rearrangement. The 
latter differs in that acyl azides form a distinct stage either as starting 
materials or as isolable intermediates and acid catalysis is not obliga- 
tory although it can occur. 

A. Reaction of Carbonyl Compounds 

The most important group of Schmidt reactions are those carried 
out with carbonyl compounds. Aromatic and aliphatic acids and 
ketones form amines and amides respectively (reactions 17 and 18), 
but aldehydes and a few ketones give mainly cyanides together some- 
times with very Toor yields of farmyl derivatives of amines, RNHCHO. 
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RCOOH * [RNHCOOH] RNH, + C02 (17) 

RCOR' N'H * RNHCOR' --+ RNH, + R'COOH (18) 

The reaction is of widespread application and has bcen sum- 
marized and ~ o m p e n d e d ~ * l ~ * ~ ~  up to 1961 and is extensively used in 
synthesis71, but the scope is somewhat less than that of the Curtius re- 
arrangement, owing both to the forcing conditions isomerizing sen- 
sitive substrates and products and to the multi-step nature of the 
reaction that gives scope for the formation of side products. For some 
classes of substrzte milder conditions can be used: concentrated 
hydrochloric acid will affect rearrangement of dialkyl ketones and 
molten trichloroacetic acid will suffice for alkyl aryl ketones72. 
Another limitation is that although nitrogen-containing heterocyclic 
substrates can undergo reaction, most are protonated on the ring and 
the protonation on the side chain oxygen or nitrogen that is necessary 
to induce rearrangement is thercby hindered. Despite these restric- 
tions, few anomalous reactions are kn0W-d" and phenyl bonded to 
phosphorus, sulphur and other metalloids can migrate to nitrogen 74. 

The reaction was discovered in 1923 in interesting circumstances. 
Products from the decomposition of hydrazoic acid in various solvents 
were investigated and the decomposition catalysed by sulphuric acid 
in benzene was found to lead to aniline Schmidt considered an 
imine radical NH to be the species responsible and on attempting to 
trap this with benzophenone he obtained benzamide. The reaction 
was generalized and rapidly exploited, mainly by its discoverer. The 
currently accepted mecharism was proposed in outline shortly after- 
w a r d ~ ~ ~  and is shown in its modern form in scheme (19) : for carboxylic 

I 
I 

OH 

R-C-R' R-C-R' R-C-R' (b)' 
N-N: 

6 H  
II N H  

I I  
RCOR' 

N H i 2  

(4) (5 )  (6) y (19) 

+ 
O=C-R' AO=C-R' C-R' 

R-N H 
II 

R-N 
I 

(8 )  (7 )  

c-- + 
R-N H 

I 

acids (R1 = OH) the similarity of 6 to the intermediate in the acid- 
catalysed Curtius rearrangement is evident. This scheme is mainly 
derived from secondary evidence and analogy with related reactions. 
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The broad outline was apparent when the intramolecularity was 
shown to be as for the Curtius rearrangement by the conversion of 
optically active acids into amines without racernization 17-19 and 
sequences such as that in reaction (20) showed that despite the pre- 
sence of the strong acid no skeletal rearrangement occurred in the 

PhCH2'"CH2COOH --+ PhCH214CH2NH2 + PhCOOH + l4Co2 (20) 

migrating The only intermediate that has been unam- 
biguously identified is the isocyanate formed in the reaction of phenan- 
threne-4-carboxylic acid *O : the general unaccessibility of isocyanates 
is not surprising as they would rapidly decompose in the strongly acid 
conditions usually employed and in the above mentioned case atypi- 
cally mild conditions of conducting the reaction in trifluoroacetic acid 
had to be used. Direct conversion of 5 into 8 is ruled out by the in- 
ability of alkyl and aryl azides to replace hydrazoic acid: the short- 
cut would be equally possible with all these reagents whereas the 
sequence 5 to 6, 7 and 8 can only be followed if hydrazoic acid is 
employed. 

i t  is convenient to consider separately how the observed kinetics 
and products are consistent with scheme (19) rather than with a route 
involving an iminium ion, RRIC=N + , that could in theory be derived 
from 6. Typical reactions of ketones follow a rate equation that is 
first-order each in hydrazoic acid, in substrate, and in Hammett's 
h, f ~ n c t i o n ~ ' ~ ~  and they are also catalysed by Lewis acids, but it is 
difficult to characterize the rate-determining step or to provide 
unambiguous evidence for a particular scheme from kinetics alone. 
I t  has been argued that the effect of substitution on the relative rates 
and on the Eyring parameters AHt and AS* indicate that some step 
other than the rearrangement stage (c) , scheme (19), is rate-determ- 
ing4, but the rate-determining step for release of nitrogen could be 
either steps (a ) ,  (b)  or (c), and in addition the dehydration ( b )  could be 
unimolecular or could involve solvent or more of the catalysing acid. 
Consequently, a complex rate expression could result in the general 
case and the overall rate could be relatively insensitive to the migra- 
tory aptitudes and polarity of electron-releasing substituents. 

Nevertheless , rearrangements of rn- and p-substituted benzoic acids 
were sensitive to polar influences 78*79 as shown by their correlation in 
a Hammett relationship with p-1.76 and since the decomposition of 
aryl azides was insensitive to such substitution (cf'. section IV) it is 
tempting to consider both the sensitivity to polar groups and the higher 
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rates in the former set of compounds to be attributable to migration 
concerted with splitting-off of nitrogen. o-Substituted benzoic acids 
reacted faster than the unsubstituted parent regardless of the polarity 
of the substituent presumably for the same. reasons as outlined for the 
Curtius rearrangement (section IIA) . Di-o-substituted benzoic acids 
reacted even more readily - often undergoing rearrangement some 
20" lower than their parents - and consequently selective reaction at  
one group of a dicarboxylic acid may be possible despite steric 
hindrance to reaction at  the chosen site37 (reaction 21). This 

c H3 c H3 

HOzC --@-co2H $ y  + H O z + @ - - - - ~ H 2  (21) 

c H3 c H3 

enhanced reactivity is reasonably attributed to the ease of formation 
of an acylium ion, RCO + , at the hindered centre *O which led to rapid 
formation of RCO+N,I-. I t  could not be determined whether 
the other benzoic acids (m, p and unsubstituted) react through a very 
small concentration of such an ion or through the more plentiful but 
less reactive conjugate acid of scheme (19). 

There appears to be considerable scope for kinetic studies using fast 
reaction techniques capable of detecting the various transient inter- 
mediates in these sets of reactions and measuring the rates of their 
interconversions. 

The Schmidt-type rearrangement of ketones puts two possible 
migrating groups R and R1 (reaction 19), into competition. Such 
migration in the iminium ion RRIC=N+ would lead to essentially 
equal quantities of products of migration of each group as little dis- 
crimination would be expected for movement to such a reactive centre. 
Actually, for the crucial cases (see later) of competition between groups 
of different sizes, different migration aptitudes were found. In  
reaction (22) the product distribution A:B was 9:95 for R = Me; 
15:85 for R = Et; and 50:50 for R = i-Pr8,. This is inconsistent 



7. Rearrangements involving azido groups 409 

with the intermediacy of iminium ions but the Ph:Alkyl migration 
aptitude is considerably smaller than that found in the Beckmann and 
pinacol rearrangements 15. In  contrast, mixtures of isomeric ben- 
zanilides from various mono-p-substituted benzophenones were found 
in nearly equal proportions regardiess of the steric or polar nature of 
the s u b ~ t i t u e n t ~ ~ - ~ ~ ,  these results being very similar to those obtained 
for the Beckmann rearrangement of equilibrated oximes. All these 
data can be readily rationalized if it is assumed that the rearrangement 
step (c)  in reaction (19) involves a concerted migratioii and nitrogen 
loss, when an anti-orientation of the migrating and leaving groups is 
necessary as in the Beckmann and other 1,2-rc;arrangementsY and that 
equilibration of the isomers 9 and 10 is more rapid than the rearrange- 
ment. The last assumption seems reasonable as by analogy with 

R-C-R' R-C-R' 
11 + -+ I 1  

(9) (10) 

N-N, N,-N 

oxirnationE4 the only irreversible step in the reaction sequence is 
probably the rearrangement. The products of rearrangement are in 
consequence controlled by the relative populations of 9 and 10 rather 
than by intrinsic migration aptitudes and the more favoured of the 
latter pair is that where the larger group R and the bonded nitrogen 
molecule occupy an anttconfiguration. This results in the smaller 
migrating group generally having the least tendency to shift. This 
analysis accommodates the bulk of the available data but direct 
evidence for the importance of intrinsic migratory aptitudes in the 
presumed concerted rearrangement of aliphatic ketones is the kinetic 
and product effects observed on reaction of l-14C-acetone85. Here 
the methyl group containing the heavy isotope migrated more slowly 
and less readily than its isotopically normal partner and steric effects 
on populations of intermediates can be ruled out. 

Probably the safest summary of the situation is that both steric 
effects and migratory aptitudes can govern the direction of migration 
depending on the structure and reaction conditions, but that the 
migration is definitely concertcd. Since the order of intrinsic ability 
to migrate, i.e. Me < Et < i-Pr c t-Bu, as found in the pinacol 
rearrangement, is the same as the order of increasing bulk, the empiri- 
cal rule applies that, regardless of the cause, the group with the largest 
bulk in the neighbourhood of the reaction centre will preferentially 
migrate. 
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Similar arguments apply to many alicyclic k e t o n e ~ ~ ~ . ~ ~  : the sub- 
stituted carbon of the ring of 2-substituted cyclohexanones and cyclo- 
pentar?ones showed the major ability to migrate to nitrogen88 (reaction 

main 
product 

23), but norcamphor and cyclopentanonorcamphor gave lactams 
resulting from migration of the unsubstituted sideeg, although the 
significance of this result is limited by the low material balances that 
were achieved. Cyclic aryl-alkyl ketones behaved similarly : when the 
a-methylene group was unsubstituted : reaction led to lactams with the 
NI-I group attached to the aromatic r e ~ i d u e ~ ~ * ~ l ,  but when the a- 
methylene was substituted this orientation could be reversed g2. 

Several types of Schmidt reaction merit special mention: (a) An 
interesting consequence of the factors governing migratory aptitudes 
is that acetanilides are the major (typically >95yo) products of 
rearrangement of acetophenones. This leads to a practical alternative 
to nitration and reduction as a preparative route to aromatic 
a m i n e ~ ~ ~ * ~ * ,  cf. reaction (24). (b) Product analyses showed that 

(24) ArCOCH3 -+ ArNHCOCH3 __f ArNH, 

predominant migration of the unsubstituted group of mono-o-sub- 
stituted benzophenones, o-XC,H,COPh, occurred when X was methyl 
ethyl, isopropyl or halogen, and similarly when o-substitution was 
located in a naphthyl ring such as that of l-ben~oylnaphthalene~~*~~. 
But when X was methoxy nearly equal proportions of the two re- 
arrangement products were found and when X was nitro or carboxy 
there was predominant migration of the substituted ring. A correla- 
tion of products with neither size nor pclarity of substituents was 
possible and the results were especially pirzzling as o-substituted 
acetophenones rearranged as expected with predominant aryl inigra- 
tion. The pathway for the o-carboxy compound has been 
rationalizedg6 on the grounds of reaction of the lactol form of the sub- 
strate and an oxazirine has been isolated from the reaction mixture 
(reaction 25). A similar explanation has been proposed for the nitro- 
compound82 and may apply to other apparent anomaliesg7 in the 
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(25) 

literature. The remaining results can be convincingly explained 4*82 

if it is appreciated that only one of the aromatic rings can be in con- 
jugation with the triazene system while the other must be forced out of 
the plane containing this ring and the carbon-linked triazene group: 
application of simple electronic theory allows prediction of which ring 
is not conjugated with the triazene system and the relative migrating 
tendencies of the two aromatic rings. The latter tendencies are 
governed by the relative populations of ions with configurations 9 and 
10. (c) I n  another study, the anomalous situation was found that 
although methyl groups typically migrate to a lesser extent than other 
alkyl groups, unsaturation reverses the effect : e.g. benzalacetone 
reacted as in (26). The explanation for this is obscure, but it may be 

PhCH=CHCOCH3 __f PhCH=CHCONHCHZ (26) 

a general occurrence that the stylyl group has little tendency to 
migrate. Cyclopropyl groups which have chemical similarities to 
vinyl groups also show a reduced migratcry aptitude in the reactions 
of some ketones and a low aptitude for cycloprcpyl as compared with 
n-butyl has been demonstrated in rearrangements of t-carbinyla- 
zides 98. (d) Aroute apparentlyinvolving the iminium cation R2C=N + 

was discovered in certain Beckmann and Schmidt reactions 09J00. 
For the latter, reaction (27) was observed to give predominantly &j eH+w t-  BU 

(27) 

(minor) 

products of alkyl, rather than of aryl, migration. If the usual route is 
followed, the reaction must pass through the imidodiazonium ion 

-0 
(major) 

14' 
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(11) (12) (13) (14) 

which must, because of steric interactions, cxist in the configuration 11, 
and so a syn-rearrangement is implied. The preferred explanation 
was that the ion 12 was an intermediate, and this view was favoured by 
the isolation of 13 as a side product. When the t-but$ group in the 
substrate was replaced by hydrogen the predominant product was that 
of aryl migration, as expected on the conventional theory. Re- 
arrangements of chromanones and other alicyclic aryl ketones gave 
similar results and an azidohydrin, 14, was considered to be impli- 
cated as a direct precursor of rearransed product in these 2nd other 
strained systems101J02. The predominance of either alkyl or ary! 
migration in several benzocycloalkenones was strongly influenced by 
substitution in the aromatic ring and by the acidity of the medium, 
whereas these factors had little effect on reactions of flexible ketones such 
as acetophenone when aryl migration predominated103. The reasons 
for these phenomena have certainly not been adequately explained. 

0. Secondary Reactions 

Ancillary evidence for scheme (19) is provided by the nature of 
products formed in addition to the main rearrangement. Excess of 
hydrazoic acid can intercept the iminocarbonium ion 7 to form a 
tetrazole in either a two-step addition, reaction (28), or a concerted 
1,3-addition4. ‘It is well established that amides, once formed, can- 
not react further to give such products under the conditions of the 

(15) 

rearrangement and imidyl azides (15) formed in separate reactions 
are well known to cyclize easily to tetrazoles (section VII). Since 
hydrazoic acid must compete with water for 7, tetrazole formation is 
favoured at high concentrations of this acid and at low water (and 
hence high catalysing acid) concentrations. These conditions can be 
made the basis of useful synthetic methods: thus 16 (reaction 29) was 
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formed in good yield in typica! Schmidt conditions undcr catalysis by 
concentrated sulphuric acid, whereas 17 resulted if sodium azide was 
slowly added to a solution of the starting material ir, trichloroacetic 
acid If aqueous acids such as concentrated hydrochloric acid 
can be used as catalysts, tetrazole formation is easily avoided72: con- 
versely this route can be enhanced by use of aprctic Lewis acids 104J06. 

(161 (17) 

Good evidence106 for the existence of 15 is the isolation of sub- 
stituted ureas !l9), that are presumably derived from carbodiimides 
(18) reaction (30) ,  from some rearrangement mixtures, and the last 

R'-C=N-R _t R~&H=C=-NR "" * R'NHCONHR (30) 
1 
NHV2 

(15) (15) (19) 

named can also lead to aminotetrazoles (20) by further reaction with 
hydrazoic acidlo7*lo8, reaction ( 3  1 ) .  Iminocarbonium ions should 

R'NH-C-N-R 
(31) 

N 

+ 
R'NH=C=NR 

(18) 

theoretically be capable of attacking a suitably activated reactant 
or additive but no example of such an intermolecular process appears 
to have been recorded. Intramolecular attack, as in reaction (32a) is 
possible 95*109 although an alternative route to products that perhaps 
fits in with the fine details in a more satisfactory linanner is reaction 
(32b). Closely related cyclizations occurred in the rearrangement of 
acetylacetone and benzoylacetone to form oxazoles lloY reaction ( 3 3 ) .  

Side reactions at the azidohydrin stage 5 have not been unequivo- 
cally identified but the subsequently formed iminodiazonium ion 6 can 
fragment to nitriles and species derived from a carbonium ion111J12, 
reaction (34), and such a mode of reaction accounts for most of the 
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1 

RC=CH 
RCOCH,COCH, --+ I I 

I 
M e  

Schmidt reaction of aldehydes and of a few k e t o n e ~ ~ ~ . ~ ~ ~ .  Reactions 
secondary to the main process may also follow from skeletal rearrange- 
ment of the initially protonated carbonyl compound111, 4 in scheme 

R’-C-R 
I I  
N-Nt 

R C E N  + R’+ -I- N2 
(34) 

(6) 

(19): and these protonated species may self-condense or attack pro- 
ducts of rearrangement114 very often to form intractible tar-like 
mixtures. Such undesirable processes can often be eliminated by 
using the weakest acid that is capable of catalysing the rearrangement. 

C. Reactions of Other Compounds 

Rearrangements are known to follow treatment of other types of 
compounds with hydrazoic acid in the presence of strong mineral 
acids’. Most can be regarded (as are the additions to iminocarbonium 
ions discussed in the last section) as either concerted 1,3-additions to 
unsaturated bonds or as 1,2-additions followed by cyclization. Tri- 
azene or triazole (the names appear to be used synonymously) deri- 
vatives that can exist in tautomeric forms which are interconvertible 
by prototrophy are produced. 

(33) 
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Addition to cyanides such as HCN, (CN),, BrCN, NH,CN, RNC, 
NaONC, EtO,CCN and Et,NCN, reaction (35), were discovered in 
the period 1912 to 1918 and have been briefly reviewed1. These 
reactions are synthetically useful and would repay more detailed study 
using modern techniques. , U y l  and aryl cyanides react116 to give 

5-aminotetrazoles presumably as shown in reaction (36). Analogous 
additions of hydrazoic acid to olefins with the double bond co9jugated 
with a nitro, carbonyl, aryl or azomethine group lead to substituted 
azides, the decompositicn of which falls within the province of section 
IV. Such addition to unconjugated olefins is less common’. Addi- 
tion to acetylenes generally leads to triazoles rather than vinyl azides 
and the latter were claimed to be ruled out as intermediates by the 
demonstration that when separately prepared they did not cyclize. 
However, the conditions of these experiments did not quite simulate 
those of the direct addition as some hydrochloiic acid was present in 
the former that was missing from the latter1*3g5. Another type of 
Schmidt reaction that will be more fully discussed in section VI1.C is 
reaction (37), and an entirely different sub-class is represented1” by 
reaction (38). 

NaN, ,C HZ-CzN, 
CI(CH2)3CN ”+ * H C I //N 

‘CH,-N-N 

Many attempts have been made to carry out the Schmidt reaction 
with alkyl or aryl azides in place of hydrazoic acid in the presence or 
absence of catalysing acids and either in the cold or on heating. 
Most have been f r ~ i t l e s s ~ * ~  although a few apparently valid claims 
are recorded. One is that treatment of acetophenone with methyl 
azide led to a trace of acetanilide72 and since the reagent was strictly 
free of hydrazoic acid and was not hydrolysed or otherwise split under 
the reaction conditions some demethylation must have occurred at 
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an unknown intermediate stage of the procedure. Addition of 
phenyl azide to olefins117 is considered to be a concerted 1,3-dipolar 
addition to give triazole rather than a step-wise 1,3-addition and a 
similar route has been proposedl10 for addition of this reagent to 
acetylenes in acetic acid, although a bipolar complex of indefinite 
structure was claimed to be detectable at low temperatures. 

IV. ACID-CATALYSED REARRANGEMENTS OF ALKYL 
A N D  ARYL AblDES 

Although the rearrangement of alkyl and aryl azides on treatment with 
acids, reaction (39), was discovered by Curtius119, it is sometimes 
called a Schmidt reaction, although Schmidt did not work with these 

R,CHN3 RCH=NR (39) 

substrates as such and his main discoveries came some 20 years after 
Curtius' investigations. The confusion is due to the fact that Schmidt 
carried out reactions, under conditions typical of those used for car- 
bony1 compounds, with olefins and alcohols as starting materials and 
the sequences (40) and (41) resulted. Careful treatment of the sub- 
strates with hydrazoic acid and catalyst sometimes gave the azides in 

R3COH * R3CN3 ~ "+ * R,C=NR (40) 

R2C=CR2 NsH ~ R,CH-CR2N3 H' * R,CHCR=N R (41) 

good yield with the virtual exclusion of' rearrangement products and 
subsequent addition of stronger acid or an increase in temperature 
then brought about the rearrangement. The properties of isomeric 
products fi-om such direct or interrupted Schmidt reactions were found 
to be the same as those from the decomposition under similar condi- 
tions of separately prepared azides, and so the various adaptions on the 
same mechanistic theme can be discussed together120*121. In  this 
application of the Schmidt reaction the acid catalyst performs the 
dual function of generating the carboniunl ion necessary to form the 
azide and to protonate the latter to initiate rearrangement. Protona- 
tion of the azide in either the direct treatment of azides with acid or in 
the appropriate step of the Schmidt reaction must, as in the Curtius 
process, form the species RNHN,+ in order to lead to the products by 
reasonable mechanisms. 

Although the outlines of these reactions are well understood, the 
details of the mechanisms have not bcen clarified. It is tacitly and 
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reasonably assumed that all are intramolecular and that the migrating 
group retains its configuration, but the usual controversy as to con- 
certed or nitrene-forming reactions applies. A dependence of rate on 
the h, acidity function has been found for several r e a ~ t i o n s ~ ~ l ~ ~  and a 
detailed study of the kinetics of rearrnngcment of m- and #-substituted 
benzhydryl and 1,l-diary1 azides gave rate data that obeyed a Hammett 
relationship and was deemed to support a nitrene-forming route 121. 

However the same data have been accommodated on the contrary 
premise of a concerted mechanism4. The dificulty of interpretation 
of such results is that substituents not only affect the migration step 
but also the position of equilibrium protonation of the starting 
material, and so it is not easy to pin point the cause of variations in 
rate for different substrates. 

Migratory aptitudes have also been studied in attempts to elucidate 
the mechanism. A marlced influence of substitution on the direction 
of ring expansion from 9-fluorenols and 9-fiuorenylazides (reaction 42) 
was found 123 even when the substituent was too far removed from thc 
9-position to have any conceivable steric effect. 2- and 3-nitro and 
2-amino substituents (die last presumably largely existing in the pro- 
tonated form in the reaction conditions) led to 94-100yo (normalized 

(21) (24) 

product ratios) of 22 whereas the 2-methyl and 2-methoxy compounds 
gave comparable amounts of 21 and 22 and the 3-methyl compound 
gave about 1 0 0 ~ o  of 2.1. Thus electz-m-releasing substituents pro- 
moted migration of that ring to which they were attached and electron- 
withdrawing substituents showed the reverse effect. Analogous find- 
ings were reported for the Schmidt reactions of 1,l-diarylethy- 
lenes 124-127 and benzhydrols 79. Studies on diarylcarbinyl azides l2I 

showed that aryl groups migrated exclusiveiy and no product corre- 
sponding to methyl migration could be detected (reaction 43) ; further- 
more the order of ease of migration of the aryl groups was in the order 
of electron-release of their substituents; uiz, p-OMe > p-Me > 
@-Ph > H > p-Cl > p-NO,. On the other hand both phenyl and 
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alkyl migration occurred in the reaction of 1-alkyl-1-phenylethyl 
alcohols under Schmidt conditions 128*129 (reaction- 44), with the 

(44) 

migra..tory aptitudes: i-Pr, cyclohexyl > Ph B Me, Et; in other 
examples either aryl and hydrogen migration could compete on equal 
terms4 (reaction 45), or phenyl migration could occur exclusively, 

<iH3 c H3 
I 

+ Ph-C=NR 4- R-C=NPh 
PH 

ph-T-R 
C: H3 

PhCH2N3 PhCH=NH (50%) + PhN=CH, (50%) (45) 

Ph&HN3 H+* Ph2C=NH (Ox) 4- PhCH=NPh (100%) (46) 

(reaction 46). Thus a universally valid migration order for hydrogen, 
alkyl and aryl groups cannot be assigned. The most consistent inter- 
pretation of the available results, which has some exceptions, is that 
rearrangement is concerted with nitrogen loss and that migration of 
the bulkier group is favoured by the relative populations of the reacting 
conformations, just as migration was governed by the populations of 
different configurations in t3e previously discussed rearrangements. 
Methyl azide has the geometry shown in 33 130 : other azides should not 

H 

(28) (24) 

differ greatly and protonation on the negative nitrogen would un- 
doubtedly result in a more acute CNN angle that favoured the orbital 
correlations necessary to affect a concerted rearrangement with 
inversion' at the innermost nitrogen, cf. (24). Formation of an 

iminium ion and of the derived nitrene would be considerably more 
difficult than that of the isoelectronic carbonium ion arid so there 
would be a greater tendency for the former to be concerted: this is 
consistent with the appreciable sensitivity of rate and migration 
aptitudes to ring-substitution in benzyhydryl azides but the insen- 

c .  
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sitivity of migration aptitudes to substitution in the deamination of 
benzyhydrylamines 131. 

Triarylmethyl azides, Ar,CN3, are generally rather inert to acids 
perhaps owing to the electron-withdrawal by each aryl group lowering 
the intrinsic mcbility of the others4. There is some evidence that 
such azides decompose in sulphuric acid to form carbonium ions 
rather than to yield rearranged products132: e.g. whereas the 9- 
phenylxanthyl azide (25) rearranges as expected on heating (reaction 
47) on treatment with acid it givcs a solution with the properties of the 
9-phenylxanthyl cation 4. Although the sulphur analogue behavcs 
similarly, its dioxide rearranges normally with acids (reaction 48) the 
sulphoxy group apparently destabilizing the xanthyl cation. 

The acid-promoted rearrangement of purely aliphatic azides has 
not been adequately studied. Ethyl azide, directly prepared or 
generated in a Schmidt reaction, on treatment with hot fuming sul- 
phuric acid gave methylamine, formaldehyde, acetaldehyde and 
ammonia that resulted from fission of the products formed by both 
methyl and hydrogen migration 133 and n-butyl azide behaved 
similarly 134*135. However n-hcxyl azide and homologues only gave 
products corresponding to hydrogen migration, and increasing the 
length of the alkyl chain apparently selectively retards alkyl migration: 
the reason for this is not clear. Few examples of reactions of secondary 
and tertiary alkyl azides have been studied that would permit com- 
parison of the migration tendencies of secondary and tertiary alkyl 
groups. The kinetics of rearrangement of several azidoheptanes have 
been measured136 and although the rcsults were not rigorously 
evaluated an h, dependence seems probable. The migratory apti- 
tudes were: n-Pen > Me and n-Bu > Et. Analogous Schmidt reac- 
tions on the isomeric heptanols produced complicated products due 
to extensive rearrangements at the carbonium ion stages before 



420 D. V. Baiithorpc 

formation of azides. This illustrates that thc generally assumed, and 
observed, concordance of products hetween these reactions and acid- 
treatment of separately prcparcd azides dcpends on comparing 
structures that are resistant to rearrangement in the former conditions. 

1-Alkylcycloalkyl azides readily underwent ring cxpansion some 4 to 
10 times faster than alkyl shift to give hetcrocyclic products (reaction 
49), that of the 5-membered rings being most rapid1290134*137. Paral- 
lel results were found for Schmidt reactions on the corresponding 
types of alcohols 135 and olefins m* 130 and interesting azepine deriva- 
tives were formed from suitable starting materials 140 (reaction 50). 

H*, 6 (50) 

NJ 0 

1x1 all these examples the general rule applies that the bulkiest group 
migrates predominantly and concerted routes arc presumed to occur. 

A few random observations on acid-catalysed rearrangements are 
worth recording. Lewis acids catalyse the decomposition of aryl and 

RNH-C-Nj ”. I + RNHC=NNHR’ 
NHR’ 
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alkyl azides forming a complex that decomposes on warming to give 
some products of rearrangement 141*142. Guanyl azides allow nitro- 
gen to nitrogen migration 143 (reaction 5 1). Ferrocenyl phenyl 
carbinyl azides show no migration of the iron-containing group 144, 

presumably bccause protonation of a lone pair of the iron atom 
greatly reduces its migrating ability. The quinonoid azide 26 shows an 
exotic rearrangement, the mechanism of which is b c l i e ~ e d l ~ ~  to follow 
the route shown. The ring substituents can be alkyl, aryl, hydroxy, 
amino groups etc., or hydrogens, and the products are formed in 
60-957, yield. 

V. THERMAL REARRANGEMENTS OF ALKYL AND 
ARYL AZIDES 

This class of reactions has been quite extensively studied and the 
earlier work has been well reviewed3. Although both hydrogen and 
phenyl migration occurred on treatment of bcnzyl azide with acid 
(reaction 45), heating in the absence of catalyst led to decomposition 
but not rearrangement 146. Paradoxically, the triarylmethyl azides 
that are virtually inert to acid can undergo thermal rca-rrangement 
(reaction 53) although the process is not smooth and yields of mils are 
much lower than those of nitrogen 147. A monovalcnt nitrogen inter- 
mediate was suggested for this reaction at an early date148, no doubt 
stimulated by the then prevailing speculations as to the mechanism of 
the Beckmann rearrangement. A few alkyl azides have been found 14(' 
to rearrange on gas-phase pyrolysis (reaction 54). 

Ar,CN3 > Ar,C=NAr (53) 

t-BuN, b, Me,C=NMe (54) 

A detailed study lS0 of the rearrangement of $-substituted triaryl- 
methyl azides to benzophenone a d s  showed that the rate was 
sensitive to substitution and varied over a range from 2-10 fold greater 
than that of the unsubstituted parcnt for substituents with polarities 
ranging from that of nitro to dimethylamino groups: the migratory 
aptitudes were in the same order but varied from 0.2-7.0 along the 
series relative to the parent a t  1.0. As all substituents increased the 
rate, no correlation with a Hammett equation could be achieved and 
simple inductive control was rejected. The variations of rates with 
solvent were small, but still the rates were significantly faster in polar 
media. Analysis of the parameters A H t  and AS* for the series led 
to the conclusion that the rearrangement was concerted4, but the 
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alternative view that a singlet nitrene was involved that did show a 
small discrimination, despite its great electrophilicity, towards the avail- 
able p-linked groups has been held to be also consistent with thc data8. 
The issue is undecided, although the considerable difference towards 
the sensitivities of rates to substituents in the acid-catalysed and ther- 
mally induced reactions suggests that different mechanisms may be 
operative, and as the former is probably concerted the latter can be 
inferred to involve nitrenes. 

Thermally-induced ring expansion is found in certain reac- 
t i o n ~ ~ ~ ~ * ~ ~ ~  (reaction 55) and the relative ease and cleanness of these 
compared with the reactions of triarylmethyl azides can probably be 

traced to the relief of strain in the cyclopentyl ring and more impor- 
tantly to the formation of an extended conjugated system. When the 
9-aryl group is replaced by hydrogen ring expansion did not occur and 
fluorenone imines resulted 153J54. Expansion of a 6-membered ring 
is not as ready as that of a 5-membered ring, although it can occur 
(reaction 56). The thiaxanthyl azides analogous to 27 give only 
anils114. 

Suitably chosen structures can exhibit intramolecular cyclization. 
Decomposition of o-nitroaryl azides gave furoxans in excellent yields 
at  temperatures some 70-100" below those necessary to induce decom- 
position of unsubstituted aryl azides155*156 (reaction 57) and an exten- 
sive kinetic study157 of the arrangement of 28, with widely differing 
substituents X in different solvents, led to the deduction of a concerted 
mechanism in which the nitro group lent considerable anchimeric 
assistance to loss of nitrogen. Similar conclusions follow for reactions 
with the participation of o-acetyl, o-benzoyl and other groups161 and 
formation of a nitrene followed by cyclization is definitely excluded. 
Other a-azido compounds can also cyclize in a similar f a s h i ~ n ~ ~ ~ - ' ~ ~  
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(reactions 58, 59, 60) to provide good synthetic routes to thc hetero- 
cyclic products 

/=CHR 

G N 3  - 

\ 
N3 

(59) 

H 

Another type of intramolecular interaction that could be classed as 
neighbouring group participation occurs in the thermolysis of Vinyl 
azides162J63J65 (reactions 61 and 62) and other olefinic azides such as 
31 (reaction 63). The reaction of the last is believed to proceed by the 
route shown le4 ar-d intermediates have been isolated. ' Normal'-type 
rearrangement products such as 30 only account for some 597, of the 
total reaction of 29, with R=Ph. Although the mechanisms of for- 

RHC- (61) 
\ HCH 

RCH=CHNj 

N 

R-C=C Hz RC- \ / C H Z +  RN=C=CHZ 
N 

I 
NJ 
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mation of azacyclopropenes have not been established, the similarity 
with the formation of cyclopropcnes makes a nitrene route very 
likely O. 

Several less usual classes of azides have been found to underg<i 
thermal rearrangement of various kinds. a-Azidocarbonyl compoiinds 
rearrange as expected at ca. 200" (reaction 64) and a nitrene mecha- 
nism was suggested166 both on account of the unusually high tem- 
perature required and on the lack of difference in migration aptitudes 
between different groups. Another interesting process, promoted by 
either heat or light is reaction (6.5) that is believed to involve inter- 

R C O C R ' R ~ N ~  R C O C R ~ = N R ~  + RCOCRGNR' (64) 

mediate formation of a ketene 167-16a. Rearrangements of organo- 
metallic azides, sometimes followed by modifying processes (reaction 
66) have been carried out?* and organoboron azides give similar 
oligomeric products169 by routes indicated to be concerted by both 
kinetics and migration aptitudes.. Rearrangement of the carbon 
skeleton is reported to occur to the exclusion of migration of fluorine 
in a fluorocarbon azide 170 (reaction 67) although cyclization involving 
migration of fluorine to nitrogen can occur when perfluoropropenyl 
azide is heated171 (reaction 68). 

When conventional rearrangements are not possible numerous 
reactions attributable to insertion of nitrenes or of abstraction of 
hydrogen from the environment to the same species have been 
reported. An early example was the attack on the solvent to give an 
azepine derivative 172 (reaction 69) found when phenyl azide was 
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heated in aniline. The effect of substituents on the rate was consis- 
tent with the formation of a nitrene in the rate-determining step173. 
Heating pheiiyl or other aryl azides in an inert solvent usually results 
in an amorphous mass, apparcntly polymeric, together with amines 
formed by hydrogen-abstraction : the nitrenes that are undoubtedly 
generated174 may be efficiently trapped by carrying out the reaction 
under carbon monosidc when isocyanates are formed 175. Gas-phase 
decompositions of either phcnyl azide or bcnztriazole led to a variety 
of products of which that of reaction (70) is of particular 

CN 

a N > N  or PhN, 

N 
H 

(70) 

Similar products were obtained from other aryl azides but the reac- 
tions, which may be heterogeneous, are complicated by unexpected 
migrations, frazmentations and ring expansions and a full analysis will 
require extensive isotopic studies 177. 

Nitrenes can undoubtedly occur under the conditions leading to 
rearrangement products but whether they arc obligatoiy for formation 
of these products is controversia17~9*10. If nitrenes do occur their 
assignment as singlets or triplets is uncertain and the multiplicity 
achieved probably depends on the nature of the reactant and the 
reaction conditions. 
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W. PHOTOCHEMICAL REARRANGEMENTS OF ALKYL 
A N D  ARYL AZIDES 

As a consequence of the recent upsurge in interest in organic photo- 
chemistry a considerable literature has accumulated on this topic. 
The rearrangements follow a few well defined pathways and it is 
generally considered that nitrenes, usually in the triplet state, are 
intermediates 178- la2. 

A typical rearrangement of an alkyl azide is reaction (71) to form 

(55%) (45X’,) 

products in quite dizerent proportions 179 from thosc of the acid- 
catalysed reaction 134. Another example is reaction (72) where a 
supposed nitrene intermediate inserts into a CH bond 179. Nitrenes 

( W ) , C N ~  -J+ (CH&C-NH /Y (72) 

formed in other photolyses were considered to parallel carbenes in 
isomerizing i~ imines, in abstracting hydrogen from the solvent and in 
undergoing insertion reactions with the environment. Claims to 
effect cyclizations, generalized in reaction (73), were made 179 and 
were stated to lead to efficient synthesis of proline, connessine and 
other pyrrolidines, but such reactions could either not be repeated at 
all by later workers1a0 or gave the cyclic products in minute and 

extremely imeproducible yields lal and the main products were found 
to be imines in all cases. 

Photolysis of the aryl-alkyl azide CH3CPh,N, showed that the 
migratory aptitudes of the methyl and phenyl groups were almost 
identical la3 and this and the formation of triphenylmethyl amine from 
irradiation of triphenylmethyl azide in the presence of efficient hydro- 
gen donors were taken to confirm the existence of discrete nitrene 
intermediates. Although the occurrence of a triplet-sensitized decom- 
position from alkyl azides l a 4  and triphenylmethyl azides (the 
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latter Showing very similar migratory aptitudes for phenyl groups with 
fi-nitro, !+methyl and other fi-groups) shows that a triplet azide and 
presumably a triplet nitrene can also be involved, attempt, 0 to detect 
triplet in the direct, unsensitized photolysis by quenching 
experiments all failed. This failure and ::he high quantum yields 
observed strongly suggested that part or all of the direct path occurred 
via a singlet azicie and a singlet nitrene. An earlier investigation com- 
pared photolyses of 1 1-diphenylethyl and 2-phenyl-2-propyl azides in 
hexane 161 with thermolyses of the same compounds I6O and revealed 
the small but significant differences in migrating ability of aryl and 
methyl groups (Ph:Me aptitudes about 2: 1) in the latter reactions 
that did not occur in the former. These data and comparable 
studies on triarylmethyl azides were rationalized by thc assumption 
that the photolysis involved a triplet njtrene that, as a free radical, did 
not show appreciable preference for attack on one substituted phenyl 
group rather than another, whereas the thermal reaction led to a 
singlet nitrene that, although a highly reactive electroph.de, showed a 
slight but noticeable discrimination. 

Phenyl azide can yield benzotriazole on irradiation la6, but more 
generally products of self-insertion or of attack on the solvent are 
found to lead to azepines and related compounds la7-la9. Photolysis 
of o-azidobiphenyls formed carbazoles by intramolecular cyclization 
similar to that found in thermolysis190 and an analogous intramole- 
cular cyclization involving, e.g. a nitro group could occur (reaction 
74) in direct photolysis but not apparently in photosensitized reactions 
when only azobiphenyl was foimed in appreciable yield191. The 

‘0’ 

direct and sensitized reactions are presumed to lead to singlet and trip- 
let nitrenes respectively and such a difference in multiplicity can 
account for differences in products of photolysis in other reactions lg2. 
Irradiation of vinyl azides gave major products similar to those 
formed on heatingla6, cf reaction (75), together with some different 
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minor productslg3 and detailed investigations of alkyl and aryl- 
substituted compounds of this class are well documented 165J9cJ96. 

Sometimes a product of rearrangement 32 is formed in small yield, 
Scheme (76) was proposed for the photolysis of 38 in b e n z ~ n e ~ ~ ~ J ~ ~ :  
two stereoisomeric nitrenes were postulated to exist on the basis of the 
observation that irradiation of 34 that had been separately prepared 
gave only 35 and none of the trimer 36. 

Ph 
L 

(33) N3 N3 

I 
I 

P h  
F\ h2C( N3)2 % Phzy-& + 

(76) 

P h  
\ 

I! v 
Ph-C-NPh 

II I 
a N y P h  N t-- ph%N/Ph $4 f- N, N 4 N  

H (34) 
(35) 

(PhN=C=NPh)3 t 

(36) 

VlS. MISCELLANEOUS REARRANGEMENTS 

A. Reactions forming h i d e s  

Most rearrangements so far described have involved azides its 
starting materials but several interesting reactions involve rearrange- 
ments en route to azides. A good route to arylazides is treatment of 
an arylhydrazine with nitrous acid in the presence o f a  mineral acid. 
If l5N-labelled nitrous acid was used, some 77, P1i-N--15N-N 
(omitting the charges and bond orders for clarity of presentation) was 
detected by suitable degradations lg8 in addition to the expected 
Ph-N-N-15N, and a similar unusual location of tracer was found 
for the analogous formation of diazoacetate esters from glycine 
esters lg9. Presumably some reaction as outlined in scheme (77) must 
have occurred, but as intermediate 37 would have led to equal 

PhNHNH2 =Ph-N-NHz + Ph-N- 
\ HN - (77) 

Nl5 
I 

=NO 
(37) 

Ph-N-l’N-N 4- Ph-N-N-l’N 



7. Rearrangements involving azido groups 42 9 

amounts of the isotope-position isomers the main component of the 
reaction must have been reaction (78). 2,4-Dinitrophenylhydrazine 

PhNHNH:, t PhNHNHISNO + Ph-N-N--'SN (78) 

and benzoic acid hydrazide gave only that azido compound on treat- 
ment with 16N-nitrous acid in which the terminal nitrogen was 
tagged and the neighbouring elcctrophilic groups must have 
directed attack onto the /3-nitrogen to give a nitroso derivative ana- 
logous to that in reaction (78) which spontaneously decomposed into 
the azido-compound with a labelled y-nitrogen. 

A simpler and inore certain rout.:: to aryl azides is treatment of a 
diazonium salt with hydrazoic acid. This was long supposed to be an 
SNl process but tracer studies have revealed a much more complicated 
sequence of reactions involving rearrangements 2019202. If the nitro- 
gens involved are numbered 1-4 the observed results can be summa- 
rized as in scheme (79) ; again charges and bond orders have been 
omitted. No direct S,l route could be detected. Introduction of 
substituents into the aryl group showed that the major roure was 

Ar-N3-N4-N3 4- N'--N ( 0%) 
Ar-N' -N3-N4 + N-N3 (ca.15X) 
Ar-N1-NZ-N3 + N3-N4 (ca.85%) 

(79) 

favoured by increasing the elcctrophilic nature of the diazonium ion 
and kinetic and product studies203-206 revealed the details of the 
mechanism. Nitrogen was found to be evolved in two steps: on 
treatment of benzenediazonium chloride with lithium azide in 
methanol at - 40°, some 76y0 of the theoretical quantity was liberated 
in a first-order process with a half-life of 5 minutes whereas the rest 
had to be driven off a t  0" in a reaction that was also first-order with a 
half-life of about 14 minutes. These and the tracer results led to the 

Ar-N-N 4- N-N-N 

Ar-Nf-NZ -b N3-N4-N3 { 

++ Ar-N--t%-N-N-N --4o" 

Ar-N-6--N + N-N I (80) 

Ar-N /fi-y 6 Ar-N-fi-N + N-N 
\ 

N-N % Ar-N-N-N + N-N * 
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postulation of scheme (80), and subsequently intermediates with the 
pentazole skeleton were isolated under mild conditions. 

Aliphatic azides undergo a little known allylic-type rearrangement 
(reaction 81). This has been studied in a variety of solvents for R = 
methyl and hydrogen and the percentages of the isomers a t  equili- 
brium have been rneasured2O7. In contrast to the analogous iso- 
merizations of allylic chlorides the rates of rearrangement are insensi- 
tive both to alkyl substitution and to solvent and no accompanying 

solvolysis was detected. The reaction must thus be intramolecular 
with a transition state of negligible polarity and recent studies208 have 
confirmed the earlier conclusion207 that a cyclic transition state (38), 
akin to that encountered in 1,3-dipolar addition, is utilized: such a 
mechanism is also in keeping with the large negative entropies of 
activation. Alkyl azides in their ground states possess a linear array 
of the three nitrogens but simple Hiickel molecular orbital calculations 
show that the energy differences between linear and bent configurations 
are not large209 and extended Hiickel calculations suggest that the 
latter configurations may be even more stable in the first excited 
state184: consequently transition states ofthe type 38 should be readily 
attainable. 

B. Acyclic 1,2,3=Priozenes 

Straight chain triazenes may be considered as substituted azides 
and so will be mentioned here very briefly. The best known re- 
arrangements involving such compounds are the acid-promoted con- 
versions of diazoaminoarenes into p-aminoazoarenes, which are uni- 
versally considered to be intermolecular (reaction 82). This reaction 
has been recently reviewedI5 and only two points need adding. 
Firstly, that the intermolecular route is supported by 15N-tracer 
studies210-212 that reveal, for instance, that step (a )  comes to equili- 
brium before the recoupling ( 6 )  occurs213; and secondly, that analysis 

PhNHNZNPh Ph&H2N=NPh PhNH2 4- h2Ph * (82) 

p-NHzC,HdN=N Ph 
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of products of certain reactions yielding o-aminoazo compounds (which 
are formed when the p-positions are blocked) have led to the conclu- 
sion that such processes are i n t r a m ~ l e c u l z r ~ ~ ~ .  The arguments for the 
last case seem very weakZ15. 

Acyclic triazenes can take part in prototropic equilibria (reaction 
83) and many attempts have been made to measure the proportions 

RN=NNHR' T- RNHN=NR' (83) 

of the isomers by trapping by chemical means, e.g. by acid reduction, 
acid hydrolysis, halogenation, complexing, alkylation, etc. I t  is now 
rea.lized that such methods give meaningful information only if the 
trapping reaction is much faster than the rate of interconversion of the 
tautomers and almost all of these early attempts are valueless216. 
The only reliable means of measurement are physical methods that do 
not perturb the equilibrium. On  theoretical grounds it can be pre- 
dicted that negative groups in the 1-aryl ring of a 1,3-diaryltriazene 
should favour that tautoiner in which the hydrogen atom is at position 
3. Presumably the solid triazene is one or othzr of the tautomers or a 
solid solution of the two, but there appears to be no information con- 
cerning this. 

Interesting rearrangements involving acyclic triazenes are reactions 
(84) and (85) 217-218. 

PhCH,NHNMeNO PhCHzNNONHMe (84) 

CH, 
PhLi * M e o N = N - N M e  I (85) 

F H2NHMe F H z N M e  

C. Cyclic 1,2,3=Triuxenes 

Many attempts have been made to isolate the individual tautomers 
of cyclic 1,2,3-triazenes (or triazoles) but although a number of claims 
have been made all have been rejected and no authenticated case is 
known 219. 
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Skeletal rearrangement of these compounds have been well re- 
viewed 2. One characteristic rearrangement of C-aminotriazoles is 
ring opening and intercharge of amino groups and the reaction is 
often reversible (reaction 86) : another well studied reaction220 often 

used in the synthesis of these compounds is reaction (87) and again 

THluz A (87) 
HOC=NH OH- * 

N 
OCNHz 

HO 

this can be reveixed under appropriate conditions 221*222*224. One 
type of ring opening of triazoles gave a feasible preparative route to 
aromatic azidzs from o-aminobenzaldoximes 223 : the sequence 
(reaction 88) involved careful hydrolysis of the cyclic species to allow 

(88) 
OH- * 

N3 

isolation of a hydroxytriazene which, on standing, lost water to form 
azide . 

Tetrazole formation in the Schmidt reaction has been discussed in 
section 1II.B but considerable work has centred on the intercon- 
versions of straight chain azides and tetrazoles outside this special 
context. Probably the best known reactions arc those centred on 
iinidyl azides', R",=NR1. Only a few compounds of this structure 
have been isolated225*227 as most rearrange under the conditions of 
their preparation to 1,5-tetrazoles (reaction 89) and a good route to 

[R = Me,  Ph, OH etc.] 

the latter is treatment of RN=CCIR1 with azide ion22s. At higher 
temperatures, sometimes in the presence of acid, tetrazoles may 
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equilibrate with the open chain structure and rearrangement some- 
times followed by irreversible decomposition may occur J~~ (reactions 

P h N H I j - y H  :+ PhNH-C=NH 
+ [ A, ] + PhNH, + NH,NH2 (91) 

K N / / N  

P h r - r P h  (92) 
N,N+N 

PhN=C=NPh + Ph 

N 
H 

90,91) ; nevertheless under milder conditions carbodiimides and cyclic 
products may be formed228 (reaction 92). Tetrazole formation can 
also occur in aromatic systems 1.226 (reaction 93). 

N 

The tendency of compounds RCN3=X to cyclize depends on the 
nature of X. When it is oxygen only open chain compounds are 
detected 5,  and similarly for hydrazidic acids, RCN3=NNHAr, 
attempts to synthesize the cyclic form were failuresZ3O. The latter 
type of compounds rearranged on treatment with acid to form semi- 
carbazides with retention of configuration. Guanyl rizides can be 
isolated in open chain forms that cyclize on heating 1*7 (reaction 94). 

Attempts to synthesize thioacylazides RCN,=S by treatment of 
thiosemicarbazides with nitrous acid give the cyclic isomers 231-233 but 
these can be opened by thermolysis or photolysis to give rearrangement 
products: thus heating 39, (reaction 95), gives a nitrile without 
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rearrangement but irradiation with ultraviolet light gives a low 
(ca. loyo) yield of i s o t h i o ~ y a n a t e ~ ~ ” ~ ~ ~ .  The perennial question as to 
whether concerted or nitrene-forming mechanisms occur in this family 
of reactions is open228, but the thermally and photochemically induced 
rearrangements of tetrazoles (reaction 92), give widely differing 
proportions of acyclic and cyclic products and may follow the two 
respective routes. Nitrenes have actually been trapped under the 
photolysis conditions 225*220. On the other hand, nitrenes of different 
multiplicity may be formed in the two cases. 

An odd reaction is the well known, once industrially used, prepara- 
tion of 5-aminotetrazole from thiohydantoin by treatment with sodium 
azide and lead oxide in an atmosphere of carbon dioxide235 (reaction 

I / cs pboc:’H ?-[ (96) 

OC-NH 

NH1-C 
\ 

\ 
HN-N H2C-N H 

* P hZC-C--N3 [ 4 1 Ph-N, 4 N  
Ph2CCI2 Ph2C(N& 

N 
96). Another curio 236.238 is the rearrangement fallowed by cycli- 
zation of the azide derived from the dichloride of benzophenone 
(reaction 97). An example of ring opening of a triazole‘ leading to an 
amidice is reaction (38) 237. 

n -Pr-C=N Ph A I 
E t - n y J  a, 
HN+ ,NPh 

N 
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1. INTRODUCTION 

A salient feature of the photochemistry of organic azides is the facile 
elimination of molecular nitrogen from the azido group on irradiation. 

The molecular fragment RN which is the primary product of this 
process is formally a derivative of monovalent nitrogen and has been 
variously termed imidogen, azene, azylene, imene and electron 
deficient nitrogen; in recent years the term nitrene seems to have 
gained general acceptance (see however Abramovitch l and Horner 
and Christmann 2). Although various other mechanisms which 
do not involve nitrenes can be made to account for the final products 
in .many azide reactions, the intermediacy of a reactive species RN 
suggested, itself to chemists very early on. Thus, a carbonylnitrene 
R-CO-N was postulated by Thiemann, (1891) in his interpretation 
of the J,ossen rearrangement, and Curtius4 (1922) referred to a 
'short-lived intermediate R-CO-N . . .' to account for the reactions 
of' some carbonyl azides. Bertho5, in 1924, made phenyl nitrene 
responsible for the production of aniline and bis-xylenyl in the 
decomposition of phenyl azide. 

At the time, the real existence of monovalent nitrogen may have 
been in doubt, but support for the nitrene hypothesis was soon to be 
forthcoming. Beckman and Dickenson6 identified H2, N2 and NH, 
as the main products of the photodecomposition of hydrazoic acid and 
noted the absence of any signs of a chain reaction in the process. 
Irradiating gaseous HN, with a mercury line at 199 nm they found 
that independently of pressure the quantum yield of nitrogen evolution 
was 3-0 & 0.5". This led Beckman to propose the following reaction 

scheme, in which the primary formation of the imino radical (hydrogen 
nitrene) provides a simple rationalization of the final products. 

I n  the same year Gleu8 observed that irradiation of an aqueous 
solution of HN, (at 254 nm) produced hydroxylamine, nitrogen and 
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small amounts of ammonia and of hydrazine, again pointing to the 
imino radical as an intermediate. 

HN + Hz0 + HZNOH (3) 

The Beckman mechanism has since been confirmcd by Thrush 
who was able, by flash spectroscopy, to observe directly not only the 
imino radical, but also the radicals NH, and  N,, attributed to the 
secondary reactions 

HN + HN3 + NH2 + N2 
NH2 + HN3 __f NH3 -t- NJ (4) 

While the imino radical itself has been observed in a wide range of 
conditionslo-l2 and its spectroscopy is by now fully documented (see 
for example the references in Okabc 13), the existence of its organic 
analogues, the nitrenes, and their role in azide chemistry is by no 
rneans a foregone conclusion. Although organic chemists have postu- 
lated nitrenes as intermediates for some time, the final products of 
most azide reactions are equally well accounted for by other mecha- 
nisms, such as the initial formation of a triazoline-adduct between 
azide and substrate, or quite generally by a reaction where the 
expulsion of molecular nitrogen is concerted with the formation of a 
new bond. There have been numerous attempts to decide this funda- 
mental point by chemical means. Since these have been concerned 
with thermal azide reactions the reader is referred to some of thc 
original papers lG2I. 

Physical proof for the existencc of orgznic nitrenes came as latc as 
1962 when Smolinsky, Wasserman and Yager 22 reported the c.s.~.  
signals of stable triplet specks obtained by irradiating solid solutions 
of phenyl azide and related molecules at 77°K. Thc e.s.r. spectra 
were characteristic of two strongly interacting unpaircd spins localized 
essentially on a single atom, and were assigned to thc triplet ground 
state of the aromatic nitrenes. Similar spectra of aikyl nitrenes 
were obtained two years later in the photolysis of matrix isolated alkyl 
azides at 4"K23. Direct observation of a nitrene at room tempcrature 
was first reported in the flash photolysis of 1-azidoanthracene 24*26. 

On the strength of these observations and of a considerable amount of 
chemical evidence it seems now well established that in the majority 
of cases the formation of a nitrene is the first stcp in azide photolysis. 

We propose to discuss the mechanism of the primary photolytic 
I 5* I 
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step with reference to the excited stzites of the azides, to survey briefly 
the properties and reactions of organic nitrenes and finally to review 
the photoreactions of alkyl, vinyl, acyl and aryl azides. 

I!. SPECTRA AND EXCITED STATES 

The spectra of organic azides are of interest here because they identify 
the excited states which arise in the act of light absorption and are 
potentially involved In the photolytic reaction. 

The solution spectrum of HN, has two absorption bands in the 
accessible u.v.: a weak band at 260 nm ( E  - 40) and a somewhat 
stronger band at about 200 nm (c - 500) 26. The band at 260 nm is 
also found in solid HN327, the band at 200 nm appears in the spectrum 
of gaseous HN, as a diffuse absorption with a shallow maximum at 
190nm13. Closson and Gray26 have interpreted this spectrum in 
terms of molecular orbital theory. The atomic p-orbitals of HN, are 
shown diagrammatically in Figure 1. The first nitrogen, bonded to 

Py 
I I I 
I I I 
I I 

FIGURE 1. Atomic p-orbitals of HN3. 

hydrogen is sp,-hybridized, the second and third are sp-hydridized ; 
non-bonding pairs of electrons are indicated in the diagram by dots. 
The five p-orbitals of the nitrogem give rise to five delocalized mol- 
ecular orbitals rY, T;, n;, rX, T:, which in the ground state of HN3 
are occupied in order of increasing energy as follows: 
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Glosson and Gray attribute the absorption band at 260nm to the 
transition of an electron from the highest occupied +orbital to the 
lowest unoccupied &orbital. This transition leads to the excited 
electronic configuration. . . ( ~ p ) ~ ( ~ i ) ~ ( n ; ) l .  The band at  200 nm 
is assigned to the transition sp2 -+ 7rc and produces the excited con- 
figuration . . . ( ~ ~ ) ~ ( s f i ~ ) ~ ( ~ 3 ~ ( 4 ) l .  Both transitions are symmetry 
forbidden, hence the low extinction, both correlate with the lX$ --f 
'Au transition of the N; ion28. Since the lAU-state of N; is strongly 
bent 29-31 it can be inferred that the first and second excited states of 
HN3 will have a similar geometry. Intuitively one can see that the 
occupation of the antibonding r;-orbital will force the HN2-N bond 
out of the trigonal plane of the first nitrogen, so as to reduce repulsive 
overlap of the orbitals. This change in equilibrium geometry be- 
tween the ground state and the excited states plays, we believe, an 
important role in the photodissociation of the molecule (see section 

The spectra of the alkyl azides have the same structure as that of 
HN326*32-36. A weak band at  287 nm ( E  - 25) is assigned to the 
7ri -+ .rr, transition, a stronger band at  216 nm (e - 500) to the 
transition sp2 -+ T,*. The position and extinction of these bands are 
independent of the structure of the alkyl group and are also remarkably 
insensitive to solvent changes26 (Table 1). I n  the acyl azides, con- 
jugation with the carbonyl group causes a small blue shift of the low 
energy band and a slight enhancement of its extinction. For the 

111). 

* 

TABLE 1. The  low energy absorption band in several alkyl and acyl azides RN3 

R Solvent h,(nm) B Reference 

Ethyl 
n-Butyl 

s-Heptyl 
Cyclohexyl 
2-Phenethyl 
2-Chlorethyl 
2-Hydroxyethyl 
2-Acetoxyethyl 
Acetyl 
Ethoxycarbonyl 
Methoxycarbonyl 
H 

t-Butyl 

Ethanol 
iso-Octane 
iso-Octane 
Heptane 
iso-Octane 
Heptane 
iso-Octane 
iso-Octane 
.iso-Octane 
Ethanol 
iso-Octane 
Ethanol 
iso-Octane 
Water 

286 26 
286 24 
288 
289 23 
287 25 
289 25 
283 34 
283 - 
284 25 
288 25 
280 25 
260 (s) 40 
264 - 
260 43 

- 

32 
26 
26 
41 
26 
41 
26 
26 
26 
32 
26 
32 
26 
26 
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spectra of some azido substituted thio-ethers and amines see Lieber 
and Rao3? 

While the absorption spectrum of the alkyl azides is that of the iso- 
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FIGURE 2. Absorption spectra of aromatic azides. 
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lated azido group, the spectra of aromatic azides are essentially those 
of the parent hydrocarbon, only a weak additional band due to the 
azido graup appears as a shoulder on the long wavelength side of the 
hydrocarbon spectrum37 (Figure 2). The coupling of the azido 
group with the aromatic system corresponds to a charge flow from 
nitrogen towards the aromatic ring (the azido group is electron donat- 
ing with a Hammett constant a,+ = - 0 ~ 5 4 ~ ~ ) .  This lowers the 
energy of the non-bonding +orbital below the level of the sFz- 
orbital; consequently the azido band is assigned to the transition of 
lowest energy, namely spz -+ ~ f ,  where the .rrz-orbital extends now 
over the whole of the aromatic system. 

The azido group affects the spectrum of the hydrocarbon itselfin 
two ways : it causes a red shift of the IL,-band and a smaller red shift of 
the other bands (the size of the aromatic system is increased) ; it also 
reduces the symmetry of the molecule, thus enhancing the extinction 
of the symmetry forbidden transition lL, at  the expense of the asso- 
ciated IB-transition (intensity b o i ~ o w i n g ~ ~ j .  From the size of the 
effect it can be inferred that the inductive interaction of the azido 
group with the ring is comparable with, if somewhat weaker thar, that 
of the amino For the spectra of aromatic diazides see 
reference 40. 

111. QUANTUM YIELD AND MECHANISM O F  THE 
PRIMARY BHOTOLYTlC STEP 

A. Direct Photolysis 

The mechanism of nitrogen elimination from the azido group has 
been studied in some detail for hydrazoic acid. The overall quantum 
yield of the gas phase photodecomposition of HN, implies a quantum 
yield of unity for the primary photolytic step6. As a consequence it 
has been generally assumed that the excited states of HN, are spon- 
taneously dissociative 42. Indeed, the energy absorbed on excitation 
is more than sufficient to break the HN-N2 bond. The dissociation 
of ground state HN3 into an imino radical and nitrogen, both in their 
ground states1, requires an enthalpy change of only 9 kcal mole-I. 
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This reaction, however, infringes the spin conservation rule. 
nearest spin allowed process is : 

A. Reiser and H. M. Wagner 

The 

which requires 46 kcal mole-1 (see also reference 43), still only a 
fraction of the 110 kcal mole-' of the absorbed photon. 

The singlet state NH (a 'A) has never been actually intercepted in 
the decomposition of HN3, but Welge44 was able to observe by flash 
spectroscopy in vacuum U.V. the related process 

OkabeI3 has confirmed the identity of the fragments in scheme (7) 
by analysing the fluorescence emitted on irradiation of HN,. He 
assigns the emission to the process 

NH (c 'lK) NH (a ' A )  (8) 

with possibly a small contribution from 

NH (A311,) _+ NH (X "X-) (9) 

The imino radical and nitrogen appear in equation (7) as singlets, 
the dissociating species must therefore be a singlet excited molecule of 
hydrazoic acid. While this has been established only for the vacuum 
U.V. photolysis of hydrazoic acid, it is assumed that photolysis in the 
lowest absorption band (260 nm) of HN, proceeds also through an 
excited singlet state which decomposes by predissociation into a singlet 
excited irnino radical and ground state nitrogen, 

The sequence of processes leading finally to decomposition may then 
be described as follows : absorption of a photon promotes the molecule 
to the singlet excited state HN,*('A") which in the first instance 
appears in the linear configuration of the ground state (Frank-Condon 
principle). Since the equilibrium configuration of HN,* (lA) is 
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angular (see the preceding section) the act of light absorption leads 
of necessity to some vibrational excitation as well. Thr: vibrational 
energy thus released (-5 kcal mole-l) is not in itself sufficient to 
break the HN-N2 bond, but it promotes the interaction ('mixing') of 
state lA" with other energetically accessible states. At least one of 
these is repulsive in the critical bond coordinate and brings about the 
dissociation of the molecule. 

I n  analogy with HN3 the decomposition of the alkyl azides is believed 
to go through a singlet state. I n  the gas phase photolysis of methyl 
azide the primary step is the formation of methyl n i t r ~ n e ~ ~  

which then reacts with methyl azide. 

(12) 
CH3N + CHjN3 CHjNHCHZN + N2 

and CH3N + CH3N3 + CH3N=NCH3 -:- N2 

The secondary products react further with nitrene and with azide 
to produce a polynier of overall composition [CH,N]. and nitrogen. 

(126 
CHsNHCH2N + CH3N3 + [CH3N]j + N z  

CH3N + [CH3NI3 -+ [CH,N], etc. 

From the data of Currie and D a r ~ e n t " ~  the quantum yield of the 
primary photolytic step is estimated to be between 0-7 and 1.0. The 
overall yield of nitrogen evolution varies with the wavelength of irra- 
diation from 1.6 a t  313 nm to 2-4 at 254 nm. Free radical scavengers 
reduce the overall quantum yield considerably, but an inert gas (CO,) 
has no effect. From that it is concluded that the wavelength 
dependence of the quantum yield reflects the higher energy of the 
absorbed photon and not the greater reactivity of a 'hot' nitrene. 

I n  solution, the photolysis yield of alkyl azides is independent of the 
wavelength of irradiation and insensitive to solvent changes 46 (Table 

The photolytic decomposition of carbonyl azides produces g.enerally, 
but not exclusively, isocyanates 47-49. Lwowski has investigated this 
photorearrangement in pivaloyl azide 50*51. He finds an isocyanate 
yield of 49y0 in a variety of conditions quite independently of the 

2). 



450 A. Rciscr and H. &I. Wagncr 

TABLE 2. Quantum yield (4) of decomposition of alkyl azides RN, 

R 
Wavelcng th 

Solvent (nm) 4 Reference 

CH3 Gas 

C2H5 kkthanol 
Mctlianol 
Ethanol 

n-C,H, Methanol 
I-Ieptanc 

n-C,H9 Ilexane 
n-CcH,,  Methanol 

Methanol 
Ether 
Heptane 

C ~ C I O - C , H , ~  Ileptane 
(CBHB),C Methanol 

254-313 24-1.6 

354 0.88 
313 0.88 
313 0.89 
313 0.83 
313 0.79 
313 0-79 
254 0.86 
313 0.7 1 
313 0-7 1 
313 0.69 
313 0.68 
313 0.80 

(1 -0-0-7) 
45 

46 
46 
46 
46 
46 
46 
46 
46 
46 
46 
46 
46 

solvent. In contrast, the yield of the other products (amines and 
aziridines) increases from 1 yo in neopentane and 1 3y0 in cyclopentane 
to 47y0 in cyclohexene. Evidently the isocyanate cannot have been 
formed via the same intermediate (nitrene) as the amines. Lwowski 
concludes that the photo-Curtius rearrangement, like its thermal 
counterpart, is probably a concerted process not involving a discrete 
nitrene intermediate. 

Of particular mechanistic interest is the photochemistry of ethyl 
azidoformate which does not normally undergo the Curtius rearrange- 
ment (the migratory aptitude of the 'mxy group is low), and where 
the nitrene can be efficiently trak,,,d, e.g. by acetylenes6" and 
n i t r i l e ~ ~ ~ . ~ ~ .  L w o w ~ k i ~ ~  was able to establish the spin state of 
carbethoxynitrene (ethoxycarbonyl nitrene") by an elegant method 
adapted from the work of Skell on c a r b e n e ~ ~ ~ - ~ ~ .  I t  is based on the 
assumption, fully justified by the results, that a singlet species deficient 
in two electrons will add stereospecifically to a double bond. A 
triplet reactant can accept only one electron at  a time and will close 
the bond with the second electron only after one of the spins has 

'3 Ethoxycarbonyl nitrene has been termed until recently carbethoxynitrene. 
W e  arc retaining the older nomcnclature in this article, to conform with the 
extensive work of Lwowski. 
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inverted. The waiting period between the first and the second step 
is long enough to allow equilibration of the conformers of the transi- 
tion state. Consequently, addition of a triplet nitrene is not stereo- 
specific. 

The reaction sequence following the production of a singlet nitrene 
is described by the following scheme: 

I( a ks azide -2 singlet -> triplet --+ by-products 
nitrene 

stereospecific 
addition 
product 

nitrene 

non-stereospecific 
addition 
product 

Provided the singlet nitrene is sufficiently reactive towards the olefin 
the yield of the stereospecific adduct will be a direct measure of the 
concentration of sin@et nitrene in the steady state, and hence an 
indication of the distribution of spin states in the primary products of 
azide decomposition. 

Lwowski used cis- and ham-4-methylpent-2-ene as the ~ l e f i n ~ ~ . ~ '  
and produced carbethoxynitrene in three independent ways 61-63 : by 
thermal decomposition of ethyl azidoformate, by the alkali induced 
decomposition of N- (P-nitrobenzenesu1phonoxy)-urethane (an Q- 

elimination reaction) and by the direct photolysis of ethyl azidofor- 
mate. All three routes produced the same aziridine in good yield. 
In  thermolysis and in a-elimination the addition of the nitrene to the 
double bond is almost completely stereospecific, if conducted in the 
neat olefin; tram-aziridine is formed from trans-pentene, cis-aziridine 
from the cis isomer. This is the expected result, sincc only a singlet 
nitrene can be generated in a thermal reaction from the singlet 
ground state of the azide. If the olefin is diluted with an inert solvent 
(dichloromethanej, an increasing amount of non-stereospecific addi- 
tion is observed as more singlet nitrenes have had time to decay to the 
triplet ground state. 

I n  contrast to these results, the photolytic decomposition of ethyl 
azidoformate 64 produces a mixture of the stereospecific and the non- 
stereospecific addition product corresponding to 70y0 of the singlet and 
SOYo of the triplet species. Interception experiments in cyclohexane 
point equally to a triplet component of 30y0 in photogenerated 
carbe thoxynitrene '. 
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Lwowski's work throws considerable light on the mechanism of the 
primary photolytic step. Since the thermal experimenfi hzve shown 
that singlet carbethoxynitrenc is quantitatively intercepted in the neat 
olefin, the triplet nitrene observed in the photolytic reaction must 
originate in an excited triplet state of ethyl azidoformate. Inter- 
system crossing from the singlet excited azide to the triplet state 
competes succesPfully with dissociation of the singlet excited azide. 
The rate of decomposition is therefore comparable with the rate of 
intersystem crossing in a carbonyl compound (greater than 10'O fitre 
mole-1 sec-I). Both the singlet and the triplet excited states of 
the azido group must be capable of dissociation, a conclusion which 
is borne out by sensitization experiments. 
Cyanogm azide is an abundant source of the spectroscopically 

interesting symmetric cyanonitrene N=C=N 66. Both the thermal 67 

and the photolytic68 decomposition of N3CN lead to singlet excited 
nitrenes, as evidenced by stereospecific interception and by spectro- 
scopy. The singlet nitrene decays subsequently to the triplet ground 
stzte of the species69. 

In aromatic azides70 the mechanism of the primary step is slightly 
different from that of the isolated azido group. Here the upper 
excited states are those of the parent hydrocarbon and, on irradiation, 
energy is absorbed in the aromatic system as a whole. Decomposition 
is therefore preceded by a transfer of excitation from the hydrocarbon 
to the azido group. How this comes about will be described on the 
exzmple of 1-azidonaphthalene (see Figure 3 where the potential 
energy curves of the RN-N2 bond are shown for the singlet states of 
this molecule). 

On absorption of a quantum of say 100 kcal mole-l, l-azidonaph- 
thalene is promoted to the naphthalene state 'L,. It will tranynit its 
excess vibrational energy to the medinm until the lowest vibrational 
level of the lowest naphthalene state 'L, is reached. At this stage the 
molecule will enter the excited nn*-aeide state (excitation transfer) 
and will either decompose by the mechanism described for HN3 or 
cross over to the triplet state and disintegrate here in a similar way. 
There are indications that both alternatives apply in aromatic 
azides7' and that therefore the rate of intersystem crossing is com- 
parable with the rate of dissociation in the singlet excited state. High 
concentrations of triplet nitrenes have indeed been observed in the 
flash photolysis of aromatic a z i d e ~ ~ ~ .  This, however, is not conclusive 
evidence, and the spin state of photogenerated aromatic nitrenes is 
still in question. 



8. Photochemistry of the azido group 453 

'RN -N- 

FIGURE 3. Potential energy diagram of the RN-N, bond in an aromatic 
azide. 

Because of the transfer of excitation energy from the hydrocarbon to 
the azido group at some stage of the reaction, the structure of the 
aromatic system has some effect on the quantum yield of photolysis 
(see Table 3). Thus, the photolytic quantum yield is higher for the 
azides of polynuclear aromatic hydrocarbons than for phenyl azide and 
its derivatives, although the energy of the absorbed photon is larger in 
the latter compounds. In 4,4'-diazidobiphenyl and its vinylogues the 
quantum yield of photolysis decreases with increasing chain length, in 
parallel with the energy of the absorbed quantum. 

In molecules with two or more azido groups, such as the diazides in 
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TABLE 3. Quantum yield of photolysis of aromatic azides 

Wavelength 25°C 77°K 
of irradi- Hexanc Methyl cyclohcxane- 
ation nm solution isopentam matrix 

N: 

254 

254 

254 

254 
313 

303 

303 

365 

280 
365 

254 
303 

303 

365 

365 

0.53 k 0.10 0.52 f 0.10 

0.96 0.05 0.98 f 0.05 

0.37 k 0.05 0.36 3. 0.05 

0.46 f 0.02 
0.44 k 0.02 

0.43 i: 0.05 
0.43 f 0.45 

1.00 k 0.02 0-95 f 0.05 

0.84 C.05 0.87 f 0.05 

1.00 * 0.02 1-02 f 0.05 

1-00 0.05 1.00 * 0.10 
1.00 * 0.01 

41 4 2  

045 & 0.10 1.00 0.10 
0.45 k 0.10 1.00 k 0.10 

0.40 k 0-05 1.00 1- 0.05 

0.37 & 0.05 1.00 If: 0.05 

0.30 rfr 0.10 0.80 & 0.10 

0.20 f 0-10 0.60 f 0.10 

1-00 f 0.10 
1.00 * 0.10 

is the quantum yicld of decomposition of thc diazidc (first azido groiip); $2 is the decom- 
position yicld of the azidonitrenc (second azido group). 
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Table 3, these groups decompose independently of each other. This 
zpplies even to k-phenylene diazide where a coupling of the disso- 
ciative processes may possibly have been anticipated 40. 

5. Sensitized Photolysis 

The sensitization of the photolysis of azides by triplet sensitizers is of 
potential importance in some photographic applications of organic 
azides. Also, it opens a route to the study of triplet nitrenes uncon- 
taminated by the singlet species. 

ApSimon and Edwards 48 have attempted the sensitization of azido- 
dihydropimaric acid, Moriarty and Rahman 73 have sensitized n-butyl 
azide with benzophenone. The first conclusive experiments are those 
by Lwowski and Mattingly61 who sensitized the photolysis of ethyl 
azidoformate with acetophenone. They found that in cyclohexene 
the reaction produced almost exclusively ethoxyurethane. Direct 
photolysis of ethyl azidoformate in the same solvefit led mainly to 
addition (!jayo aziridine) and insertion ( 12y0 ethoxycyclohexenyl 
urethane) and proikced no urethane at all if oxygen was excluded 
from the solution. These results demonstrate clearly the different 
chemical behaviour of singlet and triplet nitrenes: the singlet, a strong 
electrophile, adds to double bonds and undergoes insertion into G-H 
bonds, the triplet, a biradical, will mainly abstract hydrogen. 

Swenton 71 found a somewhat analogous behaviour in the photo- 
decomposition of 2-azidobiphenyl. Direct photolysis resulted in ring 
closure to carbazole (7 l%), acetophenone sensitized photolysis pro- 
duced 43y0 of the azo compound and less than 8y0 carbazole. The 
presence of piperylene, a triplet quencher, during photolysis reduced 
the formation of azo compound to 4y0 and enhanced the carbazole 
yield to 89y0. 

Lewis and Saunders 74 have studied the sensitized photorearrange- 
ment of ring-substituted triphenylmethyl azides, 

Ar3C-N3 + hv --+ Ar,C=NAr + N2 (1  3) 

The reaction was noticeably sensitized even by sensitizers with low 
triplet energies (for example by pyrene, which has a triplet energy of 
48 kcalmole-l). In  the sensitized reaction, as well as in direct 
photolysis, the migratory aptitude was unaffected by substituents OR 
the phenyl rings, in contrast to the thermal rearrangement, where the 
migratory aptitude of aryl groups depends markedly on the electronic 
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character of ring substituents. Lewis and Saunders concluded from 
this that the thermal rearrangement is a concerted proccss whereas 
the photoreaction proceeds through a nitrene intermediate. 

A striking, but isolated, obsei--ation was reported by H o r ~ e r ' ~ .  
He found that direct photolysis of benzoyl azide in. ethanol or iso- 
propanol led to the Curtius rearrangement (44y0), to insertion (3170) 
and to some hydrogen abstraction (23y0). However, in the presence 
of small concentrations of benzophenone the photoreaction produced 
exclusively benzamide, with a quantum yield far in excess of unity. 
The high yield indicated a chain reaction, benzophenone playing more 
the part of a photocatalyst than that of a conventional sensitizer. 

Photosensitization is of interest also as a means of esxablishing the 
triplet energies of azides. These are not accessible by phosphorescence 
measurements because azides do not lumine~ce'~. With this aim in 
mind Lewis and Saunders 76 have investigated the sensitized photolysis 
of several aliphatic azides, phenyl azide and ethyl azidoformate. 
From the concentration dependence of the quantum yield they were 
able to determine the rate of energy transfer between sensitizer and 
azide. With acetophenone and sensitizers of similar triplet energy the 
transfer process was reasonably efficient, but did not reach a diffusion 
controlled rate even at the highest azide concentrations. The authors 
interpreted this as a case of non-classical energy transfer, similar to the 
mechanism proposed by Hammond for energy transfer from sensitizers 
to the triplet state of ~ t i l b e n e ~ ~ .  

IV. PROPERTIES AND G E N E R A L  R E A C T I O N S  O F  
N ITREN ES 

A. EIectronic Structure and Spectra 

The nitrogen in the nitrencs is bo-ided to a single carbon centre and 
is consequently sp-hybridized. One of the five valence electrons takes 
part in the a-bond to carbon, one pair occupies the non-bonding 
sp-orbital aild the two remaining electrons are in the unhybridized 
orbitals px and py (Figure 4). The two #-orbitals are equivalent in 
energy and will carry one electron each, both electrons having the 
same spin: the ground state of the nitrencs is expected to be a triplet. 
Smolinsky and co-workers 22*23 h w e  observed e.s.r. signals of triplets 
on irradiating solid solutions of azides at 77°K. They zssignecl these 
to the ground state of the photogenerated nitrenes. By analysing the 
e.s.r. spectra in terms of the zero-field sphtting parameters D and E it 
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FIGURE Electron.,: configuration of triplet nitrene. 

was possible to obtain detailed information on the electronic structure 
of the nitrenes22*23*7e*79. 

The parameter D is a measure of the interaction between the two 
unpaired spins of the triplet. The exceptionally high value of D in 
the spectra of the nitrenes (Table 4) indicates that the two spins are 

TABLE 4. Zero-field splitting parameters in the triplet ground states of some 
ni trenes 

A" = g3H.S + DS,2 + E(SZ - S,") 
- + +  

Nitrene 
Experimental 

condition D (cm-l) E (cm-l) Reference 

HN U.V. spectrum 
of HNCO 

rr-Propyl Matrix, 4°K 
2-Octyl iviatrix, 4% 
C ycloliexyl Matrix, 4."K 
Cyclopen tyl iMatrix, 4°K 
I-Butyl Matrix, 4°K 
p-Ethoxycarbonylbenzyl Matrix, 4°K 
Phenyl Matrix, 77°K 
Phenyl Glassy state, 

#-Phenylene 

m-Phenylene 

.c 

110°K 

dinitrene Matrix, 77°K 

dinitrene Matrix, 4°K 

1 a86 

1 *607 
1.616 
1.599 
1.575 
1.625 
1 a659 
1.33 
0.999 

0.0675 

0.156 

0.0034 
0.00 19 
0.002 
0.002 
0.002 
0.002 
0.30 
0 

0 

0.029 

142 

23 
23 
23 
23 
23 
23 
22 

143 

144 

79 
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localized on a single atom. In phenyl nitrene where one of the two 
radical electrons is delocalized into thc aromatic w-system, weaker spin 
interaction is expected and a smaller value of D is observed. The 
dinitrenes of lY4-diazidobenzcne and of 1,3-diazidobenzene 79 are of 
particular interest in this connexion: in the first case the two 
$,-electrons of the nitrogens iire conjugated through the aromatic net- 
work and their spins are expected to pair. Indeed, the spectrum of 
1,4-dinitrenobenzene is found to agree with the behaviour predicted 
for two unpaired spins localized at two centres about 4 A apart. In 
the case of lY3-dinitrenobenzene the conjugative pairing of the 
#,-electrons is not complete (meta positions) and the spectrum of the 
dinitrene is that of a ground state quintet of four moderately interact- 
ing unpaired spins (see Table 4). 

The second parameter E is indicative of the difference iil spin den- 
sity along the A: and y axes of the molecule. The low value of E in the 
alkyl nitrenes is a consequence of the cylindrical symmetry of the 
$-orbitals about the C-N bond. In  phenyl nitrene the ),-orbital is 
locked in the plane of the phenyl ring and the equivalence of the two 
$-orbitals is removed. The spin distribution is no longer symmetrical 
about the z-axis and the value of E is consequently quite high. 

Electronic absorption spectra have been obtained for several aro- 
matic nitrenes 37~80 and dinitrenes 40. They confirm in every respect 
the structure assigned to the triplet ground state of the nitrenes. For 
example, phenyl nitrene has seven w-electrons in its aromatic shell. 
Its lower (triplet) excited states originate in transitions of an electron 
from the highest occupied to the lowest unoccupied (or half-occupied) 
MO-levels (Figure 5) .  In  the Huckel approximation the two 
excited states, +2 are nearly degenerate and will be split by con- 
figuration interaction into an upper state $- and a lower state ++, 
giving rise to a fairly strong band t,bo -+ t,b- at 314 nm and a weaker 
band +o + ++ at 402 nm. Such a band pair is typical of an open 
aromatic shell and is observed quite generally in all aromatic w- 

radicals. The spectrum of phenyl nitrene is in fact very similar to 
that of the isoelectronic benzyl radicale1. 

Aromatic dinitrenes in which the nitrogens are conjugated through 
the central 7r-system have closed shell spectra, indicating the spin- 
pairing of the p,-electrons. The spectra of 1,4-diazidobenzene and of 
its photoproducts 40 are hcre of some interest because thcy illustrate the 
a!ternation of closed and open aromatic shells (even and odd numbers 
of n-electrons) in the successive stages of the photolytic process 
(Figure 6). The spectrum of the diazide (curve I,) is that of a sub- 



459 8. Photochemistry of the azido group 
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FIGURE 5. (a) Huckel MO-levels of phenyl nitrene; (b) Energy levels of 
excited states of phcnyl nitrene. 
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FIGURE 6. 
matrix isolated at 77°K. 
trene cation. 

Absorption spectra of 1,4-diazidobenzene (I) and its photoproducts; 
I,, diazide; I,, azido-nitrene; I,, dinitrenc; Id, dini- 
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stituted benzene (closed aromatic shell). The spectrum of the azido- 
nitrene I, shows the typical band pair of a n-radical. In  the dinitrene 
I, the aromaticp,-electrons have paired and the molecule has reverted 
to a closed shell; the spectrum resembles in every detail that of the 
original diazide. O n  further irradiation with light of short wave- 
length, one of the r-electrons is ejected from the molecule and the 
resulting dinitrene-cation I, has the characteristic open shell spectrum 
of a p-phenylencdiamine ion. 

Attempts at intercepting organic nitrenes by flash spectroscopy at 
normal temperature were successful in a few cases. Herzberg and 
Travis66 have observed the -+ 3C; band of cyanonitrene in the 
flash photolysis of cyanoazide (see also Pontrclli and Anastassiou 6 6 ) .  

Kroto was able69 to follow the decay of the excited singlet cyano- 
nitrene NCN (lh) to the triplet ground state NCN (”;). Cornell, 
Berry and LwowskiE2 have looked for the carbonyl nitrene in the flash 
photolysis of gaseous ethyl azidoformate, but detected only the 
absorption of the fragment CON. Triplet-triplet absorption spectra 
of the ground states of several aromatic nitrenes were observed in the 
flash photolysis of the corresponding azides 72. First-order lifetimes 
of these triplets range from about a microsecond to several seconds, 
depending on the nature of the medium. 

While the triplet ground state of the nitrcnes is now quite well 
documented there is no spectroscopic information on their first 
excited singlet state, yet it is just this state which plays a major role in 
the photochemistry of the azides. The singlet state IA  of the imino 
radical lies 37 kcal mole-1 above the triplet ground state HN (”;), 
and the situation is no doubt similar in the alkyl nitrenes. Singlet- 
triplet splitting in the aromatic nitrenes is probably somewhat 
smaller. In  the non-conjugated (isolated) nitrene group the change 
from the singlet to the triplet state involves only spin reversal in one of 
the unhybridized p-orbitals; in the nitrenes which are attached to a 
n-system, such as the carbonyl nitrenes and the aromatic nitrenes, the 
two electrons on nitrogen may share a common orbital in the singlet 
configuration of lowest energy. 

The singlet lifetime has been experimentally established only for 
c ~ a n o n i t r e n e ~ ~  which in the gas phase converts to the ground state 
triplet at the rate of about lo4 sec-l. An estimate of singlet life- 
times in solution can be obtained from the work of McConaghy and 
Lwowski60. They find that in the thermolysis of ethyl azidoformate 
in the presence of cis-4-methylpent-2-ene the rate of spin reversal of 
the nitrene is about 10 times slower than the rate of addition to the 

A. Reiser and H. M. Wa, oner 
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double bond. -4ssuming that addition is an order of magnitude 
slower than a diffusion controlled process one obta,ins Lor the nitrene 
a spin conversion rate of about lo7 sec-l, corresponding to a half-life 
of I t  is therefore not surprising that singlet nitrenes have 
so far escaped detection in conventional flash spectroscopy. 

sec. 

6. General Reactions of Nitrenes 

1. Recombination 

The recombination of two nitrenes to forin an azo cpmpound is spin 

2 RN R-N=N-R (14) 

allowed for both the singlet and the triplet species. The reaction will 
be rarely observed in the continuous photolysis of azides because of the 
low concentration of free nitrene at any time. However, in flash 
photolysis where a high local nitreiie concentration is produczd 
instantaneously, recombination is the preferred reaction path, pro- 
vided thc solvent is sufficiently inertv2. Nitrene recombination is a 
facile process requiring little activation energy, aod it is therefore the 
only reaction to occur a t  very low temperatures. 

2. Eledrophilic attack on bonding pairs 

Insertion into C-H bonds is exclu- 
sively a reaction of singlet nitrenes. Both thermally and photo- 
lytically generated nitrenes undergo insertion, the yield of secondary 

a. Insertion into C-H bonds. 

amine depending on the substrate and on the rate of competing pro- 
cesses. Barton 83 has claimed intramoleculzr nitrene insertion in the 
photocyclization of aliphatic azides, but his results are in some doubt 73. 
It appears now that in the alkyl nitrenes the insertion reaction is 
overtaken by the faster hydrogen migration process which results in 
imines. When hydrogen migration and other rearrangements are 
inhibited, insertion becomes important. For example, carbethoxy- 
nitrene inserts into cyclohexane with a yield of 507061. t-Butylcar- 
bony1 nitrene (pivaloyl nitrene) inserts into cyclohexane with a 
yield of 20y0, into cyclopentane with a yield of 13y0, into neopentane 
(primary C-H bonds only) with a yield of 0.77,. The insertion 
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yields of pivaloyl nitrene into primary, secondary and tertiary C-H 
bonds are in the ratios 1 : 9: 160. Photolysis of pivaloyl azide in 
cyclohexene yields 12y0 of the insertion p r o d u c t ~ ~ ~ . ~ ~ .  

Intramolecular insertion in substituted aromatic nitrenes has been 
used as a means of ring closure to pyrrolidines 1 8 s e 6 .  

Aromatic nitrenes are as selective in their insertion reactions as 
carbonyl nitrenes. In  phenyl nitrene the insertion yields into primary, 
secondary and tertiary G-H bonds are in the approximate ratios 
1 : 10 :loo8’. Aromatic nitrenes insert into aromatic G-H bonds 
about as efficiently as into secondary C-H bonds of aliphatic hydro- 
carbons : photolysis and thermolysis of 2-azidobiphenyl produces 

H 

carbazole in 78y0 yield88*89. 
hexane produces ring closure in 86y0 yield17. 

The analogous reaction with a cyclo- 

A 

Insertion into 0-H bonds with the 
formation of hydroxylamine derivatives is observed in carbonyl 
nitrenes. The photolytic and the thermal decomposition of ethyl 
azidoformate in t-butanol leads to the irisertion product in 55y0 

6. Insertion into 0-H bonds. 

R-OH + u-COOEt + RO-N-COOEt 55% (18) 
I ’  
H 

yield Photogenerated berizoyl nitrene inserts into alcohols and 
appears also to insert into the 0-H bond of acetic acid. 

The photolysis and the thermolysis of 
azides in the presence of amines produce small yields of hydrazines 
which can formally be accounted for by insertion of the nitrene into 

c. Insertion into N-H bonds. 



8. Photochemistry of the azido group 463 

Ph-CO-NJ ,,hhNy,,,+ Ph-CO-NH-NH-Ph 14% (19) 

the N-H bond of the amine75. I t  is, however, probable that these 
reactions proceed via a primary attack by the nitrene on the non- 
bonding pair of the amino group followed by rearrangementa1. 

H H 
1 -  I -  

I I 
Ph-N 1- N--CO-Ph __f Ph-N--N_-CO-Ph __t 

(20) 

Ph--iJ--N-CO-Ph 

H H 
H 
I 

I 
H 

d. Hydrogen abstraction. Hydrogen abstraction is possibly the most 
general reaction of triplet nitrenes. Two separate abstraction steps 
are required to saturate the electron deficiency of the triplet. I n  the 
first step hydrogen is abstracted from the substrate leaving a carbon 

radical behind and turning the nitrene into an amino-radical. The 
two radicals have a t  this stage correlated (unpaired) spins and cannot 
couple unless one of their spins is reversed. The time required for 
spin reversal is usually sufficient to allow the two radicals to difise 
away from each other. The amino-radical will then abstract a 

1 
(22) 

second hydrogen and form a primary amine. There is a certain 
probability of radical recombination leading to secondary amines 
(pseudo-insertion) hydrazines and hydrocarbon dimers (equation 23). 

I n  suitable solvents even alkyl nitrenes produce small amounts of 
primary arnines 73. Carbethoxynitrene abstracts hydrogen from 
 hydrocarbon^^^ (1 27,) and more efficiently from alcohols O0 (90%). 
Aromatic nitrenes are in general less reactive than carbonyl nitrenes, 
they abstract hydrogen, provided the attack on unreacted azido groups 

*'i -C-$!H 1 1- H-C- 1 - L -NH2 $. - 
I I I 
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can be controlled 72. Also recombination of amino-radicals arid 
carbon xadicals (pseudo-insertion) occurs in sterically favourable 
conditions, for example in the formation of carbazole from 2-azido- 
biphenyl where the triplet nitrene has been shown to be an 
intermediate25. In the photolysis of azides in polymer matrices up 
to 90% of secondary amines are formed, the reaction yield depending 
on the rigidity of the matrix72. 

Proof for the triplet character of the hydrogen abstracting species is 
obtained in sensitization experiments. Thus, direct photolysis of ethyl 
azidoformate in cyclohexene results in the formation of only 30J, of the 
hydrogen abstraction product (urethane) and a trace of bis-cyclo- 
hexene 61. In the sensitized photoreaction, where triplet nitrene is 
produced directly, the urethane yield increases to 74y0, the yield of 
bz3-cyclohexene to 63%. 

In a similar way, direct photolysis of benzoyl azide in alcohols 
produces about 25oJ, of the urethane76. On sensitization with benzo- 
phenone, urethane is the sole product of the reaction. 

3. Addition to multiple bonds 

Addition to double bonds is a 
reaction of both singlet and triplet nitrenes. However, the formation 
of stable 3-membered aziridine rings has been positively established 
only for some carbonyl nitrenes. The addition of singlet nitrene 

a. Addition to C=C double bonds. 

proceeds by a one-step mechanism and the aziridine retains the steric 
configuration of the olefinic substrate. Triplet nitrenes add to double 
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bonds without retention of configuration. Thc reaction has been used 
by L w o ~ s k i ~ ~ * ~ *  and by Hafnerg2 to identil'y the spin state of car- 
be thoxyni trene 5. 

While carbethoxyaziridines are usually quite stable (they with- 
stand the injection temperature of gas chromatography) other aziri- 
dines react further and are therefore not dctected in the final products. 
For examplc, the aziridine presumably formed from pivaloyl nitrene 
and cyclohexene rearranges to a Schiff's base and to an amine 61 : 

Carbethoxynitrene undergoes 1 ,Zaddition to the double bonds of 
dienes g., but no 1,4-cycloaddition product has been detected. 

1,2-Addition to aromatic systems is probably the primary step in a 
number of more complex nitrene reactions sucn as the formation of 
azepines from carbethoxynitrene and b e n ~ e i i e ~ ~ * ~ ~  and a number of 

E tO 0 C- N 3 
interesting rearrangements induced by carbethoxynitrene in some 
5-membered heterocycles 94. -4zepines are also formed on irradiation 
of phenyl azide in the presence of strong nucleophiles 95. 

b. 1,3-Cycloaddition. The cycloaddition of carbonyl nitrenes to 
triple bonds has been observed by Huisgen in the reaction of car- 
bethoxynitrene with tolan 52 and with phenylzcetylene 47. Photolysis 
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Ph-C=C-Ph 

2 
EtO-C. 

N 
\ 

Ph 
I 

+ ’ d  ’? 
I 

d h  

33% 

19% 

0 Et 

of ethyl azidoformate in benzonitrile 53 produces a 1,3,4-oxadiazole 
in good yield. 

0 Et 

The reaction may well proceed not by direct cycloaddition, but by 
attack of the nitrene at a non-bonding pair and subsequent ring closure 

/\- 
* /O/ 

‘0 Et 
R-CENI  + H-COOEt __f R-CsN--N_=C 

.1 
R-T=Y 

0, QNI 
C 

0 Et 
I 

4. Electrophilic attack on non-bonding pairs 

As a strongly electron deficient species, njtrenes will react with non- 
bonding electron pairs. Thus, carbethoxynitrene does attack . the 
lone pair of amino groupss1 with the formation of hydrazine deriva- 
tives and polyamines. In  thc reaction of carbethoxynitrene with 
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-t fl-COOEt----t ~ ~ - - ~ - C O O E t  _t 

(31) 
H 

N-COOEt 
I 
H 

+ _N-COOEt--t. (@-N-cooEt __f 

c H3 c t i 3  
(321 

C H2-u H-C OOEt 

pyridine, the intermediate zwitterion-betaine has been actually 
isolated 91. 

In  a similar way, benzoyl nitrene is trapped by strong nucleophiles 
with lone pairs, such as dimethyl sulphoxidegO, but here the reaction 

of the nitrene has to compete with the Curtius rearrangement of the 
azide precursor 75. 

One of the most ubiquitous reactions is the formation of azo com- 
pounds by the attack of nitrene on the azido group. This process 
accounts for the high overall quantum yield of nitrogen evolution in 
the gas phase photolysis of hydrazoic acid6 and of methyl azidee6. 
I t  has also been demonstrated in the gas phase pyrolysis of phenyl 
azide and of ortho-trifluoromethyl azide18 where azobenzenes arc the 
major reaction products. Azo compounds are formed in near quan- 
titative yield in the solution photolysis of p-methoxyphenyl azide and 

I 6 + C.A.G. 
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4-azidobiphenylg7 (see equations 82, 84). The nitrene mechanism 
of these reactions is supported by experiments where mixtures of p -  
methoxyphenyl azide and 4-azidobiphenyl were photolysed and it was 
found that the 'mixed ' azo compound 4-methoxy-4'-phenylazoben- 
zene and the symmetrical 4,4'-dimethoxyazobenzene and 4,4'- 
diphenylazobenzenc were formed in about equal proportions B7. 

The reaction of a nitrene with the lone pair o f a  nitro group in 2- 
azido-3-nitrobiphenyl leads to the formation of furoxanes (equation 
80), reaction with a sterically accessible carbonyl group in 2-azido- 
benzophenone produces oxazole derivatives 98 (equation 81). 

A. Reiser and H. M. Wagner 

V. PHOTOREACTIONS O F  ORGANIC AZlDES 

A. Alkyl h i d e s  

Methyl azide (1) and deuterated methyl azide (CD3N3) were 
photolysed at 4°K and at 50°K and the products analysed by infrared 
spectrometry99~100. Methylene imine (3) and the corresponding 
deuterium compound were observed, presumably formed by a 1,2- 
hydrogen shift in the nitrene intermediate (3). The vapour phase 

CH3NB __f [CH3N] + CHZ=NH (35) 
(1) (2) (3) 

photolysis of methyl azide 45 produced mainly nitrogen, together with 
some hydrogen (5-10~o) and small quantities of methane, ethane, 
ethylene and a polymer analysing for (CH,N),. The effect of carbon 
dioxide, azomethane and ethylene on the quantum yield of nitrogen 
evolution indicated a radical mechanism involving methyl nitrene. 
Reaction scheme (12) was proposed to account for these observations. 

The photoreactions of higher akyl azides were studied by Barton 
and c o - w ~ r k e r s ~ ~ J ~ ~  in connexion with the synthesis of the alkaloid 
conessinelo2. They reported that irradiation of n-butyl azide (4) in 
ethanol or ether produced pyrrolidine (5) in yields of 22y0 and 14% 
respectively, together with the imine (6). n-Heptyl azide was reported 
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to form n-propylpyrrolidine (15y0) arrd n-octyl azide to form n- 
butylpyrrolidine in yields of 5-35y0, depending on the solvent. 

The possibility of ring closure was expected to depend on molecular 
geometry. Thus, photolysis of n-propyl azide (7)  in cyclohexane 
produced only the imice (S) in 59y0 yield, isolated as the 2,4-dinitro- 
phenylhydrazone (9). Irradiation of phenylethyl azide (10) resulted 

( 1 )  hydrolysis 
H3(C H2)2N3 * CHJCH~CH=NH (2)hydrJzine * 

CH3CH2CH=N NH- 
(7) 0 (8) 

(9) OzN 

in the imine (ll), identified by reduction to the amine (12) but 3- 

U 

(W 

phenylpropyl azide (13) was reported to cyclize under similar con- 
ditions to tetrahydroquinoline (14) in Zlyo yield. Barton concluded 

C H2CH2CH2N3 

I 
(13) (14) 

from these results that a necessary requirement for ring closure was the 
possibility of formation of a 6-membered cyclic transition state (15). 

In  view of the considerable importailcc of a photochemical ring 
closure reaction in preparative heterocyclic chemistry attempts were 
made by others 23*86 and by Barton himself103 to repeat the synthesis of 
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pyrrolidines by this route. The results were disappointing although a 
variety of conditions and light sources were tried. M ~ r i a r t y ~ ~  finally 
established, in a careful re-examination, that in the photolysis of alkyl 
azides, cyclization does not occur to any appreciable extent. Irradia- 
tion of n-butyl azide (4) in ether produced 707, of the imine, some 
amine (597,) and polymer, but no pyrrolidine. To  check that any 
pyrrolidine formed had not reacted with the imine, a mixture of pyrroli- 
dine and n-butyl azide was irradiated; pyrrolidine was recovered from 
the reaction mixture unchanged. In  the photolysis of n-octyl azide in 
either ether, n-hexane or cyclohexane, the photoproducts were made 
up of n-octaldehyde (from the imine), n-octylamine, n-heptylnitrile and 
some dimeric material. A trace of 2-n-butylpyrrolidine could be 
identified in the basic fraction of the hydrolysed photoproducts. 

To study the effect of the presence of an aromatic ring, Moriarty 
photolysed 4phenylbutyl azide. The products were separated into a 
basic and a neutral fraction. No pyrrolidine was found in the former, 
the latter, after hydrolysis, contained 4-phenylbutyraldehyde (257,) 
and a small amount of an amine which had the same VPC retention 
time as 2-phenylpyrrolidine. 

The photodecomposition of a-azidocarboxylic acids is of interest 
because of the possibility of simultaneous elimination of nitrogen and 
carbon d i ~ x i d e ~ ~ * ~ ~ * .  Moriarty and Rahinan found that irradiation 
of a-azidobutyric acid (16) in methanol produced 25”/, of propionalde- 
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N3 
I 

(16) 
CH3CHZCHCOOH CH-,CH2CH=NH (40) 

(17) 
- co, 

hyde imine (P7), a-azidovaleric acid (18) yielded 2OY0 of butyralde- 

NH2 
I 

N3 
I 

CH3CHzCHzCHCOOH CH3(CH2)2CH=NH + CH,(CH,),CHCOOH 
- co, 

(18) (19) (20) (41) 

hyde imine (19) and a small amount of a-aminovalenc acid (20). In  
these reactions the loss of carbon dioxide may have been concerted 
with the elimination of nitrogen. Alternatively, a nitrene may have 
been formed first, with subsequent loss of carbon dioxide. To decide 
this point Moriarty and Rahman photolysed a-deutero-a-azidobutyric 
acid. The reaction products were isolated as 2,4-dinitrophenyl- 
hydrazones. 587, of the recovered propionaldehyde-2,4-dinitro- 
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phenylhydrazone contained deuterium on the aldehydic carbon, thus 
implying concerted decarbGxylation to the extent of about 50%. 

The possibility of alkyl or aryl group migration in competition with 
the loss of carbon dioxide was investigated in the photolysis of u- 
azido-iso-butyric acid (21) and azidodiphenylacetic acid (23). In  the 
first case acetone (22) was the only product, and no trace of acetalde- 
hyde could be found; methyl-migration had not taken place. Evi- 

dence ofphenyl-migration was obtained in the photolysis of 23. The 
reaction products were identified as a mixture of the 2,4-dinitrophenyl- 
hydrazones of benzophenone and benzaldehyde obtained from the 
inlines 24 and 25. The latter was thought to have been formed by 
phenyl-migration according to the following reaction scheme 

a T 3  

wccooH 
L 

i 
8 

cox wc=NH 
J 

(24) 

(43) 

Q 
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Photolysis of the ester of a-azidobutyric acid (26) did not result in 
Instead, ethyl-a-iminobutyrate (27) was obtained. decarboxylation. 

N H  
II 

N3 
I 

CH3CH2CHCOOC2HS + CH3CH2CCOOC2HS (44) 

(26) (27) 

Ethyl a-azidovalerate gave, under similar conditions, a 15yo yield of 
ethyl a-oxovalerate. 

An interesting reaction was discovered by Moriarty in the photolysis 
of the geminal diazide, dimethyl diazidomalonate (28) lo5J06. Irra- 
diation in benzene solution with a high-pressure mercury lamp led to 
the evolution of one mole nitrogen and produced 1,5-dimethoxy- 
carbonyltetrazole (29) in 48y0 yield. Longer irradiztion of 28 or 
separate photolysis of 29 resulted in a 32y0 yield of 30. The formation 

CHjOOC N-N N-0 
\ C /N3 =e h” CH300C<’ 11 __f cH3c)oc<’4 (45) 

C H 3 0 0 C  N3 N-N N- 
/ \  

I 

of (29) requires the migration of a methoxycarbonyl group from carbon 
to nitrogen, a step which had not been previously observed in photo- 
chemistry. 

Wasserman and co-workers lo7 investigated the photolysis of benzo- 
phenone diazide (31) in a rigid matrix at 77°K by observing the e.s.r. 
spectra of the photoproducts. At the onset of irradiation the signal of 
an azido nitrene appeared, prolonged photolysis resulted in diphenyl- 
methylene radicals. Irradiation of benzophenone diazide (31) in 
benzene solution at normal temperature lo8 produced Z-phenyl- 
benzimidazole (32) in 52y0 yield, together with 1,5-diphenyltetrazole 
(33) and diphenyl carbodiimide trimer (34). Irradiation of the 
tetrazole (33) produced only the imidazole (32) but no trimer (34) 
indicating that the imino nitrene intermediate formed by irradiation 
of 33 was different fr.om the one produced directly in the primary 
photolysis of benzophenone diazide (31). No products of a diphenyl- 
methylene precursor were isolated. 

Saunders and co-workers loo investigated the photolysis of tri- 
phenylmethyl azide (25). Irradiation in hexane solution at normal 



8. Photochemistry of the azido group 473 



474 A. Rciser and 1-1. M. Wagner 

temperature produced benzophenone phenyl imine (36) as the only 
identifiable product. Siibstitution of the phenyl ricgs had practically 

(35) 

no effect on the reaction yield, in contrast to the thermal rearrange- 
ment where electron-repelling suhstituents had been shown to favour 
phr nyl migration, electron-withdrawing groups to hinder it. 

Aryl and alkyl migration aptitudes were compared in the photoly.Gs 
and in the thermolysis of 1,l-diphenylethyl azide (37) and 2-phenyl-2- 
propyl azide (38). For the compound 38 phenyl migration was the 

(37) 

preferred pathway in the thermal rearrangement, but not in the photo- 
reaction. For compound 37 phenyl migration was the dominant 
reaction path in both cases. I t  was concluded that the thermal 
rearrangement was a concerted process, but that the photo-reaction 
proceeded through a discrete nitrene intermediate. 

The spin state of the nitrene in the photorearrangement of the tn- 
phenylmethyl azides had not been identified with certainty. The 
authors were in favour of a triplet interme~liate~~,  because in the 
sensitized photoreaction, where thc azide was directly promoted to the 
triplet excited state, the reaction products and the migration aptitudes 
were the same as in the direct (unsensitized) photolysis. This, how- 
ever, may only mean that the spin state of thc nitrene has no effect 
on the migratory aptitudes of the substituents. 
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18. Vinyl h i d e s  

The photodecomposition of vinyl azides is of interest as a potcntial 
synthetic route to the highly streined azirine ring system. Smolinskyll" 
was the first to prepare compounds of this class by the pyrolysis of vinyl 
azides (89) and Hassner and Fowler111*112 have shown that the cor- 
responding photo-reac tion also produces 1 -azirines (40) in excellent 
yield. Three possible mechanisms were proposed by these authors, 
one involving a nitrene intermediate 41. 

,Be....< 

/ \ 

The same general method was applied to the synthesis of amino- 
ketones directly from vinyl azides (39). I n  the presence of 0.5% 
sodium methoxide in methanol the reaction produced the amino- 

0 
I I  
X 

CH30, OCH3 R' N3)4 hv iL7( -R-C R' 

NHSCI- 

CH,OH* 

R R' R I-I NH2 

(39) 

1 t (42) 
H 

I 

(43) 
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dimethylketal. (42). This was not isolated, but was hydrolysed to the 
aminoketone hydrochloride (43). The aziridine (44) was prepared 
from the azirine (45) by treatment with methanol. Further reaction 
of the aziridine with methanol led again to the ketal42. 

The reaction was applied successfully to cyclic vinyl azides to 
produce fused azirine rings. 1-Azido-cyclooctene (46) was converted 
on irradiation in 93"j, yield into 9-azabicyclo-[6.1 .O] -non-l-(9)-ene 
(47). The azirine could again be hydrolysed to the aminoketone (48) 

which on treatment with base gave the dihydropyrazine (49). 
Another pyrazine, namely 2,5-di-t-butylpyrazine (50) was obtained in 
good yield on irradiation of l-azido-3,3-dimethyl-l-butene (51) in 
methano1113. Photolysis of the azide in an inert solvent resulted only 
in polymeric materials. 
4-Azido-l,2-dihydronaphthalene (52) was irradiated in an attempt 

H 
\ / 

\ 
H N3 

(51) 

M e,C 
,c=c 

H, INH>OMe 

Me&' ,/'OMe 
c-c ] H N  

CH,OH hv *[ 9 C H -  
Me3C 

(51) i 
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to prepare azirines fused to smaller ring systems, but the reaction 
produced only unidentifiable polymers. However, the presence of an 
azirine during photolysis could be demonstrated by conducting the 
reaction in the presence of sodium methoxide in methanol. In these 
conditions the ketal 53 was formed and coi.!ld EP hydrolysed to the 
aminoketone 54 in good yield. 

An interesting new heterocyclic system was prepared by photolysis 
of a-azidostyrene (55) in benzene solution1‘*. The main product of 
the reaction was 2-phenylazirine (56), but 4-phenyl-3-phenylimino-l- 
azabicyclo-[2.1 .O]-pentane (57) was also isolated in 10% yield. The 

structure of the new compound was established by n.m.r. analysis. 
It was not produced in the pyrolysis of a-azidostyrene (55), but it was 
formed on irradiation of 2-phenylazirine (56). This seems to point 
to a photocycloaddition mechanism for reaction (53). 

The photolysis of /3-azidovinylphenyl ketone (58) ‘15 in benzene did 
not give the expected 3-benzoylazirine (59) but only a 20% yield of 
benzoylacetonitrile (64)). A mechanism for this reaction was sug- 
gested as follows: 
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(W 
Photolysis of the cyclic vinyl ketone 5,5-dimethyl-3-azido-tl-cyclo- 

hexene-1-one (61) in aqueous tetrahydrofuran resulted in ring 
enlargement to the azepine (62). Irradiation of the same azide in 
benzene did not however lead to photodecomposition. A reaction 
path involving a cyclic ketene-imine was put forward. 
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Irradiation of ally1 azide produced the lmine of a c r ~ l e i n ~ ~ ,  but 
photolysis of l-azido-2-phenylprop-2-ene (63) in cyclohexane solution 
resulted in a small yield of the azacyclobutane (M) and 2-phenyl- 
propenalimine (65)lfs. This is the first observation of an I-azabi- 
cyclo [ 1.1 -01-butane ring in the products of photodecomposition of an  
allylic azide. 

(56) 

CH,=C--CH,N, Q Lg +CH!?cH=NH 

N 
(6s) (64) (65) 

C. Acyl b i d e s  

The outstanding thermal reaction of the acyl azides is their re- 
arrangement to isocyanates. This Curtius rearrangement occurs 
also in the photodecomposition of the acyl azides, but the yield of iso- 
cyanate is lower than in the corresponding thermal process, and other 
products appear whicR can be accounted for by a nitrene precursor. 
A considerable amount of work has been directed towards an elucida- 
tion of the mechanism of the photo-Curtius rearrangement and the 
bulk of the evidence seems to favour the view that it120 is a concerted 
process not involving a discrete nitrene intermediate. Nitrenes are 
nevertheless formed in the photolysis of acyl azides120 and the products 
of this alternative route will now be discussed. 

1. Azidoformates 

The photochemistry of the azidoformates has received particular 
attention in recent years because these compounds belong to the group 
of ‘rigid’ azides ( C ~ r t i u s ~ ~ ~ J ~ ~ )  which do not normally undergo the 
Curtius rearrangement to isocyanates. The best known example is 
ethyl azidoformate which has been thoroughly studied by Lwowski 55, 

Kuisgen128, H a f n ~ r ~ ~ J ~ ~  and others 129. 

Irradiation of ethyl azidoformate (66) at 2537 A in cyclohexene 
results in five identifiable products : 7-ethoxycarbonyl-7-azabicyclo 
[4.1 .O]-heptane (67) (50%), N-2-cyclohexenylurethane (65) (9%), 
N-3-cyclohexenylurethane (69) (373, urethane (70) (37,) and 
bi(cyc1ohex-2-enyl) (71) ( 1-7Oj,). Photolysis of ethyl azidoformate 
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in cyclohexane gave mainly N-cyclohexylurethane (72), urethane (70) 
and trace amounts of N,W-diethoxycarbonylhydrazinc (13). 

All these products are compatible with the formation of a nitrene:, 
yet on their own they do not constitute conclusive proof for the real 
existence of a discrete intermediate. I t  was only when Lwowski 
was able to show that the nitrene produced by a-elimination from N- 
p-nitrobenzenesulphonoxyurethane 5 5 ~ 1 2 2  (74) led to the same prod- 
ucts as the photolysis of ethyl azidoformate that the evidence for a 
photolytic nitrene mechanism became entirely convincing, the more 

CzHsOOCN HO! 

(74) 
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so, as also the product distribution was nearly identical in both cases. 
The photolysis of ethyl azidoformate (66) in aromatic solvents leads 

to the formation of a ~ e p i n e s " * l ~ ~  (75). Toluene, xylene, mesitylene 

and durene behave in this way and there is no evidence of nitrene 
attack on the side-chain of the hydrocarbon. With chlorobenzene a 
mixture of about equal quantities of the 2,3- and 4-chloro-4-ethoxy- 
carbonylazepines is obtained ; the substituent has apparently little 
influence on the locus of nitrene attack on the ring. From the effect of 
dilution of the aromatic solvent with cyclohexane on the azepine yield 
Lwowski has concluded that azepine formation is a reaction of the 
excited singlet nitrene onlyg3. 

I n  the photolysis of neat ethyl azidoformate (66) diethyl azodifor- 
mate (76) is produced in the early stages of the process, to be later 
replaced by the triethyl nitrilotriformate (77) which is produced in 
587, yield124. A detailed investigation showed that the nitrilo 
compound (77) is apparently not formed by the action of a nitrene, 
and the reaction between an azide and a_n- excited azodiformate was 
suggested as a possible pathway. Hancock125 has proposed an 
alternative mechanism which involves triazacyclopropene (see, how- 
ever, Huisgen 128). 

N3COOC~H5 --+ "COOCZHSI --+ C z H 5 0 0 C N = N ~ ~ ~ ~ z ~ 5  
hv 

(66) (76) 
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Irradiation of ethyl azidoformate in the presence of nitriles, such as 
acetonitrilc, isobutyronitrile and 3-ethoxypropionitrile produces oxa- 
diazoles (78) in good yields. In  acrylonitrile l-ethoxycarbonyl- 

-N 
N3COOC2H5 + R C G N  R- I 

QC2H5 

(78)' 

2-cyanoaziridine (79) is the main product. I t  is not clear, whether 

the oxadiazole ring is formed in these reactions through true cyclo- 
addition or via a n i t r i l imh~e~~.  For other photochemical syntheses 
of oxadiazoles see Puttner and Hafker 54 and Huisgen128. 

Photolysis of ethyl azidoformate (66) in alcohols leads to urethanes 
as the main products 129. Thus N-t-butoxyurethane (88) is produced 

NjCOOCZHS + (CH3)SCOH CZH500CNHOC(CH3), (63) 

(66) (80) 

in t-butyl alcohol. Photolysis of t-butylazidoformate (81) in t-butyl 
alcohol does not only produce the expected carbamate (82), but also 
the oxazolidone (83) by intramolecular insertion of the nitrene: 

hv (Ck43)3COOCi<3 + (CH3)&OH + 

(81) (64) 

(CH,),COONHOC(CH,), + ~ ~ ~ ~ o ~ o  
N H  

(82) 
(83) 

Ethyl azidoformate is a 'rigid' azide in :he Curtius classifica- 
However, in the photodecomposition of ethyl azido- tion 117r118. 
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formate in methanol at low temperature ( -  l0.C) the rearrangement 
prcduct methyl N-ethoxyaminoformate (54) is obtaincd in 137, yield, 
together with the insertion product ethyl N-methoxyaminoformate 
(85) 50J30. A similar behaviour is observed in the photolysis of methyl 

azidoformate. Other rigid azides which undergo the Curtius re- 
arrangement on irradiation are phenylcarbamoyl azide (86) which 
yielded N’-methoxycarbonyl-N-phenylhydrazine (87), and ethyl- 

N H N HCOOCHJ (66) 
hv 

(86) (87 1 

carbamoyl azide (88), which gave N-ethyl-N’-methoxycarbonyl- 
hydrazinc (89). 

Most of our present knowledge of the effect of the spin state of 
the nitrene on the final products of azide photolysis is derived 
from Lwowski’s elegant experiments on azidoformates 122*127. He 
was able to show conclusively that the addition of singlet nitrenes 
to suitable double bonds proceeds with retention of molecular 
configuration whereas the analogous reaction of the triplet nitrene 
is non-stereospecific. Thus, photolysis of ethyl azidoformate 
in neat cis-4-methyl-pent-2-ene at - 30°C produces 87y0 CiS-N- 
ethoxycarbonyl-2-iso-propyl-3-methylaziridine. Addition to the 
trans-pentene results in 92”/, of the corresponding trans isomer. O n  
dilution of the olefin with an inert solvent (dichloromethane) an  
increasing proportion of non-stereospecific addition is observed as 
more singlet nitrenes have time to revert to the triplet ground state. 
From the detailed results Lwowski concluded that in photolysis 
about 30% of the nitrenes are directly generated in the triplet state, 
70y0 in the singlet state. (See also Skell13’.) 

The different behaviour of singlet and triplet nitrenes is also well 
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demonstrated in the system ethyl azidoforniate-cyclohexene 65. Direct 
photolysis (which produces predominantly singlet nitrenes) leads to 
about 50y0 addition, 12y0 insertion and to only a trace of the hydrogen 
abstraction product urethane, if oxygen is excluded from the solution. 

N3COOC2H5 + 1 05 
H2NCOOC5H5 trace 

However, on sensitization with acetophenone, when only triplet 
nitrenes are produced, the main photoproduct is urethane (74.73 and 
the corresponding bi(cyc1ohex-2-enyl) (63y0). Insertion is evidently 

a reaction of the singlet nitiene whereas the triplet will predominantly 
abstract hydrogen. This conclusion is furthcr confirmed by the 
photolytic behaviour of optically active azidoformates 133. Thus, the 
optically active azidoformate (90) produced on irradiation the opti- 
cally active 2-oxazolidinone (91) by intramolecular insertion with 
retention of configuration. Similarly ( - ) -5-methyl-6-phenylhexa- 
noyl azide134 (92) was transformed on photolysis into ( - )-6-benzyl-6- 
methyl-2-pipendone (93), which is evidence for a single step insertion 
reaction. 

CH, CH3 
I:i. I, 

R-C-CH200CN3 * [H-C-CH200CN] 
I I 

H I  
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(CH2)3C0N3 

H 3 C  -C-H hv * 

/ 
J 

(o> 
H N  

0 
(93) 

Another reaction of singlet nitrenes is the formation of azepines in 
aromatic solventsg3. The spin state of the nitrene in these reactions 
has again been demonstrated by dilution experiments. Photolysis of 
ethyl azidoformate in benzene-cyclohexane mixtures resulted in 
azepines (from the benzene) and cyclohexylurethane (from the 
cyclohexane). On dilution with an inert solvent (dichloromethane) 
the yields of azepine and urethane decreased, but their ratio remained 
constant. In  the system benzene-cyclohexene the products of photo- 
lysis were azepine and the expected aziridine. O n  dilution with 
dichloromethane the yield of azepine declined sharply relative to the 
yield of aziridine and their ratio approached zero at high dilution. I t  
is concluded that only singlet nitrenes form azepines and insert into 
C-H bonds, but that both the singlet and the triplet will add to 
double bonds although with not quite the same efficiency. I t  appears 
that the singlet nitrene does ilot discriminate between structurally 
different double bonds, while the triplet nitrene prefers double bonds 
which favour a more stable diradical intermediate. Ethyl azido- 
formate (66; will react photolytically with butadieneg2 to give the 
1 -ethoxycarbonyl-2-vinylaziridine (94) and no 1,4 addition product is 
formed. In isoprene (95) 132 two aziridines (96 and 97) are formed in 
nearly equal proportion. However, on dilution with dichloromethane 
the ratio of the yields of 96 and 97 increases from 1.1 7 to 2-13, indicat- 
ing that the triplet nitrene favours reaction with the double bond 
bearing the methyl group. Structural changes have only a small 
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effect on the reaction betwcen nitrenes and double bonds. Photolysls 
of ethyl azidoformate in a mixture of cyclohexene and isoprene in 2 : 1 
proportion results in a mixture of products containing about 1.6 times 
as much of the isoprene adduct as the cyclohexene adduct, no matter 
how much the system is diluted with an inert solvent: isoprene is 
therefore only about twice as reactive towards carbethoxynitrene as 
cyclohexene. 

A. Reiser and H. M. Wagner 

2. Acetyl azide 

Irradiation of acetyl azide (98) in benzonitrile produced a small 
yield of the 1,3-~ycloaddition product, 2-methyl-5-phenyl-lJ3 ,4 
oxadiazole (99) 47. Photolysis of 98 in the presence of phenylacetyl- 
ene resulted in a small yield of the oxazole 101. While the tetrazole 

CH3CON3 * CH3-C-N +* CH3-C=N+ 

(98) [ a  0- 

(102) 

hv_, 

1 OCN 
c H3 
I 

(73) 
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N b  

CHjCON, + O C = C H  1__1 

(103) 
102 could be photolysed to the oxadiazole 99 the corresponding 
triazole 103 could not be photochemically converted to the oxazole 
101 and there is now little doubt that a nitrene intermediate is involved 
in both reaction (73) and (74). 

3. Bivaloyl azide 

The thermal decomposition of pivaloyl azide (104) leads quantita- 
tively to the isocyanate 105 (Curtius rearrangement) ; however the 
photoreaction produces also a number of addition and insertion prod- 
ucts analogous to those obtained in the photolysis of ethyl azidofor- 
mate 51. In  cyclohexane solution AT-cyclohexylpivalamide (l06) is 
formed (207,), together with pivalamide (111) and a trace of N,N’- 
dipivaloylhydrazine (112). In cyclopcntane the corresponding 
N-cyclopentylpivalamide, and in neopentane small amounts of N- 
neopentylpivalamide (107) have been identified, together with traces 
of 2-methylprop-1-ene (1074. Irradiation of pivaloyl azide in 2- 
methylbutane results in four insertion products; from their relative 
amounk\ the reactivity of the nitrcne towards primary, secondary 
and tertiary CLH bonds can be inferred. I t  is found that in common 
with other nitrenes 62-122*87 pivaloyl nitrene prefers insertion into 
tertiary CLH bonds, to that into secondary and primary bonds. The 
experimental data fit in well with bond strength calculations. 

Photolysis of pivaloyl azide in cyclohexene produces 41 7, isocyanate, 
45y0 N-pivaloylaziridine (108), 1 ~ 5 7 ~  of the allylic zmide (log), a 
trace of bi(cyc1ohex-2-enyl) (110) and some pivalamide (111). 

Lwowski’s work on pivaloyl azide 85 has some interesting implica- 
tions for the mechanism of the photo-Curtius rearrangement : photolysis 
of pivaloyl azide in a variety of solvents results invariably in about 40y0 
isocyanate, irrespective of the medium in which the reaction is con- 
ductcd. Even in mixed solvents the isocyanate yield is hardly affected 



(7
5)
 

C
H

,N
H

O
C

C
(C

H
3)

3 
H3

C, 
,,C

HI
 

C
 N

 H
 O

C
C

(C
 H

3
)3

 

C
H

 (C
H,

), 
C

H
 (C

H
3

)2
 

H
3C

\ 
/
 

C
H

 
I 

+ 
I C
H

2 
I 

C
H

2 
I 

I 
I I 

C
H

2 
I C
H

2N
H

O
C

C
(C

H
3)

3 
C

H
3 

+ 
C

H
N

tiO
C

C
(C

H
3)

3 
+ 

(C
H

,),
C

H
C

H
,C

H
, I- 

C
H

3 
C

H
3 

?
 

(C
H

 1
 C

 
(C

H
3)

3C
C

H
2N

H
O

C
C

(C
H

3)
3 
+ 

(C
!-I3

),C
=C

 
H

2 
+ 

po
ly

m
er

 
(1

07
) 

(1
07

a)
 



8. Photochemistry of thc azido group 489 

by changes in the solvent ratio. I n  contrast yield of the 'nitrene 
products ' changes drastically with changes in solvent composition. 
Thus, in cyclopentace-neopentane mixtures the yield of the insertion 
product N-cyclopentylpivalaniide decreases from 13y0 to 0.87, in 
going fiom 100 to 10 mole yo cyclopentane. In cyclohexene-cyclo- 
pentane mixtures the yield of the double bond adduct [the aziridine 
(lOS)] remains fairly constant over a range of cyclohexene-cyclopen- 
tane ratios, but the yield of N-cyclopentyl pivalamide decreases rapidly 
with the cyclopentane content of the solvent. I t  is concluded that the 
isocyanate and the amides (or aziridines) do not have a common 
precursor, rearrangement and nitrene formation must be competing 
routes for the disappearance of the photo-excited azide. Nitrogen 
elimination in the photo-Curtius reaction is therefore probably con- 
certed with the regrouping to isocyanate. 

4. Benzoyl azide 

Photolysis of benzoyl azide (113) in the presence of primary and 
secondary  alcohol^^^*^^ leads not only to the urethanes (114), but also 
to N-alkoxyamide (115) and some benzaniide (ll6) together with the 

oxidation products of the alcohols (aldehydes, ketones). The ure- 
thanes are clearly formed via the isocyanate (Curtius rearrangement), 
the other products were thought to arise by a nitrene me~hanism'~. 
In ethanol, isopTopano1 and benzyl alcohol 90% of the reaction 
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products were accounted for in this way; in methanol only 707, of the 
products can be recovered. The yield of the hydroxylamine (115) is 
independent of the nature of the alcohol, but the yields of urethane 
and of benzamide vary considerably. In  alcohols with a low redox 
potential, the yield of benzamide and of the corresponding oxidation 
product of the alcohol is in general high. Tertiary alcohols do not 
lead to benzamide (116) but mly to urethanes (114) and hydroxyl- 
amines (115). 

While these experiments are suggestive of a nitrene mechanism for 
the non-Curtius products, they do not constitute entirely conclusive 
evidence. Anselme 126 re-examined some of Homer's earlier work 119 
and found that photolysis of benzoyl azide in benzene followed by the 
addition of aniline to the photolysate produced 307, of benzanilide 
(117) and 567, of N,N'-diphenylurea (118). The same products 
were isolated when benzonitrile was the solvent, but no cyanoben- 
zanilide was found, which should have been one of the products had 
benzanilide (117) been formed directly by nitrene attack on the solvent. 
To  account for the formation of the non-Curtius products Anselme 
suggested a reaction scheme involving azodibenzoyl (119) as an inter- 
mediate. Some support for this mechanism can be found in the work 
of L w ~ w s k i ' ~ ~  and of H a n ~ o c k l ~ ~ .  

The photolysis of benzoyl azide can be sensitized efficiently by 
benz~phenone'~. Other conventional sensitizers such as naphtha- 
lene, triphenylene and anthraquinone have been reported to have only 
a small effect on the photoreaction, diazo-iso-butyronitrile and fluo- 
rene to have none. In the benzophenone-sensitized reaction, where 
triplet nitrenes are formed directly, the only reaction product in 
alcohol solution is benzamide, which is obtained in quantitative yield. 
This demonstrates again the different chemistry of singlet and triplet 
nitrene routes in azide photolysis. 

The product of the photodecomposition of benzoyl azide in dioxan- 
water mixtures are 73 benzoylhydroxamic acid (9%) and diphenylurea 
(3073. I n  glacial acetic acid, 0-acetyl-N-benzoylhydroxylamine 
(307,) is the main product, in aniline N-phenyl-N'-benzoylhydrazine 
(1473 and diphenylurea ( 147,) have been identified. In  dimethyl 
sulphoxide the nitrene is trapped as the sulphoximine 4g. The yield of 
sulphoximine is found to depend on substituents on the phenyl ring of 
benzoyl azide, the unsubstituted benzoyl azide giving 207, imine, 
p-methoxybenzoyl azide 307,, p-nitrobenzoylazide 37, , and a- 
naphthoyl azide less than 17,. The electron-donating or withdrawing 
power of the substituent clearly plays a role in the reaction. 
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D. Aryl k i d e s  

Smith and B ~ o w I I ~ ~ ~ ~ ~  were the first to study the photodecomposi- 
tion of an aromatic azide and were able to synthesize a number of 
carbazole (119) derhratives by the photolysis of 2-azidobiphenyls (118). 
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\ 
N3 

H 

(79) 

Carried out at high diiution in tetralin the reaction led to the satis- 
factory preparation of carbazole itself (80y0) and of several substituted 
carbazoles (e.g. 2-azido-3,5-dibromobiphenyl produced 1,S-dibro- 
mocarbazole in 57% yield). However, ii' 2-zzidobiphenyl was 
substituted in a neighbouring position to the azide by a group capabie 
of undergoing addition to a nitrene, the azide reacted preferentially 
with this group. For example, 2-azido-3-nitrobiphenyl (120) cyclizes 
to 4phenylbenzfuroxan (121) and 2-azidobenzophenone (122) 

undergoes ring closure to the 3-phenylbenzisooxazole (123) 

Horner has cndertaken a systematic study of aryl azide photo- 
lysisg7. He found that substituted phenyl azides produce on irradia- 
tion in solution high yields of the corresponding azo compolmds. 
p-Methoxyphenyl azidc (P24) gave 18y0 of the azo compound (125) 
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(124) (125) (82) 

on photolysis in benzene, 827, in tetrahydrofuran and in acetonitrile, 
and 917, in dimethylsulphide. 4-hidobiphenyl gave 817, of the 
azo derivative in benzene, 72% in ethylacetoacetate. No azo deri- 
vative was isolated in the photolysis of phenyl azide itself or of p- 
chlorophenyl azide. Small yields of azo compound were later 
obtained in the photolysis of phenyl azide by othersg5. 

Irradiation Gf phenyl azide in acetic acid produced small yields of 
p-acetoxyacetanilide (126) and o-hydroxyacetznilide (127) 95-97. 

hv 
N3 CH,COOH * 

(e3) 
OH 
/ 

C H 3 C O O e N H C O C H ~  + a N H C O C H 3  

The photolysis of mixtures of aromatic azides in benzene produced 
mixed azo derivatives and this was taken as evidence for a nitrene 
mechanism in the formation of azo compounds 97. 4Azidobiphenyl 
(128) and p-methoxyphenyl azide (124) yielded the mixed azo com- 
pound 129 as well as the expected symmetrical derivatives 125 and 

~ - - N = N ~ 0 C H 3  

(129) 

c k t 3 o a ) - - N  LJ 3 + 

-N3 - 

(124) + * C H 3 0 ~ N = N ~ o C H ,  (84) 

(125) 

(128) Q-----@=N-Q* (;SO) 
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130. Similar experiments with mixtures of 4-aziciobiphenyl (128) and 
diazofluorene (131) resulted in five products : azobiphenyl (130) 
and bifluorenylidene (132) were expected, but Pfluorenylideneamino- 
biphenyl (133) and small quantities of ffuorenoneazine (134) and 
bifluorenyl (135) were also obtained. The presence of substantial 
amounts of 133 in the photoproducts seems to emphasize the close 
similarity in the behaviour of the nitrene of 128 and the carbene of 131 
which are assumed to be the intermediates in this reaction. 

A. Reiser and H. M. Wagner 

w . 3  + 

8 + 

2 N .Ng + 
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A by-product of the study of aryl azide photolysis was the solution of 
a problem of long standing in heterocyclic chemistry. W ~ l f f ] - ~ ~ ,  in 
1910, had pyrolysed phenyl azide in the presence of aniline and 
obtained a product which he formulated as ‘dibenzamil’ (136). 

(136) 

Huisgen and co-workers 15*136*137-i38 were able to show that Wolff’s 
dibenzamil was really a 7-membered ring amidlne, either the 2- 
anilino-3H-azepine (137) or 2-anilino-7H-azepine (138). 

or 

Doering and Odumg5 have examined the photoreaction of phenyl 
azide in the presence of bases and other nucleophiles. On  irradiation 
of phenyl azide in either aniline, diethylamine or liquid ammonia, 
2-anilino-3H-azepine (137) , 2-diethylanlino-3H-azepine (139) and 
2-amino-3H-azepine (140) were isolated respectively. Treatment of 
phenyl azide with hydrogen sulphide gave a, very small yield of Z-thio- 
3H-azepine. The structure of the cyclic amidines was established 
chemically by hydrogenation and subsequent hydrolysis to the E- 

aminocaproic acid and the corresponding base. The U.V. spectra were 
similar to that of acetamidine and also the absence of N H -  
absorption in the infrared together with a strong absorption at 1600 
cm-l* are in accord with the proposed structure. Most important, 
the n.m.r. spectrum of the product proved unequivocally the presence 
of a 3H-azepine. 

Q N,A‘,N’-trimcLhyl-benzamidine absorbs at 162 1 cm-*. 
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Appl and H u i ~ g e n ’ ~ ~  have proposed a mechanism for the formation 
of the cyclic arnidines which involves an azacyclopropene intermediate, 
the 7-azabicyclo-[4 : 1 : O]hepta-2,4,6-triene (141) which later reacts 
with aniline to form the 7-membered ring (see, however, refs. 18,95). 

The photochemistry of 2-azidotropone (142) a non-benzenoid aro- 
matic azide, was investigated by Hobson and M a l p a s ~ l ~ ~ .  The 
prixary reactioc pr9duct is i? ketene (143) which in the absence of 
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protic solvents rearranges to 2-cyanophenol (144). In methanol the 
ester (145) is obtained. Pliotolysis of the tropone in aniline results in 
the corresponding anilide (146) ; photolysis in ether produces 2- 
cyanophenol (144) and the ester (148). It was not possible to decide 

R = N t i a  (146) a"" 
HOOCCH,(CH=C H),COOH 

(147) 

whether the reaction proceeded through a nitrene, or by a concerted 
process where nitrogen elimination is synchronous with the cleavage of 
the 1,2-bond of the tropone. 

The photolysis of 2,3-diazidonaphthoquinone (149) in benzene 
produces phthaloylcyanide (150) 140. 
In aqueous alcohol cr in dioxan a red dye is formed which acts as an 
internal filter and effectively stops the photoreaction. In ether photo- 
iysis produced only polymers, possibly via the radical (151) 141. 
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0 

COCN 
0 

(149) 

OH 
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This chapter deals with acyl azides, R-C(=X)-N,, where R may be 
a residue connected to the C-X function by a carbon, or a nitrogen 
or oxygen atom, and where X may be oxygen, sulphur or nitrogen. 
The different classes created by varying R and X are described first, 
together witli the reactions particular to any one class. This is fol- 
lowed by a treatment of those reactions which are common to all or 
many of these classes. 

1. ACYL AEIDES-TYPES A N D  INDIVCDUAL REACTIONS 

A. Alkano yl, Alkeno yl and Aro yl Azides 

1. Preparation and properties 

The preparation of azides in general is treated in Chapter 2 of this 
book, so all that is needed here are some remarks specifically pertaining 
to acyl azides. The most general and most often the easiest method is 
the nucleophilic displacement of a leaving group, most often chloride 
ion, from acyl derivatives (see Chapter 2, section III.A)1-6. The 
method is critically discussed in References 3, 4 and 6. Aqueous- 
organic solvent mixtures are often used, such as water and acetone7-10, 
dioxan 7*10*11, acetic acid5**J5J6, methanollO, ethanoll38l4, or dime- 
thylformamide 17. Tertiary amines or amine-N-oxides may be em- 
ployed as catalysts 12. ‘Dry’ methods6Dle use suspensions of sodium 
azide in a variety of solvents, usually those that boil high enough to 
permit therinolysis of the acyl azide in situ, to make isocyanates by the 
Curtius rearrangement. Sodium azide, the most commonly em- 
ployed reagent, is but little soluble in organic solvents. At room 
temperature, 43-6 g of NaN, are dissolved by 100 g of water, 17-95 g 
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by lo0 g of 40% aqueous ethanol, and 0.81 g by 100 g of 9 5 ~ 5 7 ~  etha- 
nol Is. For thc ' dry', heterogeneous process, the sodium azide should 
be activated, such as by trituration with hydrazine and precipitation 
by acetone6.20*21. Lithium azide22 can be used in dimethylforma- 
midcZ1. Amnionium azide has also becn employed23 and, when 
madc from sodium azide and ammonium chloride in ~ t t t ~ ~ ~ ,  it seems 
to offer advantages. A number of ionic azides, soluble in less polar 
solvents, are available : dimethyldioctadecylammonium azide 25 (made 
from the bromide by ion exchange), teramethyl-, tetraethyl-, tetra-n- 
propyl- and tetra-n-butylainmonium azides 26 (made by neutralizing 
the ammonium hydroxides with HN, and extraction into acetone or 
acetonitrile). Some of the latter four azides are quite stablc ther- 
mally, their decomposition temperatures are: Me,N+N; : 255"; 
Et4N +N; : 250" ; Pr,N + N; : 2 16"; Bu4N +Ng : 80" 26. Dicyclo- 
hexylammonium azide 27 is somewhat soluble in tetrahydrofuran. 
Tetramethylguanidinium azide 3 E  has been used, in boiling chloroform, 
to make alkyl azides. 

Where acid chlorides are difficult to obtain, Weinstock's method29 
of using mixed carboxylic-carbonic acid anhydrides can be helpful. 
The acid to be converted into its azide is treated with ethyl chlorofor- 
mate and base, the ethyl carbonate moiety is then displaced by azide 
ion. I t  is not 
general, however: when the alkanoyl part of the mixcd anhydride is 
sterically hindered, the azide ion displaces it instead of the carbonate 
moiety, and ethyl azidoformate is produced 31. Cyclic anhydrides can 
be opened by azide ion, to give the salts of omcga-azidocarbonyl acids, 
such as Na+ -OOCCH2CH2CON332. 

The second most popular method for making acyl azides is treating 
hydrazides with nitrites (see Chapter 2, section V.D.). The discovery 
of hydrazoic azid stems from Curtius' 33 treating benzoyl hydrazide 
with sodium nitrite in acetic acid, and then hydrolysing the azide. 
This 'diazotization' method is widely used, but is not as general as the 
acyl halide-azide ion procedure 11*3134. Usually, a cold solution 
(aqueous or aqueous-organic) of the hydrazide is treated with sodium 
nitrite6*35*36, and the azide is oftcn extracted immediately into a layer 
of ether. Alcohols may be used when anhydrous conditions are 
desired, or when the hydrazide is insoluble in Besides 
sodium nitrite amyl nitrite 39-42, nitrogen trioxide 43 and :iitrosyl 
chloride44 have been used. Aqueous or anhydrous acid may be the 
solvent 45-47. Where acid-sensitive molecules are involved, mineral 
acid may be added to a solution of hydrazide and n i t ~ - i t e ~ ~ * ~ ~ ,  but the 

The method has been used in the penicillin field30. 
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higher pH thus maintained favours displacement of azide ion from 
RCON3 by hydrazide anion, to give the undesired RCONHNHCOR6. 
Diazonium salts have also been useci to convert hydrazides to 
azides 50n51. 

Alkanoyl 
and alkcnoyl azides are qften prepared, but rarely isolated because they 
undergo Curtius rearrangement already at or below room temperature. 
Aroyl azides are much more stable thermally. 

I n  carbonyl azides, the azido group gives rise to i.r. abso-rption bands 
between 2'137 and 2155 cm-l (asym. stretch), 1210-1261 cm-l (sym. 
stretch) and the carbonyl band is found from 1684-1730 cm-l 52. 

The azide band is often split, presumably due to Fermi resonance52, 
in which case there are also strong bands at 983-1025 and 857-920 
cm-l 52. Sheinker has measured the positions and intensities of a 
variety of azides 63*54. 

The V.V. spectra of carbonyl azides show a band around 210-220 nm 
extending far towards long wavelength, so that photolysis is sometimes 
possible with light near 300 nm. The long wavelength band around 
285 nm, found in alkyl azides, is not readily visible in carbonyl 
a z i d e ~ ~ ~ * ~ ~ .  The electronic spectra are discussed in Chapter 8, 
section 11. 

Propionyl azide5* 
is a colourless liquid of pungent odoclr, the inhalation of which causes 
severe headaches. Higher fa t ty  acid azides have been obtained by dis- 
tillation at 0" and 0-5 mm Hg and their infrared spectra measured neat 
(Table 1). n-Hexanoyla~ide~~ sh0wsi.r. bands at 2130 and 1720 cm-l 
in cyclohexane solution. A number of more complex alkanoyl azides 
iiave also been prepared in solution64*65,66 while the azide of tetra- 
acetyl-D-arabonic acid was isolated crystalline (m.p. 105-6" dec.) 67. 

An example of a more exotic acyl azide is 2,3-diphenyl-cycloprop-2- 
ene- 1 -carbony1 azide 68. The diazide of oxalic acid was isolated 
crystalline (from CCI,) but exploded when touched with a spatula69. 
Succinamoyl azide 70, a crystalline substance with a decomposition 
point of 70-80", undergoes slow Curtius rearrangement already at 
room temperature, just as the azides of monocarboxylic acids do. 

Carbonylazide, N3CON3 71, detonated on touching when crystal- 
line72*73, but may be handled in small quantities in solution74. 

Diazoacetyl azide N2=CHCON375*84 m.p. 7-8" can be distilled in 
vacuo, but is very explosive. 

Aromatic and hateroaromalic carbonyl Q,Z~&S are often low-melting solids 
which decompose, with Curtius rearrangement, at oi somewhat above 

Azides of the type RCON3 are colourless liquids or solids. 

Acetyl azide has been prepared only in solutions7. 
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TABLE 1. Infrared spectra of fatty acid azides 

h i d e  Rcfcrences vN3 (cm-l) v c z 0  (cm-l) 

t~ -C3H,COt\j3 
~ I - C ~ H S C O N ~  
n -C5H1 CON3 

-C,H ISCON3 
t -CdHsCON3 
Me2CHCH2CON3 
M e,CC H2CON3 
MeCH2CMe2CON3 
M e3CC hi1 e,CO N, 
Cyclohexylcarbonyl azide 

60 
31 
31 
31 

59, 61 
62 
31 
31 
31 
52 

2136 
2138 
2137 
2136 
2135 
2140 
2135 
2 142 
2130 
2 146 

1717 
1715 
1718 
1720 
1709 
1720 
1715 
1716 
1700 
1724 

their melting points. Benzazide 33 melts at 32", a-thiophenylcarbonyl 
azide at 3 7 ~ 2 " ~ ~ ,  the nitroben~azides~ melt with decomposition at 39" 
(ortho), 68" (meta) and 71 " ( t a m ) .  2,4-Dinitrobenzazide decomposes 
at  68", while p-methoxybenzazide melts a t  69" and begins to decom- 
pose at 80" ', and mete-methoxybenzazide melts at 22-5" and begins to 
decompose at  61°7. Many other such azides have been prepared, for 
example by Otsuji 77. 

B. h i d e s  ofthe Type C-C(=X)--N3 

1. Thiocarbonyl azides C-C(=S)-N, 

Treatment of thionhydrazides, RC (=S)-NH-NH, with nitrous 
acid should lead to thiocarbonyl azides, RC(=S)-N,, and it seems 
likely that these azides are indecd formed as short-lived intermediatcs. 
The d a t e d  products are 1,2,3,4-thiatriazoles. When thiosemi- 
carbazides are nitrosated, 5-amino-1,2,3,4-thiatriazoles or/and 5- 
mercaptotetrazoles are obtained. Frcund 78-81 formulated his pro- 
ducts as such in 1895, while O l i ~ e r i - M a n d a l a ~ ~ * ~ ~  considered them 
thiocarbamoyl azides OE the basis of some chemical evidence. Lieber 
resolved this controversy by recording the infrared spectra of the com- 
pcunds and demonstrating the absence of an azide band04-86. He 
did the same for the 5-allcylmercapto-l,2,3,4-thiatriazoles 07, which 
had earlier been reported as azido-dithiocarbonates and for the 
products from azide ion and th iopl io~gene~~ and carbon disulphide 
all of which possess thiatriazole structures. Lieber 85 also demon- 

17* 
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strated the rearrangement of 5-anilino-l,2,3,4.-thiatriazole to 1 - 
phenyl-5-mercaptotetrazole, and Sheppard 91 described the conversion 
of 1-aryl-5-mercapt~tetrrazoles to 5-arylamino-1,2,3,4-thiatriazoles by 
heat, and the reversal of this rearrangement by treatment of the 
thiatriazole by base. These interconversions can be understood as 

N3 "-' 

RN=C- S RN=C-S R-N-C- 
I -  I I -  II I 

-N, 4 N  
I 
N,\ ,N- 

N N 

I f - R-s-C 
7- 

RN=C 
\ \ 

N3 N3 

I 
RNH-C 

\ 
N3 

t 

involving the thiocarbamoyl azide as a transient intermediate, with 
the anion cyclizing to the mercaptotetrazole anion, because of the 
greater acidity of the SH group compared to the RNH- group, 
while the neutral species cyclizes to the thiatriazole. 

When Sheppard's thiatriazoles were heated in boiling benzene for 
12 hours, nitrogen and sulphur were lost and arylcyanamides formed. 
I n  this manner, o-nitrophenylcyanamide can be made in high yieldg1. 

Smith and Kennyg2 attempted the preparation of thioacyl azides 
G C % N 3  (as opposed to the type C-NH-CS-N3 dealt with 
above). They obtained only thiatriazoles again, as shown by the 
absence of an azide band in the i.r. spectra of their products. Ther- 
molysis of their thiatriazoles gave no indication of an ?intermediate 

4 
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formation of thiocarbonylnitrenes, GCS-N. Instead, sulpliur, 
nitrogen and nitriles are formed. Jensen 93 attempted the synthesis 
of thioacyl azides by an interesting method: displacement of 
-SCH,COO- from RCSSCH,COO- by azide ion. He obtained 
the corresponding thiatriazole. 

Aryloxy- and alkyloxy-l,2,3,4-thiatriazoles have been prepared 
from azide ion and aryl chlorothionoformates 94-97 or alkyl chloro- 
thionoformates respectively. Alkyloxythiatriazoles are also 
made from alkyl thionocarbazates and nitrous acid 1oo-102. The 
subject has been reviewed by Martin103. The 5-aryloxy- or 5- 
alkyloxy-l,2,3,4-thiatriazoles decompose thermolytically in a manner 
analogous to the decomposition of the other triazoles mentioned above; 
they give nitrogen, sulphur and cyanates. This is the most used route 
to alkyl and aryl cyanates, R-OCN. The mechanism of this decom- 
position could be concerted, or it could involve a thioacyi azide: 

R-X 
\C=N R-X-C=N 

&\N&N S + N2 
13" -* + or 

.. 

R-X-CEN or R-X-C 

S -  

+ 
S 

The only data on hand to distinguish between the two mechanisms are 
the kinetic studies of Jensenlo4 on a variety of 5-alkoxy- and on 5- 
phenoxy-l,2,3,4-thiatriazoles. The energies of activation and the 
activation entropies are nearly the same for all compounds studied: 
AEZ = 24-6 kcal mole-1 and A S  = 4-4 e.u. Jensen interprets this as 
indicating a stepwise mechanism, in which thioacyl azide is formed in 
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the rate-determining stcp, which is the breaking of the S-N bond in 
the thiatriazole ring. The thioacyl azide does not, however, build up 
to a concentration where its i.r. absorption can be observed in decom- 
posing thiatriazoles lo*. 

Thioacyl azides or thiatriazoles or both might well be intermediates 
in reactions of fluorinated th'ocarboxylic acids with sodium azide lo5. 

The photolysis of thiatriazoles leads to some rearrangement, forming 
isothiocyanates106, perhaps by way of the thioacyl azide. 

2. lmidoyl azides, RC(=NX)-N, 

Imidoyl azides, RC(=NX)-N3, display ring-chain tautomerism, 
as do the thioacyl azides, RCS-N3, discussed in the preceding section. 
Again, the cyclic valence tautomer is most often the more stable form, 
but in contrast to thioacyl azides, many imidoyl azides are known and 
are indefinitely stable at room temperature. 

k- 

Three groups of these azides are pronlinent : imidoyl azides in which 
the function C-NX is not part of a ring, those in which it is, and a 
special class of the former group, hydrazidic azides, containing an 
open-chain function C-NNRR'. 

3. lmidoyl azides containing an open-chain function C=NX 

Eloylo7 has pointed out that many compounds described in the 
older literature as tetrazoles are really imidoyl azides, and vice versa. 
A few such instances had been clearly recognized beforelo*, but in 
general the structures were sorted out only after infrared spectro- 
scopy became available, and the presence or absence of an azide band 
was used as the decisive criterion. 

Where the tetrazoles or imidoyl azides are prepared by one of the 
usual methods for introducing an azide group (see Chapter 2 and 
above), it is reasonable to assume that the imidoyl azide is an inter- 
mediate in the tetrazole formationz4. Indeed, there are numerous 
cases (such as those described by Stolle108*109 (1) or by Wooclward and 
Olofsonl10 (2) in which the azide can be isolated and isomerized to 
the tetrazole by heating, indicating that the tetrazole is more stable 
than the azide (see also below, under 5-aminotetrazoles). In  other 
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cases, such as 3108, the azide shows no tendency to isomerize to the 
tetrazole. 

N-N 
PhC PhCOCHzC HNCH3 PhC 4 NCPh 

N-N 

'\ \ /  
N3 N3 N3 

' 'CPh 
\ /  
N3 H 

(1) (2) (3) 

Behringer and Fischerl" obtained a compound (4) analogous to 3, 
in which one of the azido groups is replaced by chlorine. 4 shows no 
azide band in its i.r. spectrum and is the corresponding tetrazole. 
From it the authors could obtain, via the hydrazide and nitrosation, 
the bis-tetrazole (5) (the cyclic isomer of Stolle's 3). I t  is a stable 
compound, m.p. 120-121" (dec.), as is 3, m.p. 136-8" (dec.). Attempts 
to equilibrate 3 and 5 failedlll: the bis-azide (3) was not changed by 
heating to 70", while 5 was converted to the transient azidotetrazole 
(6), which then rearranged to the carbodiirnide (7) which was trapped 
by ethanol to give S1ll. The bis-azide (3) undergoes an analogous 
conversion, rearrangement to the bis-carbodiimide followed by addi- 
tion of ROH, when heated in methanol to 100" for 16 hourslo8. 

Ph 

N-N- PhC- 
I I fPh - A II 

k N / / N  N,\ N /N 
fPh C=N-N- 

\ 

/ I 
CI  N,\ /N 

N 

(4) ( 5 )  

/ I I fph EtOH ~ 

PhC=N-N- PhN=C=N-N- 

N,\ /N 
N 

N,\ /N 
N 

N3 

(6) (7) 

Ph N=C-N H-N- C Ph 
I I II 

EtO N* /N N 

The isomers 3 and 5 are clearly separated by a high activation barrier. 
The ease of cyclization of other imidoyl azides, and the calculations by 
Roberts112, make it unlikely thzt this is due to the need of bending the 
azide group in the cyclization step. Perhaps it is the resonance inter- 
action between the phenyl groups with the azide groups (in 8)  and 
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with the tetrazole rings (in 5)  that is disrupted during the conversions 
from 3 to 5 and from 5 to 3, causing a high activation barrier. 

On  the whole, it seems that the tetrazole resonance makes the cyclic 
structure energetically preferred, except for tetrazoles bearing a 
strongly electron-withdrawing group in the 1-position (see below). 
Further investigations will, no doubt, shed more light on the relative 
energies of the various valence tautomers possible, aiding our under- 
standing of the tetrazole-imidoyl azide equilibrium. For example, 
Scott 113 found tetrazolyl-nitrosamines that may owe their stability to a 

H.--.O 
1 NN 

?-\ \ /  I/ C-NH-NO -L 

N-N N-N 
/ 

I I 
!? 

(9) 
R 

tautomerism which substantially alters the tetrazole resonance. A 
tautomer similar to 9 was also encountered by Scott 114 in the synthesis 
of [ 1,2,4]-triazolo-[4,3-d I-tetrazoles. 

,NOH 
a. Azidoximes. RCY have been isolated by several authors 

and vary widely in stability. Compounds obtained by Forstcr 115 (10) 
and Wieland116 and thought to be tetrazoles have been shown by 
Eloy107 to be oximino azides, as has 11. Eloylo7 prepared a number 

“3 

HO-N 
HN-OH \ HN--OH 

\ /c-c \ 
N3 

PhC 

N3 N 3  

(10) (11) 

of oximino azides of the type 12 and found those with R=OH, 
OCH, or OCOPh to exist as azides of surprising stability. While 
they could be made to detonate, they could be recrystallized from 

NR 
H 
\ 

PhC 

N3 
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boiling ethanol and some could be heated to 200" before exploding. 
Chang and Matuszkoll' prepared sever, pyridyl azidoximes and two 
terephthaldiazidoximes, all solids melting between 1 14" and 174", 
none of them cyclizing to the corresponding tetrazoles. Several of the 
azides, however, decomposed on standing. Grundinann 118 prepared 
mesityl azidoxime by adding azide ion to mesitonitrile-N-oxide. The 
very unstable azide decomposed at 80" to give nitrogen, mesitonitrile 
and hyponitrous acid. 

6. Diaryltetrazoles. These exist in the cyclic form, rather than as 
imidoyl azides. However, Smith119J20 has demonstrated the exis- 
tence of a ring-chain tautomerism in thcir thermolysis. Huisgen121 
demonstrated the same equilibrium by intercepting the azido isomer 
of 1,5-diphenyltetrazole with copper, which catalyses the azide decom- 
position (to form a copper-nitrene complex). 

NPh 
4 

\ \ 
-%+ PhC 

HNPh 
PhC- NPh 

N 
f-- Ph-C 

I I  I 
N, 4 N  

N3 N(CU) 

P h C g N  1 
PhC-- NPh 

II I 

I 
Ph 

t. Guanyl azides. Perhaps the most studied class of tetrazole- 
imidoyl azide isomerism is that involving 5-aminotetrazoles and guanyl 
azides (azidoformamidines) . Huisgen summarized the knowledge of this 
system in 1960122. The free guanyl azide cyclizes spontaneously to 
5 - a m i n o t e t r a ~ o l e ~ ~ ~ * ~ ~ ~  but the salts [(NH2)2C--N3J +X- have the 
guanyl azide structure. Lieber126 measured the activation energy for 

the cyclization of the free guanyl azide' as 17-8 kcal moleM1, and that 
of the corresponding N-nitroguanyl azide as 21.2 kcal mole-l. The 
difference in energy (by heat of combustion) between 5-nitrotetrazole 
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and the nitroguanyl azide is 11 kcalmole-1 in favour of the tetra- 
zole 126. Similarly, diazotization of H2NNHC(=NH)-CN gives 
5-cyanotetrazole rather than the azide 12". Amines displace azide 
ion from the salts of guanyl azidcs12e, although ring closure to the 5- 
aminotetrazoles is usually favoured. 

5-Alkylamino- or 5-arylaminotetrazoles can be equilibrated with 
1-akyl or I-aryl-5-aminotetrazoles respectively. Lieber 125*'29 has 
shown that this isomerization goes through the corresponding guanyl 
azides, rather than through bicyclic intermediates discussed earlier 

by Garbrecht 130 : 

H 

The guanyl azides are intermediates of higher energy than the 
tetrazoles in these isomerizations. Consequently, substituents that 
stabilize the azides also lower the energy of activation for the ring- 
opening of the tctrazoles, an expectation confirmed by L i e b e r ' ~ ~ ~ ~  
kinetic data. 

Nagy 131 and J e n ~ e n ~ ~ ~ ,  working independently, solved an interest- 
ing riddle 133~134 : treatment of 5-aminotetrazole with arenesulphonyl 
chlorides gives, as the apparent primary products, arenesulphonyl- 
guanyl azides rather than arenesulphonamido-tetrazoles, and these 
guanyl azides isomerize, when treated with base, to 5-arenesulphon- 
amidotetrazoles. Apparently, acylation on the ring, rather than on 
the 5-amino group, occurs first. The 1-arenesulphonyltetrazole then 
opens to the guanyl azide, which is separated from the 5-arenesul- 
phonamidotetrazole by a high activation barrier and can be isolated. 
Treatment with base converts the azide to its conjugate base, which 
cyclizes readily. In  accord with this mechanism, Jensen 132 found 
1-methyl-5-aminotetrazole to be unaffected by tosyl chloride under his 
reaction conditions, while 5-diinethylaminotetrazole reacted (with the 
ultimate formation of 1, I-dimcthylhydrazine, as expected from ring- 
opening of the 1 -sulphonyltetrazole, followed by Curtius rearrange- 
ment and hydrolysis). 
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The acetylation of derivatives of 5-aminotetrazoles proceeds in a 
similar manner : Herbst 130~135~136 found that z w t b  anhydride in the 
cold converts 5-alkylaminotetrazoles into isolable 1-acetyl-5-alkyl- 
aminotetrazoles, which thermally rearrange to 5-acetylamido-l- 
aryltetrazoles. On the basis of these results, Nagy"l was able to re- 
interpret observaticns of Veldstra and Wiardi 13', which involve an 
interesting conversion of an imidoyl azide to azide ion and cyana- 
mide. The arenesulphonylguanyl azides of Nagy and Jensen have an 

t NQ 
'N 

I 
H N 2 G ~ N :  

II -4 

N=N 
I I -  

HN, & 
I 

,NH 

C C 

,N H-OH 
Ar02S Ar02S 

HNH -OH .3N H 

N3 N3 
ArS0,NH-C, A * ArS02N-C\ __f 

ArS0,NH-C-N -k N; (See References 131, 137) 

unsubstituted imido group (C=NH) . Neidlein138 has prepared five 
analogous, but N-substituted, azides ArS0,NH (C=NR')-N, by 
addition of hydrazoic acid to 1-sulphonyl-3-alkyl-carbodiimides 
A.rSO,N=C=N=R'. His compounds cyclized to 1 -alkyl-5-arene- 
sulphonamidotetrazoles upon heating in toluene. Neidlein also 
prepared 139 C-alkylmercapto-N-sulphonyl-imidoyl azide, 
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(R = phenyl, p-tolyl, methyl). Because of the danger inherent in 
their distillation, he purified these compounds by column chromato- 
graphy. 

N-CN 
d. Cyanogiunyl azides. RRNCR were prepared by Hart 140 

in a manner analogous to that for preparing sulphonylguanyl azides: 
reactions of 5-aminotetrazoles with cyanogen bromide, to form the 
transient l-cyano-5-aminotetrazoles, which open to the cyanoguanyl 
azides. Norris and Henry 141 studied a number of these compounds, 
varying R and R .  Triphenylphosphine gives the corresponding 
phosphinimides. Base is req.Gired for the cyclization of the cyano- 
guanylazides, and the products arc formulated l4I as 5-cyarimino- 
tetrazolines, rather than cyanamidotetrazoles, on the basis of their 
infrared spectra. Displacement of the azido group predominates 
where weak bases which are good nucleophiles are employed, such as 
hydrazine or methylhydrazine. Norris and Henry141 describe a 
wealth of reactions in connexion with their study of cyanoguanyl 
azides. Hart 140 had earlier prepared N-cyano-N’-phenylguanyl 

azide, N G N = C  by the action of aniline on N-cyanoimi- 

docarbonyl diazide, NC--N=@(N3) 2. This dangerously explosive 
compound has been described by Darzens14, in 1912 as ‘carbon 
pernitride’, CN4, and Hart 140 established its correct structure and 
gave a convenient method of preparation. 

e. Azidoformamidinium salts, or protonated guanyl azides, men- 
tioned above in connexion with the 5-aminotetrazoles, have Seen 
studied by Thiele123 and later by H ~ f m a n n l ~ ~ ,  who prepared a 
number of salts of guanyl azide, including the perchlorate, as well as a 
number of related compounds and their salts. He again and again 
calls attention to the ‘truly terrible’ explosive properties of his com- 
pounds. Schmidt 144 prepared guanyl azide salts, [N3C(-RH2),] +X- 
by treating chloroformamidinium salts with trimethylsilyl azide and 
made an extensive study of their i.r. spectra. In  contrast to Hofmann’s 
perchlorate, azidoguanidylium chloride, hexachloroantimonate, and 
azido-pentachloroantimonate are not particularly sensitive to shock or 
heat. The antisymmetric azide stretching frequency of the hexa- 
chloroantimonate [(NH,),CN3] + SbCl; is at 2 165 cm-l, while that 
of [H,NC(N,) + SbCl; (prepared 14* from chloroformamidinium- 
azide-hexachlorantimonate and the dimer of tetrachloroantimony (V) 

“3 

/NH-Ph 

\N3 
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azide) shows two strong bands at  2195 and 2170 cm-l. Schmidt 
discusses at some length the resonance stabilization of his compounds. 
H e  also prepared145 azidoimidinium salts of the more general type 
Y-C(=+NH2)-N3, with Y=H-, C1-, C1H2G,  C1,HC-, 
C 1 3 C  and RO-, and studied and analysed their i.r. spectra. 
Again, these compounds proved to be relatively insensitive towards 
shock or heat. 

f. Hydrazidic a ides ,  RC(=NNHAr)-N,, have been obtained by 
Scott 146~147 from hydrazidic bromides and sodium azide. Treat- 
rr-ent with nitrite of the h ydrazidines corresponding to the bromides 
led only to the cyclized products 147J48. Ten hydrazidic a z i d e ~ l ~ ~  
could not be converted to the tetrazoles under a variety of conditions. 
They undergo acid-induced rearrangement through transient N- 
arylamino-carbodiimides to give semicarbazides : 

p N H P  r ” F,CCOOH > [RN=C=N-NHAr] t RNH-C=N-NHAr RC\ -Ni I 

L Ar 

R N H C O N H N H A r  R N H co N H N‘ 

‘cocF3 
g. Azidobenzalazines. The azido-benzalazine system and its relation to 

the corresponding tetrazoles 108.109~111 was discussed above. The 
photochemistry of a-azido-benzalazine (I) has been studied by 
Lwowski and G r a ~ s r n a n n ~ ~ ~ .  Irradiating 1 with light of maximum 
intensity at 350 nm, in a pyrex vessel, leads to loss of nitrogen from the 
15N-labelled azide group and fragmentation to benzonitrile (827,) and 
phenyldiazomethane, which was decomposed with benzoic acid to 
give nitrogen completely free of excess 15N label: 

.. c.. &CN i l s N z  (=$G-)ca 35;;m * 
/H + N=N=ca N: H 

I N3 
Ill ’ 5N .. 
(1) 
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4. lmidoyl azides in which t h e  C=N function is part of a ring 

The preceding section dealt with imidoyl azides in which the imido 
function is not part of a heteroaromatic (or otherwise highly con- 
jugated) system. In these cases, the tetrazole turned out to be the 
thermodynamically favoured isomer. If the imido fuiiction is made 
part of a ring the azide form is often much more stable; in many other 
cases, equilibria between azide and te trazole forms are established. 
Lattice energies can make one form exclusive in the crystalline state of 
compounds, which in solution display an azide-tetrazole equili- 
brium 150. 

Stolle 151 already recognized that in 2,4-diazido quinoxaline only 
one azido group cyclizes to give the tetrazolo azido quinoxahe, whiie 
the other azido group (in the 4-position) remains. This result has 
been confirmed by a number of authors152. BoyerlS0 studied 
equilibria 14 + 15. He found the compounds with X = CH2 and 
NH to be tetrazoles (15) both in the solid state and in solution, while 
that with X = S is a tetrazole in the solid and contains much of the 
azide form in solution. The latter is also true for 16. 

When the imido-function is made part of a heteroaromatic ring, one 
might expect the preference for the azide form to be even stronger. 
However, R e y n 0 1 d s ~ ~ ~ J ~ ~  found systems of this kind, in which the 
preferred isomer depends on the nature of the heteroaromatic ring. 

I 
N= 

X = NH; 0; SO, X = S ;  Se 

They re-assigned, on the basis of spectral data, structure 17 15'and 
confirmed 18 ls5. 

Fusco examined spectroscopically tetrazolo[ 1 ,ti,a]-pyridine, 
5,7-dimethyltetrazolo[ 1,5,a]pyrimidine, 5,6-dipheiiyltetrazolo[ 1,5,6]- 
1 ,2,4-triazineY and tetrazolo[5,1 ,b]benzothiazole, and found all of 
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them to be tetrazoles in the solid state. However, the presence of the 
tautomeric azide in solution was democstrated by addition of the 
azido group to an enamine156. 

Other tetrazole-azido-heteroaromatic equilibria have been studied 
where the heterocyclics to which the azide group is attached (or to 
which it is cordensed as a tetrazole ring) are: 1,2,3-triazoles, pyrimi- 
dines 121-157-163 q u i n ~ x a l i n e s ~ ~ ~ - ~ ~ ~ ,  naphthothiazoles16e, 1,3,5-tria- 
zones 167, purines 168-170. 

Perhaps the most exotic imidoyl azide, containing the imido func- 
tion as part of a Iieteroaromatic system, is 5-azidotetrazole, HCN,,. the 
potassium and sodium salts of which are obtained when 1,3-diammo- 
guanidine (imidocarbazide) is treated with alkali nitrites in acetic 
acid123*143J71. The alkali salts, Na+ and I<+ -CN7, are extremely 
explosive, the free azide 171 less so. It shows the i.r. absorption of the 
azide group at 2 151 cm - l. 

Some stable imidoyl azides, with the imido function a part of a 
heteroarornatic ring, are formed not by simple opening of a tetrazole 
but by more complicated processes. Scott 172~173 described the con- 
versions of 5-N-tetrazolylbenzhydrazidic halides to 5-azido-3-aryl- 

//”-” !I - N=NH-C 
\ 

\ 
N-N 

H I 
ArC=N --N H -- c /N-i + A r c  HN-yH 

\ 
N-N N=C, 

H 

\ 
(19) 

I N3 

(20) (21) 

i,2,4-triazoles. The p value of - 1-8 of a Hammett plot using u+, of 
the rates of bromide formation suggests the intervention of the con- 
jugate acid of a nitrilimine 20. Henry17*, in his studies of cyano- 
guanyl azide chemistry (see above; ref. 141) treated bis-5-tetrazolyl- 
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amine with cyanogen bromide to obtain 2-amino-4,6-diazido-1,3,5- 
triazine. h i d e s  of metliyltetrazolopyridazines can interconvert by 
closing the azide function to a tetrazole ring while opening the tetra- 
zole ring to an azide group, an isomerism noticeable by the apparent 
shift of the alkyl substitutent 175 : 

C. h i d e s  of the Type XCON3 

1. Carbamoyl azides RR”CON3 

a. Prefiaration of carbamoyl azides. For the preparation of carbamoyl 
.azides, most often the two ‘standard methods’ for acyl azide prepara- 
tion arc used: reaction of carbamoyl halides (many of them are com- 
mercially available) with azi& ion, and nitrosation of the hydrrzides 
corresponding to the azides. The iatter method is especially valuable 
for making azides of the type RHN-CO-N,. In  Chapter 2, 
sections 1II.B and V.A.2. deal with these methods. Monoalkyl- 
carbamoyl azides, RHN-CO-N, can also he made by adding 
hydrazoic acid to isocyanates, RN=C=O 82*176. Oliveri-Mandala 
has prepared a substantial number of such azides this way 176J77. He 
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also studied the reaction of ketenes with hydrazoic acid178, to give 
carbamoyl zzides via alkanoyl azides and their Curtius rearrangement : 

H N, 
H,C=C=O -- ,H3C-CO-N3 -C, 

H3C-NCO HN3 t H3C-NH-CO-N3 

Cnrbamoyl azide, H2N-CO-N3, has been known since 1894 178-180, 

made by nitrosation of semicarbazide. I t  is also formed in the partial 
decomposition of carbonyl azide, CO(N3)274*181, and by partial 
Curtius rearrangement of oxalyl diazide 6e. Curtius lE2 warns that 
carbamoyl azide, while ‘relatively harmless’ can ‘ explode with 
unparalleled violence ’ undcr certain conditions, such as contact with 
copper powder. Carbamoyl azide forms a highly explosive silver 
salt 124. 

Many other carbamoyl azides are known, with mono- or disub- 
stituted amino groups of all kinds, including more exotic ones, such as 
allophanyl azidelE3, guanidylcarbonyl azidelU3, Iiydrazodicarbonyl azide, 
N3CONHNHCON3 7 2 9 1 8 4 J 8 5 .  Neidlein1u6*187 prepared a number of 
N-asyl and N-su&honyl-carbamoyl azides by adding hydrazoic acid to the 
corresponding isocyanates. Acylcarbamoyl azides upon photolysis 
cyclize to 5-alkyl-1,2-4-oxidiazolin-3-ones Lieber lg9, in a review 

H . .  

co 
N3 0-NH 

I 
RC”‘ 

I I  
0 

that covers the literature into 1964, has given physical data and 
references for a large number of carbamoyl azides. The infrared 
spectra of carbamoyl azides show the azide group at 2200 to 2141 
(asym. stretching) and 1225 to 1212 (sym. stretching) cm-l, the 
carbonyl group at 1725 to 1625 cm-l 52s189. 

Nucleophilic displacement of azide ion 
takes place in carbamoyl azideslgO, just as in other acyl azides. 
However, the amide carbonyl in carbamoyl azicies is less electro- 
philic than the carbonyl in other acyl azides, so that this reaction is 
less likely to become a bothersome side reaction. Cold aqueous alkali 
will effect the displacement 17G*178. With amines, displacement may 
rake place on ~ a r m i n g ’ ~ ~ ~ ~ ~ ~ .  

c. Dissociation of carbamoyl azides. A factor of general importance 

b. Reactions of carbamoyl azides. 
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in predicting or interpreting reactions of monosubstituted carbamoyl 
azides is their dissociation into isocyanates and hydrazoic acid, the 

R N H C O N 3  R N C O  + HN3 

reverse of the Oliveri-Mandala procedure for making them. The 
parent compound in particular, H2NCON3, dissociates easily lg3-lS5, 

on which basis many of its reactions have been explained. For 
example, on heating H2NCON3 in a sealed tube to 120°, the trimer 
of cyanic acid, cyanuric acid, is obtained, along with hydrazoic acid, 
ammonium azide and urazole lo4JS5. 

The Curtius rearrange- 
ment of carbamoyl azides, RR’NCON3 -+ N, + RR’NNCO, was for 
a long time regarded as an exception-carbamoyl azidcs were sup- 
posed to be, by and large, ‘rigid azides’190*103 and to lose nitrogen 
without migration of the amino function, to give a nitrene: 
RR’NCON3 -+ N, + RR‘NCON. Stolle recognized in 1924 that 
diarylcarbamoyl azides rearrange readily upon heating lg4 and in- 
vestigated a number of c a s e ~ ~ ~ ~ - ~ ~ ~ .  The special feature that leads to 
the formation of a readily isolated product, in high yield, is the electro- 
philic attack on one of the aryl groups by the amino-isocyanate 
function, no doubt aided by the second aryl group, which can deloca- 
lize by resonance the unsharcd electron pair on the (diary1 substituted) 
nitrogen, rendering it less negative and thus reducing electrostatic 
destabilization in a transition state in which the isocyanate nitrogen 
becomes partially negatively charged. Consequently N-aryl-N-alkyl 
carbamoyl azides gave only poor yields of benzpyrazolinones (indazo- 
lones)195*196. Stolle was unable to get more than traces of identi- 
fiable products from the thermolysis of dialkylcarbamoyl azides 195*196 

(however, see below). Scott191*192 intercepted the diphenylamino- 
isocyanate by rcnning the thermolysis in ethanol, obtaining a 90% 
yield of N,N-diphenyl-N’-ethoxycarbonylhydrazine. The reaction 
has been used to prepare N,N-diphenylhydrazine lS7. Mono- and 
dialkylcarbamoyl azides rearrange smoothly to the corresponding 
aminoisocyanates when decomposed photolytically in protic solventlS8. 
In  methanol, PhNHCON3 gave a 65% yield of PhNHNHCOOCH,; 
C2H5NHCON3 gave a 57y0 yield of C2H5NHNHC03CH3, and 
N,N-diethylcwbamoylazide gave N,N-diethyl-N’-methoqrcarbonyl- 
hydrazine in 63y0 yield. The photo-induced Curtius rearrangement 
of dialkylcarbamoyl azides (and perhaps also monoalkyl and mwioaryl 

d. Curtius rearrangement of carbamoyl azides. 
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carbamoylazides) also takes place in aprotic media. Diethylainino- 
isocyanate formed from diethylcarbamoyl azide (easily prepared from 
the chloride and sodium azidelgg) does not attack solvents such as 
cyclohexane, cyclohexene, benzene or acetonitrile lg9. Instead, a 
dimer is formed, analogous to a dimethyiaminoisocyanate dimer 
obtained by Wadsworth and Emmons 2oo, who made dimethyl- 
aminoisocyanate in situ by a phosphorus-organic route. Yields of 
about 40y0 of 1 : 1 adducts with other isocyanates can be obtained by 
photolysing diethylcarbamoyl azide in methyl or ethyl isocyanate as 
the solvents 1999201. Carbodiimides also form 1 : 1 adducts202. 
Chemical and spectroscopic evidence led to the recognition 200*203 of 
the isocyanate adducts (including the dimers) as cyclic amine- 
imides. Thermolysis of diethylcarbamoyl azide also leads to Curtius 
rearrangement, but the temperature required (180") leads to further 
reaction of the isocyanate dimer: the loss of ethylene, also observed 
with the isolated dimer and with the isocyanate adducts at about 
160°203. Elimination of ethylene, as well as migration of the ethyl 
group from the ammonium to the imide nitrogen, gives urazoles 
( 1,2,4-triazolidin-3,5-diones). Wadsworth and Emmons observed 
such a migration with their N,N-dimethyl compound 2oo. In  the case 
of the N,N-diethyl compound, elimination of ethylene is prefcrred 
upon heating alone, but acid catalysis promotes rearrangement, to 
give 1,2-diethylurazoles aol : presumably because of protonation of the 
imide nitrogen and consequent loss of the inductive stabilization of the 
dialkylammonium function. 
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+ - 
EtlNNCO Et2N-N 

EtlNCON, -----f [Et2N-N=C=O] I I 
O=C, ,C=G 

N I I 
IR-NCO N Et, 

HJPd 1 
Et,h-R Et2N NH2 

I I I I I I o=c, ,CEO 

I 

NH ,130‘ EtN- 

o=c, ,c=o o=c\ ,c=o 
N N N 

R + H2C=CH2 I 4 \ NEt2 

1546aq. HCI -COI 

Et2N-N H 

MeOOC, ,C=O 
I 

N H  Et,N- 
I ,c=o 

N 

E t  
I 

H N  

Et 
I 

- 
N Et2N- NH X- EtN- N E t  Et2N- 

- I  I o=c, ,c=o 
I 

I - H 4 *  I 
X- o=c\ ,c=o 

I 

I I 
o=c, ,c=o 

1 
N N N 

R R R 
isolated w i th  R = Et, X = CI 

Traces of urazoles have been observed in the thcrmolysis of car- 
banioyl azide, H2NCON3 Ig3* lg4Jg5, and phenylcarbamoyl azidc, 
PhNHCON3204. The mechanism of this urazole formation is not 
known beyond conjecture. 

H H27’ ‘ F2 H2C=CH2 
+ 

NH EtN- 
I N 1 6 0 . ,  I 

o=c, ,c=o 
I 

I 
EtN- 

2 Et2NNC0 I 
o=c, ,c=o 

I 
N 

N Et, 

N 

N Et, 

e. Reactions possibly involving a carbamoylnitrene, RR‘N-CO-N. 
The basis for classiQing carbamoyl azides as ‘rigid’ (nonrearrange- 
ing) 190~193 was a number of observations by Curtius and his school, in 
which the moiety RR’NCON was incorporated in adducts with a 
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variety of substrates. Thermolysis of H2NCON3 in aromatic solvents 
gives, together with inany side-products, arylureas, ArNHCO- 
NH21930195*205. This is most easily interpreted as a C-H insertion, 
or perhaps-in analogy with the reactions of sulphonylnitrenes with 
aromatic hydrocarbons 2os-20s-as an addition, rearrangement reac- 
tion through an aza-norcaradiene or N-amidoazepim 209*210. The o+ N-CONR,-?-* a ' j c o N R 2  

H NH-CON Rz 

i 
QLCL H 

mechanistic evidence for this reaction, in the care of carb~moyl azides, 
does not rule out the possibility of a radical chain process in which a 
carbamoyl radical, RR'NCONH attacks the aromatic ring. The 
familiar intermediate in radical aromatic substitution so produced 
could then attack a carbamoyl azide molecule, generating a new 
carbamoyl radical and nitrogen. 

Another argument for the formation of a carbamoylnitrene in the 
thermolysis of H2NCON3 is the apparcnt insertion into the methylene 
group of diethyl malonate204, to give the mono- and the di-insertion 
products 26 and 27. The analogous reaction fails, however, with 

HzNCON H CH (COO Et)2 (HZNCON H)2C(COO Et), 
(26) (27) 

monophenylcarbamoyl azide 204. In  the insertion of ethoxycarbonyl- 
nitrene, the CH2 group of diethyl malonate is particularly unreactive 
(relative reactivity per G H  0.034 compared to cyclohexane = 
1-00)211, casting some doubt on the interpretation as a nitrene 
reaction. A radical chain process, involving a fairly nucleophilic 
urea or carbamoylazido radical, might be operative. Another 
possible mechanism is suggested by Fleury's 212 observation of triazene 
formztion from acidic methylene compounds and toluenesulphonyl 
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azide. 
give the observed, formal insertion product. 
deserves further study. 

The triazene (isolated in Fleury's case) could lose nitrogen to 
The reaction certainly 

The reaction of carbamoyl a i d e  with fumarates and maleates gives 
the aziridine 28 and its ring expansion product 30213, presumably 
through the intermediate triazoline 29, the analogue of which \!'as 
isolated when benzyl azide214 was used. Addition of carbamoyl 

H 
I 

HZNCON3 
+ 

H 
H,NCO-N- 

I rR 
II H 

R = COOEt 

(29) 
H H 

C-R 
I I 

NH-C-R 

H2NCO-N' I -- o=c 'NH-rR \ 

'C--R 
1 
H 

I 
H 

(28) (30) 

azide to diethyl acetylenedicarboxylate 215 gave the triazole in very 
poor yield. Addition to &ethyl azodicarboxylate, intended to give 
a triazacyclepropane 216, failed. 

A more convincing indication for a carbamoylnitrene is t he  thermal 
cyclization of N-( N-phenylcarbamoy1azido)-phenylazomethine 217. 

N=CPh A Ph-N- N 
II 

N- Ph- 

C-Ph 
I 

HO-C 
I 
H 

I 
o=c 

\ NN/ 
N3 

(31) (32) 

However, an intermediate bicylic [3.2.0] intermediate seems to be a 
possible alternative. 
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Another reaction that could involve a carbamoylnitrene was 
reportcd by Bauer 218 : 

SO; Na+ + N,CONHR - X  S0,NHCONHR 

(33) (34) 
X = CH3; CI. R = n-C,H,; n-C3H7 

Kreher 219 obtained significant yields of iV-alkoxyureas from photo- 
lyses of carbamoyl azide in a variety of alcohols, e.g. : 

H2NCON3 4- (CHJ3COH A H2NCONHOC(CH3)~ 45% 

He interprets this as a nitrene reaction, certainly an attractive explana- 
tion, as the insertion of alkoxycarbonylnitrenes into 0-H bonds is 
well k n ~ w n ~ ~ ~ ~ ~ ~ ~ * ~ ~ ~ .  A radical chain process seems to, at least, 
compete: while the yield of alkoxyurea was highest with t-butanol, it  
dropped to 8% in isopropanol, in which an 80y0 yield of the hydrogen 
abstraction product, urea, was obtained. 

2. Axidoformates ROCON3 

The synthesis of azidoformates is strictly analogous to that of 
aikanoyl azides (see Chapter 2, sections 1II.B and V.D.). Azido- 
formates, ROCON3, are usually more stable thermally than azides of 
the type &CON3, but will decompose at temperatures lower than 
the carbamoyl azides, RR"CON3. Methyl azidoformate 23,222 boils 
at 102" (but sometimes with explosion). Ethyl azidoformatel, bp. 
114" at 769 miii Hg also sometimes explodes when heated tc that 
temperature and is better distilled at 2 mm Hg at 25" or, most con- 
veniently, at aspirator pressure from a 40" bath into a receiver cooled 
to at least .-15". These azidoformates are shock sensitive. Tests 
done at the FMC Corporation Chemical Research and Development 
Center, Princeton, New Jersey, showed that ethyl azidoformate is 
ignited, on a drop weight tester, at 5 kilogram centimetres. This is 
approximately the shock sensitivity range of nitroglycerine 224. 

Tertiary-butyl azidoformate, a useful reagent introduced by Car- 
p i n 0 2 ~ ~ ,  boils at 73-76"/70 mm. However, Polzhofer 226 reports 
'frequent explosions during distillation ' and recommends distillation 
at 36-5-37-5"/10mmHg. He finds, as did others227 with other 
volatile azidoformates, that the vapours cause severe headaches, 
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nausea, shortness of breath and irritation of the mucous membranes. 
The vaFours of ethyl azidoformate may cause fainting228. Quite a few 
other azidoformates have been reported, such as I-amyl azidofor- 
mate 229, the azidoformate of 3/?-acetoxyandrost-5-en- 17p-01 230,bcnz- 
hydryl azidoformate 231, p-methoxybenzyl azidoformate 232, tetra- 
methylene bis-azidoformate 233, octadecyl azidoformate 234. 

Sheinker 53*55 has studied the U.V. and i.r. spectra of azidoformates. 
The 285 nm band, seen in alkyl azides, was not found: perhaps it 
disappears into the short wavelength band due to a blue shift. The 
U.V. spectrum of ethyl azidoformate extends to nearly 300nm (see 
Table 2) but its photolysis is most conveniently carried out with the 
mercury resonance line near 254nm, for which efficient lamps are 
available 235. Ethyl azidoformate shows i.r. absorption bands at  
2185 and 2137 cm-l (N3), 1759 and 1730 (C=O) and 1242 (clco) 
cm - 1 235. The i.r. and The U.V. spectrum235 is given in Table 2. 

TABLE 2. U.V. spectrum of ethyl azidoformate in various solvents 
~~ 

Wavcleng th Hcxane Methanol Cy clohexene 
n m  & & e 

250 
260 
270 
280 
2 90 
300 
310 
320 
330 
340 

88.1 85.1 - 
66.9 63.1 - 
40.6 36.9 41.9 
17.4 15-3 19.0 
6.9 6.0 8.1 
2-7 2.1 3.6 
1 a 2  

[0.1]" 

[0.02]" 
[0*04]" 

a Obtained using extrcmcly conccntratcd solutions. 

U.V. spectra of methyl azidoformate are similar to that of the ethyl 
ester236. 

Azidoformates are used mainly for two purposes: the generation of 
alkoxycarbonylnitrenes (see section 1I.F) and the introduction of 
alkoxycarbonyl protecting groups in peptide synthesis (see section 
I1.C). 

3. Mercaptocarbonyl azides RSCO N3 

To the author's knowledge, no mercaptoacyl azide has yet been iso- 
lated. However, Prince and Orlando 237 obtained decomposition 
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products of PhSCON, when they treated PhSCOCl with sodium 
azide in acetone at 0". Vigorous nitrogen evolution occurred, and 
Curtius rearrangement of the azide took place. 

- N: 
PhSCO-Pi, _t [PhS-N=C=O] 

(35) 

* PhSSPh 
H,O+ 

P h S N 14 CON H, 
(36) 

1 57 % 
K i d n o ,  

PhSOzNHCONHz 

I!. REACTIONS CQMMQN TO ALL CLASSES O F  ACYL 
AZIDES 

A. I ,  3-Dipolar Additions of Acyl Azides 

The most common addition reaction of azides in general is the 1,3- 
dipolar cycloaddition to double and triple bonds. These reactions 
have been reviewed in this series of books238 as well as elsewhere, 
primarily b y H ~ i s g e n ~ ~ ~ - ~ ~ l  and lately by L'abbe242, and their mecha- 
nism has been discussed 240*243*244. The lY3-dipolar cycloaddition of 
azides is generally understood as a concerted process 2 4 0 0 2 4 4  in which 
the terminal nitrogen of the azido group binds to the atom that is 
more negative in the oiefin, if the olefin happens to be electronically 
unsymmetric. As a consequence of its concerted nature, it is a 
stereospecific cis addition. 

Confirmation of 
the rule that the terminal nitrogen of the azide group attaches itself 
to the more electron-rich carbon of C=C double bonds is found in 
FUSCO'S Fusco 245 also discovered the rearrangement to 

Examples involving acyl azides are not numerous. 
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amidines of the 4-aminotriazolines so formed (see below). The 
orientation rule holds true for azidoformates as well as for imidoyl 
azides 156. 

The triazolines formed from strained double bonds and acyl azides 
crc often quite unstable. Huisgen and Miiller 239*246 f k n d  Eenzoyl 
x i d e  to add to norbornene, forrniv 9 triaaoline thzt !cses nitroger? at 

O ;  40", to give a N-benzoylaziridine, which in turn rearranges to the cor- 
responding oxazoline. The rate of benzoyl azide addition at 25" in 
chloroform is 2.1 x 1 molee1 sec-1247. Oehlschlager has 
studied248 the mzchanism of the rearrangement of the initial adduct, 
the triazoline, formed from norbornene and me thy1 azidoformate. 
Japanese authors studied the addition of ethyl azidoformate to nor- 
bornene, norbornadiene and benzonorbornadiene 240. Isodrin adds 
t-butyl azidoforniate to give an isolable triazoline 250, which decom- 
poses to the aziridine upon chromatography OD- neutral alumina. 
Aldimines and ketimines seem 10 react in their tautomeric enamine 
form with benzoyl a ~ i d e ~ ~ l  to give the expected amidines, as do 
enamines themselves 2459251. 

H 
Me2CH-CH=N-R rl 

17 I 
*NRN'C 0 P h 

Me2CzC-NHR PhCON, J t  
Me,C=CH-N I-! R 

(38) 

--HC, 

HNR 
7 Me2CH-C 

Me2C=C /NHR 

'NCOPh H 'NHCOPh 

(39) 
R = C H 3  or C2H, 

The addition of ethyl azidoformate to dihydropyran, studied by 
Edwards 282, gives the triazoline 40, which is hydrolysed to 2-hydroxy- 
2-ethoxycarbonamidopyran. 
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Ethyl azidoformate and 1 -trimethylsilyl-1,4-dihydropyridine react 
a t  room temperature253 to give the cyclic amidine 41. Since the 
reaction takes place 60" below the decomposition temperature of ethyl 
azidoformate, it is unlikely that carbethoxynitrene intervenes, for- 
mation of the triazoline followed by a Fusco rearrangement being the 
more reasonable interpretation. 

(41) 

Triple bonds add azides to give 1,2,3-triazolcs (from carbon-carbon 
triple bonds) and tetrazoles (.from nitriles or isonitriles) . The reac- 
tions are of very wide scope, but there are few examples involving acyl 
azides. The formation of tiiazoles from acetylenes and azides in 
general has been and the scope of these reactions has 
been expanded by more recent work, a few examples of which are 
found in the references 255-258. The triazole formation from acetylenes 
and carbonyl azides (carbamoyl azides and azidoformates) was first 
observed by Curtius216. Ried and Schon have added a number of 
aroyl azides to benzyne, obtaining benzotriazoles in yields of about 
60% 259. 

Additions to nitriles 2Go presumably go via an intermediate imidoyl 
azide (see section I.B), which in most cases cyclizes to the tetrazole. 
For azides in general, the reaction has recently been 
There seem to be no examples of an addition of an acyl azide to a 
nitrile (to give a 2-acyltetrazole). Only nitriles with strongly electron- 
withdrawing substitutents add azides other than HN3 262*263. The 
rate constant of thermolysis of ethyl azidoformate is of the same orcicr 
of magnitude in benzonitrile as it is in a series of other solvents, 
making initial reaction of the azide with the nitrile very unlikely264. 
Only in extreme cases might one expect the addition reaction of an 
acyl azide to a nitrile to compete successfhlly with other processes, such 
as formation of an acylnitrcne. 

B. Additions to the Terminal Nitrogen of Acyl h i d e s  

philic attack on the terminal nitrogen. 
h i d e s  in general may form adducts formally derived from nucleo- 

Most prominent are the phosphine 
I8+C.A.C.  
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adducts, R-N=N-N-PRj, and the triazenes formed by carbanion 
attack, R-N=N-NH-R‘. 

1. Phosphinimines and phosphazides 

Phosphinimines, (Iminophosphoranes) R3P=N-R’, are usually the 
products isolated from the interaction of azides with phosphines: the 
so-called Staudinger reaction 265-267. The reactions take place below 
the decomposition temperatures of the azides, so that a nitrene inter- 
mediate is unlikely. The intermediate adducts, containing three 
nitrogens, have indeed been isolated in an ever growing number of 
instances. Maltz, in 1959, isolated the benzoyl azide-phosphorus 
tris(di-n-propylamide) complex (42) 267, and some thirty other 
phosphazides (not derived from aql  azides) are known 268-270. 

VanAllan and Rcynolds 271 have described a number of phosphazides 
derived from irnidoyl azides (with the imidoyl funct.ion a part of a 
heterocyclic ring), such as 43. Leffler has studied the rates of the 

(42) phosphazides (43) 

Staudinger reaction with a number of azides, including substituted 
benzoyl a ~ i d e s ~ ~ ~ .  From his studies, he derived a mechanism265 in 
which the two reacting molecules pass through two transition states of 
the composition R,PN,R, separated by the sometimes isolable inter- 
mediate mentioned above : 

N=N 

R3P 4- NNN-R‘ R,P-NNN-R‘ R,P-N-R‘ 

via a l inear phosphazide 
transition 

state 
-N 

II 

+ I  
N 

R,R-N-R’ 

cyclic 
transition 

s ta te  

N2 

R,P=N-R’ 
+ 



0 

_t 

I I  
Ph,PCCH-C-R 

+ 

HC=C-R 

N* ,N-R‘ 
PhjPO + 1 I 

N 

- 

cti Ph3P+ 
\ 

HC-C-R 

benzoyl azide. L’abbe274 used the reaction to prepare l-alkoxycar- 
bonyl-l,2,3-triazoles (R’ = EtOOC). Like Harvey”73, he observed 
a dependence of the course of the reaction on the nature of thc acyl 
group in the phosphorane; weakly electrophilic acyl groups tend to 
give a-diazo esters rather than triazoles : 

P h3 PO 
+ 

0 Ph3P’ -0 1 
Ph3P+<C R’--C-R--+[ II R‘{:{-R ]+ 

R‘C=C-R 
I I + N* ,N-COOEt 
N+ ,N-COOEt 

( c )  R = OEt; R’ = CH3. 

N3-COOEt 
N 

(a) R = CH,; R‘= H. 

B u t  

Ph3b-C HCOOEt Ph3P- CHCOOEt 

(b) R = p-OzNCBHc. 

N3-COOEt [EtOOC-N, I N 4 N  I 1 -  -I- 

EtOOCN=PPh3 (75’7”) 

Nz= C H CO 0 E t  (35 %) 
+ 

A peculiar reaction of the terminal nitrogen in a carbainoyl azide is 
the conversion of phenylcarbamoyl azide to 1 -phenyltriazolin-5-one 
under the influence of aluminium azide 276 : 

PhNHCON3 Ay:;)3t Ph-N- c=o 
rcflux I I 

N+ ,NH 
N 
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3. Triazene formation 

Grignard reagents react with carbonyl azides not only by nucleo- 
philic displacement of the azido group, but also by addition to the 
terminal nitrogen to form tn%zzenes222 : 

H,COCON, + P h M g B r  __f HJCOCONH-N=NPh 
and 
H2NCON3 i- PhMgBr __f H,NCONH-N=NPh 
and 
HNCON, 
I 
HNCON, 

i- 2 PhMg'Jr __f PhN=N-NHCONHNHCONH-N=NPh 

The reaction of an indium complex with furanoyl azide 223 seems to 
involve coordination of the terminal nitrogen with the iridium, 
followed by dissociation to a stable iridium-nitrogen complex and 
furanoyl isocyanate (which incorporates a carbonyl that had been part 
of the iridium complex). 

C. Nucfeophific Displacement of the Azido Group 

The azido group is electron r e l e a ~ i n g ~ ~ ~ ~ ~ ~ ' ,  and decreases the 
electrophilicity of a carbonyl group to which it is.attached. Thus, 
acyl azides are less electrophilic than acyl halides, the other sub- 
stituent at  the carbonyl group being equal. Still, azide ion is readily 
displaced from carbonyl azides, a reaction occasionally used where it is 
easier to make the azide than a halide. Examples are found in the 
heterocyclic278 and natural products 279 field. The most important 
application is the introduction of alkoxycarbonyl groups in peptide 
synthesis. One method, mostly used for the activation of C-terminal 
amino acids in peptides, converts hydrazides of N-carbobenzoxypep- 
tides to the (electrophilically reactive) azides 280 without racemization. 
For the protection of amino groups 'in peptide synthesis, t-butoxy- 
carbonyl is a useful and convenient reagentza0. The cor- 
responding acid chloride is too unstable for convenient use, while the 
azide reacts smoothly with the amino group of both free amino acids 
and their esters 281. 

For 
displacements at  guanyl azides see section 1.B and at carbamoyl 
azides see section I.C. 

Carbanions can displace azide ion from carbonyl azides 282. 
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D. Reuctions of Acyl h i d e s  with Acids 

The Curtius rearrangement of carbonyl azides, RCON3 --+ N, + 
R-N=C=O, is catalysed by a variety of Lewis and proton 
a ~ i d ~ ~ ~ ~ * ~ ~ ~ ,  including GaCI,, AlBr,, AICI,, FeCl,, SbCI,, TiC14. At 
- 60", BF3 adducts ,of acyl azides can be i s ~ l a t e d ~ ~ ~ * ~ ~ ~ .  These 
adducts show a nGiinal azide absorption in the infrared spectrum, but 
the carbonyl absorption frequency is lowered drastically, to 1645-1 667 
cm-l. At - 20", rearrangement to the isocyanates occurred285. 
Similar results were obtained using BCl,285. K r e h e ~ - , ~ ~  made similar' 
observations. Using azidoformates, he observed loss of COz and the 
formation of alkyl azides. The alkyl azides can rearrange to azo- 

*/,I c 13 

q-'; 
I?', .. j - .  

methines, or, in the presence of benzene, take part in Lewis acid 
induced Friedel-Crafts reactions 288*289. 

A reaction of phenylcarbamoyl azide with aluminium azide 275 has 
bee6 mentioned above (section 1I.B). 

Transition metal cyanides, such as [Co(CN),I3- have been ob- 
served to react with acyl azides with coordination of the metal to the 
a- and y-nitrogens of the azide group, and ultimate formation of a new 
complex, containlng two cobalt atoms bound to nitrogen : 

RCON3 + 2 [Co(CN),]'- [RCON(Co(CN),).J6- 

E. Rudical-induced Decomposition of Acyl Azides 

In  
methanol, ethoxycarbonyl azide requires one equivalent of radical 
initiator (diethyl peroxydicarbonate) to decompose one mole of the 
a ~ i d e , ~ ~ ,  but in alcohols that are better hydrogen donors, chain 
reactions occur: Horner 291 studied the dehydrogenation of iso- 
propanol by aroyl, carbamoyl and alkoxycarbonyl azides : 

Acyl azides can be decomposed by reaction with free radicals. 

RCON3 + (CH3),CHOH __t RCONH2 + N z  i (CH,),C=O 
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The reaction can be initiated by a variety of radiczl initiators, as well as 
by benzophenone-sensitized photolysis. In the latter case quantum 
yields up to500 were observed291. This is consistent with a chain 
mechanism of the type: 

X' + (CHj)ZCHOH + (CHj)2C*OH 
(CH3)2C'OH + RCON3 (CH3)2C=0 f N2 + RCONH 

RCONH' $- (CH3)zCHOH __f RCONHZ + (CHj)2C*OH 

A similar process is known for sulphonyl a ~ i d e s , ~ ~ .  Leffler has dis- 
cussed the reactions of other classes of azides with free radicals2gs. 
The chain mechanism observed in alcohols depends on the availabiiity 
of two hydrogen atoms in the hydrogen donor. One can, however, 
write chain mechanisms with donors that make available only one 
hydrogen atom per donor molecule. All that is required is to intro- 
duce an additional step in which the dehydrogenated donor attacks 
another donor molecule, which then donates the second hydrogen 
atom to make RCONH, and a dehydro-dimer of the donor. While 
such processes have not been reported, one should not disregard their 
possible occurrence. Olefins seem to be likely candidates for such a 
reaction. Tri-n-butyltin hydride reduces benzoyl azide, in a radical 
induced reaction, to give a high yield of b e n ~ a m i d e ~ ~ * .  

F. Mitrene formation from Acyl h i d e s  

Reactions of azides (of all types) that involve nitrogen evolution have 
often been assumed to proceed by a two-step ' nitrene mechanism', 
in which nitrogen is lost in the first step: R-N3 -+ N, -I- R-N. 
The nitrene R-N then leads to the observed reaction products. For 
azides in general, nitrene reactions are treated in Chapter 5, but the 
formation and the reactions of carbonylnitrenes, CO-N, will be 
dealt with here. 

Carbonylnitreiie intermediates have been postulated since 1891 295, 

but a problem recurs for every reaction which can be formulated as a 
nitrene reaction : one can always write a reasonable ' azide mechanism' 
that leads to the same products. One such alternative is a two-step 
process in which the azide reacts with the substrate in a first step, to 
give an adduct or an intermediate radical or ion pair, which loses 
nitrogen in a second step. Another alternative is a concerted process, 
in which loss of nitrogen and product forination are simultaneous. An 
example of the former azide mechanism is the aziriciine formation 
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from azides and olefins by way of an unstable triazoline. The Curtius 
rearrangenlent exemplifies the concerted azide reactions 296. 

Other decompositions of carbonyl azides have been shown to be 
iiitrene reactions. Here, the rate of azide disappearance (and nitro- 
gen evolution) in the thermolysis of the azide is independent (for a 
given azide and temperature) of the nature and the concentration of 
the s u b ~ t r a t e ~ ~ ~ - ~ ~ ~ .  This shows that the substrate is not involved in 
the azide decomposition, but must react with the nitrene in a second 
step. Alkoxycarbonylnitrenes have also been made by an indepen- 

dent route, by a-eliminath from ions such as ROCO-N-0SO2Ar, 
which decompose to give ROCO-N and -0,SAr. The products 
observed by using this method were the same, quantitatively and 
qualitatively, as those obtained by azide decomposition in the same 
substrates 302*303. 

Nitrenes can exist in the singlet and in the triplet states. The triplet 
state of alkoxycarbonylnitrenes has been shown to be the ground state 
by e.s.r. measurements at  liquid helium temperature 304. Hcwever, 
thermolysis of alkyl azidoformates, and ;\he decomposition of the a- 
elimination precursor anions mefitioned above, gives all of the 
alkoxycarbonylnitrene in the singlet state 305*306, while photolysis of 
ethyl azidoformate (at 38") gave a 70: 30 mixture of singlet and triplet 
nitrenes ,07. I n  the case of alkoxycarbonylnitrcnes, the intersystem 
crossing to the triplet ground state is slow enough to allow intermole- 
cular reactions of the singlet ROCO-N, and a large number of such 
singlet reactions are known 305-309. Triplet alkoxycarbonylnitrenes 
also undergo intermolecular reactions. Often, the relative rates 
(intersystem crossing vs. singlet reaction rates) permit both singlet and 
triplet alkoxycarbonylnitrenes to opcrate in one and the same reaction 
mixture 305-307*310-312. For the addition of skglet and triplet 
ethoxycarbonylnitrene to cis- and hm.~4-methylpentene-2 305-307, and 
isoprene 313, the results agree quantitatively with the following general 
scheme : 

- 

Side - Nitrene slow Singlet - Triplct 
precursor /cl nitrene kz nitrene t 5  products 

-> 

substrate 1cg substrate k4 

Y I 1 
Product(s) Product(s) 
from singlet from triplet 

nitrene nitrene 
Singlet and triplet nitrene reactions SCHEME 1. 
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The 'sideproducts' (rate constant k5) in this scheme include disso- 
ciation of the triplet nitrene314*315 as well as possible return to singlet 
state. 

Alkanoyl- and arcsylnitrenes , G-CO-N, have so far been obtained 
only by photolysis of the corresponding azides 62*296*316-321 or nitrile 
oxides 322. 

Typical reactions of carbonylnitrenes will be sketched in the follow- 
ing paragraphs. 

1. Dissociation of acylnitrenes 

Dissociation of acylnitrenes occurs, presumably from the triplet state, 
when carbonylnitrenes are produced in very unreactive media, or in a 
vacuum. Ethoxycar'oonylnitrene, produced by flash photolysis in 
vacuo, dissociates to 'NCO and EtO', the former being identified by its 
detailed and intense U.V. absorption spectrum. The 'NCO radical is 
not produced, however, when cyclohexene vapour is present. In this 
case, the normal double bond adduct, 7-ethoxycarbonyl-7-azabi- 
cyclo[4.1 .O]heptane is formed, as identified by its i.r. ~ p e c t r u r n ~ l ~ * ~ l ~ .  
Pivaloylni trene, t-BuCO-N, when produced in unreactive solvents, 
such as dfchloromethane or neopentane, apparently dissociates in a 
similar manner. A polymer suggested as being the product from t-Bu' 
and 'NCO is formed, and isobutene can be obtained in 22y0 yield 
(based on nitrene formed) when a stream of nitrogen is passed through 
the reaction mixture 61. 

2. lnsertion into C--H bonds 

Insertion into G--H bondsG1*s09*316.323*324 by carbonylnitrenes 

leads to alkylamides: RCO-N + H-C- -+ RCO-NH-C- 

Tertiary C-H bonds are more reactive than secondary ones, primary 
C-H bonds are least reactive. For example, the relative rates for 
insertion (corrected for the number of hydrogens of each type) into 
the C-H bonds of 2-methylbutane by ethoxycarbonylnitrene are 
about 30: 10: 1 297*324. Pivaloylnitrene is somewhat more selective61. 
Ethoxycarbonylnitrene inserts readily into bridgehead C-H bonds in 
small bicyclic systems, such as norbornane 325 or tri.cyclo[3.3.0.0 2*6] 

octane326. The insertion is stereospecific, with retention of configura- 
tion both in intramolecular nitrene cyc!izaticns 327-331 a d  in the inter- 

/ / 

\ \ 
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molecular insertion of ethoxycarbonylnitrenc into the tertiary G H  
bond of 3-methylhexane309. The deuterium isotope effect for the 
insertion of etlioxycarbonylnitrene into the G H  bonds of cyclo- 
hexane is kH/kD.= 1*5303*332. This value agrees well with the 
assumption of a tnangular transition state for the singlet insertion 63*309. 
It should be noted, however, that these data apply only to reactions of 
carbonylnitrenes with unactivated G-H bonds. The reaction of, for 
example, phenylnitrene with G-H bonds has a different mechanism, 
as indicated 332-334 by its incomplete stereospecificity and a kinetic 

'isotope effect kE/kD = 4.1 at 160": almost the theoretical maximum at 
that temperature. 

I t  appears that carbonylnitrenes insert at  2 detectable rate only in 
their singlet states, while phenylnitrene and cyanonitrene 335 can insert 
in both their singlet and triplet states. Also, activated G H  bonds 
(such as aromatic C-H bonds or those next to ether linkages) may 
react with triplet carbonylnitrenes 310-312. 

Intermolecular G H  insertion, with cyclohexane as the solvent, 
gives yields of 20-78y0 with various carbonylnitrenes 230*235*297*301. 
The yield of intramolecular insertion (cyclization) depends strongly on 
steric factors. I n  open-chain systems, the yields of y-lactams rise 
dramatically when one or two sets of geminal methyl groups are 
built into the systems, to coil up the chain and bring the G H  bond 
to be attacked into the immedizte vicinity of the nitrene function, as 
shown in Table 3. This is probably due to the short lifetime of the 
singlet nitrene. Unless a suitable G-H bond is encountered by the 
nitrene shortly after its creation, it decays to its triplet state, no longer 
capable of efficient insertion. 

TABLE 3. Yields of y-lactams from butyroyl azides31 

h i d e  Yield of y-lactam 
% 

Butyroyl azide 3.5 
3,3-Dimethylbutyroyl azide 20.1 
2,2,3,3-Tetramethylbutyroyl azide 56.2 

In rigid systems, the stereochemistry may favour insertion in one or 
two particular C--H bonds, a fact utilized in several syntheses of 
! 8" 
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25% yield 
-I- a trace of a y-lactam 
+ isocyanate 

3. Insertion into 0--H bonds 

Insertion into 0-H bonds by alkoxycarbonylnitrenes gives N- 
alkoxycarbamates together with dehydrogenation products (aldehydes 
or ketones) and the adducts of the alcohol to alkoxyisocyanates, 
RO-NCO, produced by Curtius rearrangement of the alkoxycar- 
bony1 azide 319*342-345. Very high yields of dehydrogenation products 
have been reported by one author343, perhaps because the radical- 
chain decomposition of the azide (see above) predominated. With 
t-butanol and ethoxycarbonyl azide, the yield of 0-H insertion pro- 
duct, C2H,0CONHOC(CH3)3, is 60% 344. The photolysis of benza- 
zide in the presence of water319 gave henzhydroxamic acid in 9% 
yield; a result significant in view of Hauser's 346 unsuccessful attempts 
to trap carbonylnitrenes with water in his attempts to show the inter- 
vention of nitrenes in the Curtius, Hofmann and Lossen rearrange- 
ments. 

4. Insertion into N-H bonds 

Tnsertion into N-H bonds by alkoxycarbonylnitrenes is a facile 
reaction, but is hampered by nucleophilic displacement of azide ion 
when alkoxycarbonyl azides are used as the nitrene precursor. Haf- 
ner obtained a 52y0 yield of phenylhydrazoformate, PhNHNH- 
COOC2H5, by thermolysis of ethyl azidoformate in aniline 347. Aroyl 
azides have also been used: Horner319 obtained a ld;oJ0 yield of N- 
phenyl-N'-benzoylhydrazine by photolyshg benzoyl azide in aniline. 
With more nucleophilic amines, it is better to use the a-elimination 
route to alkoxycarbonylnitrenes 3@2.303. Using this method, yields of 
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51y0 of t-BuNHNHCOOEt, and 49y0 of n-BuNHNHCOOEt are 
easily obtained 3480349.  The reaction also works well with secondary 
amines. 

5. Addition to C=C double bonds 

Addition to C=C double bonds by alicoxycarbonylnitrenes is 
stereospecific (cis) for the singlet nitrenes, and non-stereospecific for 
the triplet species 305-307. With 1 ,3-dienesY such as butadiene 360, 

isoprene 313, cyclopentadiene and cyclohexadiene 313, only 1,2-addition 
is observed. However, these primary products, vinylaziridines, can be 
thermally rearranged to pyrrolines (the apparent 1,4-addition pro- 
ducts) 313*351. 

Aziridine yields in intermolecular additions are good: addition of 
ethoxycarbonylnitrene to cyclohexene gave the aziridine in 56y0 
yield at room temperature, and in 75y0 yield at Dry Ice temperature 
(azide photolysis) 235. At a 0-2 moleyo concentration of cyclohexene 
(in dichloromethane) a 35% yield of aziridine was obtained362. 
Other olefins give similar yields. The good yields at low olefin con- 
centrations are possible because both the singlet and the triplet nitrenes 
will add readily, and the intersystem crossing of the nitrene does not 
interfere with the reaction (except for its stereospecificity, see 
above 305-307). With isoprene 313, the singlet ethoxycarbonylnitrene 
does not measurably discriminate between the two double bonds, 
while the triplet species prefers the more substituted double bond by a 
factor of two. 

The competing azide reaction, addition to give a triazoline, inter- 
feres little or not at all when carbonyl azides and unactivated olefins 
are used. However, it becomes important with enamines and enol 
derivatives (see above; section 1I.A). 
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Intramolecular addition of carbonylnitrenes to double bonds has 
been used to make a number of highly strained bi- and tricyclic 
systems 353. Thus, 4-cycloheptenecarbonyl azide, upon irradiation, 
gave the tricyclic acylaziridine 44, which is very readily hydrolysed to 
the hydroxylactam 45. Another example of Edwards' intramole- 

H 

cular aziridine formations starts with 5-endonorbornenylcarbonyl 
azide, to give the aziridine 46 and from it 47: 

6. Reactions with aromatic and heteroaromatic systems 

Ethoxycarbonylnitrene, when generated in benzene or its deriva- 
tives, expands the ring to give N-alkoxycarbonylazepines347*35G356. 

Analogously, carbonyl azide, N3CON3, gives N-azidocarbonylaze- 
pine 74 when thermolysed in benzene. Substituted benzenes give 
mixtures of azepines 347, which can be quite complex and intractable, 
because of prototropic and valence isomerizations, as observed in the 
reaction with phenol 357. Condensed aromatics, such as naphthalene, 
anthracene and phenanthrene, give the apparent CLH insertion 
products instead of isolable azepines, at least in part due to isorneri- 
zation of intermediary azepines 310*311. The formation of the azepines 
is a reaction of the singlet carbonylnitrenes only30a~310~311*358. 
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Some 5-membered heteroaromatics react with ethoxycarbonyl- 
ni trenc to form derivatj-ves of N-e thoxycarbonylpyrroles 35B. For 
example, 2,5-dimcthylthiophene gave, in 1 8y0 yield, 2,5-dimethyl-N- 
ethoxycarbonylpyrmle. This is most easily explained by postulating 
a 1,4-bridged intermediate : 

COzEt 

7. Additions to alkynes 
Alkynes add carbonylnitrenes to give 1,3-0xazoles 3c1 *360, which 

may add another rnolLc.uk of the iiiirene io give the di-adducr 48: 

N,CO,Et N-CO,Et 
Ph-C=C-Ph N Z +  

0 Et 

of3 . 
I 

0 Et 

COZEt 
I 
N 
I I  

+ Ph-C-C-Ph 
I I  
I 
N 

COzEt 

(48) 

Meinwald 361 observed, besides oxazole formation, an adduct from two 
molecules of 2-butyne and one moIecule of methoxycarbonylnitrene. 
Acetylnitrene also gave an oxazole when generated in the presence of 
phenylacetylenc 362. 

8. Additions to nitriles 
Nitriles add carbonylnitrenes to form 1,3,4-0xadiazoles 264*343n362*363. 

Alkoxycarbonylnitrenes (made either by azide photolysis, azide 
thermolysis or by the a-elimindon route) give the 2-alkoxy-1,3,4- 
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oxadiazoles described earlier by B a c c h ~ t t i ~ ~ ~ ,  perhaps by way of an 
intermediate nitrilimine (through which Bacchetti had obtained the 
oxadiazo1,es). In accord with such an ionic mechanism (bxt also with 

0 R'  

a concerted cycloaddition) only the singlet aitrene gives oxadiazole, 
while triplet ethoxycarbonylnitrene reacts with acetonitrile to form 
another, as yet unidentified, Good yields are obtained 
with many nitriles363, but acrylonitrile reacts mostly at the C=C 
double bond, to give a 730J, yield of cyanoazkidine and 14% oxadia- 
zole 363. 

9. Addition to isonitriles 

carbodiimides 366 : 
Isonitriles add ethoxycarbonylnitrene to yield N-alkoxycarbonyl- 

t -  Bu-NC + N-COOEt + t-BU-N=C=N-COOEt 

10. Addition to sulphoxides 

Sulphoxides add carbonylnitrenes to give sulphoximines 2980318* 

319.367: 

0 
II 

ROOC-N + OSR; + ROOC-N=SR; 

For a more comprehensive treatment of nitrene chemistry in general, 
the reader is referred to Chapter 5 of this book, and to reviews that 
have appeared recently242~388*369. 
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II. INTRODUCTION 

Vinyl azides have been known since 1910 when the simplest repre- 
sentative, azidoethylene, was prepared by Forster and Newman l. 
During the next half century no new vinyl azides were isolated. The 
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past decade, however, has witnessed a growing interest in these com- 
pounds and preparative methods have been developed which make 
available a wide variety of derivatives. Among the reasons for this 
renewed interest are an active interest in the mechanism of organic 
azide decompositions and the discovery that the dccornposition of 
vinyl azides offers a simple route to azirines. 

Vinyl azides are characteristically yellow compounds most reactily 
identified by the presence of strong i\T, and moderate to weak C=C 
stietchiilg frequencies near 4.7 pm and 6.1 prn respectively, in their 
infrared spectra. 

Although Forster and Newman commented on the somewhat sur- 
prising stability of rheir vinylazoimidc’ ly later authms‘ reported 
detonations of this matcrial. Aryl or alkyl substituents appear to have 
a stabilizing effect since vinyl azides so substituted are generally 
stable at room tempcratures and undergo decomposition smoothly 
at  elevated temperatures. Vinyl azides with electron-withdrawing 
substituents are frequently unstable at  room temperature and some, 
including the /3-azidovinyi ketones 3, have been found to explode 
violently. 

In this chapter we will present a review of the literature through 
1969 on the preparation and reactions of vinyl azides, then discuss 
briefly the conclusicns which may be drawn concerning the mecha- 
nism of vinyl azide decompiuon. A short section will also be 
included on the chemistry of azidoquinones. 

I!. PREPARATIVE METHODS 

A. Addition of XN3 to Afkynes 

The most obvious route to vinyl azide synthesis lies in the addition 
of hydrazoic acid to an alkyne. Unfortunately, this reaction has been 
found to be successful with only one group of compounds, the esters 
of acetylene dicarboxylic acid (equation 1) *. Acetylene mono- 

ROZCC=CCOZR + HN3 __f ROZCC(N3)=CHCO,R (1) 

carboxylic acids and tk i r  derivatives, as well as alkyl and aryl sub- 
stituted acetylenes, are unreactive. 

A more successful approach is found in the addition of iodinc or 
bromine azide to alkynes5s6. Iodine azide has been found to add 
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regiospecifically* to 1-phenylpropyne (1) to give a mixture of the cis 
and trans isomers of 2-azido- 1-iodo- I-phenylpropene (2) 5. Similarly, 
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phenyl( 1-hydroxycyclopenty1)ethpe (3) and phenylethynyl bromide 
(5)6v8 react with iodine azide to give the corresponding v iq l  iodo- 
azides 4 and 6. Bromine azicle, on the other hand, adds to 1 to give a 

mixture of the regioisomers 7 and 85. Presumably, 7 results from an 

ionic addition of bromine azide analogous to the addition of iodine 
azide, whereas 8 is formed by a free radical reaction. 

5. Efimincition of HX from Suitably Constituted Wzides 

By far the most general method yet found for the preparation of 
vinyl azides is the elimination of HX from compounds of the type 9. 
Indeed, Forster and Newman's preparation1 of azidoethylene was 

N3 
I I  - HX 

\ 
-c-c- 

I 1  

(9 )  

H 

* The term regiospecijiccity was introduced by Hassner7 in rcfcrence to the 
A reaction is said to directional or orientational preference of bond formation. 

be regi0spec;l;c if only one of two or more possiblc structural isomers is formed. 
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accomplished by treating 1-azido-2-iodoethane with potassium hydro- 
xidc in aqueous alcohol (equation 2). The azido group is generally 

stable toward alkalis aad base-induced eliminztion has been used 
successfully with numerous other p-azidoalkyl halides and sulpho- 
nates 2*9-13. 

The major problem in this sequence of reactions is the preparation 
of the necessary precursors. Fortunately, the addition of iodine 
azide to olefins has provided a convenient route to many of these com- 
pounds. In the mzjority of the olefiiis studied, this addition has been 
found to be regiospecific and, assuming iodine to be the cation, in 
accordance with Markownikov's rule. Thus, addition of iodine azide 
to a terminal olefin followed by dehydroiodination leads to the for- 
mation of the internal vinyl azide (equation 3j. bloreover, the base- 

induced e1im.ination of hydrogen iodide is in many cases both regio- 
and stereospecific. For example, the iodoazides derived from nS-2- 
butene (10) and tram-Zbutene (11) give, respectively, the tram- and 
n's-2-azido-2-butenes (12) and (13) ll. 

/N3 
M e  
\ 

M e  
/c=c \ /c=c \ 

\ /H - H I  \ / 

/c=c \ 

-!% MeCH(N3)CHIMe 
/Me 

M e  
\ 

H threo H 

(W (12) 

H 

M e  M e  M e  

MeCH(N3)CHIMe 

M e  erythro H 

(11) (13) 

\ 
N3 

/c=c 
H 

Hassner and co-workers explained the regiospecificity of these 
eliminations by assclming a directive effect of the azido group, while 
the stereospecificity, they argued, results from .a strong preference for 
trans elimination of the elements of hydrogen iodide ll. In  some cases 
these two effects may be incompatible. With iodoazides derived 
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from cyclic olefins of intermediate size, for instance, the tendency to- 
ward tram elimination has been found to outweigh the directive effect 
of the azido group. Thus elimination of hydrogen iodide from tr~m-1- 
azido-2-iodocyclopentane (14a) and the analogous cyclohexane deri- 
vative 14b gives ally1 azides 15 rather than the vinyl compounds. 

(a) n = 1 
(b) n - 2  

(14) (15) 

However, the products of the reaction of medium sized cyclic olefins, 
such as cyclooctene, with iodine azide did decompose to give the vinyl 
azides ll. 

The regiospecificity of the addition reactions has been accounted for 
by assuming the intermediacy of a cyclic iodonium ion 1611. This 
would be expected to undergo ring-opening in such a way as to 
provide maximum stabiiity for the incipient carbonium ion (i.e. to 

I . .  . .  . .  . .  : -t .. 
RHC- CH, - R;HCI-!~I 

form the secondary rather than the primary ion). Thus the presence 
of a substituent such as phenyi, which can egectiveiy stabiiize a 
carbonium ion, results in completely regiospecific addition to give the 
Markownikov product, while strongly destabilizing substituents such 
as carbonyl result in regiospecificity ir, the opposite direction. 

Anti-Markownikov addition may also result from steric hin- 
drance 11.12. Addition of iodine azide to thc moderately hindered 
compound 3-methyl-1 -butene (17) followed by dehydroiodination 

N3 
I 

P i-PrCH=CH, 1- i-PrCH=CHN3 IN, ~ - H I  i-PrCH=-CH, 

(17) (18) (19) 

gave a mixture of the regioisomers 18 and 19 with the internal azide 
PS predominatingll. Reaction of the very hindered olefin 3,3- 
dimethyl-1-butene (20) gave only the terminal azide 21 ll. 
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IN HI 
t-BuCH=CH, --b t -BuCHICH,N3 __t t-BuCH-CHN, 

(W (21) 

I t  is apparent, then, that precursors for terminal virlyl azides are 
obtained following iodine azide addition to olefins only when rather 
unusual steric or electronic factors are operating. A number of other 
reaction sequences have been investigated in the search for a general 
approach to the terminal compounds. The opening of a, terminal 
epoxide by azide ion leads to an azidohydrin which can be readily 
dehydrated l3 (equation 4). Unfortunately, this reaction sequence 

0 
/ \  - H,O + RR'C=CHN, (4) RR'C- C H 2  -%- RR1C(OH)CH2Ns 

seems to be practical only when the suhstituents R and R1 are bulky 
enough to ensure that the azide ion will attack mly the terminal 
carbon. Thus, while 1, I-diphenylethylene oxide, on treatment with 
sodium azide and subsequent dehydration, gave a 50y0 overall yield 
of the desired vinyl azide 13, 1-methyl- 1-phenyl-ethylene oxide gave 
only a 25y0 yield13, and an at temp to prepare B-azidostyrene (22) 
tiom styrene oxide was completely unsuccessful 14. 

The preparation of 22 was a c c ~ m p l i s h e d ~ ~  by a sequence involving 
the sodium borohydride reduction of phenacyl azide, followed by the 
cor,...ersisn of the resulting azidohydrin to the azidochloride, which 
was then subjected to base-catalysed elimination (equation 5). 

PhCOCH,N, _Q P h C H ( 0 H ) C H z N j  4 

PhCHCICHzNj  __f PhCH=CHNS (5) 
(23) 

A better mcthod for the prcparation of the terminal isomers has 
resulted from the observations that bromine azide, unlike iodine azide, 
may be induced to add to olefins by a free-radical mechanism16. 
Thus, when styrene was subjected to the addition of bromine azide in 
pentane a quantitative yield of the precursor 23 for the terminal azide 
was obtained, while reaction in a more polar solvent gave a very high 
yield of the opposite regioisomer 24. 
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PhCHBrCH,N, P h CH (N,)C H2 Br 
(23) (24) 

C. Addition-Elimination Reactions 

A useful, although soiriewhat limited, method of preparing vinyl 
azides involves the addition of azide ion to vinyl hdides with suh- 
sequent elimination of halide ion. This reaction is only possible when 
the halogen is located /I to a group which can effectively stabilize the 
intermediate carbanion. A number of alkyl and aryl substituted j?- 
chlorovinyl ketones (25) have been found to react in this way3-17. 
In many cases, however, the resulting 8-azidovinyl ketones (26) cannot 

1- RCOCR'=C R2N3 N; -ci- 
ROCR'=C R2Cl + 

be separated from the starting material. Use of the tertiary ammo- 
nium salts (27) instead of t ? e  chlorides leads to more easily separable 
reaction mixtures 3. 

[RCOCR'=C R2N'Me,] CI- 
(27) 

Analogous addition-elimination reactions have been carried out on 
(9-fluorenylidene) alkyl halides l3 and tosylates l8 (equation 6) ; 
1,2-di-p-toluenesulphonylcthylene (equation 7) and 2,2-dicyano- 
vinyl chlorides 2o (eqLlation 8). 

N;. 
TsCH=CHTS __f TsCH=CHN, 

Ni 
(NC),C=CCIR + (NC),C=C (N3)R 
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Perfluorinated olcfins have been found to give both vinyl azides and 
the saturated fluoroazides on reaction with triethylammonium 
azide 31-23; apparently the intermediate carbanion tends to abstract a 
proton in this case. Reaction of hexafiuoropropene (28) with sodium 
azide in DhlF leads stereospecifically to the trans azicle 29. 

\ 
CF3 

NaN, 

/c=c \ 
CF3CF=CF2 - * 

i n  a reaction quite similar to the aforementioned addition-elimina- 
tion rcactions, conjugated vinyl azides have been obtained from cer- 
tain terminally unsubstituted a!lenic esters (equation 9) 24. 

8. Use of Phssphoroorganic Compounds 

The cyclic p-azidovinyl carbonyl compound 30 was preparcd 25 by 

PhBP Ph36 Ac - J> N2N3 * 

ph233 0’ - 

0 
0 0 

,o\ / M e  

0 

,N 3 

__f b’eb (10) 

0 
0’ 

(30) 

acylation of the corresponding u-acyl-a-alkyl-rnethylenetriphenyl- 
phosphorane followed by reaction with sodium azide (equation 10). 
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MeC(N,)=sC(CO,Et)Me (cis and m n s )  

The p-azidoacrylester 81 was obtained 25 by a correspcnding xeaction 
sequence and also on direct treatment of the phosphorane with acetyl 
azide. Unfortunately, a number of other phosphoranes treated with 
either acetyl azide or acetyl chloride and sodium azide cyclized to 
4,5-N-acety1-lJ2 ,3-triazoles 25. 

(31) 

E. Preparation of Diazides 

Diazides may be prepared most easily by double addition-elimina- 
tion reactions of azide ion with suitable geminal or vicinal dihaloole- 
fins. For example, treatment of the dich1orid.e 3% with sodium azide 

gives 2,3-diazido-N-phenylmaleimide (33) 26. 

quinones have been prepared in this manner (section V). 
A number of diazido- 

iii. REACTiwNS O F  V i N Y R  AZPBES 

The overwhelming majority of vinyl azide reactions involve the expul- 
sion of  molecular nitrogen and subsequent reorganization of the 
remainder of the molecule. Such decompositions may be initiated 
thermally or photochemically. Azirines are fi-equently isolated from 
the reaction mixtures, but a great varie?j of other products, including 
nitriles, dihydropyrazines indoles and isosazoles have also been 
obtained. 

The decomposition method employed often determines the type of 
products isolated Erom a given azide. Such an observation can be 
explained as due to secondary reactions of unstable primary products, 
and does not necessarily indicate that more than one pathway is 
involved in the initial decomposition. For example, photo-induccd, 
in contrast to thermally induced deccmpositions of terminal vinyl 

19 + C.A.0. 
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azides, frequently allow the isolation of azirines. In addition, the 
products obtained photochemically are generally free of the imino- 
ketenes or nitriles which are often present in the thermally generated 
product mixture. Unstable reaction intermediates will be meiitioned 
in this section when there is reasonable physical or chemical evidence 
for their existence. A general discussion of mechanisms d i  be 
presented in section IV. 

A limited number of reactions of vinyl azides are known in which 
molecular nitrogen is not extruded. These reactions, which will be 
discussed in Part C of this section, include nucleophilic displacement of 
the azido function and isomerhation of the vinyl azide to a triazole. 

Gerald Smiolinsky and Coralie A. Pryde 

A. Thermally and Photochemically Induced Expulsion 

1. Reactions of vinyl azides stable at room temperature 

As noted before, the products most frequently obtained from 
decomposition of vinyl azides are 2E-l-azirines, particularly when the 
azido group is not located on a terminal carbon. Thus vapour phase 
pyrolysis of I-phenyl or 1 - (o-toly1)vinyl azide (34) gave azirines, 

N P h  

CH, I!, -+ /N\ + ArN=C=CH2 
A r  N3 Arc-C H, 

Ph 

35, in abw-1.t 8 n ~ o  yield0. A lower yield was obtained ficrr. 2-zzidc-l- 
hexene (34, R = n-butyl) g. Small quantities of iminoketenes 36 also 
were formed in these reactions as indicated by the infrared spectra 
of the crude pyrolysa,tesg. Irradiation of very dilute solutions of CL- 

azidostyrene (34, Ar = Ph) in benzene led to a better than 85% yield 
of the expected 2-phenylazirine (35, Ar = Ph) as well as 10% of 4- 
phenyl-3-phenylimino-1-azabicyclo C2.1 .O] pentane (37) 27. The lat- 
ter compound is assumed to result from the photoinduced addition of 
N-phenylim-noketene (36, Ar = Ph) to the azirine. 

Gas phase thermolysis of methyl azidofurnarate (38) gave moderate- 

CHC0,Me 

C C O2 F\rl e + N= 
/ \  

Me0,C N3 
/ 

c=c 
\ 

/ \ 
C O z M e  H 

(38) (39) 
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ly good yields of azirine 39 13. Photolysis of the ethyl azidocrotonates 
40 (R = H, Me) in bznzene solutio~ gave nearly 80% yields of the 

azirines 41 (R = H, Me) along with about 2Oy0 of the imkoketenes 
4 2 2 4 .  

On ultraviolet irradiation, tlie internal vinyl azides 48 gave good 

/R 
R2 
\ 

PC \ 
R' N3 

(43) 

R' R2C- 

(44) 

a b c d  e f 9 h  
R Ph Ph P'n Ph PhCH, PhCHZCH, ~ - B u  Et 
R' H H H P h H  H H H 
R2 H M e  Ph H H H H Et 

$elds of azirincs 4428. 
yielded the bicyclic azirhes 47 and 4B28s. 

Photolyscs of the cyclic vinyl azides 45 and 46 

Decomposition of 9- ( I  -azidoethylidene)fluorene (49) in refluxing 
benzene led to high yields of the spiroazirine 5013. In  contrast, 
pyrolysis of tlie terminal vinyl azide, 9- (azidomethylene) fluorene (51) 
in benzene led to only one identifiable product, 9-(A:N-fluorenylidene- 
aminomethy1ene)fluorene (52), which was isolated in 25y0 yield 13. 
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However, photolytic decompositionla of 51 at - 15" followed by a low- 
temperature work-up gave the spiroazirine 53, which on warming in 
the presence of atmospheric oxygen reacted to give fluorenone and 52. 

In some cases the azirines formed froin internal azides may also be 
unstabie to the pyrolysis conditions and undergo further rearrange- 
ment. Thus, while decomposition of cis- or trans;R-azido-/?-methyl- 
styrene (55) in refluxing ligroin (100") gave 2 cpntitative 6eld I nf 
azirine 55, pyrolysis in hexadecane (287") yielded only 2-methylindole 
(56)28. Strong evidence for the intermediacy of the azirine in the 

formation of 56 was obtained on conversion of 55 to the indole 56 by 
refluxing in hexadecane 'O. 

Pyrolysis17 of the cyclic p-ketovinyl azide 57 at 50" gave the isoxa- 
zole 58 rather than the bicyclic azirine 59 which would be expected to 
possess a high degree of strain energy. 
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Thermolysis of terminal vinyl azides has generally led to the 
isolation of products other than azirines. A number of fl-azido- 
styrene derivatives have, on pyrolysis, yielded indoles. Thus /3- 
azido-a-methylstyrene, (60) when boiled in mesitylene, produced 8x1 
SOYo yield of 3-methylindole (61) and 9% of a-phenylpropionitrile 
(62) 13. Decomposition of the same compound in ethanol, however, 
gave only a trace of the indole; the major product, isolated in about 

Me Me 

P hCH (C N) M e 
P hXl7 p h 

I 

M e  

PhC=CHN3 aTIMe 
SOY0 yield, was 2,5-ciimethyT-'Ly5-dipher~yl~l~~f~ropye (63). 
Similarly, 2-azido-1 , 1-diphenylethylene (SQj gave 82y0 of 3-phenylin- 
dole (65) on decomposition in refluxing toluene, but only 53% of 65 
and 20Ys of 2 , Z Y 5 , . 5 - t e ~ a p h e I ~ ~ ~ ~ ~ r ~ ? ~ ~ ~ ~ ~ e  (65) when the decoiii- 
position was carried out in 

Pyrolysis of p-azidostyrene (22) in boiling hexadecane gave a 4 3 x  
yield of indole (67) and an equal amount of phenylacetonitrile (68) 29. 

When 22 was pyrolysed neat in the injection port of a gas chromato- 
graph, the only product identified was the nitrile, isolated in 74y0 
yield15. Only nitrile '70 was found when p-azidovinyl f-tolyl sul- 
phone (69) was boiled in methano130. Ultraviolet irradiation of 69 

5 
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in ethanol gave 2:3-di-~-toluenesul~hcr;ir!az~ridine (72) 30. The infra- 

H 
N 

/ \  
C t-ITS TsHC- TsH C- 

TsH 
N 

red spectrum of the crude reaction mixturc showed an absorption at 
565 pm, indicating that the azirine 71 was probably an intermediate 
in the reaction. 

Pyrolysis of the terminal 
i 10' ied to the formztion 

B 

ketovinyl azides 73 at temperatures below 
of isoxazoles 74 and nitriies 75 with the 

R 

proportion of isoxazole to nitrile decreasing markedly as the sub- 
stituent R was varied from phenyl to methyl to hydrogen 17. Reaction 
of phenyl ethynyl ketor,e with sodium azide in an aqueous so1ution3l 
gives a number of products including 5-phenyIisoxazole (74, R = H). 
Since 74 was also obtained from 73, it seems reasonable to suggest that 
73 is an intermediate in this reaction. h i d e  73 can be formed from 
the phenyl ethynyl ketone by addition of azide ion to the terminus of 
the triplc bond resulting in a resonance-stabilized carbanion 76 which 
abstracts a proton from water. 

Photo-induced decomposition of the /3-azidovinyl kerones 73'*32 
leads, as does the thermal!y induced reaction, to the isolation of isoxa- 
zoles 74 and nitriles 75. I t  seems likely, however, that azirines may 
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PhC'CECHN, 1 
initially be formed in this reaction since other workers have shown33a 
that irradiation of 2-pbenyl-3-benzoyl-1-azirine (78) with light of 
wavelength longer than 30Qnm results in its conversion to 3,5- 
diphenyl isoxazole (77) , a reaction which was reversed on irradiztion 

P h 

,!\ 

PhC- 'CHCOPh 
P h  253.7 nrn 

0 

with 253-7 nm light. Further irradiation of the azirine 78 at 253-7 nm 
converted it to the isomeric isoxazole 79. Other ar)rl-substituted 
3-benzoyl-1-azirines have also been found to undergo this type 
of t ran~for rna t ion~~~.  In addition, it has been found that heating 
3-phenyl-5-alkoxyisoxazoles to 200" converts them to 2-phenyl-3- 
carboalko~);-l-~ii-iilcs"q (equation i I). 

Ph. 

N SOR 200' + PhC- CHC0,K 

0 

Irradiation of the cyclic azidovinyl ketone 80 in aqueous tetrahydro- 
furan was found to give the 7-membered ke:o lactam 8132. This 
reaction appears to bc analogous to the acid-induced decomposition 
of azido-o-quinones (see section V). 

The recently reported results of Isomura and co-workers 35 suggest 
that azirines are generally fornied c a  pyrolysis of t e r m i d  azides, but 
that 2-unsubstituted azirines are too unstable to survive most pyrolysis 
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I 
H 
(81) 

conditions. 
pyrol)-sis and photolysis of a series ofterminal azides, (82). 

They base their conclusion on the results of a study of the 
For exam- 

:-I 
IV 

/ \  
RR'C- c H2 R R' C- 

/H 
R 
\ 

c=c 
/ '\ 

R' N3 (83) (84) 
(82)  

a b C d e  f g h  
R /I-R PhCHzCHz H Et Ph Ph Ph H 
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ple, they found that azirine 83fas well as the previously reported13 
indole 65 could be isolated when vinyl azide 82fwas heated in reflux- 
ing benzene for one hour in the absence of oxygen. The inter- 
iiiedky of iizh-iiles was further indicated by the observation that 
aziridines 846,  84c and 84e were isolated after lithium aluminium 
hydride reduction of the crude pyrolysates obtained from the corres- 
ponding vinyl azides. Not surprisingly, 2-unsubstituted azirines 83 
were obtained from all the vinyl azides 82 on photolysis at 365 nm at 

The introduction of a second azido group in a geminal or vicinal 
position on the double bond might be expected to result in a relatively 
unstable compound. Such a prediction appears to be borne out by 
the fact that as yet no simple alkyl- or aryl-substituted geminal or 
vicinal diazide has been isolated. However, such compounds have 
been postulated on occasion as intermediates, as will be discussed in 
section III.A.3. 

Decomposition of the relatively stable 2,S-diazido-n~~henyl- 
maleimide (38) in refluxing benzene led to high yields of N,N- 
bis(cyar.ocarbonyl)aniline (85) 13. This result is in keeping with the 

- 50". 
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observation 36 that thermolysis of ortho-diazidobenzenes and 1,Z- 

diazidonapthalene (86) givcs ringopening to dinitriles. 
diazide 87 formed phthaloyl cyanide (58) on decomposition 37. 

Similarly, 

0 
COCN 

COCN 

2. Reactions of vinyl azides unstabie at  room temperature 

The alkyl- and aryl-substituted vinyl azides discussed above are all 
reasonably stable at room temperature. However, the introduction 
of strongly electron-withdrawing substituents on the double bond 
appears to facilitate thermal decomposition of these compounds. h 
number of azides thus substituted have been found to decompose at 
room temperature cr be!sv.r. 

trans-Perfluoropropenyl azide (29), for example, loses nitrogen 
smoothly at room t e m p e r a t ~ r e ~ ~ . ~ ~ .  The major product is azirine 
(89j but variable amounts of the isomeric azirine 90 have alko been 
reported. The latter compound probably results from isomerization 
of the initially produced 89 by hydrogen fluoride formed by the 

presence of trace amounts of water in the reaction mixture. A 
report21 that 29 forms perfluoroazet-2-ene (91) could not be sub- 
~ t a n t i a t e d ~ ~ . ~ ~ .  

19* 
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The geminal dicyanovinyl azides (92) also decompose, although 
rather slowly, at room temperature 20. When the decomposition is 
carried out in aprotic solvents, only polymeric products are obtained. 
Pyrolysis in the presence of ethanol or hydrogen chloride, however, led 
to the isolation of the 2-aniinoethylene-1 , I-dicarbonitriles (93). This 
result indicates that iminoketenes are intermediates (equation 12). 

X 
I 

R N  HC=C (CN), (12) RC=C(CN), Fi13 --+ RN=C=C(CN), + HX 

(92) (03) 

Addition of iodine azide to phenylethynyl bromide (5) results in 
formation of the very unstable 1 -azido-2-bromo-2-iodo-l-phenylethy- 
lene (6)6i8. Pyrolysis of 6 yields dicyanostilbene (94) rather than 
the expected 3-bromo-3-iodo-2-phenylazirine (95) ‘ s 8 .  Reaction of 

C N  CN 
I I  

(94) 

PhC=C Ph 

6 with aniline, however, gave N,W-diphenylbenzamidine (96) , which 
was postulated to have zrisen by way of the azirine 95 (equation 13) O. 

N m r-* 
t 

PhC- 4 ‘C~Br PhYH,> PhC- C-X ---p PhC-CN 

CNPh 
H 

I I  
NPh 

I 

PhNH, (13) -1 
(95) 

PhC-N HPh 
II 

PhC=CIBr 

NPh  
I 
N3 
(6 )  (96) 

Irradiation of a benzene solution of 6 with 253.7 nm light produced 
9,lO-dicymophenanthrene (97) in about 20yo yieid 8. When the 
photolysis was carried out in methanol, small amounts of methyl 
benzoate were also found. i t  has been suggested8 that the dihalo- 
azirine 95 is formed, then undergoes reaction with the alcohol to give 
first benzoyl cyanide and then the observed ester (equation 14). 
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C N  
I 

N 

P h C02  M e (14) PiiCOCN h'eoH + PhC- 'CIBr MeOH 

(95) 

Vinyl azides with two bulky substituents cis to each other on the 
double bond may be thermally quite unstable. Thus I-azido-rk- 
stilbene (98, R = Ph) and methyl p-azido-cis-cinnamate (98, R = 
C0,Me) were found, even at temperatures below Go, to lose nitrogen 
and form 2,3-diphen;rlazirine (49, R = Ph) and 2-carbomethoxy-3- 

phenylazirine (99, R = CO,Mc), respective!yllsl". The treys iscmer 
of I-azidostilbene could be isolated and purified at room iempera- 
ture 12. 

3. Reactions assumed to involve vinyl azidcs as intermediates 
Treatment of 1-phenylpropyne (I) with iodine azidz yidds a mix- 

ture of the cis and t.rans isomers of the vinyl iodoazide 2 along with 
about a 25y0 yield of benzonitrile (100) 5. 'The nitrile is also formed 
wlier, 2 is treated with icdine azide at 25". 'These observations were 
rationalized by assuming a displacement of iodine by a second azide 
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moiety resulting in an unstable vicinal diazide 101, which is dc- Loril- 
posed Lo the nitrile (equation. 15) '. 

An attempt to prepare the gcminal diazide 103 from 9-(dichloro- 
methy1ene)fluorene (102) and sodium azide at room temperature 
resulted in the fgrmation of 9-azido-9-fluorenecarbonitrile (104) 13. 

This product can be explained as arising from the diazide PO3 by loss of 
molecular nitrogen from one azido group, followed by rcorganization 
of the remaining atoms. 

(102) (103) (104) 

The isolation of the furoxan 107 following reaction of 1,2-dinitro- 
olefins 105 and sodium azide W E S  explained 3Q by assuming addition of 
azide ion to the double bond, followed by elimination of nitrite ion to 
form 1-azido-2-nitroolefins 106. These vinyl azides could undergo 
loss of nitrogen concerted with cyclization to give 107. 

A vinyl azide intermediate has been invoked to account for the for- 
mation of 3,5-dibromo-2-hydroxybenzonitrile (109) in the pyrolysis of 
90839. The elimination of the elements of hydrazoic acid from 108 
would give a terminal vinyl azide which might reasonably be expected 
to decompose and rearrange to the cyanide via an iminoketenc 
(equation 16). 

The formation of phenylcyanoketene (112) on reaction of 3-halo-4- 
phenylcyclobutenedionc (110) with sodium azide most likely proceeds 
by way of the vinyl zzide 111 which loses nitrogen and carbon mon- 
oxide forming ll2*O. 

The a-azido acid chlorides 113, on reaction with amines, are 
assumed to form the extremely labile a-azidoketenes 114 which niay be 
trapped as lactams PP6 when thc reaction is carried out at - 60" in thz 
presence of Schiff bases41. Only the nitriles 115 were isolated fol- 



10. The chemistry of vinyl azides 575 

Br Br 
(109) 

C N  'no N3n0 + PhC=C=O I 

Ph 0 Ph 0 

lowing reactions of 113 with amines at  temperatures above -30". 
It has been suggested that azirinones 117 are the most plausible inter- 

N3 N3 I 

(113) (114) (115) 

Et,N I * RC=C=O RCN -I- N, + CO RCHCOCI 

mediates in the decomposition of the azidoketenes, but that triazoiones 
118 could be involved4In. 

RC- //N\co >-To R 

\ 
N 

N 
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B. Acid-Induced Loss of Nitrogen 

As do other azides, vinyl azides undergo loss of molecular nitrogen 
and rearrangement in the presence of strong mineral acids. Such 
acid-catalysed decompositions have not been extensively studied. 
One example, however, is the addition of hydrochloric acid to a 
glacial acetic acid solution of /3-azidovinyl phenyl ketone (73, R = H), 
which led to the isolation of a high yield of cyanomethyl phefiyl ketone 
(76, R = H) and a sinall amount of 5-phenylisoxazole (74, R = H) 3. 
Thermolysis of this ketone gave very similar  result^^^*^^. (See 
section III.A.l.) 

C. Reactions not involving Loss of Molecular Nitrogen 

The products discussed in the preceding sections, despite their 
great variety, have one feature in common, i.e. in each case their 
formation involved loss of molecular nitrogen from the starting azide. 
However, a limited number of reactions of vinyl azides are known 
which do not involve the expulsion of nitrogen. Decomposition of 
azidoethylene at temperatures below 70" in the presence of free 
radical initiators, such as benzoyl peroxide or azobisisobutyronitrile, 
gives smaii amounts of a white polymer. Above 70" the polymcr dis- 
colours and the elements or liycirazoic acid are evolved z. 

h i d e s  are generally stable in the presence of bases and nucleophilic 
displacement of the azido group is uncommon, but displacements have 
been observed on a few vinyl azides. Reaction of fl-azidovinyl 
phenyi ketone 73 (R = H) with piperidine gave phenyl-2-piperidino- 
vinyl ketone (l19) and reaction of the same azide with sodium 
hydroxide in aqueous methanol gave the dimethyl acetal 

PhCOCH=C P h COC H 2C H (0 M e)z PhNHCR=C(CN)2 

(119) (120) (121) 

Similarly, the 2-azidoethylene-I, 1-dicarbonitriles (92) were found to 
react with aniline to give the corresponding anilino derivatives P2120. 

Reaction of phenyl ethynyl ketone with sodium azide in an aqueous 
medium, it will be recalled, gave the isoxazole 74 (R = €3). When 
this reaction was carried out in dimethylformamide, qinite different 
results were found; in this case the sodium salt of 4-benzoyl-1,2,3- 
triazole was isolated in good yield3. The formation of this product 
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could result from thc cyclization of the carbanion 76 which would be 
formed by addition of azide ion to the ethyne (equation 17). Dirne- 

0 

0- 
t i  

PhCOC-CH % PhC-C=CHN3 

thy1 sulphoyide solutions of #I-azidovinyl p-toiyl sulphone containing 
bases such as azide, p-toluenesulphinate or t-butoxide ions produce 
4 or 5-p-toluenesulphony~triazole (122) at room temperature lo 

(equation 18). 

iV. MECWAWIISPUP 

In most cases it is easy to rationalize the products obtained from vinyl 
azide reacticns which do not involve the loss of fiiokcuhr niiiogen. 
For example, the substitution of the azido group by a nucleophilic 
reagent in the 2-azidovinyl ketone '73 (R = H) and the @-dicyanovinyl 

9- N3 
X- I: I -N; 

PhCOCH=CHN3 + PhC-CHCHX + PhCOCH=CHX (19) 

N3 N3 X 
i X' --" I 

RC=C(CN)z __f R(!X--C(CN), 4 RC=C(CN)2 (20) 
(92) 

compounds 92 are obviously addition-elimination reactions in which 
the addition step is favoured by resonance stabilization of the initially 
formed carbanion (equations 19 and 20). Cyclization of azidovinyl 
carbanions 123 to anions of triazoles 124 is quite obviously analogous 
to the well documented l9 isomerizations of the isoelectronic imidoyl 
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zzides 3 r d  t!iioacyl azides (125, X = NH, S) to tetrazoles and thia- 
triazoles (125, X = NH, Sj, rcspectively. 

An explanation for the production of nitrilcs from terminal vinyl 
azides is found in a mechznisrn (enuation 21) analogous to that for the 
Curtius rearrangement of acid azides to isocyanates and is consistent 

? 

\ \ 

/ 
---+ C=C=NH+ CHCN (21) 

\ 

f 
\ / 
H 

with the production of N-substituted iminoketenes from tlie decom- 
positicjn of internal vinyl azides. 

Undoubtedly, acid-induceti decomposition of vinyl azidcs involves 
the loss of molecular nitrogen concertcd with new bond formation 
in a protonated azide species. For cxamplc, the acid catalysed deccm- 
position of p-azidovinyl phenyl ketones 73 (R = H)3  proceeds via 
two competitive pathways giving eithcr citriles (equation 22) or isoxa- 
zoles (equation 23). 

H 
PhCOCH=C'NH--N, I? + r" -* 

+ 
(22) PhCOCH=C=NH, .__f PhCOCH2CN + H+ 

C H  \ 
Ph 

Until recently it was difficult to envision a single, unified rnechanis- 
tic scheme that would satisfactorily explain the forination of the many 
different products isolated from vinyl azide decomposition reactions. 
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Most prod.ucts can be rationalized as arising either directly from the 
vinyl azide by concerted loss of molecular nitrogen a::d fornation of 
the new bond, or through the intermediacy of a vinyl nitrene. (Argu- 
ments for and against vinyl nitrene formation will be discussed later 
in this section.) However, neither the concerted nor the vinyl 
nitrene mechanism explains why azirines have been so rarely isolated 
from the decomposition of terminal vinyl azides. Nor do they resolve 
the differences often found between thermal and photocherrical 
decompositions of a given compound. These observations may be 
explained by assuming that iminoketenes and/or azirines are thc 
primary producia of vinyl azide decompositions, but that the azirines 
are often unstable toward the reaction conditions. Ring-opening of 
the azirine followed by reorganization could lead, where possible, to 
isoxazoles, indoles and perhaps dimerization to dihydropyrazines. 
However, forrmtion of the latter compounds occurs most readily in 
alcoholic media l 3 a Z e b ,  thus their formation may actually involve prior 
a d d i t i ~ n ~ * ~ ~ ~  of the alcohol across die C=N bond, ultimately opening 
the ring to an equivalent of an a-<iminoketone or aldehyde, which are 
known precursors for dihydropyrazines 13. 

It has been suggested la that 9- (N,N-fluorenylideneaminomethylene) 
fluorene (52) is formed by decomposition of the labile spiroazirine 63 
to 9-fluorenylidene (127) which, in the absence of oxygen, adds to a 
second molecule of 53 to give 52 (equation 24). i n  the presence of 

oxygen 127 reacts to form fluorenone (128) la. 

The isolation13 of 9-azido-9-fluorenecarbonitrile (104) from the 
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reaction of 9-(dichloromethylene)fluorene (102) with sodium azide 
can best be rationalized by assuming formation of a labile geminal 
diazide 103, which imes molecular iiitrogen and cyclizes to azido- 
azirine 129. Like all other iminoazidcs, 129 would be expected to be 

(103) (129) 

(130) (104) 

in equilibrium with its isomeric tetrazole 130, which opens to the 
unstrained azidonitrile 184. 

In considering a mechanistic rationale for vinyl azicie c5emistry cne 
is strongly tempted to invoke a vinyl nitrene intermediate in either its 
singlet, 131 or triplet, 132, state. The existence of nitrenes has been 

\ /  
c 
It 
C 

/ \.. 
N 

\ /  

II 
/ \. 
C 

C 

N: 

established in the decomposition of a variety of azide derivatives42 
and nitrene intermediates car, be used to explain the formation of all 
the products obtained from vinyl azides. Some authors29 have 
argued that the ease with which vinyl azides lose nitrogen and re- 
arrange to azirines suggests an analogy to the f a d e  rearrangement of 
vinyl carbenes to cyclopropenes. Conversely, others 15*22*23 have 
argued that this very ease of reaction suggests participation by the 
double bond with loss of nitrogen concerted with formation of the 3- 
membered ring. No spectral evidence was found for the formation of 
vinyl nitrenes during the decomposition of vinyl azides 43 ; furthermore, 
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attempts to trap these intermediates have not been successful23. 
Therefore, we are inclined to believe that vinyl nitrenes Zic not formed 
directly from the decomposition of vinyl azides. They may very 
likely arise, however, frcm ring-opening of azirines. 

V. REAWWANGIEMEkS'hS QF AEIDOQLIINQNES 

Although acid- and thermally induced rearrangements of azido- 
q ~ o n e s  have been known for several decades, only in the last few 
years hzve efforts been made to elucidate the mechanism of these 
reactions. Unlike most other vinyl azides discussed in this chapter, 
azidoqujnnne chemistry generally seems not to involve azirines. 
Instead die products result from expulsion of molecular nitrogen 
usually followed by rupture of a carbon-carbon bond. 

Azidoquinones are best prepared from the corresponding haloqui- 
none by reaction with sodium a ~ i d e * ~ .  Certain aminoazidoquinones, 
however, have been prepared by a.dding two molar equivalents of 
hydrazoic acid to a quinone, thus giving a diazidohydroquinone which 
readily loses nitrogen and disproportionates into the product 45*46. 

Moore and Sheldon*7 have treated a number of azido-p-quinones 
(133) with either trichloroacetic acid or sulphuric acid and observed 
the evclution of nitrogen and ring-contraction in good yield to y- 
cyanoalkylidene-Au~-butenolides (134). The reaction is highly stereo- 
selective giving mainly isomer. 134. The proposed m e ~ h a n i s r n ~ ' * ~ ~  

R R '  Ri 7, yield 
a Me H t - B u  a7 
b M e  N3 Me 83 
c P h  OH Ph 95 
d H n  60 
e H Ph  H 80 
f H r -Bu H 95 
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involves a reversible protonation of the quinone followed by loss of 
citrogen concerted with carbon-carbon bond breakage. The result- 

c) 

~ H 
O H  

+ e0 
H CN 

ing acylium ion cyclized on the hydroxyl oxygen giving the lactone 
(equation 25). 

The azido-o-quinones, in contrast to the para isomers, do not under- 
go ring-contraction; instead, on treatment with strong aqueous acids 
they expand to azepine derivatives. For example, an 82y0 yield of the 
hydroxybemazep&dione 138 was isolated following treatment of 4 
azido-1,2-naphthaquinone (135) with sulphuric acid 48. The mecha- 

(135) 

?\ OH ?\ OH 

(137) (138) 

nism proposed48 for this reaction involves protonation of 135 to give 
i1~~iaodiaz&uii1 ion 136. Loss of nitrogen concerted with phenyl 
migration leads to a vinyl carbonium ion 137 which reacts with water 
and tautomerizes to the amide 138. 

Thermally induced rearrangements 4Q of azido-p-quinones generally 
give the ring-contracted 2-cyanocylopentenediones 140 rather than the 
lactones 134. I t  has been proposed48 that this reaction involves loss 
of nitrogen concerted with carbon-carbon bond breakage to give 
zwjtterion 139 which cyclizes to the pentenedione 148. 
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R R '  R2 7. yield 
a M e  l-3 95 

70 
96 C Me NH M e  

d Ph H Fh 55 

OMe n 

In the case of the 3,6-diphenyl derivative P39d a small amount of the 
lactone 141 was isolated from the reaction mixture, along with a 287" 
yield of the carbazole derivative 142. This insertion product might 

phyJo phy)--a phy$N P h  

CN APh 0 0 

(141) (PLO) (143) 

be pictured as arising via the strained azirine 143 in analogy to the 
mechanism proposed in section IV for the formation of indoles froin 
/3-phenyl vinyl azides. 

A zwitterior-ic intermediate has been invoked4g to account for the 
finding that on pyrolysis 2,5-diazido-3,6-diphenyl-l,4-benzoquinone 
(144) undergoes fragmentation into two molecules of phenylcyano- 
ketene (1145)49. As mentioned before, the vicioal diazide, 2,3- 
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diazido-l,4-naphthoquinone (87) yields the dinitrile, phthaloyl cyanide 
(88) , on therrnolysis or photolysis 37. 

x-, 
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synthesis from epoxides 93-95, i02 

Azidoaldehydes, synthesis of, by diazo- 
tization 150 

from hydrazoic acid 123 

Azidoalkenes, dipole moments 19 
thermolysis of 253, 424 

synthesis of 167, 2 18 
thermolysis of 256 

Azidoanilines, dissociation constants of 

Azidoaxomethines, synthesis of 92 
205 

tautomerism of 86, 90, 91, 116, 
383 

Azidobenzalazines 51 7 
Azidocarbazoles, by azide photolysis 

Azidocarboliydrates, circular dichroism 
312 

of 199 
iii mide analysis 193 
lmdifig to aminosugars 103, 110 
rcciuction of 335 
synthesis of 103-1 13 

Azidocarbonyl group, effect on nucleo- 
philic substitution 214 

Azidocarboxylic acids, dissociation con- 
stants 204,205 

infrared spectra 196 
photolysis of 470, 471 
rcduction of 336 
synthesisof 123, 145 

Azidodehalogenation 1 15 
a-Azidoesters, dipole moment 19 

photolysis of 472 
synthesis of 123, 141, 146 

Azidoethers, infrared spectra 195 

Azidoferrocenes, decomposition, photo- 
lytically induced 312-314 

thermally induced 268, 312-314 

ultraviolet spectra 198 

synthesis of 118 
Azidofluorcnm, synthesis of 79, 158 
Azidoformamidines-see-Guanyl nzi- 

Azidoformates, conversion to nitrenes 

photolysis of 450, 451, 455, 462, 

protecting agents for amino groups 

reaction with alkynes 369 
rearrangement of 342, 405, 535 
synthesis of 89, 90, 527, 528 
thermolysis of 45 1, 462 
ultraviolet and infrared spectra 528 

212, 

directing and activating effect of 

in addition reactions 216, 217 
in electrophilic substitution 209- 

in elimination reactions 2 17- 

in nuc!cophilic substitution 2 12- 

des 

89 

464, 466, 479486 

89, 90 

Azido group, as leaving group 
213 

203-2 1 ?: 

212 

219 

215 
Azido haiides-see-Halogen azides 
Azidohaloalkanes, conversion to vinyl 

formation from iodine azide 136, 
azides 80, 136 

137 
Azidohalogenation, of alkenes 147 
.4zidohydrins, hydrogen bonding in 

Azidoinines, infrared spectra 196 
Azidoketones, acidolysis of 342, 343 

233 

conversion to nitriles 348 
conversion to pyrazines 387 
dipole moments 19 
infrared spectra 195 
reduction of 334 
synthesis of 123, 141, 146 
themolyxis of 253, 371, 424 

Azidolactam, mass spectra of 200 
Azidomercuration 135 
Azidonium ions 106, 2 15 
Azidooximes 512, 513 

synthesis of 92 
tautomerism of 90 

Azidopcptides, synthesis of 89 
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Azidoquinones, decomposition of, acid- 
catalysed 239-241 

thermally induced 277, 278 ’ 
mass spectra 200 
rearrangement of 420, 421, 581- 

synthesis of, from aminoquinones 
584 

150 
fi.om haloquinones 83, 581 
from quinones 127 

Azidosteroids, synthesis of 95-103, 

Azidosulphonates, for azide synthesis 

Azidosulphones, ultraviolet spectra 

Azidotropones, conversion to nitriles 

145 

88 

198 

349,497 
mass spectra of 200 
photolysis of 496, 497 
thermolysis of 277, 278 

formation of, from azides 

Aziridines, conversion to aryl azides 

248, 359- 
149 

36:, 451, 485,487, 526 
from nitrenes 464, 54.1 
from triazolines 530 

Azirines, conversion to ally! azides 

2!,  361, 362, 

Azo compounds, syithesis of 35+356 
by diazc transfer 354, 355 
by nitrenelazide reaction 467 
by nitrene dimerization 355,356, 

Azomethines, synthesis of, by azidc 

by decomposition of azide adducts 

156 
synthesis from azides 

423, 427, 475, 563-565 

46 1 

acidolysis 342, 343 

345-348 
by nitrene rearrangement 343- 

345 

Benzofuroxans, synthesis froni azides 

Bond angles, of azides 14-16 
or” hydrazoic acid 14-1 6 

Bond lengths, of azide ion 14 
of azides 14-16 
of hydrazoic acid 14-16 

371, 372 

Bond order, of azides 5 
u Bonds, in azides 5, 6 
-H Bonds, in nzides 6, 7 
Bromonium ion 140 

Index 

Carbamoyl azides 52 1-527 
conversion to nitrenes 90 
dissociation of 521 
infrared spcctra 195, 196 
photolysis of’ 483, 522 
rearrangement of 342, 404, 522- 

524 
synthesis of 

52 1 
90, 132, 133, i56, 520, 

Carbazoles, synthesis from azides 365, 

Carbolines, synthesis from azides 365 
Circular dichroism, of azides 32, 33, 

199 
Configuration, retention in azide re- 

arrangement 399, 403 
Conformation effect, on migratory ap- 

titude of groups 301, 204 
Conjugation, of azides 4,208,2 13,2 14 
Conjugative effect, of azido group 

206, 207, 216 
Correlation diagram, for the azide ion 

3840 
Curtius rearrangement, of acyl azides 

88, 176, 194, 341, 342, 350, 
398405, 504 

492 

Cyanides-see-Nitriles 
Cyclization, intramolecular in azide 

pyrolysis 261-265, 267 

Dccomposition, of azide adducts 345- 
348 

of azides 222-322 
acid-catalysed 222-245 
photolytic 297-3 17 
thermally induced 245-294 
transition metal catalysed 31 7- 

with trivalent phosphorus com- 

Diazides, conversion to dinitriles 348 
conversion to tetrazoles 383, 472 
photolysis of 307, 472 
synthesis of 76, 130, 146, 563 

322 

pounds 294-296 

Diazidoalcohols, synthesis from epi- 

Diazidoquinones, photolysis of 497 

Diaziridines, synthesis from azides 362 
Diazo compounds, synthesis of 292, 

Diazonium compounds, reaction with 
ammonia and derivatives 148- 
152 

chlorhydrin 93, 94 

synthesis from quinones 127 

350-354,428,533 

reaction with hydrazoic acid 429 
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N-Diazonium compounds 116, 352, 
357 

Diazotization, leading to azides 147- 
176 

mechanism of reaction 158 
Diazo transfer reaction 168-1 71, 292, 

350-355 
Diazo transfer reagent 170 
Dinitrenes, electronic spectra of 458 
Dipole interactions, in azide ion sub- 

stitutions 105 
Dipole moments, of azides 18-20, 

207 
of hydrazoic acid 18, 20 

Displacement, of azide ion 66 
Dissociation, of acyl nitrenes 538 
Dissociation constant, of azidocar- 

boxylic acids 204, 205 
of hydrazoic acid 3 

Electrolytic reaction, leading to azides 

Electroncgativity, of azide radical and 

Electronic spectra, of azide ion 25-27 

aliphatic 27-30, 445, 446 
aromatic 30, 447 

176, 177 

halogens 141 

ofazides 26 

of hydrazoic acid 
of nitrenes 308, 456461 

26, 27, 44-4 

Electronic structure, of covalent azidcs 
4-8 

of nitrenes 456-461 
Electron spin resonance spectra, in sil-  

phony1 azides thermo!ysis 280 
of nitrenes 265, 456 

azides 136-144 
Electrophilic addition, of halogen 

~~ ~ 

of hydrazoic acid ~ 128-130, 132, 
133.217 - - ,  ~ 

of vinyl azides 216 
Electrophilic substitution, effect of 

azido group 207 

Elimination reactions, of azidcs 
2 19 

of azides 209-2 12 
2 17- 

with concerted migration 306 
Enamines, conversion to triazolines 

3 74 ~~ 

Epirnines, conversion to azidosugars 
103. 110. 111 

- - I  ~~ I ~ 

Episulphides, conversion to azido- 

Episulphonium intermediate, in azido- 
sugars 103, 110 

sugars synthesis 112 

Epoxides, conversion to azidoalcohols 
93-95 

conversion to azidosugars 1.03, 1 10- 

Esters, c@-unsaturated, addition of 
113 

azides 141 
addition of hydrazoic acid 123 

Force constants, of azidc ion 

Free radicals, addition of, leading to 

25 
ofazides 24 
of hydrazoic acid 24 

azides 144-147 
effect of, on acyl azides 535, 536 

on organic azidc pyrolysis 275- 
277 

on sulphonyl azide pyrolysis 291, 
292 

on vinyl azides 576 

Guanyl azides 5 13-5 16 

Haloelkyl azides-see-Azidohalo- 

Halogenation, of azides 210 
Halogen azides, addition to alkynes 

addition to alkenes 80, 120, 136- 

as azide radical source 140 
elimination reactions 217 
free radical additions 144, 145 
infrared spectra 196 

alkanes 

142-144, 556, 557 

142, 217 

Hammett relationship, for aryl azide 

Heats of formation, of azide ion 

Heterocycles-see also-specific classes 

synthesis from azides 358-388,422, 

Hofmann rearrangement, of azo com- 

Huckel-type calculations, for azide ion 

rearrangement 41 7 
18 

of azides 16 

of compounds 

423 

pounds 177 

8, 9, 40-45 
for azido group 9-12 
for hydrazoic acid 4045 

sp Hybridization, in azides 5 
Hydrazides, conversion to azidcs 154, 

Hydrazidic azides, synthesis of 93, 
505 

517 
tautomerism of 90 

Hydrazidines, conversion to azides 
176 
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Hydrazines, conversion to azidcs, by 
diazotization 152-156 

by nitrosation 171-176 
preparation, by azide photolysis 

from carbamoyl azidcs 342 
Hydrazoic acid, additions of 120-133 

1,3-dipolar 120 
electrophilic 128, 129 
to alkynes 130-132, 556 
to compounds with contiguous 

to cyanides 415 
to olefins 120-130 

312 

double bonds 132, 133 

bond angles and lengths 14-16 
bond energy 17 
diazotization leading to azides 156- 

165, 429 
dipole moment 18, 20 
dissociation constant 3 
electronic spectra 26, 27, 444 
force constants 24 
ionization potentials 31 
n.ni.r. spectra 34, 35 
photolysis of 297, 442, 447-449, 

quadrupole coupling 33-35 
reaction with carbonyl compounds 

reaction with nitroso compclunds 

Rydberg transitions 30, 31 
theoretical calculations for 34-52 
vibration spectra 23 

Hydrogen azide-see-Hydrazoic acid 
Hydrogen bonding, in azidohydrins 

Hydroxy azides-see-hidoalcohols 
Hydroxylamine, converzion to aryl 

Imidazdes, synthesis from azides 367, 

Imides, aromatic, conversion to azides 

Imidoyl azides 510 

467 

405-4 1 2 

165-168 

233 

azide 150 

368 

128 

conversion to phosphazides 532 
intermediate in acyl addition to 

tautomerism 510, 513, 514 
with C=N function in ring 518, 

with open chain C-NX 510-517 
Imines, from azides 223, 468-470, 

nitriles 531 

519 

474 

Imino azides-see-Azidoimines 
Iminoptosphoranes-see-Phosphini- 

Imino radical, in NH3 photolysis 442, 

Iminosulphuranes, synthesis from azi- 

Indazoles, synthesis from azidcs 368, 

Indoles, synthesis from azides 364, 

Indolines, synthesis from azides 364 
Inductive effect, of azide radicals 3 

205,2 !2,2 16,2 17 
Infrared spectra, of azides 195-197, 

mines 

443 
singlet state of 460 

des 356 

369 

563 

of azido group 

207. 507. 528 
Iodonium ion, ring opening by azide 

ion 139 
Ionic azides-see also-Azide ion and 

Mercuric azide 
“activated” for organic azide syn- 

thesis 76, 86 
explosive properties 62 

Ionization constants-see-Dissociation 

Ionization potential, of HN3 and aides 

Isocyanates, conversion to azides 132, 

87, 349, 350, 

Isotopic labelling, in azide/aniline 

constants 

31 

133 

449 

reaction 257 

synthesis fiom azides 

in azide structure study 171 
in diazonium compound/NH3 reac- 

in diazonium compound/hydrazines 

in diazonium compound/HN3 re- 

in nitroso compound/HN= reaction 

Isoxazolcs, synthesis from azides 371, 

tion 149 

reaction 152 

action 159, 165 

166 

563 

Keto azides-see-Azidoketones 
Ketones, conversion to diketones 342 

reaction with hydrazoic acid 405- 

reaction with silyl azides 134 
a,/?-unsaturated, addition of azides 

addition of hydrazoic acid 123 

412 

141 
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Lactams, from acyl azides 539 
LCAO SCF molecular orbitals 4& 

50 
Lewis acids, catalysts for azide re- 

arrangement 402, 420 
for azide decomposition 242-245, 

420 
Lone pair electrons, in azides 

Mass spectra, of azides 
Mercuric azide, for organic azidc pre- 

paration 134-1 36 
Migration, in azide decomposition, 

acid-catalysed 223, 224, 228 
photolytic 299-302, 304, 426, 

47 1 
thermally induced 248, 299-301, 

399 

5, 7, 8 

199, 200 

in Schmidt reaction 408410 

Neighbouring group effect, in nucleo- 
philic substitution reactions 74 
75, 105, 215 

in pyrolysis of nryl azides 261, 262 
Nitration, of azides 209, 210 
Nitrenes, addition to alkenes 360, 

464, 465, 541, 542 
addition to alkynes 
addition to isonitriles 544 
addition to nitriles 543, 544 
addition to sulphoxides 544 
conversion to carbene 272 
dimerization to azo compounds 

355, 356, 461 
dissociation 538 
electronic spectra 308, 456-46 1 
e.s.r. experiments on 
electrophilic attack GII non-bonding 

pairs 466-468 
hydrogen abstraction b;* 463, 464 
insertion of, into G H  bontis 

465, 466, 543 

265, 266, 456 

265, 

462, 463, 540, 

-162, 527, 540 

426,461,462,487,525,538-540 
into N-H bonds 

into 0-H bonds 
intramolecular leading to hetero- 

cycles 362-368, 384, 385 
intermediate in azide photolysis 

426, 442, 449 
intermediate in azide reduction 

preparation 537 

541 

339-342 

by azide decomposition 17, 245, 

from azidoformates 89 
249, 258, 265, 339, 425 

from carbamoyl azides 90 
reaction with aromatic systems 542, 

rearrangement of 343-345 
siilglet 537, 541, 542, 544 

543 

addition to double bonds 483, 

for azepine fxmation 481, 485 
in azide photolysis 303, 310,427, 

in azide pyrolysis 247, 265, 266, 

485, 486 

481,484 

278, 286 
triplet 537, 541 

485, 486 

42 7 

addition to double bonds 483, 

in azide photolysis 302, 3 10,403, 

in azide pyrolysis 247, 265-267, 
286 --- 

Nitrenium ion, intermediated in azide 
decomposition 235, 242 

Nitriles, addition of azides 374, 382, 
383, 531 

addition of hydrazoic acid 123 
addition of nitrenes 543 
conversion to oxadiazoles 371, 543 
conversion to tetrazoles 415 
synthesis from azides 348, 349 

Nitro compourids, a,p-unsaturated, ad- 

Nitrosation, of hydrazine derivatives 

Nitrosc compounds, conversion to 

Nuclear magnetic resonance spectra, 

Nucieophiles, azide ion as 65-70, 

effect on organic azide pyrolysis 

effect on sulphonamidc pyrolysis 

Nuckopkiilic addition, leading to azides 

Nucleophilic substitution, by azide ion 

dition of HN3 123 

171-176 

azides 165-168, 428 

of azides and HN3 

106, 143 

274, 275, 388 

34, 35 

287-289 

119-147 
of azide ion to organic azide 2 17 

63-1 19 
for azide synthesis 75-1 19 
mechanism of 63-75 

cffect of azidocarbonyl group 
of azides 207,212-216, 534 

2 14 

Olefins-see-Alkcnes 
Optical rotatory dispersion, of azides 

31-33, 199 
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Organometallic azides, infrared spectra 
196 

thermal rearrangcment of 424 
ortho-para Orientation, by azido group 

4.207.209 . .  
Oxadiazoles, synthesis from azides 

Oxazoles, synthesis from azides 369- 

synthesis Crcm kctone/HN, reaction 

371-373, 486, 543 

371, 543 

413 
Oxidation, of arylhydrazines 177 
Oximino azides-see-Azidooximes 

Pan-activating substituents 205 
Pentazene 162, 163, 167 
Pentazoles 160 

decomposition of 16 1, 163-1 66 
formation of 163, 165 
intermediates 162 

Peptide synthesis, azidoformates as 
protecting agents 89 

356, 357, 532 

533 

compositions 294-296, 356 

using acyl azides 88, 175, 534 
Phosphinimines, synthesis from azides 

Phosphoranes, reaction with azides 

Phosphorus compounds, for azide de- 

for vinyl azide synthcsis 
Photolysis, flash 311, 443 

of azides 

of triazolines 359 
of vinyl azides 564-575 
sensitized 455, 456 

562, 563 

297-317, 361, 388, 402- 
404, 426428, 442498 

Piperidones, from azide photolysis 

Polar effect, on azide ion substitutions 
484 

108. 109 -, ~ 

Polarization effect, of azido group 
204-209 .. - ~ 

Protecting agents, acyl azides as 
Protonic acids, for azide decomposition 

Pseudohalides, azides as 2 4 ,  215 
Pyrazines, synthesis from azides 386, 

Pyrazoles, synthesis from azides 368 
Pyrolidines, synthesis from azides 366, 

Pyrolysis, of azides 245-2 94, 36 1, 37 1, 

175 

223-242 

387, 476, 563 

468,469 

388, 398-402, 421-425 
of vinyl azides 564-575 

Quadrupcle coupling, of azides and 

Quantum yield, of alkyl azide photo- 

of aromatic azide photolysis 453, 

Quinolines, by azide photolysis 469 
Quinones, addition of hydrazoic acid 

Radicals-see-Free radicals 
Raman spectra, of azides 197 
Rearrangement-see also-named rc- 

m3 3 3 3 5  

lysis 449, 450 

454 

127 

arrangements 
leading to azides 428430 
of ally1 azides 84, 85 
of azides 398-434 

acid-catalysed 402, 41642 1 
in unusual substrates 404, 405 
photochemically induced 402- 

thermally induced 398-402,42 1- 
404,426428 

425 

presence of 145-147 

of triazenes 430-435 
Redox systems, azide formation in the 

Reduction, in azide decomposition 

Regioselectivity 139, 140. 145 
223, 333-338 

Re3ospecificiG 96,. 139; 140, 144, 
217, 218 

Rcsonance'effect, of azides 4 
Resonance energy, of the azido group 

17 
Ring contraction, in sulphonates sub- 

stitution by azide ion 108, 
1 G9 

Rotation barrier, in azides 25 
Rydberg transitions, in €IN3 spectrum 

30, 3: 

Schmidt reaction 40542 1 
of azides 224, 227 
of carbonyl compounds 230, 405- 

of diarylethylenes 227, 228 
of quinones 239 

412 

Schmidt-type reactions, for decom- 
position of protonated azidc 
124 

45-47 

azides 177 

Self-consistent field methods (SCF) 

Semicarbazide, conversion to aryl 

from hydrazidic azides 5 17 
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Silyl azides, zdditioll to carbonyl com- 
pounds 120, 134 

Singlet state, of azides 303 
247, 265, 266, 272, 286, 

303, 310, 427, 451, 481 . 
Solvent effect, in nucleophilic sub- 

stitution reactions 70-72, 82, 
106 

Stereochemistry, in azide substitution 
reactions 69, 72-75 

Stereospecificity, in elimination reac- 
tions of azidohaloalkanes 2 19 

of nitrenes 

of azide reduction to aniines 
of azido group introduction 95, 

136, 138 
of nitrenes addition 

337 

360, 451, 483 
Steric effect, on substitution by azide 

Steroids, reaction with azide ion 95- 

Structure, of azido group 12-34 
Substituent constants, of azido group 

30, 204-206, 210, 213, 214 
Substitution-see-Electrophilic substi- 

tution and Nucleophilic sub- 
stitution 

Sulphenyl azides 296 
Sulphinyl azides, decomposition of 

Sulphonyl azides, conversion to azides 

ion 105, 108 

103 

296 

168-171 
conversion to triazenes 151 
decomposition, acid-catalysed 242 

radical-induced 536 
thermally induced 279-294,404 
transition metal catalysed 320- 

with trivalent phosphorus com- 
322 

pounds 296 
infrared spectra 196 
quantitative analysis of 194 
photolysis of 3 14-3 17 

Sultams, obtained from sulphonyl 

Swain-Scott cquation 159 

Tautomerism, of azidooximes 90 

azides 285 

of hydrazidic azides 90 
of tetraxolcs 86, 91, 116, 383, 351, 

510, 513, 514, 518.. 519 
Tetrxzene, forniation of 152-1 54 

intermediate in azide formation 

intermediate in triazene formation 
152, 177 

358 

Tetrazoles, synthesis of 125, 382-381., 
412, 413, 415, 432-434, 472, 
510, 513, 531 

tautomerisni of 86, 91, 116, 383, 
384, 510, 513,518, 519 

Thermodynamic properties, of azides 
i6-18 

Thermolysis-see-Pyrolysis 
Thiatriazoles, photolysis of 5 10 

synthesis 133, 507-509 
thermolysis of 509 

Thioacyl azides 507-510 
Toxicity, of azides 61-63 
Transition metals, catalysts in azide de- 

Triazenes, cyclic-see-Triazoles 
product of azo rearrangement 177 
rearrangement of 430, 431 
synthesis from azides 

synthesis of 377-382 

composition 3 17-322 

357, 532, 534 
Triazoles, rearrangement of 43 1434 

by alkync/HN, reaction 127, 130 

by azide photolysis 427 
by organic azide reaction, with 

131 

alkenes 377-379 
with alkynes 130, 377, 531 
with ketones 377 

530 
Triazolines, conversion to aziridine 

photolysis of 359 
synthesis from azides 373-377, 530 

Triplet state, of azides 302, 3 10, 3 i 3 
of nitrenes 247, 265-267, 286, 302, 

310,403,427,451 
Tropones, conversion to azides 117 

Ultraviolet spectra, of azides 197, 198, 
528 

Urethanes, by azide photolysis 489, 
490 

Vibration spcctra, of azide ion 
of azides 22, 23 
of hydrazoic acid 18, 20 

2 1, 22 

Vinyl azides, addition reactions of 
216 

as intermediates 573-575 
convecion to 1-azirines 361, 423, 

conversion to nitriles 348 
decomposition, acid-catalysed 576, 

427,475, 563 

578 
free radical induced 576 
thermally induced 564-575 
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Vinyl azides (cont.) 
Infrared spectra 195, 196 
in:ernal 559, 565 
mechanirm of reactions 577-581 
photolysis of 475479, 564-575 
synthesis cf 556-563 

by addi tion-elimination reactions 

by nuclcophilic substitution 80- 

from alkynes 556, 557 

561, 5G2 

83 

from azides 557-561 
from azidohaloalkanes 136, 138, 

using phosophoroorganic com- 

Vinyl compounds, nucleophilic sub- 

218 

pounds 562, 563 
terminal 559, 560, 563 

stitution of 69 

Waldcrn inversion 72, 73, 75, 95, 
105 
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