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/. Introduction 

The chemistry of azides and nitrenes has attracted 
the attention of chemists since the discovery of phenyl 
azide by Griess over 100 years ago1 and the first pro
posal of nitrenes as reaction intermediates by Tiemann 
in 1891.2 However, after other important contributions, 
especially by Curtius and Bertho, interest waned until 
about 1950, when reviews by Smith (acyl azides)3 and 
Boyer (aryl and alkyl azides)4 stimulated further work, 
much of which is described in major reviews by Kirmse 
(1959),5 Horner and Christmann (1963),6 Abramovitch 
and Davis (1964),7 and L'abbe (1969).8 A comprehen
sive treatment of the literature up to 1969 is contained 
in two books. One, edited by Lwowski, deals with 
nitrenes9 and the other, on azides, is edited by Patai.10 

Work on azides and nitrenes that appeared between 
1969 and 1982 has been reviewed in another book11 and 
in the supplement to Patai's book.12 A list of reviews 
that have appeared since 1970 on azides and related 
topics is given in Table 1. An ideal supplement to the 
present review is the excellent short treatment of azide 
chemistry by Smith.13 

The aim here is to present applications of azides in 
synthesis, and it is hoped that this will reflect the 
current rapid increase in interest in the area. Our em
phasis has been the recent literature (1983 to June 1986 
inclusive) but important linking references and some 
mechanistic discussion are provided. In so doing, we 
are aware that scant recognition is given to the dis
coverers of the key reactions of azide and nitrene 
chemistry. Therefore we dedicate this review to that 
select band whose discoveries have made the synthetic 

if 
N3 

AZT. RiMe 
CS-85. R«Et 

Eric Scriven was born in Pembrokeshire, Wales, in 1941. He 
graduated (Grad. R.I.C.) at the University of Saiford (1965) after 
part-time study while working for BISRA and ESSO. He obtained 
his M.Sc. (1967) from the University of Guelph (with M. J. Nye) and 
Ph.D. (1969) from the University of East Anglia (with A. R. Ka-
tritzky). After postdoctoral years at the University of Alabama (with 
R. A. Abramovitch) and University College London (with J. H. RkJd), 
he returned to the University of Saiford. He was a faculty member 
until he joined Reilly Tar & Chemical Corp. in 1979. He is an 
adjunct professor at Purdue University School of Science in In
dianapolis (since 1983), and he has been a visiting professor at the 
University of Florida (1983) and the University of Benin, Nigeria 
(1975-1976). His current research interests include synthetic and 
mechanistic aspects of azide and nitrene chemistry, heterocyclic 
chemistry, and the applications of polymers in organic synthesis. 
He is currently coeditor (with K. Turnbull) of Annual Reports In 
Organic Synthesis. 

Kenneth Turnbull was born in Edinburgh, Scotland, in 1951. He 
received his B.Sc, and Ph.D. (1976, with P. N. Preston) degrees 
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work discussed herein possible. Many of their names 
appear in the first paragraph. 

Of topical interest, azidonucleosides (viz., AZT (3'-
azido-3/-deoxythymidine) and CS-85) have received 
international attention for the treatment of AIDS (ac
quired immune deficiency syndrome) and ARC 
(AIDS-related complex).14 

It should be noted that while most azides can be 
handled without incident, some members of this class 
are explosive. Accordingly, prudent practice should be 
scrupulously adhered to in the laboratory. 

The most common types of reaction that will be en
countered in the following sections are outlined in 
general form below. These are classified according to 
the number of nitrogen atoms from the starting azide 
that end up in the final product and they are subdi-
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vided by reaction type. The mechanisms given are 
illustrative rather than precise; for more detail the 
reader should consult the references quoted. 

A. One Azide Nitrogen Retained in the Final Product 
1. Unimolecular Decomposition by Light or Heat 

nitrene products 

R N 3 S T h ^ r R - N 

I rearrangement followed by nucleophllic attack 

other products 

a. Nitrene-Derived Products (Section VI.A.3,5) 
The more electron-attracting is R, the more 

electrophilic will be the singlet nitrene, so pro
moting its reactions relative to those of the triplet 
nitrene. The latter are not usually as synthetically 
useful. 

However 
N3. 

major product 

3. Staudinger Reaction (Sections III.F and VI.A.7) 
RN3 + PR'3 — RN=PR'3 

4. Curtius Rearrangement (Sections III.D, VI.A.4, 
and VI.C.4) 

RC '/ 

N — N = N 
+ 

R T - C , 

R-S-N3 — - R-«-N: R - * N' 

aromatic substitution H-abstraction 
C-H insertion dimerization 

b. Rearrangement Followed by Nucleophilic At
tack (Section VI.C.6) 

ArN3 — 

H H 

c. Zwittazido Cleavage 
Applications of this reaction are not described 

herein since a review by Moore has just appeared.15 

N3 

Cl O 

) j \ heat 
^ L y NMe 

OMe 

NMe 

OMe 

—— J v NMe 

Cl + 
NMe 

X OMe 

O 

V - N M e 

CNOMe 

2. Acid-Catalyzed Decomposition (Sections IV.A. and 
VI.A.3) 

RN3 

R"Ar gives 

H + + 
RN—N = N — RNH + N2 

products 

N H _ + Q=NH 

O 

Arylnitrenium ions may react at N- or C- thus: 

PhN3 + PhX ^ - P h N H - ( C j j 

major product (X * H) 

R'OH or R*NH2 M , Il 
R — N i = C = O RNHCOR'or RNHCNHR" 

5. Schmidt Rearrangement (Sections III.E and 
VI.C.l) 

HN3 

RCO2H «• RNH2 
or equivalent 

6. Reduction (Sections III.A,B,C and V.C) 
RN3 — RNH2 

reductive — —- f \\s\ 

-NH-

-(CH2),,-

N3 X 

WCH2).,-^ 
f ) conditions ^-(CH2Jn-TN 

*> NH 1 

B. One, Two, or Three Nitrogens Retained in Final 
Product 

1. Cycloadditions (Sections IV.B.C and VLB) 

RN3 + A = B — M J ^ A-B 
N v N R -Nj V 

The above sequence offers a general synthetic ap
proach to triazolines and related heterocycles; loss of 
nitrogen gives aziridines (see section VLB). When 
A-B is part of a ring system, a Favorskii-like ring 
contraction can take place. 

+ ArN3 _ Q_^ __ (~) + N2 
NR2

 R*N £ _ N R2N^NAr 

2. Nucleophilic Attack at the Azide Terminus 

- + * \ _ 
R — N - N = N -t- :Nu 

—1 ( a > . 

R — N — N = N — Nu (b) 

. I ;, 
R — N = N — N—Nu "5V 

azidation 

diazo transfer 

a. Azidation (Section ILJ) 

RLi + TsN3 — R - N = N - N - T s L i + 

b. Diazo Transfer (Section III. I) 

ami nation 

sodium 
pyrophosphate 

(or similar) 

RN3 
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TABLE 1. Azide Reviews 

topic ref 

1,2,3-triazoles 
acyl azides 
acylnitrene cyclizations 
alkyl azides 
alkylnitrenes 
aminonitrenes 
aminonitrenes in organic synthesis 
analysis of azides for assay 

aryl and heteroaryl azides 
aryl- and heteroarylnitrenes in heterocyclic synthesis 
aryl azide photoaffinity labels in biochemistry 
aryl azide pyrolysis 

aryl azides 

arylnitrenes 
arylnitrenes in synthesis 

azide derivatives of carbohydrates 

azide derivatives of cyclodextrins 
azide derivatives of oligosaccharides 
azide-containing photoresist materials 
azides as synthetic starting materials 
azides attached to elements other than carbon 
azides containing two different metal atoms 
azides in organometallic chemistry 
azidocumulenes 
azidoquinones 
azidotrimethylsilane 

azo transfer 

behavior of arylnitrenes in the gas phase 

carbonylnitrenes 
characterization and determination of organic azides 
conjugated ketones 
Curtius rearrangement 
cyanonitrene 
cycloadditions 

decomposition of organic azides 
deoxygenation of aromatic nitro compounds 

deoxygenations of nitro and nitroso groups 
derivatives of hydrazine and related compounds 

diazo transfer 

directing and activating effects of organic azides 
ESR of azides 
electronic structure and spectroscopy of nitrenes 
electrochemistry 

electronic spectroscopy of azides 

gas-phase and matrix studies 
general 
general and theoretical aspects 
halogen azides 
handling, storability, and destruction of azides 

heterocycles via nitrenes 
heterocyclic synthesis 

(i) synthesis of five-membered rings with 
one heteroatom 
(ii) synthesis of heterocycles 

indoxazenes and anthranils 
industrial applications 
introduction of the azido group 
iodo azides 

Gilchrist, T. L.; Gymer, G. E. Adv. Heterocycl. Chem. 1974, 16, 33 
Lwowski, W. Ref 11, p 205 
Edwards, O. E. Ref 9, p 225 
Kyba, E. P. Ref 11, p 2 
Lewis, F. D.; Saunders, W. H. Ref 9, p 47 
Lemal, D. M. Ref 9, p 345 
Chow, T. J. Hua Hsueh 1984, 42, 139 
Kramer, H. In Energetic Materials; Fair, H. D., Walker, R. F., Eds.; Plenum: 

New York, 1977; Vol. 2, p 55 
Smith, P. A. S. Ref 11, p 95 
Suschitzky, H. Lect. Heterocycl. Chem. 1980, 5, 1 
Staros, J. V. Trends Biochem. Sci (Pers. Ed.) 1980, 5, 320 
Dyall, L. K. In Chemistry of Halides, Pseudohalides, and Azides; Patai, S., Ed.; 

Wiley: Chichester, 1983; Vol. 1, p 287 
Scriven, E. F. V. In Reactive Intermediates, Abramovitch, R. A., Ed.; Plenum: 

New York, 1982; Vol. 2, p 1 
Smith, P. A. S. Ref 9, p 99 
Iddon, B. I.; Meth-Cohn, O.; Scriven, E. F, V.; Suschitzky, H.; Gallagher, P. T. 

Ang. Chem., Int. Ed. Engl. 1979, 18, 900 
Mester, L.; El Khadem, H. S. In Carbohydrates: Chemistry and Biochemistry, 

2nd ed.; Pigman, W. W., Horton, D. Eds.; Academic: New York; Vol. IB, p 929 
Croft, A. P.; Bartsch, R. A. Tetrahedron 1983, 39, 1417 
Paulsen, H. Angew. Chem., Int. Ed. Engl. 1982, 21, 155 
El'tsov, A. V.; Yurre, T. A. Zh. Prikl. Khim. 1979, 52, 365 
Sheradsky, T. Ref 10, p 331 
Atkinson, R. S. Ref 11, p 247 
Krischner, H. Monatsh. Chem. 1985, 116, 189 
Cenini, S.; La Monica, G. Inorg. Chim. Acta 1976, 18, 279 
L'abbe, G. Bull. Soc. Chem. BeIg. 1984, 93, 579 
Moore, H. W. Chem. Soc. Rev. 1974, 3, 415 
Groutas, W. C ; Felker, D. Synthesis 1980, 861 
Anderson, D. J.; Hassner, A. H. Synthesis 1975, 483. Hassner, A. H. Heterocycles 

1980, 14, 1517. Padwa, A.; Carlsen, P. H. J. In Reactive Intermediates; 
Abramovitch, R. A., Ed.; Plenum: New York, 1982; Vol. 2, p 55 

Regitz, M. In The Chemistry of the Diazonium and Diazo Groups; Patai, S., Ed.; 
Wiley: London, 1978; p 751. Regitz, M.; Maas, G. Diazo Compounds: 
Properties and Synthesis; Academic: Orlando, 1986 

Wentrup, C. In Reactive Intermediates; Abramovitch, R. A., Ed.; Plenum: New 
York, 1980; Vol. 1, Chapter 4 

Lwowski, W. Ref 9, p 185 
Gurst, J. E. Ref 10, p 191 
Moore, H. W.; Decker, O. H. W. Chem. Rev. 1986, 86, 821 
Reichen, W. Chem. Rev. 1978, 78, 569 
Anastassiou, A. G.; Marsh, F. D. Ref 9, p 305 
Lwowski, W. In 1,3-Dipolar Cycloaddition Chemistry; Padwa, A., Ed.; Wiley: 

New York, 1984; Vol. 1, p 559 
Abramovitch, R. A.; Kyba, E. P. Ref 10, p 221 
Cadogan, J. I. G. In Organophosphorus Reagents in Organic Synthesis; Cadogan, 

J. I. G., Ed.; Academic: London, 1979; p 269 
Boyer, J. H. Ref 9, p 163 
Atkinson, R. S. In Comprehensive Organic Chemistry; Sutherland, I. O., Ed.; 

Pergamon: Oxford, 1979; Vol. 2, p 256 
Regitz, M. In Methods of Preparative Organic Chemistry; Foerst, W., Ed.; 

Academic: New York, 1971; Vol. IV 
Biffin, M. E. C ; Miller, J.; Paul, D. B. Ref 10, p 203 
Wasserman, E. Prog. Phys. Org. Chem. 1971, 8, 319 
Berry, R. S. Ref 9, p 13 
Iverson, P. E. In Encyclopedia of Electrochemistry of the Elements; Bard, A. J., 

Lund, H., Eds.; Marcel Dekker: New York, 1979; Vol. 13, p 209 
McGlynn, S. P.; Rabalais, J. W.; McDonald, J. R.; Scherr, V. M. Chem. Rev. 1971, 

71, 73 
Wentrup, C. Ref 11, p 395 
Abramovitch, R. A. Chem. Soc. Spec. Publ. 1970, 24, 323 
Trienin, A. Ref 10, p 1 
Dehnicke, K. Adv. Inorg. Chem. Radiochem. 1983, 26, 169 
Pollock, B. D.; Fisco, W. J.; Kramer, H.; Forsyth, A. C. In Energetic Materials; 

Fair, H. D., Walker, R. F., Eds.; Plenum: New York, 1977; Vol. 2, p 73 
Meth-Cohn, O. Heterocycles 1980, 14, 1497 
Kametani, T.; Ebetino, E. F.; Yamanaka, T.; Nyu, K. Heterocycles 1974, 2, 209 
Semenov, V. P.; Studenikov, A. N.; Potekhin, A. A. Chem. Heterocycl. Comp. 

1979, 15, 467 
Semenov, V. P.; Studenikov, A. N.; Potekhin, A. A. Chem. Heterocycl. Comp. 

1978,14, 233 
Smalley, R. K. Adv. Heterocycl. Chem. 1981, 29, 2 
Breslow, D. S. Ref 11, p 491 
Biffin, M. E. C ; Miller, J.; Paul, D. B. Ref 10, p 57 
Dehnicke, K. Angew. Chem., Int. Ed. Engl. 1979, 18, 507 
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TABLE 1 (Continued) 

topic ref 
lead tetraacetate oxidations 
main group element azides 
iV-nitrenes 
nitrene-induced aromatic rearrangements 
nitrenes 

nitrenes (annual survey) 
nitrenes in heterocyclic chemistry 
nitrenes in synthesis of six- and seven-membered 

nitrogen heterocycles 
nitrenium ions 

organic syntheses using lead(IV) acetate azides 
peptide synthesis 

phosphorus acid azides 
phosphorus azides 
photoaffinity labeling 

photoaffinity labeling and related techniques 
photochemistry of azides in argon 
photochemistry of the azido group 
photogenerated reagents in biochemistry and 

molecular biology 
physical and spectrometric methods 
polymerization by nitrenes 
pyrolytic methods 

reactions of azides with indoles 

reduction of azido sugars 
silyl azides 
sulfonyl azides 
sulfonylnitrenes 
synthesis and chemical properties of 

inorganic azides 
synthetic aspects 
tetrazoles 

triplet states of azides 
vapor-phase pyrolysis of aryl azides 
vinyl azides 

vinyl, aryl, and acyl azides 

zwittazido cleavage 

Aylward, J. B. Q. Rev. Chem.Soc. 1971, 25, 420 
Bertrand, G.; Majoral, J. P.; Baceiredo, A. Ace. Chem. Res. 1986, 19, 17 
Sakai, K.; Tanaka, A.; Koga, G.; Anselme, J. P. Nippon Kagaku Zasshi 1971, 92, 1065 
Cadogan, J. I. G. Ace. Chem. Res. 1972, 5, 303 
Abramovitch, R. A. In Organic Reaction Intermediates; McManus, S., Ed.; Academic: 

New York, 1973; p 127. Ioffe, B. V.; Semenov, V. P.; Ogloblin, K. A. Zh. Vses. 
Khim. Ova 1974,19, 314. Jones, W. H. Rearrangements in the Ground and Excited 
States; de Mayo, P., Ed.; Academic: New York, 1980. 
Lwowski, W. In Reactive Intermediates; Jones, M., Moss, R. A., Ed.; Wiley: New 
York: 1978, Vol. 1, p 197; 1981, Vol. 2, p 315; 1985, Vol. 3, p 305 

Organic Reaction Mechanisms; Wiley: London, 1965 et seq. 
Wentrup, C. Adv. Heterocycl. Chem. 1981, 28, 231 
Semenov, V. P.; Studenikov, A. N.; Potekhin, A. A. Sovrem. Probl. Org. Khim. 1982, 7, 

97 
Abramovitch, R. A.; Jeyaraman, R. Ref 11, p 297. Gassman, P. G. Ace. Chem. Res. 

1970, 3, 26. Lansbury, P. T. Ref 9, p 405 
Zbiral, E. Synthesis 1972, 285 
Meienhofer, J. In Peptides; Gross, E., Meienhofer, J. Eds., Academic: New York, 

1979* D 197 
Gilyaro'v, V. A. Usp. Khim. 1982, 51, 1579 
Cremlyn, R. J. W.; Wakeford, D. H. Top. Phosphorus Chem. 1976, 8, 1 
Knowles, J. R. Ace. Chem. Res. 1972, 5, 155. Lwowski, W. Ann. N.Y. Acad. Sci. 1980, 

346, 491. Rilling, H. C. Methods Enzymol. 1985, 110 (Part A), 125 
Bayley, H.; Staros, J. V. Ref 11, p 434 
Chapman, O. L. Pure Appl. Chem. 1979, 51, 331 
Reiser, A.; Wagner, H. M. Ref 10, p 441 
Bayley, H. Photogenerated Reagents in Biochemistry and Molecular Biology; 

North-Holland/Elsevier: Amsterdam, 1983 
Platz, M. S. Ref 11, p 359 
Imoto, M.; Nakaya, T. J. Macromol. Sci., Rev. Macromol. Chem. 1972, 7, 1 
Brown, R. F. C. Pyrolytic Methods in Organic Chemistry; Academic; New York, 1980; 

Chapter 5 
Peach, J. M.; Bailey, A. S. In Studies in Organic Chemistry; Elsevier: Amsterdam, 

1979; Vol. 3, p 56 
Richardson, A. C. Methods Carbohydr. Chem. 1972, 6, 218 
Nishiyama, K. Yuki Gosei Kagaku Kyokaishi 1985, 43, 176 
Abramovitch, R. A.; Sutherland, R. G. Fortsch. Chem. Forsch. 1970, 16, 1 
Breslow, D. S. Ref 9, p 245 
Richter, T. A. In Energetic Materials; Fair, H. D., Walker, R. F., Eds.; Plenum: New 

York, 1977; Vol. 1, p 15 
Smalley, R. K.; Suschitzky, H. Chem. Ind. (London) 1970, 1338 
Koldobski, G. L; Ostrovskii, V. A.; Popavskii, V. S. Chem. Heterocycl. Comp. 1982, 

965 
Duer, H.; Kober, H. Top. Curr. Chem. 1976, 66, 89 
Wentrup, C. Top. Curr. Chem. 1976, 62, 1973 
Fowler, F. W. Adv. Heterocycl. Chem. 1971, 13, 45. Hassner, A. Ref 11, p 35. L'abbe, 

G. Angew. Chem., Int. Ed. Engl. 1975,14, 775. L'abbe, G. Newer Synthetic 
Methods 1979, 5, 1. L'abbe, G.; Hassner, A. Angew. Chem., Int Ed. Engl. 1971, 10, 
98. Smolinsky, G.; Pride, C. A. Ref 10, p 555 

Moore, H. W.; Goldish, D. M. The Chemistry of Halides, Pseudohalides, and Azides; 
Patai, S., Ed.; Wiley: Chichester, 1983; Vol. 1, p 361 

Moore, H. W. Ace. Chem. Res. 1979, 12, 125 

An exhaustive review of this topic has just ap
peared.16 

_ ArSO2Ns 

Z-CH-Z' -* Z-C(—Na)-Z' 
or 

similar 

Z, Z' = COR, NO2, CN, SO2R, etc. 

c. Amination (Section III. G) 
reductive 

ArLi + RN3 -* • ArNH2 
workup 

R = vinyl, Ts, PhSCH2, (PhO)2P(O), TMSCH2 

/ / . Preparations 

A. From Halides 

1. By Displacement at Saturated Sites 

The most commonly applied route, especially to alkyl 
azides, is halide displacement by azide ion or a con

generic species. The reaction has been routinely used 
for the preparation of acyl azides (usually as interme
diates for the Curtius reaction; see Section III.D) from 
the corresponding acyl chlorides and NaN3

17"22 or 
HN3/pyridine.23 The former approach has been im
proved by utilization of a phase-transfer catalyst (PT-
C).24 The same products are available from aroyl 
chlorides with Me3SiN3ZZnI2.

25 Mixed anhydrides have 
also been used to advantage (see section VI.A.4). 

Similarly, (azidomethyl)bis(fluorodinitroethyl)amine 
(1,X = N3) was prepared from its bromo congener (1, 

[FC(NO2I2CH2 D2NCH2X 

^ 

/-Bu /-Bu 

X = Br) by treatment with sodium azide at 0 0C under 
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an inert atmosphere,26 the azidoadamantane analogue 
(2, X = N3) was obtained from 2 (X - Cl or OH) with 
NaN3/57% sulfuric acid27 (the chlorine in the equatorial 
position, as shown, was more reactive than that in the 
axial), azidothiabrendane (3) was isolated in quantita
tive yield from treatment of the bromo precursor with 
NaN3/EtOH at 90 0C,28 and the tertiary azides (4, X 
= N3; R = Me, t-Bu) resulted from azide ion displace
ment of the corresponding bromo compounds (4, X = 
Br; R = Me, t-Bu).29 In the latter, other dienones either 
did not react or gave only tar under the same condi
tions. Additionally, the reaction gave an 85% yield of 
the azido product in DMF at room temperature for 24 
h but did not proceed in tetrahydrofuran or diethyl 
ether. Tertiary alkyl azides (as well as allyl or benzyl 
azides) have also been prepared by the action of 
NaN3/ZnCl2 on the appropriate halide.30 

With alkali metal azides (mainly sodium azide) it is 
usually helpful to use a polar solvent (typically DMF 
or DMSO, although acetone or even alcohols have found 
some use) to provide some homogeneity. In this regard, 
the increased solubility of lithium azide in such solvents 
can enhance the reaction rate or, in some cases, allow 
reaction where none occurred with sodium azide. Thus, 
the rate of reaction of azide ion with poly(vinyl chloride) 
was increased by the use of lithium azide in DMF or 
acetone.31 Additionally, the azidooxadiazole 6 could be 
prepared from the bromide 5 only by treatment with 
lithium azide in DMF or potassium azide and 18-
crown-6.32 Attempted displacement with sodium 
azide/DMF, lithium azide/methanol, or tetrabutyl-
ammonium azide/acetonitrile led to a quantitative re
covery of 5. 

Ph 

W 
N-

'/ N 
0-

5. X = Br 
6 . X=N3 

NO2 

CH2 — N - C H 2 

I I 
O 2 N—N N — NO2 

CH 2 —N — CH2 

CH2N3 

While good results can generally be obtained when 
DMF or DMSO is used, the difficulties associated with 
azide isolation from such solvents as well as the desire 
for homogeneity have stimulated considerable interest 
in alternatives. 

One such is the utilization of organic azides, e.g., 
MeCON3 and Me3SiN3, as the azide source. Both are 
soluble in organic solvents and permit azide synthesis 
under nonbasic conditions. The former has been used 
in a novel synthesis of the trinitro azide 7 from its 
bromo congener in 79% yield.33 The acetyl azide is 
generated in situ and used at 10-15 0C to avoid de
composition into methyl isocyanate. A previous at
tempt to prepare 7 by treatment of the corresponding 
acetate with NaN3 was unsuccessful.34 The generality 
of this process has not been assessed but it would ap
pear that activated halides are necessary. Trimethyl-
silyl azide also reacts with activated halides (benzyl 
chloride and benzyl bromides, allyl bromides, chloro-
acetonitrile, and ethyl chloroacetate) in hexamethyl-
phosphoramide at 60 0C to give the azido compounds 
in good to excellent yield under homogeneous, neutral, 
nonaqueous conditions.35 Olah and co-workers36 have 

shown that both secondary and tertiary cyclic azides can 
be prepared in 48-92% yield from the chlorides or 
bromides by using trimethylsilyl azide in the presence 
of stannic chloride. 

Another widely used approach is the addition of a 
phase-transfer catalyst, permitting use of solvents such 
as benzene. Thus, as previously mentioned, 6 could be 
prepared from 5 by using potassium azide and 18-
crown-6,32 and numerous alkyl azides were synthesized 
from the corresponding bromides by heating under 
reflux in benzene in the presence of 5-10 mol % of 
tetrabutylammonium bromide.37 The crude azides were 
reduced in situ by the Staudinger process (see section 
III.A.4). It was claimed37 that better yields of the azides 
were obtained with an anhydrous solid-liquid PTC 
system (i.e., with solid sodium azide suspended in 
benzene) than from the reported38'39 liquid-liquid cases. 
The rates of nucleophilic substitution by N3

- (as the 
hexadecyltributylphosphonium salt) in a series of n-
octyl halides (and sulfonates) have been measured in 
different solvents (MeOH, DMSO, PhCl, cyclohexane). 
For the halo derivatives, the highest rates were in 
DMSO (cyclohexane for the mesylates), and in all 
solvents used the nucleofugacity scale was I > Br > Cl 
(their positions relative to mesylate and tosylate dif
fered depending on the solvent).40 While not a synthetic 
study, per se, the results obtained allow selection of an 
appropriate solvent and leaving group for a particular 
synthetic goal. 

Along similar lines, the SNAr reaction of azide ion 
with l-halogeno-2,4-dinitrobenzenes is subject to sig
nificant catalysis by micelles of cetyltrimethyl-
ammonium bromide.41'42 It is claimed that the rate of 
these reactions can be further enhanced by the use of 
macrocyclic quaternary ammonium salts (cf. 8 and 
9) 43,44 Apparently, the azide ion is incorporated into 
the cavity of the cationic host prior to the rate-limiting 
step. 

Me Me 

W 
+ 1 I t 

Me — N ^ N - M e 

Me M e 

8, R= - (CH 2 ) 8 — 

Me 

R 
. R -

Me 

"N—Me 

I ' 
Me 

9, R = - < C H 2 ) 8 -

An interesting modification of this process has been 
developed recently.45 Thus, graft polymerization of 
acryloyl onium salts (A-C„-+XR3, n = 2, 6,10; X = N, 
P; R = Me, Bu) onto a large, porous ultrathin nylon-2,12 
capsule membrane provides phase-transfer catalysts 
that accelerate reactions between benzyl bromide in the 
inner organic phase (chloroform) and water-soluble 
azide ion in the outer phase. It is claimed45 that there 
is no observable induction period for the reaction, in 
contrast to many other insoluble polymer-supported 
PTC wherein swelling of the resin occurs.46 The reac
tion rate is affected by azide ion concentration and the 
length and hydrophobicity of the onium salt side chain. 
Hassner has shown47 that essentially quantitative azi-
dation of activated and nonactivated alkyl halides can 
be achieved at room temperature with a polymeric 
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quaternary ammonium azide. 
A useful addition for activated primary halides is 

ultrasound-promoted azidation in aqueous solution.48 

Reaction time is short (1-4 h), conditions are relatively 
mild (60 0C), isolation is straightforward, and yields are 
good to excellent. However, the reaction is apparently 
limited to propargyl-, allyl-, or cyanomethyl-activated 
species since 1-bromopropane under the same condi
tions gave only a 20% conversion to propyl azide. 

Treatment of dibromo ester 10 (R = Me) with a slight 
excess of sodium azide in DMF at 5 0C gives monoazide 
11 (R = Me) in high yield and about 15% of the diazido 

Br N3 

Br' CO2R 
1.1 equiv Q) NaNs 

DMF 
5 - 2 5 «C 

Br CO2R 

10 11 

49 species.'" The trimethylsilyl analogue 11 (R = 
Me3SiCH2CH2) has been similarly prepared.60 Pre
sumably, steric factors favoring displacement at the 
primary site are countered by the electron-withdrawing 
effect of the ester function. 

The related dibromo esters 12 (R = H, Me, Et, cy-
clohexyl; R' = Me, Et) react with 3 equiv of sodium 
azide to yield (Z)-2-azido-2-alkenoates (16) in good 
yield. The mechanism outlined in Scheme 1 has been 
proposed on the basis of model studies.61 Thus 12 (R 
= H, R' = Et) gave diazido ester 15 (R = H, R' = Et) 
in quantitative yield on treatment with 3 equiv of so
dium azide at 20 0C in DMF, whereas 12 (R = Me, R' 
= Et) gave only 13 (R = Me, R' = Et). A similar 
product, 13 (R = H, R' = Et), was obtained from the 
reaction of 12 (R = H, R' = Et) with 1 equiv of sodium 
azide in DMF at 25 0C.61 Eliminative azidation has also 
been observed62 in the treatment of a 1,2-dibromo-
benzazepine derivative with sodium azide at room 
temperature. 

1,2-Diazides containing other energetic groups (cf. 17 
and 18) can be prepared from the corresponding di
bromo compounds by overnight treatment with sodium 
azide.26 Propargylic diazides 19 and 20 are similarly 
obtained.63 The latter are extremely explosive and 

F C ( N O 2 I 2 C H 2 C H 2 C O 2 C H ( N 3 ) C H 2 N 3 

17 

C H 2 C O C H 2 C ( N O 2 J 2 C H 2 O C H 2 C H ( N S ) C H 2 N 3 J 2 N 3CH 2C=CCH 2N 3 

18 19 

N 3 C H 2 C = C - C = CCH2N3 R 

20 N 3 ^ W3 

21 

must be stored at low temperature; they survive several 
weeks at -25 0C. The results of a recent study con-

PhCO2H + tar 

15-27% 50-60% 

cerning the stability of functionalized vicinal diazides 
(cf. 21) in the presence of mild base suggest that un
saturated functional groups (-M type, e.g., R = COMe, 
CN, and COPh) destabilize the diazide.54 

2. With Rearrangement 

In an attempt to prepare the elusive azidophenyl-
ethyne (23), chlorophenylethyne (22) was allowed to 
react with sodium azide in DMSO for 3 days at 25 0C.55 

Not unexpectedly,56 the desired compound was not 
obtained (see Scheme 2) but one of the products (viz., 
26) was rationalized as arising from decomposition of 
23 to the nitrene and subsequent reaction with DMSO. 
The isolation of 24 suggests that attack at C-2 is a major 
competing process, as it is in other nucleophilic reac
tions with halogenoarylethynes.57 

The w,w-dibromoacetophenone derivatives 27 (X = 
Br) react with 2 equiv of sodium azide to form the aroyl 
azides 28.58 The process is apparently not merely dis
placement of dibromomethane anion but is rationalized 
as involving rearrangement of the initially formed di
azide 27 (X = N3) and subsequent extrusion of HCN 
and N2. 

R1^H1NO2, NHCOMe,- R 2 «H, NO2 , Cl 
R^H, halogen, NO2,OMe, Ph, SO2Me, NHCOMe; R4=H,Br 

As previously noted the propargylic diazide 19 can 
be isolated and stored at low temperature. However, 
warming solutions of 19 in benzene, chloroform, or 
aqueous acetone to 40-70 0C gives 2,3-diazido-l,3-bu-
tadiene (33).59 This is the first example of direction of 
an azido group to a vinyl position by allyl rearrange
ment. Previously, only allyl rearrangements to allyl 
positions were known in propene and butene systems.60 

Diazide 33 could also be prepared directly from 29 (1 
equiv) by heating (50 0C) with sodium azide (4 equiv) 
in ethanol/water. The series of reactions and equilibria 
shown in Scheme 3 has been postulated to explain these 
results. The rate of formation of 33 from 19 and 
thermodynamic data suggest a nonionic process in
volving sequential migration of the two azide groups in 
19. Although none of the postulated intermediates 
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SCHEME 3 

BrCH2C=CCH2Br 

29 

I N 3 -

LiN3 

N3" 
CN3CH2C=CCH2Br] —*— N3CH2C=CCH2N3 

30 19 

11 
CCH 2 =C = C(N3)CH2Br] 

31 

N3" 
CCH2 = C=C(N 3 )CH 2 N 3 ] 

32 

N3 

N3 
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35 
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(30-32) to 33 could be isolated, the likelihood of their 
existence was strengthened by the isolation of 2-azi-
do-l,3-butadiene (36, R = H) from the reaction of 4-
bromo-l,2-butadiene (34, X = Br, R = H) with sodium 
azide in aqueous methanol for 5 days (Scheme 4). 
Compound 36 (R = H) could be more conveniently 
prepared from 34 (X = Br, R = H) and tetramethyl-
guanidinium azide in sulfolane (1.5 h, 55-60 0C).59 The 
postulated intermediate, viz., 35 (R = H), could not be 
isolated in the present study; however, in a closely re
lated examination of the reaction of 34 (X = Cl, R = 
Me) and sodium azide, it was found that if the reaction 
was prematurely terminated, then 34 (X = Cl, R = Me), 
36 (R = Me), and 35 (R = Me) were obtained.61 Better 
yields of 35 (R = Me) resulted from treatment of 34 (X 
= Cl, R = Me) with hexadecylphosponium azide. 

Tetramethylguanidinium azide (TMGA) in sulfolane 
also reacts with iodoallene (37) to give 3-azido-l-
propyne (38).53 

CH2=C=CHI -^^* N3CH2C=CH 
37 38 

Treatment of the halopenams 39 (X = Br, Cl) with 
sodium azide in DMF/water at 25 0C gave both azi-
dopenam (39, X = N3) (60-65%) and azidocepham (40) 
(35-40 %).62 

J=O* 
NlN 3 

CH2X 

Me 'OMFZH2O" 

CO2R 

39. X = N3 N3 

'Me 

39 
CO2R 

40 

Eliminative azidation to form tosyl azide and iso-
butyronitrile occurs on treatment of the iV-tosylimidoyl 
chloride 41 with lithium azide or the /V-tosylketenimine 
42 with hydrazoic acid.63 

Me2CHCCl=NTs - TsN3 + Me2CHCN 
41 

Me2C=C=NTs -^1* TsN3 + Me2CHCN 
42 

3. By Displacement at Unsaturated Sites 

Both E and Z O-acyl imidoyl chlorides (43 and 44, 
respectively) react stereospecifically with sodium azide 
in acetone/water (1:1) at 25 0C to give quantitative 
formation of the Z azide (45).64 No E azide (46) or 
tetrazole (47) (to which 46 should cyclize;65 see section 
VI.B.4) was present in the reaction mixtures. The re
sults have been rationalized mechanistically. 
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Hydrazonoyl azides (48J66 and the unstable 1-azido-
2-aza-l,3-butadiene derivatives (49)67 have been pre
pared in standard fashion by the action of sodium azide 
on the corresponding chlorides. 

Cl2C=CHN=CR 

I 
N3 

49. R-Ar1Z-Bu, Me 

C = N — NSO2Ph 

I I 
N3 R 

48, R = H1Me; X = H,Me,MeO,Cl,CN,NO2 

Methyl 3,3-dichloro-2-cyanoacrylate and sodium azide 
in acetone/water at -15 0C react in a few seconds to 
form diazide 50.68 The 4-azido-2-furanones 5269 are 

N3 CO2Me 

N3 CN 

50 

MeO" A u ^ r 
OMe 

51 
X = Y = CLX=Y=Br 
X = CI1Y = I 
52. X = N3 

^N 
H 

53 

N3 

S'NlHO 
54 

formed by Michael addition of sodium azide on the 
furanones 51 in methanol. The halide a to the carbonyl 
function remains intact. Bromopyrroline 53 (X = Br) 
reacts analogously to form 53 (X = N3) in 85% yield.70 

No reaction occurred in THF. The yield (from the 
bromo species) of 3-azidothiophene-2-carbaldehyde (54) 
was increased from 45%71 to 75%72 by use of NaN3 in 
HMPA rather than in DMSO. 

Azidoquinones 55,73 56,74 and 5775 are similarly pre
pared from the corresponding halides. However, due 
to its instability, 57 was not isolated but used in situ 
for further transformations. The azidouracil derivatives 
58 and 59 were likewise obtained.76 
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CO2C7H7 

NHAc 

58, R = Ph 
59, R=CH2Ph 

Recently, Boger and co-workers77 studied azide attack 
on 7-bromoquinoline-5,8-quinone (60) as a model for the 

60, X = Br 
61,X = N3 

preparation of the AB ring system in lavendamycin. 
Thus, treatment of 60 with sodium azide gave 7-azido-
quinoline-5,8-quinone (61) in 91% yield. Interestingly, 
with excess reagent (1.5 equiv) 7-amino-6-azido-
quinoline-5,8-quinone was the major product. Similar 
results had been observed previously with 2-bromo-
1,4-naphthoquinone.78 

Displacement of activated heterocyclic halides is also 
possible (cf. 62 (X = Y = Cl) — 62 (X = Y = N3) and 
62 (X = NMe2, Y = Cl) — 62 (X = NMe2, Y = N3),

79 

although on occasion rearrangements occur. Thus, 
4-carbethoxy-5-chloro-l,2,3-thiadiazole (63) gave diazo 
compound 64 in 77% yield on treatment with sodium 
azide in acetone/water at 0 0C. The corresponding 
azide was postulated as an intermediate.80 

NMe2 

N ^ N 
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CO2Et 
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62 63 N2 

64 

4. By Displacement at Atoms Other than Carbon 

Various heteroazido species are commonly encoun
tered: inter alia, halogen azides (see section ILG), tosyl 
azide (see section ILJ)81 and other sulfonyl azides,82,83 

diphenyl phosphorazidate,84 and trimethylsilyl azide,85 

all of which can be made from the action of NaN3 on 
the appropriate halide. The last two of these (viz., 
(PhO)2P(O)N3 and Me3SiN3) are now commercially 
available.86 

The gem-diazido-87 and triazidosilanes88 Me2Si(N3)2 
and PhSi(N3)3 have been prepared for photolysis and 
thermolysis studies.89,90 

Azidophosphoranes 65-67 were synthesized by the 
action of trimethylsilyl azide on the chloro-
phosphoranes.91 Previous to these preparations only 
one azidophosphorane (viz., 68) had been reported.92 

Bis(diisopropylamino)phosphinyl azide is derived from 
the chloride in the same manner.93 

O Me 

\ < 
MeN-P -NMe 4H N3 

65 
Me 

66 

Me,,, 

Me N3 

67 68 

Similarly, aryl-,94 alkyl-,95 and heteroalkylazido-
boranes96 (R2BN3) and diazidoboranes96 have been 
prepared. Dibutyltin and dibenzyltin chlorides react 
with sodium azide to give the dialkyltin azides.97 For 
kinetic studies, solutions of benzenesulfinyl azide 
(PhSON3) were prepared at -20 0C from benzene
sulfinyl chloride and sodium azide in 1,2-dimethoxy-
ethane or acetonitrile,98 an improvement on the litera
ture method.99 

5. Via SRN1 Reactions 

Chloro compound 69 undergoes an SRNI reaction with 
sodium azide to provide the corresponding azide 70.100 

Similarly, an SRN1 mechanism has been implicated in 
the preparation of the a-nitro azide 72 from the cor
responding bromo compound 71.101 Interestingly, with 
excess azide ion, 72 reacts further to give the diazido 
species 73. 

NO2 

CH(X)-Z-Bu 

Me2C(X)Y 

71, X«Br; Y = NO2 
72, X = Na; Y=NO2 
73, X=Y=N3 

69, X = CI 
70, X = N3 

6. Thwarted Attempts 

The reaction of arylbromodiazirines 74 with tetra-
butylammonium azide gave the corresponding nitriles 
76, presumably via azide 75 intermediacy.102,103 

Ar N * 
>^N Bu«N N»" 

B r - ^ N 

74 

Ar N 

N3 N 

75 

ArCN 

76 

Attempted azidation of the bromo compounds 77 (X 
= Br; R = CONH2, CN) with sodium azide in acetone 
at 25 0C gave moderate yields (42% and 55%, respec
tively) of the amino congeners 77 (X = NH2; R as 
above).104 Presumably the azide is initially formed and 
cleavage occurs via neighboring group participation by 
a pyrimidine ring nitrogen. The aminothiochromone 
79 (X = NH2) resulted from azide treatment of 78 in 
MeOH/H20.105 Interestingly, in DMF/H2O, elimina
tion to form 79 (X = H) occurred. 
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Treatment of 3-bromo-5-phenyl-l,2,4-oxadiazole (80) 
with sodium azide in DMF at 130 0C gave 3-(di-
methylamino)-5-phenyl-l,2,4-oxadiazole (82) (39%) and 
3-(((dimethylamino)methylene)amino)-5-phenyl-l,2,4-
oxadiazole (83) (34%).106 The azide 81 was formed at 
lower temperature and was shown to be a precursor of 
83. 

NMe2 Br 

N - / DMF_ Ji-^ U£^ 

A N 

82 

N-

P h " ^ 0 ' 

80 

,N3 

P h ^ O ' P h ^ O ' 

N < ^ N M e 2 

81 

B. From Sulfonates and Acetates 

83 

The displacement of sulfonates by azide ion, or con
generic species, is another important route to organic 
azides, especially alkyl examples. Overall, the process 
can be used as an indirect conversion of an alcohol to 
an azide (see section ILE for direct conversion). The 
most commonly employed sulfonate leaving group is the 
methanesulfonate (mesyl) moiety. Choice of conditions 
for displacement by azide ion is dictated by the same 
factors as described for halide leaving groups (see sec
tion ILA). Thus, in DMF, the azido compounds 84,107 

85,108 and 86108 are prepared in good yield by the action 

N3 

N3 

8 4 , R = M e 1 C - B u 8 5 , R=Bu, C ioH 2 i , C18H37 
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N3CH2 N = C H 2 C O 2 R ' 

OCH2Ph 8 9 , R=C 8 Hi 7 , 9 0 , R = Me,Bu, Ph 
Ci2H2S 

87, X=Y = OSO2Me 
88, X = OSO2Me; Y = N3 

of NaN3 on the mesylates (also PhSO2 for 85). Selective 
displacement of a primary mesylate in the presence of 
a secondary mesylate can be effected in the same 
manner (cf. 87 — 88).109 Similarly, triazide 89 is ob
tained by using NaN3/Bu4NCl in HMPA.108 For the 
long-chain azides 85, 86, and 89, the nucleophilic sub
stitutions leading to their formation required polar, 
aprotic solvents rather than ethylene glycol (as previ
ously described for shorter chain analogues110). The 
6-azidohexa-2,4-dienoates 90 were also prepared from 
the corresponding mesylates.111 

The SN2 nature of the substitution (Le., inversion of 
configuration) is apparent from a number of examples: 
inter alia, 91 — 92,112 93 — 94,113 95 -* 96,74 and 97 — 
98.114 

Displacement can be extended to activated aromatic 
systems; thus, oxadiazole 99 (X = N3) results from 
treatment of 99 (X = SO2Me) with NaN3 in EtOH.115 

CH2OH 

OMe 

91,R=j8-OMs 
92,R = O-N3 

93,R = (A)-OMs 
94, R = ( S ) - N 3 

96. R = (S)-OMs 
96. R=(A)-N 3 

97, R = (S-OMs 
98, R = O-N3 

N SO2Me 

100 

A similar attempt with 100 gave a tetrazole derivative 
(see section VI.B.4) presumably derived from the ini
tially formed azido compound.116 

Tosyl groups can also be displaced, although not al
ways efficiently, as evidenced by the attempts to pre
pare 101 (X = N3) from the tosylate 101 (X = OTs).117 

Thus, with sodium azide in dipolar aprotic solvents a 
low yield of the azido species was obtained, presumably 
because of competing ir-route cyclization to adaman-
tan-2-ol. With a 9-fold excess of sodium azide in DMSO 
at 90 0C for 5 days, a mixture of the required azide 
(34%) and adamantan-2-ol (65%) resulted. A 15-fold 
excess of sodium azide in DMF in the presence of 15-
crown-5 at room temperature for 4.5 days gave 101 (X 
= N3) (21%) and adamantan-2-ol (12%). Various other 
reaction conditions were employed, with no improve
ment in results. 

In contrast, tosylate 102 (X = OTs, Y = H) gave the 
azido compound 102 (X = H, Y = N3) in 74% yield by 
treatment with lithium azide in DMF.118 Similarly, high 
yields (95% and 87%, respectively) of the azido sugar 
103 and lactone 104 were obtained with sodium azide 
in DMF at 100 0C119 and reflux,120 respectively. 

O ^ 

OAc 0„ h 

C^0 oCf 

102 
X 

103 

104 105 

Reaction of 3-(tosyloxy)oxetane with liquid ammonia 
gave only a low yield of the corresponding amino com
pound, and hence a two-step process via 105 was instead 
employed (see section III.A).121 A 50% yield of 105 was 
obtained with KN3 at 87 "C in HMPA and a 28% yield 
in refluxing acetonitrile in the presence of 18-crown-6. 
However, using NaN3 and the tosylate in tetraethylene 
glycol (or higher homologues) at 120-130 0C and 7-10 
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mmHg gave an 86% yield of 105. The explosive azide 
distilled from the reaction mixture but was handled 
safely by collection in dichloromethane and use in so
lution. 

The benzenesulfonate leaving group has been little 
utilized. One interesting example, however, is the 
conversion of 106 to the tetraazide 107 en route to the 
corresponding tetraamine.122 Likewise, there are very 

i—x 

V A w - N 3 R/J^^H 

106, X-OSO2Ph 
107, X - N 3 

108 109, R-H1Me 

few reports concerning displacement of 4-bromo-
benzenesulfonate (brosyl) groups by azide ion. In part, 
this may be due to the known incidence of competitive 
SNAT bromine substitution.123,124 However, despite this 
difficulty, excellent yields of 2-norbornyl azides (108) 
were obtained by SN2 displacement of the appropriate 
brosylates with tributylhexadecylphosphonium azide in 
toluene.123 The same reagent also effects SN2 dis
placement of cyclopropyl trifluoromethanesulfonates 
to give the cyclopropyl azides 109 and allylic azides as 
minor products.125 The percentage of the product 
mixture comprising the cyclic azide decreased with 
growing steric hindrance. The use of the trifluoro-
methanesulfonyl (triflyl) group can sometimes be ad
vantageous in that conversion occurs under very mild 
conditions; e.g., 110 (R = N3, R

1 = H) was prepared 

PhCH 

MbzfX , 0 
CR1 

.OMe 

110 111, R = R 1 » R 3 = R 4 = H . RZsR».OTf 

112, R = R2=R3=RS=H; R1=R4=N3 

113, R1R1,R2= R3,R4-, Redouble bond 
114, R, R1, R2= double bond; R3=RS-H;R4-N3 

from the triflate 110 (R = H, R1 = OTf) by treatment 
with LiN3 in ethanol at room temperature for 40 min.126 

Competing elimination can be a problem, however; 
treatment of the ditriflate 111 with lithium azide under 
a variety of conditions gave a mixture of the required 
diazide 112 and the mono- and dialkenes 113 and 114.127 

The first report of palladium-catalyzed azidation of 
allylic acetates appeared recently.128 The conversion 
was effected under mild conditions (room temperature) 
and in good yield (66-88%) with sodium azide and a 
catalytic amount of Pd(Ph3)4 in THF/water. The 
process can be used as a "one-pot" amine preparation 
by in situ azide reduction (triphenylphosphine/NaOH) 
(see section III.A). 

C. From Epoxides 

Azidation of epoxides often proves advantageous in 
that the azido alcohol normally formed is difunctional 

(see section III.C for further transformations). Several 
other examples of this process are reported in section 
V. 

Reaction of the diepoxide 115 with sodium azide gave 
a mixture of azides (116, 117) derived only from ring 
epoxide cleavage. Further treatment of the mixture 
(116,117) with NaN3 gave the expected diazides (118, 
119).129 Similar treatment of 120 gave a mixture of the 
azido alcohols (121, 122) and the diol 123.129 

NaNs 

HaO 

115 

9 

OH 

C H - C H 2 N 3 

116, X=N31Y=OH 
117, X-OH1Y=N3 

C H = C H 2 

NtNg 
HaO 

118, X»N3;Y«0H 
119. X=OH1Y-N3 

C H = C H 2 

120 121,X-N 3 : Y-OH 
122.X-OH1Y-N3 
123,X-Y-OH 

The reaction has been extended to the steroidal ep
oxides (124,125) to give the 15- and 16-azido steroidal 
alcohols, respectively.130 Additionally, in an attempt 
to transform the epoxide to an aziridine using Blum's 
two-step procedure ((1) NaN3, (2) Ph3P)131 (see section 
III.C), the epoxy ester 126 was transformed to azido 
alcohol 127 in >90% yield by treatment with sodium 
azide in MeOHyNEt3 for 3 h at room temperature. The 
subsequent cyclization was unsuccessful.132 

MeO 

OAc OAc 

124 

CO2Me 

126 

CO2Me 

127 

The mixture of azido alcohols (128,129) was similarly 
prepared.132 Regioselective addition was also observed 
for the reaction of various polycyclic aromatic hydro
carbon epoxides (cf. 130 -* 131) with sodium azide in 
acetone. Depending on reaction conditions the other 
azido alcohol was formed in 0-20% yield.133 

The deuteriated cyclohexadienyl epoxide 132 reacts 
with NaN3 in water to give a mixture of three azido 
alcohols (133-135), postulated as arising from initial 
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H OH 
H C OH 

N3 H ^ ^ C 0 2 M e 

128 

N3 H 
COzMe 

129 

130 

131 

134 
11% 

1,2-addition followed by [3,3]-sigmatropic rearrange
ment.134 An intermediate epoxide is probably involved 
in the regio- and stereospecific conversion of 136 to 
137.74 Interestingly, the oxirane 138 gives a 67% yield 

136, R=R3=H,- R1=0H,R2=Br 
137, R=N31R1=R2=H, R3=0H 

of a mixture of E and Z isomers of 139 on refluxing with 
NaN3 and NH4Cl in 60% EtOH for 18 h135 (for similar 
transformations, see section III.C). 

C02Et 

NaN3, NH4Cl / \ 
H2O, EtOH V .NH 

H 

138 

.CO2Et 

0 

139 

Greater control of regio- and stereoselectivity is often 
possible with Me3SiN3 (TMSA) and a Lewis acid cat
alyst. Thus, cyclohexene oxide and propylene oxide 
react slowly at room temperature with trimethylsilyl 
azide in the presence of a variety of Ti or V catalysts 
to give the anti and primary azido alcohols, respec
tively.136 Similarly, the 2,3-epoxy alcohol 140 gives the 
azido diols (141,142) (98:2) in 85% yield by treatment 
with TMSA and Et2AlF in dichloromethane at room 
temperature. Other Lewis acids led to decomposi-

OH 

M«3SiN3 

EtjAIF 

140 N3 

OH 

OH 

141 

Scriven and Turnbull 

tion.137 Similar regioselectivity was observed with other 
2,3-epoxy alcohols using TMSA and a stoichiometric 
quantity of Ti(O-J-Pr)4,

138-139 TMSA and a catalytic 
quantity of Ti(O-J-Pr)4,

136 and TMSA and ZnCl2.
140 

These methods apparently circumvent the steric dif
ficulties encountered in the conventional method with 
azide ion. Thus, conventional azidation of 140 re
portedly provides a (1.7-2):1 ratio of 141:142.141 More 
recently, a 13-compound study of the regioselectivity 
of ring opening with ammonium azide in analogues of 
140 has been reported.142 

By comparison with sodium azide supported on alu
mina or silica, or the sodium azide/ammonium chloride 
system, sodium azide impregnated on a calcium cation 
exchanged Y-type zeolite (CaY) induced C-3 opening 
of 140 (and two analogues) with much greater selectivity 
to form predominantly 141 (or congeners).143 

Ti(O-J-Pr)4 also catalyzes the regioselective ring 
opening of monofunctional epoxides with trimethylsilyl 
azide.144 The primary azido species is formed with re
markable regioselectivity (92:8 -»• 100:0). 

The boron trifluoride diethyl etherate catalyzed re
action of 1,2-epoxysilanes 143 (R = H, 1-hydroxy-l-
cyclohexyl; R1 = Me, Et) with TMSA followed by brief 
treatment with a trace amount of HCl in methanol 
afforded (l-azido-2-hydroxyalkyl)silanes 144 in 74-86% 
yield.145 Direct conversion of 143 (R = alkyl, R1 = Me, 
Et) to 144 could be effected in lower yield by prolonged 
treatment with sodium azide/zinc chloride in methanol. 

M(OH H A SiR1
3 TMSA 

f-^ BF3 'OEtJ HCI 

R H 

HO 

H HiT 

143 
\ N a N 3 1 Z n C l 2 J 

SiR1
3 

H 

R N3 

144 

M»OH 

On occasion hydrazoic acid itself has been utilized for 
the oxirane ring opening. Thus, epoxysuccinate 145 was 
converted to azido alcohol 146 in 97% yield by treat-

OH 
R - C O 2 E t HN3 

EtO2C 
DMF EtO2C 

145 
N3 

146 

CO2Et 

142 

ment with HN3 in DMF.146 The hydrazoic acid was 
generated in situ from TMSA and methanol in DMF.147 

Other azide ion oxirane cleavage methods did not sat
isfactorily effect the transformation, and DMF appears 
to be essential. Regioselective ring opening by HN3/ 
Et3Al has also been reported.148 

Under Payne rearrangement conditions epoxy alcohol 
147 reacts with excess sodium azide to give azido diol 
148 in 52% yield.149 The use of a phase-transfer catalyst 
is essential and it appears that the PTC facilitates the 
Payne rearrangement. Support for this premise comes 
from the fact that two minor products (149,150) formed 
in the catalyzed reaction become major components in 
the noncatalyzed process. 

D. From Ketals 

Ketals (cf. 151) can be converted to the corresponding 
a-alkoxy azides (152) or diazides (153) by treatment 
with trimethylsilyl azide (1 or 2 equiv, respectively) and 
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" O 
B n 0 \ J ^ C l ^ <1>N«Ns,dioxiiM. 1N NiOH. 

^ " ^ ]^v "^"OH cttyltrlmtthylimmonlum bromid* 

Me 

147 

HO Ĥ H N3 HO sH 
BnCL V f ^ BnO V"" ^ 6"O- Vf 

^ X N 3 + ^ ^ > ^ O H + 

Me OH HO 'Me 

\ OH 
Me 'Na 

148 149 150 

tin(IV) chloride.160 With 2 equiv of trimethylsilyl azide, 

OR3 

*0R 3 

R1 N3 R1 N3 

^ C C 
R 2 / ^ O R 3 R 2 ^ N N 3 

151 
R1,R2= alkyl.aryl 

R3- alkyl 

152 153 

diphenyl ketal 151 (R1 = R2 = Ph) is converted to a 
tetrazole, presumably via diazide (153) intermediacy.160 

Similar results were obtained with the a-hydroxy ana
logues 151 (R1 = CH2OH; R2 = 4-MeOC6H4,4-MeC6H4; 
R3 = Me). The necessity for activating substituents is 
manifest since 151 (R1 = CH2OH; R2 = Ph, 4-ClC6H4; 
R3 = Me) gave monoazido silyl ether 152 (R1 = 
CH2OSiMe3).

151 For a similar transformation to a tet
razole, see section VI.B.4. 

E. From Alcohols 

Azides can be prepared from alcohols in a two-step 
process involving conversion to a sulfonate and subse
quent azide ion displacement (see section ILB). Direct 
conversions will be enumerated here. 

Tertiary alcohols can be converted directly to azides 
(cf. 154 and 155) by using hydrazoic acid and boron 
trifluoride as catalyst.152""154 Other Lewis acids can be 

-K 
154 

N3 

155 
R = Me, Ph, Bn.allyl 

utilized and recently it was shown that HN3/TiCl4 
smoothly converts benzylic, allylic, or tertiary alcohols 
to the corresponding azides in good yield.155 Primary 
alcohols are unaffected and stereochemistry is not 
maintained, indicative of a carbocation intermediate. 

The modified Mitsunobu reaction156 (Ph3P, DEAD, 
HN3, benzene, 2 h, 20 0C) converts alcohols to azides 
with inversion of configuration. Thus, azido benzoate 
156 and epoxides 157 and 158 were prepared from the 
appropriate alcohols.157 

N3 . N3 

R OBz R > 0 

N3 

156, R=ZJ-C6H13 157, R./7-C6Hi3 158, R«/7-C6H13 

In some cases apparent rearrangement occurs; e.g., 
the secondary alcohol 6/3-hydroxypregnane (159) reacts 
with BF3/HN3 to give the 5-azido analogue 161, pre-

SCHEME 5 

— O P(NMt2VCCl4 

^ ^ O H 
-40 «C 

^ + 
OP(NMe2J3Ci" 

0P< NMe2J9N3
-

N3 

SCHEME 6 

Ph OSiMe3 

Me 
+ HN3 +• ROH T ' C U - PhCH — CHOR 

Me N3 

R = Me1Et1Z-Pr 

sumably via HN3 addition to a A5-pregnene (160) in
termediate.158 

Activation of the alcohol function by formation of a 
phosphonium salt has also been reported. Thus, pro
tected sugars with a free anomeric OH can be directly 
converted to the glycosyl azides (with inversion of 
configuration) under extremely mild conditions as 
shown in Scheme 5.159 

F. From Carboxyllc Acids 

The preparation of acyl azides from acyl halides has 
been previously described (see section ILA). Similar 
two-step procedures (from the carboxylic acid) have 
been developed by using the reaction of a mixed an
hydride with sodium azide.23,160 

One-pot reactions are potentially more useful, how
ever, since one synthetic step is excised. A few such 
transformations have been reported. Thus, carboxylic 
acids react with O,0-diphenylphosphoryl azide to give 
the corresponding acyl azides.161 More recently, N^N-
dimethyl(chlorosulfonyl)methaniminium chloride 
(Me2

+N=CHOS(O)ClCl-; from thionyl chloride and 
DMF) was used as an activating reagent for the reaction 
of carboxylic acids with NaN3.

162 For the four examples 
studied, yields were good to excellent (75-96%) and the 
conditions employed were mild (15-20 h, room tem
perature). Similar activation has been achieved with 
phenyl dichlorophosphate.163 With the latter the con
ditions were also mild and outstanding yields were ob
tained (85-100%). 

G. From Alkenes 

In an extensive study of the reactions of hydrazoic 
acid with alkenes, Hassner155 has shown that enol ethers 
and silyl enol ethers react to give azido ethers in good 
yield. A similar process occurs with trifluoroacetic acid 
catalysis.164 Interestingly, TiCl4-catalyzed hydrazoic 
acid addition to silyl enol ethers in the presence of 
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primary and secondary alcohols gave products derived 
from ether exchange (Scheme 6). 

Olefins bearing a phenyl or two geminal alkyl sub-
stituents require the presence of a Lewis acid (best with 
TiCl4); mono- or 1,2-dialkyl olefins do not react. These 
data, in conjunction with the regiospecificity of the 
addition, are suggestive of a carbocation intermediate. 
This premise is further supported by the isolation of 
a mixture of 5a- and 5j8-azidocholestanes from 5-
cholestene. Previously, hydrazoic acid had been shown 
to add readily only in the case of cyclopropene165 or in 
Michael additions to unsaturated carbonyl com
pounds.166 A recent example of the latter has been 
reported.167 Attempts to add HN3 to diarylethylene in 
the presence of sulfuric acid led to considerable de
composition due to Schmidt rearrangement1660 (see 
section III.E). 

Pregnenolone acetate (162) reacts with chromyl azide 
(formed in situ from chromium trioxide and sodium 
azide168) to provide the azidohydrin 163. However, the 
situation with 164 was more complex. Three products 
(165-167) were formed, the major of which was the 
unexpected azidohydrin 165.169 Similar results were 

164 R1 R' 

165, R1 = OH; R2 = H 
166, R1= N 3 ; R2= H 
167, R1R2=0 

obtained with some other steroidal dienones. 
Diazido species (cf. 166) were the major products 

when steroidal 4,6-diene-3-ones were reacted with lead 
tetraacetate and trimethylsilyl azide.170 The mechanism 
was presumed to involve an initial conjugate nucleo-
philic attack by azide ion and subsequent electrophilic 
azide addition. Vicinal diazides have also been prepared 
from alkenes by using Fe(III)171 and Pb(IV)172'173 reag
ents. The latter converted 1,3-dienes to 1,4-diazides.174 

Recently, modifications of this approach have been 
reported.175'176 Thus, 1,2-diazides were the major 
products from treatment of alkenes with NaN3/ 
Mnin(OAc)3; Mn111N3 species are presumably formed in 
situ.175 The mechanism apparently involves ligand 
transfer to generate a /3-azidoalkyl radical which sub
sequently reacts with a second Mn111N3 species. Simi
larly, vicinal diazides were formed in 34-85% yield 
under mild conditions by reaction of the corresponding 
alkene with PhIO and sodium azide.176 

The lead tetraacetate/trimethylsilyl azide system has 
been previously utilized for the introduction of 
"positive" azide to a large variety of olefins and acety
lenes;177 with isolated trisubstituted steroidal olefins, 

allylic azides178 or seco keto nitriles179 are formed, de
pending upon temperature. In contrast, isolated di-
substituted olefins provide a-azido ketones.180 Tri-
alkylboranes (prepared from alkenes) react with lead-
(IV) acetate azide (formed in situ from LTA and TMSA 
at -25 0C) in a "one-pot" process to form the corre
sponding alkyl azides.181 

Interestingly, reaction of mesityl oxide 168 with tri
methylsilyl azide and ethylene glycol in the presence 
of SiCl4 (1%) leads to the azido ketal 169.182 

o 
166 

Me3SiN3 

/~\ 
OH OH 

169 

Nucleophilic attack by azide ion or congeneric species 
on nonconjugated alkenes can be facilitated by di-
methyl(methylthio)sulfonium tetrafluoroborate.183 The 
products (cf. 170) result from trans addition, and, in 
general, the greater the nucleophilicity of the azido 
species, the greater the amount of anti-Markovnikov 
product and vice versa. Olefin substitution also greatly 
affects orientation; monosubstitution favors anti-Mar
kovnikov addition, and trisubstitution, Markovnikov 
addition. Control either way is possible with 1,1-di-
substituted olefins, the nucleophilicity of the azido 
species being the deciding factor. 

(1) Me2(MeS)StBF4~ 

(2) NaNs 

SMe 

N3 

170 

trans addition 

Halogen azides react with alkenes to form the cor
responding halo azides, and the utility of this process 
has been reviewed.184 It has been stated that iodine 
azide usually adds to olefins via a three-membered io-
donium ion intermediate185 whereas bromine azide can 
add either in an ionic or a free radical fashion, the latter 
being favored by nonpolar solvents.186 

Tamura and co-workers have examined the reactions 
of iodine azide with indoles187-189 and benzo[6]furan.187 

Extension to benzo[h]thiophene 1,1-dioxide (171) gave 
intriguing results. Treatment of 171 with IN3 provided 
the 3-azido species 172 whereas with BrN3 the 2-azido 
product 173 was obtained.190 The formation of 172 
presumably involves azide attack on an iodonium in
termediate; a similar mechanism has been proposed for 
open-chain vinyl sulfones.191 

H N3 H Br 

172 171 173 

In contrast, it was suggested190 that the reaction with 
bromine azide involves attack of N3* radical on the 
double bond and subsequent Br" attack at the benzylic 
position. A mixture of azide-containing products was 
obtained from benzo[6]thiophene and iodine azide but 
their unstable nature precluded their characteriza
tion.190 

The a,a-dichloro azide 175 (R1 = R2 = Ph, R3 = Cl, 
R4 = H) had been prepared by addition of chlorine 
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SCHEME 7 

Ri R4 
CINs 

R 2 CHSCl2.-10*C 

174 

R1 R* R1 R* Ph R2 

JW-N3 — /~^kd n - * PhCC|3 + R2CN 

Cl N — N2 

175, R4= Cl 
R1 = Ph 
R3=CI 

SCHEME 8 

Ph H 

N3 Ph 

176 

Cl2 

Ph Cl 

N3 Ph 

177 

PhCN + PhCHCI2 

azide to the vinyl chloride 174 (R1 = R2 = Ph, R3 = Cl, 
R4 = H).192 However, an attempt to synthesize the 
analogous trichloro azides 175 (R1 = Ph, R2 = H or Ph, 
R3 = R4 = Cl) from the dichloroalkenes 174 (R1 = Ph, 
R2 = H or Ph, R3 = R4 = Cl) led to the formation of 
a,a,a-trichlorotoluene and the appropriate nitrile.193 A 
plausible mechanism is shown in Scheme 7. 

Support for the instability of a-chloro azides was 
provided by the observation that azidostilbene (176) 
reacted with chlorine to give PhCN and PhCHCl2; the 
expected addition product (177) could not be isolated193 

(Scheme 8). 
A recent reinvestigation of the regiochemistry of ad

dition of iodine azide to 1-arylcyclohexenes has shown 
that the products obtained in 77-89% yield are 2-azi-
do-1-iodo-l-arylcyclohexanes194 and not l-azido-2-
iodo-1-arylcyclohexanes as previously reported.195 

A considerable body of data has been amassed re
garding the addition of halogen azides to unsaturated 
steroids and related species. Thus, addition of bromine 
azide to the unsaturated acid 178 or its methyl ester 179 
gave unexpected 6|8-bromo-7a-azido species 180 and 
181, respectively. Treatment of 180 with methanol/ 
pyridine under reflux gave 182 in 77% yield, presum
ably via neighboring group participation by the azido 
group.196 

OMe OMe OMe 

178, R = C02H 
179, R=CO2Me 

180, R=CO2H 
181, R=CO2Me 

182 

The addition of iodine azide to 3-methylene-5a-
androstane (183) in the presence of oxygen is regiose-
lective but not stereoselective; iodomethyl-containing 
products 184 and 185 are formed.197- The overall yield 
(up to 98%) and the relative amounts of 184 and 185 
depend on the choice of solvent and mode of generation 
of iodine azide. The /3-azido compound 184 is always 
the major component and is the sole product from 
treatment of 183 with iV-iodosuccinimide/HN3. Under 
a nitrogen atmosphere, products containing an azido-

methyl group are obtained, suggestive of a radical 
mechanism. 

I N 3 

183 184, R1=N3; R2 = CH 2 I 
185, R1=CH2I; R2 = N3 

Alkyl-substituted allenes (186) react with iodine azide 
regioselectively to give allyl rather than vinyl azides.198 

It appears that the primary product is the allyl azide 
derived from azide attack at the most substituted site 
(i.e., 187). However, depending on the allene structure 
and the reaction temperature, substantial amounts of 
the [3,3]-rearrangement product (188) can also be 
formed.198 

R R1 R2 

— •5 V Q ' 

R3 

186 

R=R2 = Me;R1 = R3=H 
R = R1 = Me; R2=R3=H 
R = Et; R1 = R2=R3=H 
R=Rl= R2=R3 = Me 

R' RJ 

187 188 

Similarly, norborn-2-ene reacts with IN3 in the 
presence of oxygen to give products derived from an 
ionic process and in the absence of oxygen to give 
products derived from a radical addition.199 

The reaction of a,/3-unsaturated esters and ketones 
with iodine azide was examined by Hassner and co
workers.200 Due to the regio- and stereoselectivity thus 
encountered, they proposed a mechanism comparable 
to that for the addition to alkenes. Thus, methyl 
trarcs-cinnamate (189) gave a 43% yield of the erythro 
adduct (190). The same reaction was later shown201 to 
provide a crude yield of 79%. With thallium(I) azide-
iodine a mixture of products (not including 190) was 
obtained. 

P L ^ _ . H ^ H-

H ' ^ ^ ^ C O ^ M e H " 

CO2Me 

• I 

N3 

189 Ph 

190 

As before, under nitrogen, a regioisomer of 190 (viz., 
192) was obtained in 21% yield. Additionally, methyl 
(Z)-2-azido-3-phenylpropenoate (193) (16%) was iso
lated. Presumably, under nitrogen, azido radical attack 
occurs to form the more stable radical 191, which on 
reaction with more IN3 would afford 192 (Scheme 9). 
Vinyl azide 193 was shown not to arise from 192, but 
it is possible that it was formed from 190 via a diazide 

SCHEME 9 

189 
I N 3 
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PhCHCH(N3)CO2Me 

191 
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SCHEME 10 

R F C O 2 C H 2 C F 3 

N 3
- + C F 2 = C F 2 - — N3CF2CF2 !?? N 3 CF 2 CF 2 CRF 

199 
RF = CF3, CF3CF2 , MeOCF2CF2, N3CF2CF2 

intermediate or by loss of a hydrogen atom from 191. 
Another mechanism is indicated for the reaction of 

conjugated steroidal enone 194 with halogen azides.202 

Thus, 194 combines with bromine azide or iodine azide 
to give the corresponding 7a-azido-6/3-halogeno 4-en-
3-ones 195 or 196, respectively. The latter could be 

194 X 
195, X=Br 
196, X = I 
197, X=OH 

isolated but was unstable and easily hydrolyzed to 197. 
The regio- and stereochemistry can be explained in 
terms of initial conjugate addition of azide ion from the 
less hindered a-face followed by attack of the inter
mediate azido dienol on positive halogen. Similar re
sults were obtained with other conjugated steroidal 
enones. 

Nucleophilic addition of azide ion to tetrafluoro-
ethylene followed by fluoro ester (cf. 198) trapping of 
the generated fluoro carbanions has been utilized as a 
versatile, one-step synthesis of functionalized fluoro 
ketones (cf. 199) (Scheme 1O).203 The latter are formed 
in 39-88% yield. 

H. From Nltro Compounds or Nitrates 

Activated nitro groups can be displaced by azide ion. 
Thus, the 2-acyl-5-nitrofurans (200, X = NO2) react 
with NaN3 in DMSO to give the corresponding unstable 
azido compounds (200, X = N3).

204 Displacement of the 
nitro group in the cyclohexane derivative 201 gives a 
mixture of C-I azido epimers via an SRN1 mechanism.205 

The preparation of azide polymers by reaction of 
polyvinyl nitrate) with sodium or lithium azide has 
been examined.31 

NO2 

X' CT - C 0 R 

200, R = H1 Me, / - P r , r -Bu 

r-Bu 
Ar 

201 

I. From Amines or Hydrazines 

Nitrosation of hydrazines is a standard route to 
azides206 and in this regard, nitrous acid,207,208 nitrosyl 
chloride,209 and organic nitrites210 have been previously 
employed. Recently, aryl, carbonyl, and sulfonyl hy
drazines were reacted with N2O4 at low temperature to 
give the corresponding azides in excellent yield 
(84-95%).211 Nitrous acid is by far the most common 
reagent and has been recently utilized for the prepa
ration of phosphinoacyl azides (cf. 202 and 203) ,212 cy-
clopropylacyl azides (204),213 long-chain alkoxyacyl 
azides,18 and the N-nitrosoacyl azide 205.214 A new 

approach is the use of clay-supported ferric nitrate 
(clayfen);215 conditions are mild and yields are good to 
excellent. 

OMe 
CON3 

Me. 
N—NO 

RC(O)N3 

202.R = Ph2P(O)C6H4 

203, R=Ph2P(0)CH2 

OMe 

204, R = Me,R'=H 
R= H; R'= Me 

N3C(O)CH2 

205 

In line with previous studies it was shown that azides 
(cf. 207) were not the principal products from treatment 
of 3-hydrazinobenzo-as-triazines containing electron 
donors at the 7-position (e.g., Me, MeO) (cf. 206) with 
nitrous acid; instead cyclization to an angular tetrazole 
(208) (with 7-Me) or linear tetrazole (209) (with 7-MeO) 
occurred.216 In contrast, the unstable azidonaphtho-
as-triazines 210 and 211 could be isolated in crude form; 
both cyclized on standing or attempted recrystallization, 
respectively116 (see section VI.B.4). 

V"N 

A N^> 
\ 

N 

206, R = Me,MeO;X = NHNH2 

207, R = Me1MeO1X = N3 

N = N 

208 

209 

210 

Diazotization of amines (aromatic and hetero-
aromatic) and subsequent treatment with sodium azide 
have been routinely employed for azide synthesis.206 

Recently, this approach has been used for the prepa
ration of photoaffinity-labeling analogues of both sub
stance P, and undecapeptide neurotransmitter,217 and 
the /3-adrenergic antagonist carazolol.218 A variety of 
heteroaromatic azides has been thus prepared, including 
ethidium bromide (212) analogues 213-218,219 unstable 
azidoindazole 219, azido-2,l-benzisothiazoles 220 and 
221,220 and azidoindoles 222 and 223.221'222 The azido-
anthraquinone analogues 224223 are similarly obtained. 

212, 
213, 
214, 
215, 
216, 
217, 
218, 

:Y=NH2 

> N3^Y = NHCOMe 
>N3;Y=NH2 
:NH2;Y = N3 
°N3;Y=H 
H;Y=N3 

219, X = NPh; Y = N: R.R1 = H 
220, X = S;Y = N; R=CF3-, R

1 = H 
221 , X = S, Y = N; R = H;R1=Br 

X = Y 1 N 3 

222, R = CH2CO2H; Z= 4 - N 3 
223 , R=H;Z = 4 - , 5 - , 6 - N 3 

R = CH2CH(NH2)CO2H; Z=6-N 3 

224, R = various groups 
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The yields of the azidoindoles 223 (from their amino 
congeners) were drastically improved by the simple 
expedient of substituting aqueous 80% acetic acid for 
the dilute HCl or H2SO4 commonly employed in such 
diazotizations. 

Interestingly, diazotization of aminotetrazole (225) 
and subsequent treatment with malononitrile or nitro-
acetonitrile gave the azidotriazines 226 and 227, re
spectively.224 

SCHEME 11 

NH2 

N - N H 

N NH2 

225 

HNO2 
N - N H 

CH2(CN)2 
or "" 

NCCH2NO2 
N3 

226 , X = CN 
227. X=N02 

J. By Azide Transfer 

The 3,4-disubstituted azido indole 229 was prepared 
in 62% yield by deprotonation of the malonate deriv
ative 228 with sodium hydride and subsequent reaction 
with tosyl azide.226,226 A similar process was used to 

C02Me 
CO2Me 

">Y^ 
A— N O 

230. 
231. 

H 
N3 

232 ,R=N 3 

233. R=N3; R1= H 
234. R=H, R1 = N3 

235,R = N3,- R
1=R2=H 

236,Rl=N3 ;R=R2=H 
237. R2= N 3 ; R= R1 = H 

yield the azido /3-lactam 231 (69% from 230, LDA as 
base).227 Metal-halogen exchange followed by treat
ment with tosyl azide and subsequent low-temperature 
fragmentation of the resultant triazenyllithium salts 
with sodium pyrophosphate gave the bithienyl azides 
232-237 from the corresponding bromo compounds.228 

The 3-azido derivatives 232 and 234-236 were obtained 
in good yield and were quite stable, but the 2-azido 
species 233 and 237, obtained in 30-40% yield, were 
somewhat unstable at room temperature. Accordingly, 
the sodium pyrophosphate induced fragmentation of 
the triazene salts of the latter to the azides 233 and 237 
was conducted at considerably lower temperature (-70 
0C) than that employed for the preparation of the 3-
azido analogues (5 0C).228 

l-Azidobicyclo[2.2.2]octane (238, X = N3) was pre
pared in 83% yield from the corresponding amine (238, 
X = NH2) by reaction with sodium hydride and then 
tosyl azide229 using Quast and Eckert's procedure.230 

N3 

239 101 
238 

3-Azidonoradamantane (239) was similarly prepared in 

N — N 

R 2 N V ^ R 1 H N ^ N ' N R2 J ^ J* YX, -^f- Y Y --K-
NH 

240 
HN ^ N 

* _ / 
N - N 

Ncs ^N Nox ^N 

N - N N3 

242 

N C - N = / 
N-N 

H 2 N ^ N "N 

B ^ 2 4 2 , R 2 = NH2 

241.X = SMe1SCH2Ph1OEt 

R1=/V-cyclohexyl, S-alkyl 
R2= J[\. • c°2Et 

Y = O, C(CN)2 

92% yield.229 With a 1.6-fold excess of n-butyllithium 
and a 1.3-fold excess of tosyl azide, amine 101 (X = 
NH2) was converted to the corresponding azide in only 
28% yield.117 Using a large excess of sodium hydride 
(Quast and Eckert's procedure230) increased the yield 
to 87%. 9-Triptycyl azides have been prepared simi
larly.231 Since this review was prepared, Evans738 has 
developed an efficient, stereoselective electrophilic 
azidation of basic enolates. 

K. By Fragmentation of Heterocycles 

As described previously (see section ILI) tetrazoles 
can result from diazotization of heterocyclic hydrazines, 
presumably via azide intermediacy. The reverse process 
(viz., tetrazole -* azide) can sometimes be realized (cf. 
Scheme H).232 

The demethylated azidopyrazole 244 was prepared 
in 77% yield by treatment of the pyrazolotetrazole 243 
with 3 equiv of sodium ethoxide in ethanol under reflux 
for 60 h.233 Treatment of 3-amino-l,2,3-benzotriazin-
4(3/f)-one (245) with sodium azide in acetic acid gave 
an excellent yield of the hitherto unknown o-azido-
benzohydrazide (246).234 

Ph 
N 

s\ ( D E t O " 
N 

Ph 

N-N' 
I 
Me 

(2) H+ 

243 

I \\ 
~N ' 

H 
244 

NH2 

NaN3 

AcOH 

rv' 
CONHNH2 

N3 

246 

L. From Preformed Azides 

One of the most exciting aspects of recent azide 
chemistry has been the extent to which it is possible to 
modify other functional groups without affecting the 
azide moiety. Much of the work in this area has been 



314 Chemical Reviews, 1988, Vol. 88, No. 2 Scriven and Turnbull 

developed by carbohydrate chemists (see section V). 
The reader is cautioned that owing to the explosive 
nature of some azides such transformations should be 
attempted on a small scale with appropriate safety 
precautions, especially where the generality of the 
process has not been assessed. 

1. Alcohols and Derivatives 

Various alcohol modifications have been performed 
in the presence of the azido group. Thus, the di- and 
triazides 247 and 248, respectively, react with nitric acid 

CH2N3 CH2N3 

I I 
ROCH2C—CH2X ( N O J ) 3 C C H 2 C H 2 C O 2 C H 2 C — C H 2 X 

CH2N3 

247, X=ONO2; R = H 
248, X = N 3 ; R = H 
249, X = R=0N02 
250, X=N 3 ; R=ONO2 

RO2C 

CH2N3 

261, X = 0N02 
262, X=N3 

CO2R 

CO2R 

253,R=CH2C(CH2N3I3 

to give the corresponding di- and mononitrates 249 and 
250, respectively.235 The utility of 247 and 248 for the 
preparation of energetic esters has also been explored. 
Thus, both reacted with 4,4,4-trinitrobutyryl chloride 
to form the corresponding esters 251 and 252, respec
tively. Additionally, triester 253 was obtained from 248 
and 1,3,5-benzenetricarboxylic acid chloride.235 

Similar results were obtained by reaction of diazido 
alcohols 254 and 255 with adipoyl chloride or phthaloyl 
chloride; the resultant tetraazides 256-259, respectively, 
were thermally stable and relatively insensitive to im
pact.236 

HOCH2CHCH2N3 

254,X = N3 
255, X = CH2N3 

<CH2>4tCOCI>2 ( C H 2 I 4 E C O 2 C H 2 C H C H 2 N 3 I I 2 

256, X = N3 
257, X = CH2N3 

CO2CH2CH(X)CH2N3 

CO2CH2CH(X)CH2N3 

258, X = N3 

259, X = CH2N3 

4-Azidophenyl methacrylate (261) was prepared in an 
analogous fashion by treatment of 4-azidophenol (260) 
with methacrylic acid chloride.219 Copolymerization 
of 261 with styrene and ((terfc-butoxycarbonyl)-
amino) ethyl methacrylate was examined. Acetylation 
can also be performed in the presence of the azido 
group; acetates 264237 and 265238 were prepared in high 
yield from the corresponding alcohols 262 and 263. The 
ester 266 was similarly synthesized from 263 (prepared 
from the lactone and 2,4-dimethoxybenzylamine) and 
4-nitrobenzoyl chloride in 94% yield.238 Acid-catalyzed 
reaction of 263 with ethanethiol gave the dithioether 
267 in 50% yield.238 Displacement from alkyl halides 
can also occur. Thus, azido alcohol 254 reacts with 
[FC (NO2) 2CHj]2NCH2Br to give the corresponding 

OR 

N3. 

260, 
261, 

X = H 
X = COC(Me) = CH2 

CO2Et 

262.R=H 
264, R=Ac 

OMe 

263. R=OH; R1=CI 
265. R=OAo; R1 = Cl 
266. R=4-N02CeH4C02;R1=CI 
267. R=R1 = EtS 

ether,19 and a carbamate results from treatment of 
HOCH(CH2Ns)2 with (N02)3CCH2CH2NC0.19 

Silylation of a primary alcohol in the presence of a 
secondary alcohol (and the azide moiety) was effected 
by allowing the inseparable, isomeric mixture (268,269) 
to react with £er£-butyldiphenylsilyl chloride in 
DMAP/EtgN; a separable 7:1 mixture of 270 and 271, 
respectively, resulted.131 

BnO 
HO H 

DMP Me, 
N3 TsOH 

Me OH 

272 

Me 

Me 

P - I A N 3 

OBn 

273 
OH H OH 

RO 

N 3H 
CO2Me 

266,269, R=H 
270 .271 , R = Z-BDPSi 

CO2Me 

An acetonide (273) was obtained by protection of diol 
272 with DMP and a catalytic amount of p-toluene-
sulfonic acid.239 Dehydration of the diol 274 with 
POCl3/pyridine occurred to form the less substituted 
double bond (as in 275); none of 276 was observed.240 

Only resinous material resulted when the same trans
formation was attempted with the amino diol 277;240 the 
utility of the azido group as a masked amine (see section 
III.A) is thus manifest. 

274,X=N3 
277. X=NH2 

275. X=N3 276 

In a reaction not directly involving the OH group, 
azidonaphthols (cf. 278 and 279) couple with aryldi-
azonium chlorides to provide the corresponding azo 
products 280 and 281, respectively.241 

278,X = H 
280, X = ArN = N 

279 X s H 
28l!x»N=NC6H4Me-4 
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SCHEME 12 

R02CCHSNS / 
ArCHO N t / E t O H „ M . O H - A r C H = C ^ 

CO2R 

Ns 

2. Carbonyl Compounds 

(a) Carboxylic Acids and Derivatives. One of the 
most widely employed transformations with azido 
carboxylates is the preparation of vinyl azides by 
base-induced condensation with aryl or heteroaryl al
dehydes (Scheme 12).71.72-242"246 

The method has been recently utilized for the prep
aration of azido acrylate precursors to indoles,2428'243'2448'1' 
isoquinolines,242 thienopyrroles,245 azaannulenes,246 and 
related heterocycles242**243 (see section VI). The inter
esting diazido furan 282 and thiophene 283 derivatives 
(precursors to furo- and thienopyridazines and (from 
283 only) an isothiazole) have been prepared similar
ly.71-72 

In general, product stereochemistry about the double 
bond is not known but is assumed to be Z.242* Various 
other bases (inter alia, Na2CO3, KOH, or NaOH under 
phase-transfer conditions) gave unsatisfactory results, 
as did an attempt at acid-catalyzed condensation using 
TiCl4. Extension to azidoacetonitrile and azidonitro-
methane was also unsuccessful. Condensation of ethyl 
azidoacetate with formylchromanones (cf. 284) did not 
occur; the hemiacetals 285 were instead obtained.244* 
Protection of the keto group as the dioxolane (286) 
permitted efficient condensation.2448 

CHO 

'CO2Et 

282,X=O 
283,X=S 284, X1Y = O 

286, X = OHjY=OMe 
286. X.Y=—OCH2CH2O-

However, yields for the condensation are generally 
good242-246 and it has been reported2428 that the best 
results accrue from reaction temperatures between -10 
and -15 0C using 4 equiv of ethyl azidoacetate. 

The acidity of hydrogens a to the ester function has 
also been utilized in the preparation of cyclopropyl 
azido carboxylates. Thus, treatment of the bromo azido 
ester 287 with potassium carbonate/NMP at 20 0C for 

N3 

287.R=Me 
288, R=(TMS)CH2CH2 

289.R=Me 
290,R=(TMS)CH2CH2 

291, R=H 

64 h gave a modest yield of the azidocyclopropane 2S9.49 

A modification of the procedure using the (trimethyl-
silyl)ethyl ester 288 and DBU/DMF provided 290.50 

The latter could be converted to the parent carboxylic 
acid 291 by deprotection with tetrabutylammonium 
fluoride.60 Base-catalyzed hydrolysis of analogues of 289 
to the corresponding carboxylic acids under mild con-
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ditions has also been reported.2468 Deprotection of the 
£er£-butyldimethylsilyl ether 292 to the corresponding 
alcohol 293 has been accomplished by using 5% HF.247 

Removal of the Boc group in 294 with trifluoroacetic 
acid gave the crystalline amino acid derivatives 295.115 

Attempted deprotection of 296 with HBr/acetic acid 
led to simultaneous azide reduction to give 297115 (see 
section III.A). 

NO2 

N3 \ \ / / NHCH2C— °V ~ "0R 

2 9 2 , R = SiMe2-T-Bu 
2 9 3 , R=H 

HN 

I 
R 

N-N 

294, R = T-BOCiX=N3 
295, R = H i X - N 3 
296 , R=CBZiX=N3 

297, R=H,X=NH2»2HBr 
R1=various groups 

Nucleophilic attack at the ester function has been 
reported.248 Thus, azido esters 298 and 299 react with 
benzylamine and dimethylamine in the presence of a 
catalytic amount of p-toluenesulfonic acid to give azido 
amides 300 and 301, respectively,248 and fluoro azide 302 

R1 

PTSA 
CH—CHCO2Me 

N3 

298. R = C3H7,-R
1 = H 

299. R = R'. Me 

+ HY -
Y=NHBn, NMe2 

R1 

^ C H - C H C O Y 
R I 

N3 

300, R=C3H7; R1= H 
301 . R = R1=Me 

N3CF2CF2COR 

302, R=OMe 
303 . R=NH2 

was converted to amide 303 in 84% yield by treatment 
with ammonia.249 More commonly, the carboxylic acid 
has been activated toward nucleophilic attack by con
version to the acid chloride or by use of activating 
agents such as dicyclohexylcarbodiimide (DCC) or 
trifluoroacetic anhydride. Thus, 4-azidobenzoyl chlo
ride reacts with primary amine 304 to form amido 
species 305.250 The Boc group in the latter could be 
removed subsequently with HCl.250 Diamide 308 was 
similarly prepared from 306 and 307.250 

2-Azidobenzoyl chloride (309, R = Cl) combines with 
hydrazone 310 to provide benzylidene derivative 311, 
which can also be prepared from 2-azidobenzohydrazide 
(309, R = NHNH2).

234 Attempts to synthesize the latter 
by treatment of methyl o-azidobenzoate (309, R = 
OMe) with hydrazine hydrate261 or hydrolysis of 311262 

were unsuccessful. 
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NHR 
BOCNH 

304 . R=H 
305 , R=C(O)C6H4N3-A 

CONH 

306 . R = CI 
308 . R = — Nt(CH2J3NHACR):! 

[(ACR)NH(CH2I3J]2NH 

307 

ACR = 

. ^ ^ , C O R CH=NNH 

H ^ T 310 

IA, N3 

309 

!-X 

for B-NHNH2 

CONHN=CHAr 

311 

CHO 

(Azidodinitrophenyl)glycine derivative 292 results 
from the reaction of the corresponding 3/3-aIcohol with 
iV-(4-azido-2-nitrophenyl)glycine and DCC in the 
presence of DMAP.247 

Recently, acid fluoride 312 was prepared from the 
carboxylic acid and sulfur tetrafluoride.249 Reaction of 
the analogous acid fluoride 313 with methanol gave the 
corresponding ester.249 

O C F 2 C F 2 C F 3 

I 
N 3 CF 2 CFCOF 

312 

O C F 2 C F 2 C F 3 

N 3 C F 2 C F C F 2 O C F ( C F 3 ) C O F 

313 

Similar approaches have been utilized for the prep
aration of j8-lactams from azido carboxylic acid deriv
atives and imines. Thus, the mixed anhydride formed 
from azidoacetic acid and trifluoroacetic anhydride 
added to the imine 314 in the presence of triethylamine 

0 O N3 H 
11" ,Y N 3 CH 2 COCCF 3 

,Ph 
H H 

N3TT 
'o<^vC 

CO2Bn 

315 

316,R = 4-MeOC6H4; R1 = Ph 
317.R=H; R1= Ph 
318. R=2,4-(MeO)2C6H3CH2; R1 = Ph 
319. R=4-MeOCH2OC6H4-, R1= CH2CH(OEt)2 
320. R=4-HOC6H4; R1 = CH2CH(OEt)2 
3 2 1 . R*4-MeOCH2OC6H4; R1=Ph 
322. R=CH3CH(OH)CHCO2Rf; R1=Ph; R2= PNB 
3 2 3 . R = C H 3 C H ( O H ) C H C O 2 R V R1 = Ph; Rf=Me 
324. R=CH3CH(OH)CHCO2R

2; R1 = Ph; R2= Bn 
325.R=HOCH2CHCO2Me; R1 = Ph 
326. R=CH3C(OH)=CCO2R2-, R1 = Ph; R2= as above 

to provide the azetidin-2-one 315.253 An analogous 

SCHEME 13 

N3 R 

327 
R=alkyl or aryl 

N3 R 

Ac;Ot ^ j — f 
CHO NEt3 ' 

TFA 
H2O. 

V 
, ^ N OEt 

329 

N3 

330 

NBA 
MtCN-H2O 

N3 

OEt 

\—r NH2NH2 y—f 

^ U NH 0<^\_,B' 

OH OAc 332 

328 331 

transformation occurs with the imine derived from 
p-anisidine and cinnamaldehyde; 316 is formed in 60% 
yield.254 There have been several reports of imines from 
p-anisidine reacting with acid chlorides or anhydrides 
of azidoacetic acid to give azetidinones, usually with a 
high degree of cis stereoselectivity.255256 Dearylation 
of 316 to 317 with eerie ammonium nitrate (CAN) oc
curred in 68% yield under mild conditions.254 The yield 
of 317 was substantially better than that from potas
sium persulfate mediated debenzylation of 318 (<-
25%).254 The dearylation of azidoazetidinones (cf. 319) 
with CAN (after treatment of 319 with HCl, MeOH, 
and CH(OMe)3) had been previously reported257 and 
the intermediacy of a phenol (cf. 320) has been sug
gested.254 However, it is apparently not necessary to 
cleave the methoxymethyl ether prior to oxidation since 
317 results in 69% yield from treatment of 321 with 
CAN.258 Deprotection of other side chains has also 
provided 317. Thus, oxidation of the cis-/3-lactams 
322-325 (prepared from azidoacetyl chloride and the 
appropriate imines) with Jones reagent gave the /3-keto 
esters 326 and/or 317 depending on how much oxidant 
was utilized.259 Similar N-substituted ^-lactams (cf. 
332) have been prepared by deprotection of TV-allyl (cf. 
327) or diethyl acetal (cf. 328) species260 in excellent 
overall yields (Scheme 13). 

The azidoacetyl chloride/imine cyclization process 
has also been applied recently to the preparation of 
azidoazetidinones bearing a ((methoxycarbonyl)di-
ethylphosphono)methyl group261 and for proof of imine 
structure by the preparation of identifiable bicyclic 
^-lactams.262 

Other manipulations with azido carboxylic acid de
rivatives have included conversion of 262 to diene 333 
(96% yield, 5 min, O 0C) by the action of DBU in 
DME237 and esterification of 334 with ethanol/HCl to 
give 335.242b 

CO2Et 

CO2Et 

333 
334,R1=0H 
335,R1=0Et 

(b) Ketones and Aldehydes. 2-Azidoacetophenone 
oxime (337) was prepared in 45% yield by treatment 
of 2-azidoacetophenone (336) with hydroxylamine.263 

This oxime (337) had been previously reported264 as 
arising from the reaction of ochloroacetophenone oxime 
(338) with sodium azide. However, the reported melting 
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336, X = H; Y=OiZ=N3 ; R = Me 
337, X = H1Y=NOHiZ=N9 ; R=Me 
338, X=H;Y=NOH;Z = CI ; R = Me 
339, X = CIiY=O: Z = N3; R = Ph 
340, X=CI; Y=NOH; Z = N 3 ; R = Ph 

point was different from that obtained by Boulton,263 

and repetition of the procedure apparently did not 
provide any azide-containing material.263 It is thus 
reasonable to conclude that the current synthesis has 
afforded authentic material. 2-Azido-5-chlorobenzo-
phenone (339) can also be converted to the oxime (340) 
by reaction with hydroxylamine.263'266 

In a reaction analogous to that performed with azido 
esters (see section II.L.2a), nitroxide spin labels 341-343 
condense (base catalyzed) with p-azidobenzaldehyde or 
p-azidoacetophenone to give difunctional spin labels 
344-346 in moderate to good yield.266 

No 

N 

O* 

341-. R = COMe 
343; R=CHO 
344i R=COCH = C H C 6 H 4 N 3 - 4 
346; R = C H = C H C 0 C 6 H 4 N 3 - 4 

N 

O* 

342, R=COMe 
345, R = C0CH = CHCeH4N3-4 

Bakers' yeast mediated reduction of alkyl 4-azido-3-
oxobutyrates (347) (prepared by azide displacement 
from the 4-bromo compounds) gave the corresponding 
alcohols (348) in 70-80% isolated yield. The ee values 
for 348 were determined by 1H NMR on the 0-acetyl 
derivatives in the presence of a chiral europium shift 
reagent and ranged from 0.8 to approximately l.O.267 

Q O OH Q 

bakers' yeast 
OR OR 

N 3 N3 

347 
R=alkyl 

348 

Azido alcohol 262 can be prepared from aldehyde 349 
by the vinylogous Reformatsky reaction268 (Scheme 
14).237 

The same alcohol has also been prepared in 91% 
yield from 349 by the action of CH3CH=CHCOOEt/ 
LDA.269 Subsequent dehydration was effected in high 
yield. 

Azidocarbapenem 351 was obtained in low yield (ca. 
1%) from 350 via intramolecular Wittig-Horner reac
tion.261 The low yield was ascribed to the instability 
of the 6-azido-l-carbapen-2-em nucleus.261 

N 3 

CHO 

r&* ^ 
CHP(O)(OEt)2 

CO2Me 

350 

sodium -tert' amy I ate 

- 6 0 - C ^ - H 

CO2Me 

351 

SCHEME 14 
CO2Et 

N3 

Zn/Cu 
CHO BrCH2CH=CHC02Et N 3 

349 
262 

3. Ethers, Epoxides, and Related Species 

Debenzylation of 352 with trifluoroacetic acid af
forded the corresponding phenol (353).270 

MeO 

352 , R=CH2Ph 
3 5 3 . R = H 

Reaction of epoxide 354 with PhSeLi in THF at room 
temperature gave a 53% yield of 355. Subsequent 

N3 D N3 D 

/ I - Bu 4 NIO 4
-

133-135 

SePh 

oxidation of the latter with tetrabutylammonium per-
iodate and selenoxide elimination (6 h at room tem
perature) gave the same mixture of dienols, in essen
tially the same product ratios, as from addition of N3" 
to the parent epoxide (cf. 132 - • 133-135, section II. 
C).134 

Acid hydrolysis of epoxide 356 gave diol 274 in rea
sonable yield.240 

H3O
 + 

Hydrolysis of the dioxolane ring in 357 to yield 358 
also occurred under acidic conditions.242b 

CO2R
2 

f^Tf^N 
WJi N3 

Rl 0 ^ 

367,R1 = R2=Me 
R'-H.-tf-Me 

H3O
+ 

l *~ i U 
CO2R2 

U 
r \ „ 

R1 

358 

4. Oximes 

Steroidal azido oxime 359 can be converted to a,@-
unsaturated ketone 360 in modest yield by the action 
of PPA at 120 0C or P2O6 in refluxing benzene.271 In 
the latter case the ring-cleaved dicyano compound 361 
is the major product.271 In contrast, the side-chain 
a-azido oximes 362 and 363 reacted with POCl3 at 70 
0C to give the nitriles 364 and 365 (20% and 32%, 
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respectively) and the Beckmann fragmentation prod
ucts 366 and 367 (45% and 47%, respectively).271 

359,R 1 =a-N3iR 2 ' ( f l -NOHi R3 = H; R4«CsHi7 
362,R1 = H2:R

2 = £-OAc ;R3 = a - H; R 4 = C ( = NOH)CH2N3 
363,R1 = H 2 ; R2=/9-OAc; R3= A5-. R^Cf=NOH)CH 2 N 3 
364,R1=H2;R2=/9-OAC; R3=a"H; R*.CN 
365, RUH 2 : R2=£-OAc; R3=A5i R4=CN 
366. R1 = H2 i R

2=/8 - OAc; R3= a - H ; R4^NHCOCH2N3 
367,R1 = H 2 .R 2 = |8-OAC; R3=AS; R4«NHCOCH2N3 

CgH17 C8Hi 7 

360 

5. Halides 

The 4-nitrobenzoate 266 was converted to the di-
chloro species 368 by treatment with dry HCl. The 
latter was not isolated but was reacted directly with 
benzenethiol to give 369 in 84% yield. The azido com
pound 369 could also be prepared from 370 by halide 
displacement with azide ion.238 

266, R = OPNB; X=N3 
366, R = C h X = N 3 
3 6 9 , R = SPh1X = N3 
370, R = SPh: X = CI 

Halide elimination (to form an alkene) in the pres
ence of the azido functionality has been reported for 
371. Thus, treatment of 371 with potassium tert-bu-

N3 

Cl 

K O - f - Bu , N a 

v 
372 

^ N 

373 
371 

NHR 

HN ° 

^—NHR 

307, R = ACR(9-phenoxyaoridinyl) 
376, R = / - B o c 

N 3 _ ^ 0 ^ 

^NH(CHj)9Br 
374 

r 

/ ~ \ > 

\ <s~\ 

-NH(ACR) 

-NH(ACR) 

toxide at 80 0C and 0.1 Torr gave vinyl azide 372, which 
was transformed to A^azirine (373) at 400 0C and 0.1 
Torr. The whole process, including preparation of the 
chloro azide 371, could be performed as a gas-solid 
phase multistep sequence by means of flash vacuum 
pyrolysis.272 

The secondary amine 307 displaces the bromine from 
374 to yield 375. The latter, one of a series of potential 
photoaffinity-labeling reagents, could also be prepared 
by reaction of 376 with 374 followed by HCl deprotec-
tion and subsequent reaction with 9-phenoxyacridine.250 

Alkylation of hesperetin (377) with bromo compound 
11 occurred under basic conditions (potassium carbo
nate) only at the 7-hydroxy group. The yield of the 
alkylation product (378) was unusually dependent on 

OMe 

377,R = H 
378, R = CH2CH2CH(N3)CO2Me 

the time and temperature of the reaction, apparently 
due to its reversion to 377 after extended periods. A 
careful study of the effects of base, solvent, tempera
ture, and time upon the reaction led to optimization of 
the process (85% yield) using potassium carbonate in 
N-methylpyrrolidone (solvent) and ICH2CH2CH(N3)-
COOMe at 35 0C. A similar reaction occurred with 
4-hydroxyacetophenone.49 

6. Amines and Derivatives 

2-Azidoaniline (380) (prepared by KOH desucciny-
lation of 379) can be converted to the /3-lactam-con-
taining azido species 385 via N-formylation (to 381), 
dehydration of the latter with POCl3/potassium tert-
butoxide (to 382), and subsequent condensation of 382 
with /S-alanine (383) and isobutyraldehyde (384) in 
methanol (Scheme 15).273 

Alkylation of amines (in the presence of the azido 
group) has been reported. Thus, N-alkylation of 386 
with EtBr/NaOH occurs under phase-transfer condi
tions to yield 352.270 Many similar processes have been 
described. 

SCHEME 15 
O 

N3 

HCO2H 

'O N3 

379 380 

O H C N H ^ Q )
 P0C,»/K0-'-Bu

l C N - ^ ) i ! i - i i? l -

N3 N3 

381 382 

n '"Pr 

^y-N I J>0m 

H 

375 385 
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OBn 

386 

The synthesis of the potential bisintercalating pho-
toaffiriity-labeling reagent 393 was achieved in three 
steps from the thiourea 387 (Scheme 16).250 Attempted 
preparation of the key intermediate 392 by reaction of 
the carbodiimide 389 with 390 did not succeed. It was 
surmised that the addition of amines to carbodiimides 
to give guanidines was limited to carbodiimides con
taining at least one phenyl group.250 

The /8-adrenergic photoaffinity ligand 396 was pre
pared in low yield from amino azide 394 and epoxide 
395 (7 days at 65 0C).218 

N3' 

NH 2 

394 

396 

Condensation of o-azidobenzylamine with benz-
aldehyde or substituted acetophenones in refluxing 
benzene or toluene gives the imines 397 in moderate to 
good yield.274 

, C H 2 — N = C ! 
\ C6H4X-4 

N3 

397. R = X=H;R = Me; X = MeO1Me1CI,NO2 

7. Alkenes and Alkynes 

Vinyl azido esters 398a-d react with excess diazo-
methane in ether at room temperature to give the 
corresponding pyrazoline derivatives 399a-d in >90% 
yield (except for 398d — 399d; 48%). Thermolysis of 

N3 
CH2N2 

R N3 

\ 4 N 

CO2R' _ £ _ 
CCl4 V, N3 

CO2R' 

400 
CO2R' ^ N -

398 399 

(a) R = H, R ' -E t i (b) R=Me, R'=Et; (C)R=Et, R'=Me,(d)R=Ph, R'=Et 

399a-d in carbon tetrachloride at 80 0C gave moderate 
to good yields of 1-azidocyclopropanecarboxylate de
rivatives 400a-d.246a The latter (400) could be hydro-
lyzed to carboxylic acids (see section II.L.2a) and sub
sequently hydrogenated to biologically important 1-
aminocyclopropanecarboxylic acids (see section III.A). 

SCHEME 16 

BOcNH(CH2J6N=C=N(CH2J6NHBOC 

* 

3S9 

390 

X=ON 
, Ph3PBrj 

BOCNH(CH 2 J 6 NHCNH(CH 2 J 6 NHBOC 

H2N(CH2J6NH NH(CH2I6NH2 

Y 
N 
I 

(CH2)6 

I 
NHR 

392 . R = 4- N3C6H4CO-

387, X = S 
388, X = O 

HgCl: 

Ns 
\ 

NH(CH2)SNH2 

380 

BOCNH(CH2). — NH NH(CH2)6NHBoc 

Y 
N 
I 

(CH2J6 

NHR 

391, R- 4 - N3CeH4CO — 

(ACR)NH(CHa)6NH NH(CH2J6NH(ACR) 

Y 
N 
\ 

(CH2JeNHR 

393,ACR=9-acridinyl; R = 4 - N 3 C 6 H 4 C O -

Epoxidation of 401 to give 402 occurs in high yield 
(>80%) under mild conditions (MCPBA, CH2Cl2, 0 
6 C) . 2 7 5 

( & 
401,R=H-, R'= Et 

R=Et;R'=H 

MCPBA "A; 
N 3 

402 

r 
N3 
403.R=H 
404,R=D 

Deuteriated alkyne 404 was prepared from its hy
drogen analogue (403) by treatment with potassium 
deuterioxide in D2O at 0-10 0C under ultrasonic irra
diation. After 1 h, 77% deuteriation had occurred. 
After three repetitions, the degree of deuteriation in
creased to over 99%.53 

8. Aryl and Heteroaryl Derivatives 

Iodination of the azidophenols 405a,b with Chlor-
amine T/sodium iodide in DMF or acetonitrile gave 
iodo compounds 406a,b in 88% and 42% yield, re
spectively, under mild conditions (1 h at 25 0C). The 

MeN 

O' 

CHO V 
Me 

407 

405a. R=Me; R1 = H 
O, 

b .R=N !R1=H 

4 0 6 , R1=I 

latter were of interest as radioiodinated, cleavable, bi-
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functional cross-linking reagents.276 Formylation of 
6-azido-l,3-dimethyluracil provided 5-formyl derivative 
407, a useful precursor to fused pyrimidines.76 Qua-
ternization of 408a,b with £ert-butyl alcohol and per
chloric acid at 0 0C gave isoxazolium perchlorates 
409a,b in 17% and 50% yield, respectively. The low 

N 3 

y \ \ Me3COH 

cr 
408 

N ^ R HCI°4 

N3 RCO 
NEta ^ 

CMe3 

-90 'C 
N3 

; C = C = N ' 

410 

Me3CN+ 

CIO4- N 0 ' -R 

409a, R = Me 
b, R=CMe3 

yields were reportedly due to extensive azide decom
position during this procedure.277 Interestingly, treat
ment of the perchlorates 409a,b with triethylamine at 
-90 0C in an IR cell provided evidence for their con
version to azidoketenimines 410a,b. Decomposition of 
the latter occurred at -60 0C; the ketenimine group 
apparently disappeared faster than the azide moiety.277 

9. Phosphorus Compounds 

Bis(diisopropylamino)phosphine azide (411) is con
verted to the oxide (412) with ozone (DMSO or H2O2 
had no effect), to the sulfide (413) with sulfur, and to 
the iminophosphine (415) (via the spectroscopically 

Cz-Pr2N)2P' ̂  
^N3 

411-416, respectively, X = lone pair . O, S, NN=NPh. NPh, NSiMe3 

characterized adduct 414) with phenyl azide.93 The 
silylated iminophosphine 416, formed from a photo-
chemically induced reaction of 411 and trimethylsilyl 
azide, was postulated as arising from a [2 + 3] cyclo-
addition followed by ring opening of the resulting 
phosphatetrazole.93 

M. Other Preparations 

A number of methods for azide synthesis have been 
developed that do not fall into the sections thus far 
described. 

Thus, the thiaphosphonium salt 417 could be con
verted to the corresponding azide 418 in 79% yield.278 

C7H15CH2SP(NMe2J3 ^- C7Hi5CH2N3 

417 418 

Decyl phenyl selenone (419) reacted with sodium 
azide in DME/water at 20 0C to form decyl azide (420) 
in 93%) yield.279 Facile displacement with other nu-
cleophiles was also observed. 

ft Il NlNs 

/7-nonyl-CH2-Se—Ph — /?-nonyl-CH2N3 

O 

419 

420 

Attempted azide substitution of the propargyl sulfo
nates 421 gave azido triazoles 422 in low yield (4-24%) 

rather than the anticipated allenyl azides.280 

OMs 

421 

3 LiN3 

CuCI 

-eo«c 

N3 

N < A N
U 

422, R = /-Bu. Ph1Zn-NO2C6H4 

R2= H, Ph: R3= /-Bu, Ph 

The unusual tetracyclic azide 424 was prepared in low 
yield (14%) from the N-nitrosourea 423 and lithium 
azide in methanol.281 The same reaction was used for 
other tetracyclic azides.282 

IXV ''/R 

423. R = N(NO)CONH2 

424, R = N3 

The quadricyclanone 425 was converted to the azido 
silyl ether 426 by treatment with sodium azide and 
trimethylsilyl chloride.283 Subsequent reduction with 
lithium aluminum hydride (LAH) gave 427. 

TMSO 

NlN 3 

M»3SiCI 

NH2 

425 426 427 

Ring opening of the spirocyclopropane derivatives 428 
with azide ion occurs at the soft cyclopropane C-I 
position to give azidoalkyl derivatives 429.284 With 
harder nucleophiles (e.g., "OR) attack instead occurs at 
a carbonyl carbon. 

428, R = Ph, 4 -MeOC 6 H 4 , 4 -NO 2 C 6 H 4 429 

Ring opening was also observed in the reactions of 
3-oxopentacyclic triterpenes 430 (R = Me, COOMe) and 
431 with excess HN3-BF3 etherate to give the cyano 
azido secopentacyclic triterpenes 432.285 

Me. .CH2 

CO2Me 
430 

431 

432 

Thermolysis of some arylalkylsulfonyl azides gave the 
corresponding arylalkyl azides, generally in low yield 
(Scheme 17).83 
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SCHEME 17 

ArCH2CH2SO2N3 -^* ArCH2CH2N3 + SO2 

In a series of papers, Desbene and co-workers have 
studied the reactions of azide ion with pyrylium and 
thiopyrylium species.286,287 Azidopyrans (and congeners) 
resulted only when the pyrylium ring was hindered; 
otherwise charge-transfer complexes were obtained. 
Extension to oxazinium288 and chromylium289 species 
and their subsequent conversions to /?-tetrazolo-trarcs-
benzal acetophenones and benz[/]oxazepins, respec
tively, has been reported (see section VI.C.l). 

/ / / . Reactions 

A. Reduction to Amines 

Reduction of the azide moiety to an amine constitutes 
a synthetically important process, and, since many 
azides can be prepared with regio- and stereocontrol 
(see section II), subsequent reduction permits a con
trolled introduction of the amine function. The reaction 
is of wide applicability and has been effected with a 
variety of reagents, including LiAlH4,

290 NaBH4,
291 

catalytic hydrogenation,292 Ph3P,292d-293 H2S,294 di-
thiol/NEt3,295 Na2S/NEt3,296 diborane,297 Cr(II),298 

V(II),299 Ti(III),300 Mo(III),301 Bu3SnH,302 Zn/HCl,298a 

and HBr/AcOH.291b Applications of some of these and 
others have been described.303 More recent examples 
of these and other reagents are included in Table 2. 

/. By Hydrogenation 

Hydrogenation methods have been very commonly 
applied to the reduction of azides (entries 1-13). The 
yields are generally excellent provided that no other 
reducible groups are present. In this regard some se
lectivity is possible; e.g., the azido function can be re
duced without affecting the O-benzyl group (entries 6, 
12, and 13) (the latter is removable under more forcing 
hydrogenation conditions). Additionally, as shown in 
Table 2, azide reduction without concomitant reduction 
of alcohol, ester, carboxylic acid, amine, amide, ketal, 
sugar, /3-lactam, heterocyclic, or some ketone function
alities is possible. 

Interestingly, Lindlar's catalyst proved to be the most 
effective method for reduction of 1,2-diazidodecane 
(entry 5). Although a 44% yield of the corresponding 
1,2-diacetamide was obtained by hydrogenation with 
Pd/C in acetic acid/acetic anhydride, a variety of other 
approaches, including the use of sodium borohydride, 
Pd/C/H2, propanedithiol, diborane, LiAlH4, and Na/ 
NH3ZMeOH,305 failed to completely reduce the diazide 
without polymer formation. Successful reduction of 
1,2-diazides to the diamines using Adam's catalyst had 
been previously reported.306 

Conversion of the azidoribofuranoside 103 to (S)-[2-
2H1JgIyCHIe (435) (in overall 60% yield) was effected by 
initial treatment with 5 N H2SO4/AcOH to give 433 
followed by room-temperature permanganate oxidation 
(to give 434) and catalytic reduction (10% Pd/C/ 
AcOH) of the latter (entry 9).119 In order to minimize 
epimerization and loss of deuterium, compounds 433 
and 434 were not isolated. Overall, this preparation 
provided an unequivocal confirmation of the absolute 
configuration of chiral glycine. 

OMe 

103 

CHO 

-OH 
-OH 
-OH 

2H 
'''/ N3 

433 

W/t .CO2H 

A 
N3 H 

434 

H2N CO2H 

435 

Dissolution of 378 in 10% KOH at room temperature 
or above followed by low-pressure hydrogenation gave 
the ring-opened amino acid 436 as major product, 
contaminated with other products, including 437. 
However, at ice bath temperature, nearly quantitative 
conversion to 436 occurred49 (entry 11). 

OMe 

KOH 

H 2 . Pd/C 

378, R = (CH2)2CH(N3>C02Me 
.0Me 

436. R = (CH2I2CH(NH3)COs" 
437. R-H 

Catalytic transfer hydrogenation, largely introduced 
by Braude,309 involves the use of a hydrogen donor, 
usually cyclohexene,310 in place of hydrogen gas. How
ever, when this process has been used, reduction of alkyl 
azides has given variable results. In contrast, the recent 
use of ammonium formate as the hydrogen donor has 
permitted clean reduction of azides to amines (entry 
13).308 The yields were excellent though generally 
slightly poorer than for the corresponding reductions 
with hydrogen gas (entry 12).308 However, the greater 
safety of the procedure is manifest. 

Reduction of some 15-azido steroids (prepared in situ) 
with hydrazine/Raney nickel gave the corresponding 
amines, which were isolated as the acetamido deriva
tives by treatment with pyridine/Ac20 (entry 14).130 

Overall, the process was used to convert steroidal 
14,15-epoxides to 14-hydroxy-15-acetamido species in 
reasonable yields without isolation of the intermediates. 

2. By Lithium Aluminum Hydride 

Lithium aluminum hydride (LAH) effectively reduces 
azido species to the corresponding amines (entries 
15-22). The reagent has been widely employed for 
examples where its lack of selectivity is unimportant. 

Concomitant azide and epoxide reduction with LAH 
converted the epoxy azides 157 and 158 to the amino 



TABLE 2. Reduction of Azides to Amines 

RN3 RNH9 

entry RN3 reductant conditions" % yield ref 

1 
2 

3 

4 

5 

348, R = H 
108 

NaO2CCH(N3)CH2CH2N(Me)Ad 

(Ad = adamantyl) 
/ . /—CONH(CHo)4N3 

R' 

(R'= H. MeO) 
(R1 = H, MeO) 
C8H17CH(N3)CH2N3 

H 2 /P t0 2 

H 2 /P t0 2 

H 2 /P t0 2 

H2/Lindlar 

H2/Lindlar 

7 
8 

9 
10 
11 

12 

13 

14 

-h 
>N3 

P h ' ^ 0 ° " ° " 'CH2OH 

threo- or erythro-Wl 
3'-azido-2',3'-dideoxycytidine 

or 3'-azido-2',3'-dideoxyuridine 
103 
385 
378 

alkyl azide (alkyl = hexyl, 
HOCH2C(Me)(Pr)CH2CH2, 
2-octyl, H(C2H4O)n, 
PhCH2(C2H4O)n 

[n = 3-6] 
same as above 

[O] I O " N 3 
MeO' 

15 157, 158, R = ra-C6Hl; 

16 98 
17 121 + 122 
18 

-^dV 
O N 3 

19 94, R = (R)- or (S)-N3 

H2/Pd black 

H 2 /Pd/C 
H 2 /Pd/C 

H2 /Pd/C 
H2 /Pd/C 
H 2 /Pd/C 

H2 /Pd/C 

HC02NH4 /Pd/C 

0 A c hydrazine hydrate/ 
^N3 Raney Ni 

'OH 

LAH 
LAH 
LAH 

LAH 

AcOH 
toluene 

EtOH/MeOH, rt, 
690 kPa, 3 days 

EtOH, rt, 2 h 

MeOH, 4 h 

MeOH 

EtOH, 5 min, reflux 

THF, reflux, 6 h 

ether, O 0C 

267 
97.8 exo (from presumed 123 

exo azide) 
97.4 endo (from presumed 

endo azide) 
83 304 

95-97 

73 (other methods, 
including Pd/C/H2 ; 
unsuccessful) 

quantitative 

32-68 (as acetamido 
derivative) 

270 

175 

307 

EtOH 
EtOH, 1.5 h, rt 

AcOH 
MeOH, 1 h, 20 0C 
10% KOH, 0 0C 

MeOH, rt, 10-15 h 

>80 
46-65 

>60 (2 steps) 
90 
nearly quantitative 

(product 436) 
88-94 

122 
112 

119 
273 
49 

308 

74-93 (lower yields than 308 
entry 12, but avoids use 
of H2 gas) 

130 

157 
quantitative 114 

129 

76 (after iV-Boc protection) 311 

LAH 113 



20 3, exo or endo LAH 

21 274,275 
22 85,89 
23 alkyl, aryl, arylsulfonyl 

LAH 
LAH 
NaBH4 

24 

25 105 

O CH2OCONH2 

CH2N3 

27 440 + 441,X = N3 

28 442,443 
29 alkyl, cycloalkyl, 4-nitrophenyl 

1. Ph3P 
2. pyridine, aq NH3 

1. Ph3P 
2. NH3 

1. Ph3P 
2. NaOH 

1. Ph3P 
2. H20/HC1 
Ph3P 
Ph3P/H20 

30 2,4,6-(N02)3-3,5-Cl2phenyl 

31 alkyl, aralkyl, alkenyl 

1. Ph3P 
2. CF3CO2H, MeOH 
1. (EtO)3P 
2. HCl 

32 322 

33 H CO2Mc 

34 56 
35 448 
36 273 

CHPh 

HjS/NEta 

H2SZNEt3 

Na2S2O4 
Na2S2O4 
Na/NH3 

37 452-454 

38 2-nitro-3-azidopyridine 

Me2NH, Et3N, or 
MeNH2 

NaOH, RONa, 
KCN, or 

NaSC6H4Me-4 

ether, 30-55 "C, 4.5 h 
(endo —• endo amine 
only; exo —»4:1 
exo:endo amine) 

ether, 30 0C, 3 h 
THF, 60 "C, overnight 
H2O, toluene, PTC 1-6 h, 

rt, Ar or ArSO2 16 h, 
80 "C, alkyl (can be 
used as a one-pot halide 
to amine conversion) 

rt, 36 h 

32 

70-80 
67-77 
79-92 

~ 3 0 (as Af-acetyl) 

28 

240 
108 
38 

74 

(D 

7 
(D 

TJ 
IB 

3 
5" 

W 

1. CH2Cl2, 0 "C to rt, 
4 h 

2. MeOH, 40 h, 0-5 0C 
60 0C, MeOH 

96 (more consistent yields 
than with H2/Pd/C) 

50 

121 

Cohen, H. L. 
J. Polym. Sci., 
Polym. Chem. Ed. 
1985, 23, 1671 

1. pentane, 20 h, rt 
2. 1 h, rt 
H2O, THF, rt, 18 h 
rt, 6 h (longer for 

hindered) 

rt 

CH2Cl2, 0
 0C, 1.5 h 

CH2Cl2, 0
 0C 

90-100 0C, 7 h 

25% aqueous solution, 
40-50 "C, 3-5 h 

proton donor 
solvents, rt 

80-85 
62-95 (thioether, alkene, 

ester, nitro, epoxide, 
ketal, alkyne all 
unaffected) 

0-80 (low yields with 
steric hindrance) 
[alkyne, alkene, ester 
unaffected] 

68.5 (isolated as the 
phenoxyacetamido 
derivative) 

75 (isolated as the 
phenoxyacetamido 
derivative) 

33 

60 (as Boc derivative 
451) [benzyl ether 
also cleaved] 

82 (ester in 454 converted 
to amide) 

- 2 5 

125 

275 
293c, 315 

316 

37 

259 

262 

74 
318 
239 

320 

322 

I 
<o 
OO 
00 

< 
O 

W 
IO 
CO 



I 
TABLE 2 (Continued) 

entry 

39 

40 

RN3 

aryl, n-hexyl or benzoyl 

N3 O 

41 

42 

43 

44 

45 

46 

47 

48 

H \> 

aryl, benzylic, n-butyl, 
cyclohexyl, Ph 3 C, ArCO, 
ArSO2 

aryl 

MeN3 , HOCH 2 CH 2 N 3 

P h C H = C ( N 3 ) C O 2 M e 

a-azidostyrene 

PhN 3 

ArN3 

ArN3 

49 aryl or alkyl N3 

" rt = room temperature. 

reductant conditions'" % yield 

KHFe(CO)4 

NaH2P02 /Pd/C 

CO, EtOH, rt, 12 h 
(benzoyl azide — ethyl 
phenyl carbamate at rt 
and benzamide at 
-40 0C) 

rt — 50-65 "C (ketone, 
alkene, JV-oxide, O-benzyl, 
aryl chloride, benzyl 
chloride, epoxide all 
potentially reducible) 

ref 

70-100 (aryl halide, 323 
methoxy unaffected) 

73 (ester, cyclic ketone, 324 
amide, alkyl chloride, 
nitrile unaffected) 

N a T e H 

H S C H 2 C 0 2 H / N E t 3 

(n-Bu4)3[Mo2Fe6S8(SPh)9] 

H g / P t or graphite 
cathodes + electrons 

Hg electrode + 
electrons, Ac2O 

Fe2(CO)9 

RhCl 3 /CO 

P 2 I 4 

SnCl2 

E t O H / E t 2 0 , rt , 15 min 

E tOH, 50-60 0 C 

MeOH, T H F or H2O, 
resp 

C H 3 C N / H 2 0 , 50 0 C 

150 °C, 20 kg cm~2, 4 h 

C6H6 , reflux, several 
hours 

MeOH, rt, 0.25-1 h 

55-100 (alkene, alkyne, 
carbonyl, carboxyl, 
amide, ester, nitrile, 
haloaryl, haloalkyl, 
sulfone unaffected) 

89-100 (nitro, methoxy, 
chloro unaffected) 

almost quant i ta t ive with 
careful addit ion of H + 

donors 
reasonable yields of a 

mixture of N-acylated 
enamines 

mix of aniline (67) and 
diphenylurea (23) 

26-70 (chloro and ni t ro 
unaffected) 

13-86 (nitro, methoxy 
unaffected) 

85-98 

325 

326 

327 

328 

329 

331 

332 

333 

334 

00 
at 

< 
o 

p 
N) 

CO 
O 
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alcohols 438 and 439, respectively157 (entry 15). The 

N< N 3 

> i LAH 
R >o ^ X,g 

1 ^ 158 
NH2 NH2 

^ - ^ \ jS o r ^ \ ^ • r e s p e c t i v e l y 
R^ Y R T^ 

OH 5H 
438 439 

latter could also be prepared by catalytic hydrogenation 
(H2/Pd/C) of the corresponding azido alcohols.157 

Long-chain alkyldiamines and -triamines were prepared 
by LAH reduction of the appropriate diazides (cf. 85 
and 86) and triazides (cf. 89).108 

3. By Sodium Borohydrlde 

Sodium borohydride does not usually convert azides 
to amines in good yield in homogeneous systems,2911" 
except in the case of arylsulfonyl azides.312 However, 
it has been shown recently that under phase-transfer 
conditions efficient reduction of aryl, arylsulfonyl, and 
alkyl azides can be effected38 (entry 23). The process 
could be extended to permit "one-pot" conversion of 
halides or methanesulfonates to pure primary amines 
in overall yields comparable to those for the conversion 
of azides to amines alone. The susceptibility of other 
functional groups to this approach has not been as
sessed and in this regard it is interesting that treatment 
of tert-butyl 2-azido-2-phenylacetate with NaBH4 under 
phase-transfer conditions gave a 72% yield of phenyl-
glycine.38 

4. Via the Staudinger Reaction 

One of the mildest and most selective routes to con
vert azides to amines involves reaction of the former 
with triphenylphosphine to form the corresponding 
iminophosphorane and subsequent hydrolysis (see 
Scheme 18). The first step has become known as the 

SCHEME 18 
RN3 + Ph3P -* RN=PPh3 — RNH2 

Staudinger reaction after its discoverer.313 The same 
author reported that conversion of the imino
phosphorane to the amine could be effected with am
monium hydroxide.313 This method has been modified 
to a "one-pot" process by Letsinger and co-workers,292*1 

and recent variants on the latter have allowed prepa
ration of a mitosene74 (entry 24) and 3-aminooxetane 
(105)121 (entry 25). More commonly, conversion of the 
iminophosphorane to the amine has been effected by 
hydrolysis rather than ammonolysis. Thus, poly(vi-
nylbenzylamine hydrochloride) was prepared from the 
azide via NaOH (MeOH, 60 0C) hydrolysis of the iso
lated phosphine imine (entry 26) and subsequent 
treatment with hydrochloric acid. Again this procedure 
can be performed without isolation of the intermediate 
iminophosphorane and, as such, has been used to pre
pare the mixture of cyclopropylamines 440 and 441125 

(entry 27). Indeed, the triphenylphosphine and water 
can be present together, providing a convenient, mild, 
one-step azide to amine conversion. Thus, the epoxy 
azides 442 and 443 react with triphenylphosphine (1 
equiv) in THF in the presence of water (1.2 equiv) at 

N Y 
440, X = NH2 \ 

4 4 2 , Y » N 3 ; R = H i R ' » E t 
4 4 1 , X = NH 2 4 4 3 , Y = N 3 I R - E t ; R' = H 

444, Y = N H 2 ; R = H; R'= Et 
445, Y = NH 2 ; R = E t ;R '=H 

NH2 

448 

room temperature for 18 h to give the corresponding 
amines 444 and 445 in 80% and 85% yield, respec
tively275 (entry 28). A seven-compound study of the 
generality of the process has been reported2930 (entry 
29). In general, clean conversion to the intermediate 
could be effected in 1 or 2 h at room temperature in dry 
THF. Addition of 1.2-1.5 equiv of water and further 
incubation at room temperature for 3-4 h gave good 
yields (80-91 %) of the amines. Similar results were 
obtained when all reagents were premixed, except for 
in the case of the hindered amine 446, where the two-
step approach (72 h, toluene reflux; 24 h THF reflux) 
alone was successful. The reaction succeeds in the 
presence of a variety of functional groups (see entry 29) 
under very mild conditions and would hence appear to 
be the method of choice. Apparently, it is possible to 
selectively reduce an azide attached to a primary site 
in the presence of more hindered azides. A more com
prehensive study has appeared recently.315 In one re
ported case316 the intermediate phosphazine was cleaved 
with trifluoroacetic acid/methanol (entry 30). 

Phosphites have found limited use as phosphine 
congeners in the Staudinger type process. However, 
recently the reduction with trialkyl phosphites was 
declared the best available method for the azide to 
amine transformation.37 This conclusion was based on 
the facility of the process (greater phosphine reactivity 
and easy deprotection) and the economic advantage 
accruing from use of the less expensive trialkyl phos
phites. Thus, primary and secondary alkyl bromides 
can be converted to the primary amines in a one-pot 
procedure involving (a) azidation using solid-liquid 
PTC, (b) Staudinger reaction of the crude azide with 
triethyl phosphite, and (c) two-step deprotection using 
HCl gas in ether37 (entry 31). The procedure reportedly 
offers a viable alternative to the Gabriel synthesis, es
pecially in cases where nucleophilic displacement is 
accompanied by extensive elimination and/or when 
drastic deprotection conditions should be avoided. 

5. By Other Established Methods 

(a) Hydrogen Sulfide/Triethylamine. Recent uses of 
H2S/NEt3 for azide to amine conversion have been 
limited and mainly in the 0-lactam259,262 (entries 32 and 
33) and carbohydrate fields.317 The mildness of the 
procedure is apparent but, in the light of the simplicity 
of the triphenylphosphine approach, will probably 
continue to receive scant attention. 

(b) Sodium Dithionite. Reduction of azidoquinone 
56 with sodium dithionite gave the corresponding amine 
in 33% yield74 (entry 34). Azidophenol 448 (prepared 
from 447 by treatment with sodium azide/AcOH) re
acted with sodium dithionite to give the amine, which 
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N t N 3 

"NHSO2Ph 

NSO2Ph 

447 

57 — 

NHSO2Ph 

NHSO2Ph 

448 

MeO 

449 

was further transformed in situ318 (entry 35). At
tempted reduction of the unstable azidoquinone 57 with 
excess sodium dithionite gave the unstable azido-
hydroquinol 449 and not the expected amino congen
er.75 The aminoquinone (analogous to 57) could be 
prepared from 449 using Watanabe's method.319 

(c) Sodium/Ammonia. Acetonide 273 was reduced 
with Na/NH3 to amino alcohol 450, which was treated 
directly with (Boc)20 in aqueous NaOH to give the 
N-protected alcohol 451239 (entry 36). 

NHR 

273 

OH 

450, R- H 
451, R = Boc 

6. By Nucleophiles 

l-R-3-Nitro-5-azido-l,2,4-triazoles 452-454 were re
duced to the corresponding amines in good yield by the 
action of methylamine, dimethylamine, or triethylamine 
(entry 37). The less basic ammonia and ethylenimine 

NO2 

N - N 

N3 

4 5 2 , R = Me 
453 , R= CH2CO2H 
454, R = CH2CO2Me (CH2CONHR' in product) 

did not effect reduction. Unlike the 3,5-dinitro con
geners no nitro (or azido) displacement occurred and 
l-R-3-azido-5-R-l,2,4-triazoles did not react.320 This 
unusual transformation had been previously observed 
in the pyridine series.321 More recently, 2-nitro-3-azi-
dopyridine was reportedly reduced to the amine in 25% 
yield by NaOH, RONa, KCN, or NaSC6H4-4-Me in 
proton-donor solvents322 (entry 38). Additionally, with 
the first two reagents, concomitant reduction and 6-
substitution occurred. In contrast, with the stronger 
nucleophile, NaSC6H4-4-Me, azide substitution took 
place and the reaction with KCN also provided a 
product derived from cyanide addition to the azido 
group.322 

As previously described (section ILA), on occasion 
reduction to the amine occurs on attempted azidation 
of the halide precursor (cf. from 77 and 78).104'105 

7. By New Methods 

Various new reagents for the azide to amine conver
sion have been developed recently (entries 39-49). 

Thus, tetracarbonylhydridoferrate (HFe(CO)4") reacts 
with aryl and hexyl azides in ethanol at room temper
ature under an atmosphere of carbon monoxide to give 
good yields (70-100%) of the primary amines. Inter
estingly, under the same conditions benzoyl azide gave 
ethylphenyl carbamate; the amide was formed quan
titatively at -40 0C323 (entry 39). Sodium hypo-
phosphite has been employed recently for the transfer 
hydrogenation of a number of functionalities, including 
an alkyl azide. The process may be of limited utility 
because of the range of other groups reduced324 (entry 
40). A reagent of more general applicability is sodium 
hydrogen telluride (prepared from tellurium and so
dium borohydride), which reduces aryl, benzyl, alkyl, 
acyl, and sulfonyl azides in good to excellent yield under 
mild conditions325 (entry 41). For aryl azides, mercap-
toacetic acid appears to be a very efficient reductant326 

(entry 42). 
Multielectron reduction of methyl azide and 2-

hydroxyethyl azide using a (M-Bu4N)3[Mo2Fe6S8-
(SPh)9]-modified glassy carbon electrode provided the 
appropriate amine plus hydrazine and ammonia (de
pending on concentration)327 (entry 43). The method 
probably offers little synthetic scope at present. In the 
same vein, cathodic reduction of a-azidocinnamic es
ter328 and nonterminal vinyl azides329 has been exam
ined. In the former, an excellent yield of a-amino-
cinnamic ester can be realized by careful addition of 
proton donors. N-Acylated species result from reduc
tion in the presence of electrophiles (entries 44 and 45). 
Further work in this area has been reported recently.330 

Azidobenzene was converted to a mixture of aniline 
(67%) and iVyV'-diphenylurea (23%) by treatment with 
Fe2(CO)9 in acetonitrile/water at 50 0C331 (entry 46). 
Azidoarenes were also converted to the aminoarenes in 
26-70% yield by carbon monoxide and water in the 
presence of a RhCl3 catalyst332 (entry 47) and in 13-86% 
yield by P2I4

333 (entry 48). With the latter, aroyl and 
sulfonyl azides reacted sluggishly. 

Both aryl and alkyl azides are reduced to the corre
sponding amines in excellent yield (85-98%) using 
stannous chloride in methanol334 (entry 49). 

B. Other Reductions 

Cyclic and acyclic 2-azido ketones 455 eliminate ni
trogen in the presence of catalytic amounts of per-
rhenate. When the reaction is conducted in acetic 

\ NaReO4 (H+) 
CHN3 

. C H 2 

A02O 

R'-

S 
'CH 

-NHAc 

455 466 

R, R' = carbocyclic 
R - P h , Me; R'»H 

anhydride, containing small quantities of a mineral acid, 
if required, 2-(acetylamino)-2-alken-l-ones (456) are 
formed in good yield.335 Similarly, a-azido esters 457 
react with acetic anhydride in the presence of catalytic 
amounts of rhenium heptasulfide (and hydrochloric acid 
if necessary) to give good yields of the mono- and di-
acetylated esters 458 and 459. If water is added before 
workup or a smaller Ac20/AcOH ratio is employed, 
monoacetylated ester 458 is the sole product.336 
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R-CH 

I 
R' 
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\ AC2O./HOAC 
CHN3 

CRa2S7 ] 

2 2 
R \ ^CO 2 R R. -CO2R - C = C C + >=cC 

^NHAC R"^ ^1NAc2 
R' 

458 459 

Treatment of ethyl 2-azidopropenoate (460) with 
thiophenol or with lithium ethoxide or sodium ethoxide 
gave (Z)-2-amino-3-(phenylthio)propenoate (461, Y = 
PhS) or (Z)-2-amino-3-ethoxypropenoate (461, Y = 
EtO), respectively, in reasonable yield.337 In contrast, 
ethyl mercaptoacetate reacted with 460 to give the ex
pected Michael adduct (462) without concomitant azide 
reduction. 

Y .CO2Et H2N 

Y • PhS. EtO 

CO2Et 

N3 

460 

HSCH2CO2Et 

CO2Et 

SCH2CO2Et 

462 

461 

Aryl azides react with carbon monoxide at atmos
pheric pressure in the presence of a rhodium catalyst 
to give aryl isocyanates, which form urethanes with 
alcohols.338 Substituted aryl azides (cf. 463) generally 

M«2S, PhSMe 

O 

N = S 

V 

463 464 
NH2 

4 6 5 , X 'CH 2 SMe 
466 , X -CH 2 SPh 

467 

468 

*-x> 
decompose in the presence of dimethyl sulfide, thio-
anisole, or tetrahydrothiophene to give 2-substituted 
anilines 465-467, respectively, in modest yields.339 

Unsubstituted anilines 468 were also formed in variable 
yield. The mechanism apparently involves Somme-
let-Hauser type rearrangement of intermediate AT-aryl 
sulfimides 464, with Sommelet-Hauser products 465 
and 466 being favored by electron-withdrawing groups. 
2-Substituted arylamino compounds (and/or ring-ex
pansion products) can also be prepared by photolysis 
of aryl azides in the presence of nucleophiles.340 More 
recently, Tsuchiya and co-workers have extensively 
examined similar reactions of pyridyl, quinolyl, and 
isoquinolyl azides under acidic conditions;341 in some 
cases reactions involving a nitrenium ion intermediate 

also occur. Thus, 3-azidoquinoline iV-oxide (469), upon 
irradiation in alcohols containing sulfuric acid, gave 470, 
whereas under the same conditions 3-quiholyl azide 
(471) afforded 4-alkoxy- (472) and 2-alkoxy-3-amino-
quinoline (473) via the nitrenium ion.342 

NH2 

The same workers have examined the effects of re
action conditions upon the course of such reactions.343 

With hydrohalogenoic acids, a-halogeno amino com
pounds are formed (also via the nitrenium ion); lower 
yields result from thermolysis. Both photolysis and 
thermolysis of these azide types in alkanethiols afforded 
a-alkylthio amines, apparently via radical intermedi
ates. More recently, this latter study has been extended 
to 3-, 4-, and 8-quinolyl azides and 4-isoquinolyl azide.344 

C. Reductive Cyclizatlons 

On occasion, reduction of the azide function in the 
presence of displaceable functionalities (commonly 
hydroxyl groups) in the same molecule gives nitrogen 
heterocycles. 

Thus, catalytic hydrogenation of 5-azido-5-deoxy-D-
fructose (474) over 10% Pd/C gave pyrrolidine 475 in 
quantitative yield.118 Similarly, reduction of 476 with 
H2/Pd black in ethanol containing sodium acetate at 
50 0C, followed by treatment with PhCH2OCOCl/ 
NaHCO3, provided the bicyclic amine 477 in 36% yield. 
The latter could be further transformed to 478.109 

Aziridine rings can be prepared in an analogous fashion. 

OH HO-

Na' r 0 H 
HO"" "OH 

475 

•OH 

OH 

474 

TsOCH3 . O. .0Me 
^ r v (D H2 /P<I 

HO N3 

476 

(2) PhCH2OCOCI 

MeO 

HO. ,0H 

- L\ 'CH2OH N' 
H 

478 

Azido alcohol 479 could not be cyclized to 481 using 
a variety of one-step procedures. However, conversion 
to tosylate 480 and catalytic hydrogenation did afford 
481.345 
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N3 
catalytic 

OR hydroganation 

CO2Me CO2Me 

479. R = H 
4 8 0 , R = Ts 

481 

Cyclization of azido alcohols 482 to aziridine 483 
(>80%) took place when either was heated in THF at 
60-65 0C with triphenylphosphine.132 Under the pre-

CO2Me 

CO2Me 

483 

CO2Me 

482 

R = /-BDPSi 

viously reported conditions (viz., triphenylphosphine 
in ether at reflux131) no cyclization occurred (see section 
H.A). The process was extended to the preparation of 
the aza analogue of LTA4.

132 Aziridines also result133 

from treatment of 484 and 485 with tri-rc-butyl-
phosphine346 or trimethyl phosphite.347 Similar results 
were obtained with a chrysene analogue.133 

484 485 

Azido alcohols 486 and 487 react with trialkyl phos
phites to give the expected iminophosphoranes 488-490 
(see section III.F) but, interestingly, azido alcohol 491 
provided oxazaphospholidine 492 under the same con
ditions.348 For further examples see section VI.A.7. 

r 

" " V ^ \ P(OR)3 

x 

-Js 

486 , X1X = O 
4 8 7 , X,X • OCH2CH2O 

R - ^ ^ O H 2 
^f P(OR I3 

R 1 ^ N 3 

491 , R = R1 = CiS - P h 

N = P(OR)3 

488, X, X = 0; R = Me 
489, X1X = O: R = Et 
490, X, X • OCH2CH2O; R = Me 

P(OR J3 

4 9 2 , R = R1 = c/s-Pb. R2 = Me 

Reductive cyclization can also occur with azido car-
bonyl species. Thus, hydrogenation (H2/Pd/C) of azido 
lactone 104 provides (<S)-5-hydroxy-2-piperidinone (493) 
in 67% yield.120 

N 3 . 
H2. Pd/C 

HO 
NH 

104 

Homologation of 494 with the magnesium salt of 
ethyl hydrogen malonate gave the /3-keto ester 495 (and 
its anti diastereomer (496)) in an 88% crude yield. 
Using H2/PtO2, the mixture was reduced and cyclized 
to 497 and 498 in 57% overall yield from 494.349 

NHCbz 

OH 

+ SiO 

I 
494 

N3 + 
OEt 

H2 /Pt02 

SiO 

495 
496 

= ( f l ) -NHCbz 
= (S) -NHCbz 

497 
498 

O ^ "OEt 
R = (S) -NHCbz 
R = (A)-NHCbZ 

Hydrogenation of azido amide 499 in the presence of 
palladium black in ethanol reduced both the double 
bond and the azide to an amine, which was cyclized 
(68%) to lactam 500 with LDA.350 

T 
JfX 

NMe2 

O 

499 

CH2N3 

(1) H2/ Pd black 

(2) LDA. -40«C 
Metf 

rfr0 

H 

500 

Refluxing an aqueous THF solution of azidoquinone 
501 for 1.5 h results in the formation of aminoquinone 
502 in 79% yield. However, extension of the reflux time 
to 5 h gives ring-closed indoloquinone 503 in 74% 
yield.351 

CO2Me 

501 

CO2Me 

0 OH 
^CO2Me 

502 503 

Treatment of a-azido ketones 504 with sodium hy
drogen telluride at room temperature gives pyrazines 
505 in 40-98% yield.352 The process is not of general 

- C H - C — R 
I I l 

N3 0 

504 

2 NaTaH 
R1—CH-C—R2 

I I l 
NH2 0 

ro: 

R 2 ^ N 

505 

493 

applicability, however, since some primary azido ke
tones give complicated reaction mixtures. Pyrazines 
have been prepared previously from a-azido ketones by 
reduction with hydrogen over catalyst353 or triphenyl
phosphine354 and from ketones and iodine azide.355 
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Pyrolytic decomposition of azidoquinone 506 under 
reflux in benzene for 4 h in the presence of copper 
powder gave the reductive cyclization product 507 in 
53% yield and the aminoquinone 508 in 35% yield.356 

Two other azidoquinones reacted similarly. 

MeO 
A. Cu 

D. Curtlus Reaction 

The Curtius reaction is a general process involving 
the conversion of acyl azides (see section ILA) to iso-
cyanates.3,10 The yields of the latter are generally good 
since the process can be conducted readily in the ab
sence of water. If desired, the reaction can be per
formed in the presence of water or alcohol, whereupon 
amines, carbamates, or ureas result. For Curtius re
actions involving heterocyclic species, see section VI.A.4. 

1. Thermal 

Typically, the Curtius process can be carried out by 
thermolysis in an inert solvent and subsequent isolation 
of the isocyanate or trapping of the latter by reaction 
with a nucleophilic species. 

Recently, isocyanates 511 were prepared from the 
corresponding acyl chlorides 509 by treatment with 
trimethylsilyl azide and rearrangement of the inter
mediate acyl azides 510.357 Thermolysis of quinoline 

Ms3SiN3 

RC6H4CH2COCI RC8H4CH2CON3 

509 510 

RC6H4CH2NCO 

511 

PhH 
CON3 NCO 

ArNHj 

or 
/'-Pr OH 

514a, R ' NHCONHPh 
b. R = NHCONHC8H4OMe-4 
C. R = NHCONHCeH4CI-4 
d, R = NHCO2-Z-Pr 

acyl azide 512 in benzene gave isocyanate 513, which 
could be converted to urea derivatives 514a-c with 
arylamines or to carbamate 514d with isopropyl alco
hol.358 Similarly, urea derivatives 516a-c were prepared 
by thermolysis of acyl azides 515a-c (obtained from the 
carboxylic acids with ethyl chloroformate followed by 
NaN3) in the presence of ethyl anthranilate.359 

Most current utilizations of the Curtius rearrange
ment have involved isocyanates only as intermediates. 
Thus, allenic isocyanate 518, formed from thermolysis 

a 
RCH2CH2CON3 

515 

NH3 

002Et 
RCH2CH2NHCNH 

"SS 

EtO2C 

516 

a. R ' 3 .4 - (MeO) 2 C 6 H 3 - : b. 2-thienyl,- c. 3-thienyl 

n 

517. 

516, 
51», 

R•CON3 

R = NCO 
R = NH2 

520, R 'CO2H 
521a, R = /-BuO2CNH 

b, R = 4-MeOC6H4CH2O2CNH 

in benzene (18 h) of 517 (in turn prepared from the 
carboxylic acid), could be hydrolyzed to amine 519 in 
39% overall yield.20 Similarly, some tetrazolylmethyl 
isocyanates resulted from thermolysis of the acyl azides 
in toluene. Subsequent transformations to carbamates, 
amines, and ureas were reported.360 As part of a syn
thetic pathway leading to a GABA analogue, carboxy 
lactone 520 was converted to the carbamates 521 by 
Curtius rearrangement and trapping of the isocyanate 
with tert-butyl alcohol or 4-methoxybenzyl alcohol.361 

Without purification of the intermediates, keto acid 
522 was converted to the acyl azide and thence to the 
corresponding isocyanate. The presence of these 

HO2C 
azide 

522 

isocyanate 

523 

species was monitored by their characteristic infrared 
absorptions and, in the latter case, by reaction with 
methanol to form the urethane. Hydrolysis of the iso
cyanate under acidic or basic conditions gave the 
ring-closed steroid 523.362 A better route for the con
version of carboxylic acids to amines, via the Curtius 
rearrangement, has been reported recently. Therein, 
carboxylic acids were converted to isocyanates either 
by the usual acid -*• acid chloride -* acyl azide —iso
cyanate sequence or by the more convenient one-pot 
procedure (using diphenylphosphoryl azide) developed 
by Shioiri, Ninomiya, and Yamada.363 Subsequent ad
dition of (trimethylsilyl)ethanol gave carbamates, which 
then could be cleaved with tetrabutylammonium 
fluoride to provide amines in 68-85% yield (from the 
carboxylic acids).364 Previously, difficulties have often 
been encountered in the cleavage of other carbamates, 
especially where the R group contains sensitive func
tionalities. The present method appears to circumvent 
such problems. 

As mentioned above, direct transformation of car
boxylic acids to isocyanates has been effected by using 
diphenylphosphoryl azide. The scope of this process 
has been explored by Shioiri and co-workers.365 Recent 
uses of this method include the preparation of benzyl 
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carbamate 525 from 524 (triethylamine/benzene, reflux 
1.5 h followed by treatment with benzyl alcohol) in good 
yield (67% J366 and similar transformations (see section 
VI.A.4). 

P h , 
C02Et 

524, R=CO2H 
525, R=NHCO2Bn 

2. Photochemical 

Photochemical Curtius rearrangements are often ac
companied by products resulting from trapping of an 
intermediate nitrene. Thus, photolysis of 526 in pen-
tane for 1 h at 0 0C gave 529 and 530, presumably 
arising from 527 and 528, respectively.367 

530 

An excellent review of the photochemical (and ther
mal) rearrangements of heavier main group element 
(mainly B, Si, Ge, and P) azides has appeared recent
ly.368 Accordingly, no attempt has been made to cover 
this topic comprehensively herein, and the reader is 
directed to the review for full details. 

Diarylphosphinic azides (531)369 rearrange on photo
lysis in methanol to form metaphosphonimidates (532), 
which are trapped by the solvent370 to give methyl 
iV,P-diarylphosphonamidates (533) in reasonable 
yield.371 Methyl phosphinates (534), products of sol-
volytic azide displacement, and diarylphosphinic amides 
(535) are also formed.371 

Ar O 

k/ ^ N 3 
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\hu. MeOH 
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Ar NOMe 
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NNAr 
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Ar O 
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MeO7 ^NHAr 

533 

AV° 
Ar NNH0Me 

536, Ar=Ph 

A careful study of the photolysis of diphenyl-
phosphinic azide (531 Ar = Ph) in methanol revealed 
that iV-methoxy amide 536 was a minor product (ca. 
2.5%). In an attempt to assess whether the Curtius 
rearrangement products 532 are formed via phosphinyl 
nitrenes (rather than directly from the azides), 531 (Ar 

Ph /0 .0 
531, Ar = Ph - ^ - 535 + ^P' ,0 + P h 2 P / 

DMSO / \ /f \ 
Ph N = S ^ OH 

I N Me 
OMS 

(MeOH 
h> 

Me 

537 

Ph O Ph .0 

•»• X * X 
Ph N N=SMe 2 Ph xNHCH2SMe 

538 539 

= Ph) was photolyzed in DMSO (a known nitrene 
trap372). The products presumed to arise from singlet 
and triplet nitrenes, viz., 535 and 537, were obtained 
in low yield (4.7 and 2.8%, respectively) and the major 
product was diphenylphosphinic acid (Ph2P(O)OH). 
The latter was apparently not derived from direct hy
drolysis of the azide. The same product was formed in 
98% yield from thermolysis of diphenylphosphinic 
azide in DMSO.373 Similar experiments conducted in 
the presence of dimethyl sulfide (DMS) (and methanol) 
provided sulfilimine 538 in addition to 533.374'375 The 
role played by nitrenes in these transformations is still 
unclear. 

Recently, the first example of a Curtius type rear
rangement involving a charged atom was reported.376 

Thus, irradiation of the azidophosphonium salt 540 (X 
= PF6) at 254 nm for 15 h at room temperature gave 
the iminophosphonium salt 541.377 In contrast, similar 

(Me2N)3PN3 

X" 

h* 
( M e 2 N ) 3 P - N X " —— (Me2N)3P = N X " 

540 

X • PF8I I x . Br 

+ 
(Me 2 N) 2 P=N—NMe 2 (Me 2 N) 3 P=NH 

PF6" 542 

541 

irradiation of the bromide salt 540 (X = Br) afforded 
iminophosphorane 542 in 80% yield. These results were 
rationalized in terms of an intermediate phosphonium 
nitrene, with subsequent migration of a phosphorus 
substituent to nitrogen (when the anion is a poor nu-
cleophile, e.g., PF6") or, with the good nucleophile Br", 
direct attack at nitrogen followed by photolytic scission 
of the halogen-nitrogen bond. 

Recently, West and co-workers published their find
ings regarding the photolytic conversion of trimesity-
lazidosilane (MeS3SiN3) to the silanimine (MeS2Si= 
NMes).378 

E. Schmidt Reaction 

The Schmidt reaction (viz., conversion of a car boxy lie 
acid to an amine or a ketone to an amide by the action 
of hydrazoic acid or congeners) has been known for 
many years.10 Good results are generally obtained for 
aliphatic cases, but for aromatic examples the yields are 
variable. The main disadvantage of the procedure re
sults from the use of more drastic conditions than for 
the closely related Hofmann or Curtius rearrangements. 
Consequently, the reaction is employed relatively in
frequently for the acid to amine conversion, the Curtius 
(see section III.D) and Hofmann procedures being 
generally more facile. The Schmidt process is discussed 
only briefly in this section and the reader is directed 
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to the alicyclic (section IV.D) and heterocyclic (section 
VI.C.l) portions for further details. 

Recently, it was reported that diamino compound 544 
could be obtained in excellent yield (93-100%) via a 
Schmidt reaction on the dicarboxylic acid 543.379 Ap-

NO2 NO2 

\\ / W // 

O3N 

NO2 NO2 

543, X= CO2H 
5 4 4 , X = NH2 

545 , X= CO2H 
5 4 6 , X = NH2 

NH2 

547 

parently, in this case, the process is superior to those 
previously employed, viz., a four-step Curtius rear
rangement (<70% yield overall) and a three-step 
Hofmann reaction (<8-30% yield overall),380 and the 
hazard associated with hydrazoic acid (here generated 
from NaN3 in fuming sulfuric acid at 80 0C) can be 
tempered somewhat by the addition of 1,2-dichloro-
ethane. Similarly, 545 could be converted to 546 in 77% 
yield by using sodium azide in 20% oleum at 25 0C,381 

and 3-noradamantamine (547) is formed in 63% yield 
from the corresponding carboxylic acid.382 The process 
has been extended to the formation of an acrylic acid-
vinylamine copolymer by treatment of poly(acrylic acid) 
with sodium azide in sulfuric acid/chloroform.383 The 
conversion of carboxylic acid to amino groups was lim
ited to about 50%. 

The reaction between a ketone and hydrazoic acid is 
a method for insertion of NH between the carbonyl 
group and one substituent to yield an amide. Generally, 
dialkyl and cyclic ketones react faster than alkyl aryl 
ketones, which in turn transform more rapidly than 
diaryl ketones. There is usually a preference for aryl 
migration (when in competition with an alkyl group) 
except when the alkyl is bulky, although even on this 
latter point exceptions do exist. 

Recently, selectivity has been observed in some cases. 
Thus, MeCOCHRCO-GIy-OEt (R = H, Bn, Me, Et, Pr, 
Bu) gave MeCONHCHRCO-GIy-OEt and 
MeCOCH2CO-X-OH (X = Phe, Leu) afforded 
MeCONHCH2CO-X-OH on treatment with HN3/ 
H2SO4.

384 3-Aryl-4-acetylsydnones (548, Ar = Ph, A-
Me-, 4-Br-, 4-MeO-, 4-EtO-C6H4) reacted to give only 

Ar 
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N ^ C ^ 
\ * / 
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V 
5 4 8 , R - COMe 
649 , R = CONHMe 
550, R • CHO 
651 , R = C N 
552 , R = CONH 2 

Ar= Ph , 2 - and 4 - M e - , 4 -E tO- , 4 -MeO- , 4-BrCgH4 

the corresponding iV-methylcarboxamides 549 in rea
sonable yield (50-77% J.385 The expected 4-acetamido 
congeners (derived from heteroaryl rather than methyl 
migration) were apparently not products of the reac
tions, in line with previous unsuccessful attempts to 

place electron-donating groups at the 4-position of the 
sydnone ring. 

The Schmidt reaction has been applied infrequently 
to aldehydes; nitrile products usually result. Recently, 
nitrile 551 was shown to arise from 550 in 67-77% yield 
on treatment with sodium azide in dilute sulfuric acid. 
However, in concentrated sulfuric acid, carboxamides 
552 were obtained in 47-74% yield.386 Aromatic al
dehydes react with trimethylsilyl azide in the presence 
of zinc chloride to give the corresponding nitriles in 
62-97% yield.387 

F. Staudinger Reaction 

As previously mentioned (see section III.A.4), the 
Staudinger reaction has been employed as a means to 
convert azides to amines. Numerous analogous trans
formations have been reported and recent examples of 
these are described herein. Iminophosphoranes are 
valuable species since they undergo Wittig type reac
tions with, inter alia, aldehydes,388 ketones,389 ketenes,390 

and other compounds containing polarizable oxygen or 
sulfur.391 In addition, the reaction of imino
phosphoranes with phthalic anhydride to form 
phthalimides in good yield has been reported.392 For 
more details on "aza-Wittig" cyclizations, see section 
VI.A.7. 

Reaction of azides (prepared by the action of 
"clayfen" on the hydrazines) with triphenylphosphine, 
triphenyl phosphite, or triethyl phosphite gives the 
corresponding iminophosphoranes, apparently via an 
intermediate phosphine-azide complex.393 In some 
cases the latter could be isolated. Recently, the Stau
dinger process has been extended to the preparation of 
the [ (trimethylsilyl)methyl] iminophosphoranes 
(553-555)394 and reactions of azides with arsenic het-
erocycles,395 an anionic phosphorus(III) complex,396 and 
di- and triesters of phosphorous acid.397 Chiral phos-
phine 556 reacts with tosyl azide with retention of 
stereochemistry to form iminophosphorane 557.398 

Tosyl azide has also been used to convert the N-
phosphorylated 1,2-azophosphetidine 558 to the corre
sponding iminophosphorane.399 

S 3 SiCH 2 N=PR 3 

553, R = Ph 
554, R = OMe 
555, R • OEt 

(RO)2 

P r V TsN3 
.P 

Me*v I 
Ph 

556 

, P - N - P = O 

• u 

^ P ^ 
Me^ I 

Ph 

557 

556 

Interestingly, phosphaalkene 559 reacted with phenyl 
azide to give iminomethylenephosphorane 560.400 

Y 

Ar 

559, X 
560. X 

Ar 

\\ Ti 1 

/ P ^ x 
= lone 
= NPh 
= 2 . 6 -

pair 

-Me2CeH3 

Even phosphorus cations can undergo the Staudinger 
reaction. Thus, azides were shown to react with bis-
(dialkylamino)phosphenium species to give the corre-
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sponding bis(dialkylamino)iminophosphonium com
pounds (561).377'401 More recently, the process has been 

+ RN3 + 
(R2N)2PAICI4" — (R 2N) 2P=NR 

561 

extended to the chlorophosphenium salts (562).402 

Reaction of 562 with phenyl azide gave the appropriate 
chloroiminophosphonium salts (563). Different results 
were obtained with trimethylsilyl azide, presumably 
since elimination of trimethylsilyl chloride is in com
petition with the Staudinger process. Thus, treatment 
of 562 with trimethylsilyl azide gave 564, the first ex
amples of bisphosphocations. The latter are presumed 
to arise via intermediate phosphenium azides (R2N-
P+-N3 AlCl4-). 

C l - P - N R 2 A l C U 

562 , R= / - P r , Me 

. PhN3 
RzN. 

C l ' 
^P=NPh AICI4-

563 

M e 3 S i N 3 

R 2 N - P - N = P, 
•CI 

^NR2 

2AlCI, 

564 

Heterocycles containing tricoordinated phosphorus 
usually form the pentacoordinated phosphorus imines 
on treatment with azides. Thus, the cis- or trans-2H-
1,2,3-diazaphospholenes (565) gave the corresponding 
iminophosphoranes (566), with varying stereochemical 
results, on treatment with aryl azides.403 

Ph 

Ph 

NPh 

A. 
565 , X > lone pair 
5 6 6 , X = NR (R • 4 -C IC 8 H 4 , 4-NO2C8H4 , Ph, Ts) 

MeO 

A c N - N 

// 
Me 

567 . X = lone pair 
568 , X = NTs 

A c N - N 
' V 

MeO-P1N. 

/ 
NHTs 

569 

Me 

Me 

N'- 'N 
\ / 

AcN-P—NR 
' I I ^OMe 

MeO ,N-PC 
NAc 

Me 

570 

Similarly, reaction of 2-acetyl-3-methoxy-5-methyl-
diazaphospholene (567) with tosyl azide gave imino 
product 568 in 81.5% yield.404 The latter is stable in 
the solid state but in dichloromethane forms the tau-
tomer 569 and in ether affords the dimer 570. Similar 
dimers are also derived in 58-92% yield from the re
action of phenyl azide with the dioxaphospholanes 
571.405 In contrast, with p-nitrophenyl or tosyl azide 
the expected iminodioxaphospholanes resulted in 
62-87% yield. Normal Staudinger products were also 
formed from tetramethyldioxaphospholane 572 and 
phenyl, p-methoxyphenyl, or p-nitrophenyl azides. 

Me 

-OR' 

571. R = H1Me; R'= Me, Et 

M e v 

Me' ' 

Me 

Xo 
S-" \ POEt 
^ O ' 
\ 
Me 

572 

^s>-
(^ 
^ 

n 
TT \ p -
IL0'-

573 

- P h 

Azido carboxylic acids and related species also have 
been subjected to the Staudinger process.406 In the 
latter, a systematic investigation of the imination of 
trivalent phosphorus compounds with aliphatic azides 
containing H atoms of different mobility (e.g., in car
boxylic acids, amides, or amines) gave interesting re
sults.406 Thus, treatment of azidoacetic acid derivatives 
with triphenylphosphine, triethyl phosphite, or 573 gave 
the betaines (574), amido phosphates (575), or cyclic 
phosphoranes (576), respectively. The latter two pre
sumably arise from further transformations of betaines 
similar to 574 (see section VI.A.7). 

Ph 3 P-NHCRR'C0 2 " 

574 

(EtO)2P(O)NHCRR7CO2Et 

575 

OQ 
O Ph 

-NH 

576 

The key step of these transformations is certainly the 
transfer of the proton from the carboxylic acid to the 
imine nitrogen. In contrast, proton transfer does not 
occur from the amido group and an iminophosphorane 
results from treatment of 577 with (Me2N)3P. Trialkyl 

N3CH2CH2NHCOR 

577 

(R'0)3 P = NCH2C H2 NHCOR 

578 

NH / NH 
(R'0)2P(0)NR'(CH2)2NHCOR / A 

579 N CF3 

580 

phosphites react with 577 to give the corresponding 
iminophosphoranes (578), which are converted to amido 
phosphates (579) on vacuum distillation. Interestingly, 
the trifluoromethyl analogues 578 (R = CF3) decompose 
to form both 579 (R = CF3) and 2-(trifluoromethyl)-
imidazoline (580). The triphenylphosphine analogues 
of 578 could also be converted to imidazolines by 
thermolysis. 

Polymeric phosphines can also be utilized in the 
Staudinger reaction. Thus, 581 combined with 1,2-di-
azidoethane (582, n = 2) to form the azidoiminophos-
phorane (583). With longer chain diazides the azide IR 
stretch in the products ranged from very weak {n = 4) 
to nonexistent (n = 6 and 10), apparently due to the 
formation of 584.407 When 583 was allowed to react with 
carbon dioxide the unusual diazido carbodiimide (585) 
was obtained. 

Some useful one-pot azide conversions (via the 
Staudinger process) have been developed. Thus, 
heating a mixture of a carboxylic acid, aryl or alkyl 
azide, and triphenylphosphine in benzene, hexane, or 
toluene for 12-120 h gave the corresponding amide in 
good yield. w-Azido acids gave insoluble zwitterionic 
products (Ph3P

+-NH(CHa)nCO2
-) and under these 

conditions cyclization was not observed. However, in 
refluxing pyridine Ph3P+-NH(CH2)3C02- did provide 
2-pyrrolidone in 95% yield.408 More recently, a similar, 
but milder process was used for the preparation of small 
peptides. Therein, ethyl diphenylphosphinite 
(Ph2POEt) proved to be the reagent of choice since on 
HCl workup its oxide is hydrolyzed to diphenyl-
phosphinic acid, which can be extracted from the 
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581 

-PPh2 + N 3 - ( C H 2 U - N 3 — 

582 

Ph 

( P ) - P = N - ( C H 2 J n - N 3 

Ph 

583 

CHCH2* 

PhPPh PhPPh 
I l Il + 

N (CH2),, N N3(CH2)2N = C = N(CH 2 ) 2N 3 

584 585 

mixture (in contrast to Ph3PO, which has to be sepa
rated by column chromatography408), and the imino-
phosphorane so derived reacts cleanly at room tem
perature with carboxylic acids.409 

An iminophosphorane is presumably involved in the 
high-yield conversion of azide 586 to nitrile 587.249 

OCH2CF3 

N3CF2CF2CCF3 

I 
OMe 

586 

Ph3P 

OCH2CF3 

NCCF2CCF3 

I 
OMe 

587 

Corey and co-workers410 have utilized imino
phosphorane intermediacy in a recent conversion of 
alkyl azides to nitro compounds in moderate to good 
yield (Scheme 19). 

SCHEME 19 

RN3 + R'3P — RN=PR' 
-780C 

* RNO2 + R'3PO 

A reaction analogous to the aza-Wittig process has 
been developed using dialkyl tellurides.411 Therein, 
heating tosyl azide and, e.g., diisobutyl telluride with 
an aldehyde in benzene for 15-20 h gives the corre
sponding N- tosyl imines in 28-82% yield (Scheme 20). 
The reaction is facilitated by the presence of copper 
powder and by the attachment of electron-donating 
groups to the aldehyde. The less basic aryl tellurides 
inhibit the process and ketones do not react under these 
conditions. The mechanism may involve a Stauding-
er-like reaction of the telluride with tosyl azide to form 
an intermediate tellurilimine. 

SCHEME 20 

TsN3 + R2Te - ^ 7 * R2Te=NTs R'CH°> R'CH=NTs 
PhH 

R = alkyl; R' = alkyl, aryl 

G. Amlnation 

As described in this review, azides can react with 
carbon nucleophiles to provide azido (see section ILJ) 
or diazo compounds (see section III.I). Another path
way possible in certain cases is amination. While there 
is an overlap in concept with the following section (viz., 
section III.H), the importance of the amination process 
merits its inclusion as a separate section even when very 

different mechanistic principles are involved. 

1. By Reaction with Alkyl- or Aryllithium or Grignard 
Reagents 

It has been well established that organic azides react 
with Grignard or organolithium reagents to give 1,3-
disubstituted triazenes412a which can be converted to 
amines by reductive workup.412b 

Trost and Pearson413 have shown that azidomethyl 
phenyl sulfide (588) reacts with Grignard reagents to 
give triazene intermediates which can be hydrolyzed to 
the corresponding amines with KOH (Scheme 21). 
Recently, they further exemplified the utility of sul
fur-activated azides for this process.414 

SCHEME 21 

PhSCH2N3 + RMgBr — PhSCH2N=NNHR 
588 

KOH 

RNH2 

R = aryl, alkyl 

Therein, the efficacy of a series of heteroatom-sub-
stituted azides (589-593) for amine transfer was com
pared and it was clearly established that the order of 
reactivity was 589 s 590 > 591 > 592 » 593. The 
activating effect of sulfur compared to oxygen and of 
arylthio compared to alkylthio is thus manifest. 

/-Pr 

IH3YCH2N3 

591, Y - S 
592, Y=O 

TMSOCHN3 

593 

SCH2N3 

589, X=H 
590,X=OMe 

Low-temperature quenching of the intermediate 
triazene anion (from alkyl Grignards and 588 with acetic 
anhydride or aroyl chlorides followed by hydrolytic 
workup (tetrabutylammonium formate in DMF or 
KOH in DMSO) provides N-acylated or N-aroylated 
compounds in 64-98% yield.414 

Complementary to this work is that of Hassner.415 

Whereas azidomethyl phenyl sulfide reacts more ef
fectively with Grignard reagents than with organo
lithium species, the opposite is true with Hassner's vinyl 
azides (594). Thus, reaction of 594 with aromatic lith
ium reagents followed by dilute acid workup of the 
intermediate triazenes provides aromatic primary 
amines in fair to good yields (45-70%) (Scheme 22). 
Unlike with 588, the vinyl azides can be used to prepare 
heterocyclic amines. They are limited in scope, how
ever, in that simple alkyllithium species (e.g., MeLi, 
BuLi, and t-BuLi) react to give alkylated ketones rather 
than aminated products.416 

More recently, the readily available reagent tosyl 
azide has been shown to react with aromatic lithio 
compounds.417 The initially formed triazenes can be 
reduced in situ with Ni-Al/KOH in an aqueous envi
ronment to yield aromatic amines in modest to good 

SCHEME 22 

ArLi + 

N3 

H3O 
ArNH5 

R' 

594, R = Ph, R' = H 
R = H, R'= /-Bu 

Ar = aryl, heteroaryl , benzyl, dithianyl 
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SCHEME 23 

Ni -A l 

KOH, H2O 

R = R' = H, R =H; R' = OMe 
R = H 1 R ' = CH2NMe2; R = H. R' = CONHMe 
R = OMe, R' = CONHMe 

yield (34-85%) (Scheme 23). 
Snieckus has reported a modification of this process 

utilizing tosyl azide and sodium borohydride,418 and 
recently this approach was employed in the regiospecific 
transformation of o-methyl(methoxymethoxy)benzene 
(595) to carbamate 596 in 72% yield.419 

NHCO2V-Bu 

(3) NaBH1 

(4) (/-BuO)2CO 

595 596 

A similar transformation, viz., 597 -»• 599, has been 
effected in 78% yield using (trimethylsilyl)methyl azide 
(598) as the aminating agent.420 

MeO' 
Me3SiCH2N3 

598 
MeO NH2 

OMe 

597 

OMe 

599 

It should be noted that Guntrum421 has reported that 
tosyl azide exhibits shock sensitivity similar to that of 
nitroglycerin. Accordingly, Kelly420 has suggested that 
great caution is also advisable in the handling of the 
analogous reagent 598. 

The versatile reagent diphenyl phosphoroazidate 
[(PhO)2P(O)N3] (see section VII) also combines with 
aryl Grignard or aryllithium reagents to give labile 
triazenes which can be reduced to the primary amines 
with sodium bis(2-methoxyethoxy)aluminum hydride 
or lithium aluminum hydride.422 

2. By Reaction with Alkenes and Related Species 

The methylenefluorene derivatives 600 and 601 react 
with the aryl azides 602a and 602a-e, respectively, to 

give the ring-expanded arylamines 603 (37%) and 604 
(36-66%).423 Products 603 and 604 presumably arise 
by thermal breakdown of initially formed triazolines 
(isolable from 600 and 602b-e). A similar ring expan
sion has been employed for the formation of hetero
cyclic (Section VI.B.3) and alicyclic (Section IV.C) 
systems. 

Thermolysis of EtOCON3 in the presence of 605 using 
acetic acid as solvent gave 606 (15%), 607 (38%), and 
608 (47%).424 The amount of the undesired byproduct 
608 could be reduced substantially by employing con
siderably less acetic acid. With ether 609 a similar 
thermolysis reaction gave 610 (68%) and 611 (25%). 

605, R= allyl; R' = H 
609. R = Ph; R'= H 

EtOCON3 

AcOH 

R' 

606, R= al lyl : R' = H 
X = NHCO2Et; Y = OAc 

607, R = a l l y l ;R ' = H 
X = OAc: Y = NHCO2Et 

610 ,R=Ph;R ' = H 
X = NHC02Et;Y = OAc 

6 1 1 , R=Ph: R' = H 
X =OAC;Y = NHCO2Et 

+ EtOCONHOAc 

608 

Ethyl azidoformate also combines with enol tri-
methylsilyl ethers (612). Thus, heating the reagents at 
110 0C in a sealed tube, followed by silica gel chroma
tography, affords N-ethoxycarbonyl a-amino ketones 
(613) in 35-65% yield.425 

MeaSiO 

+ EtOCN3 

612a, 
b, 
C, 

d, 
e, 

R 'R ' 

R = Z-Bu; R' = H 
R = Pr, R'=Et 
R - R ' = — <CH2>4-
R - R ' = - (CH 2 )CH-Z-Bu-
R = Ph;R '=H 

-CH 2 

(1) A 

(2) SiO2 

NHCO2Et 

R' 

613 

Il Jl 

CHR 

600, R • H 
6 0 1 , R • Ph 

+ 
6 0 2 a , 

b, 
c , 
d , 
e , 

ArN3 

A r ' 4 - N O 2 C 8 H 4 

Ar = Ph 
Ar = 4 -MeCeH4 
A r - 4 - M e O C e H 4 

Ar =4 -C ICeH 4 

6 0 3 , 
104a, 

b 
C, 

d, 

NHAr 

R = H; Ar ' 4 - N O 2 C 8 H 4 

R. Ph: Ar = 4-NO 2C 6H 4 

R= Ph; Ar = Ph 
R = Ph; Ar = 4 -MeC 6 H 4 

R = Ph; Ar=4-MeOC6H4 

e, R - P h ; A r - 4 - C I C 6 H 4 

In the presence of AlCl3, phenyl azide reacted with 
cyclohexene or cyclopentene to give iV-allylanilines (614) 
and 2V-phenyl-/3-cMoroamines (615) (approximately 1:1) 
in 92% and 52% yield, respectively, after aqueous so
dium carbonate workup.426* With cis-cyclooctene, 
aziridine 616 (47%) was instead isolated. Under the 
same conditions, cis-4-methylpent-2-ene (617) gave only 
the chloroamine 618 whereas £rans-4-methylpent-2-ene 
(619) provided the allylamines 620 and 621. Similar 
reactions occur in the presence of trifluoroacetic acid.426b 

3. By Reaction with Boranes 

For some time alkyl azides have been known to react 
with organoboranes to afford secondary amines.427 A 
recent attempted extension of this process to aryl-
sulfonyl azides (622) gave interesting results. Thus, 
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SCHEME 24 

"CH „ . 3 . * I % 

W " L r - ^ (CH2V, 7 C - H 
CHNHPh 

NHPh 

817 

MeCH-CH-Z-Pr 
I I 619 
Cl NHPh 

618 

MeCHCH=CMe2 

PhNH 

620 

ArSO2N3 

622 

R3B 
<1> A 

(2) H2O2, OH" 
-T ArSR (no ArSO2NHR (624) found) 

623 

treatment of p-tolylsulfonyl or benzenesulfonyl azide 
with tricyclohexyl-, cyclopentyl-, hexyl-, or exo-nor-
bornylborane gave the arylalkyl sulfides (623) in 
45-70% yield instead of the expected sulfonamides 
(624).428 The mechanism is unclear but the necessity 
for the azido function is manifest since tosyl chloride 
did not react under these conditions. 

4. Via Electrophilic Aromatic Substitution 

Examples involving cyclization are collected in section 
VI.A.3. Ethyl azidoformate reacts with benzene, tolu
ene, or nitrobenzene in the presence of trifluoroacetic 
acid (TFA) to give ethyl AT-arylcarbamates in 28-66% 
yield429 (Scheme 24). With toluene, the product mix
ture consists of the ortho and para carbamates (42% 
and 24%, respectively), whereas ortho and meta car
bamates (17% and 11%, respectively) are obtained 
from nitrobenzene. More recently, the study was ex
tended to include naphthalene; (N-(I- and 2-
naphthyl)carbamates were obtained in 42% and 12% 
yield, respectively) and the effects of other acids (viz., 
acetic, trichloroacetic, and trifluoromethanesulfonic).430 

The latter were less efficient in promoting the reaction 
than was TFA. The results of the study suggest that 
the mechanism involves electrophilic aromatic substi
tution by (ethoxycarbonyl)nitrenium ion. 

Similar results were obtained for reactions of phenyl 
azide with benzene, toluene, or naphthalene in the 
presence of TFA; diarylamine products resulted.431 In 
the reaction with benzene, C-substitution products, 625 
and 626, were also isolated in 11% and 12% yield, re
spectively. 

625. X ' 2 - N H 2 

626, X= 4 -NH 2 

Aromatic N-substitution has also been reported for 
reactions of phenyl azide with benzene, toluene, cum-

EtOCON3 

TFA 

X = H, 2 - M e , 4 - M e , 2 - N O 2 , 3 - NO2 

SCHEME 25 

^ .OR 
N3CO2R' 

[Pd] 
80 'C ^0" * T ^ 

NCO2R' CO2R' 

OR 

ene, chlorobenzene, bromobenzene, and biphenyl in the 
presence of a catalytic amount of trifluoromethane
sulfonic acid.432 Again, 2- and 4-substituted diaryl-
amines were obtained in reasonable yield. Interestingly, 
with 1-azidonaphthalene, products of C-substitution 
resulted from the reactions with benzene and biphenyl. 

Thermolysis of trifluoromethanesulfonyl azide in 1:1 
mixtures of benzene and substituted benzenes gave 
trifluoromethanesulfonanilide and substituted ana
logues. The isomer ratios, the total rate ratios, and the 
partial rate factors for sulfonamidation were deter
mined.433 

H. With Nucleophiles 

Reactions of azides with nucleophiles leading to diazo 
compounds (Section III.I), amines (Section III.G), or 
iminophosphoranes (Section III.F) have been described 
previously. 

Azidoformates exhibit reactivity toward a variety of 
nucleophiles at either the acyl group or the terminal 
nitrogen of the azide moiety.13,434 

1. Carbon or Silicon Nucleophiles 

A carbon-carbon double bond can play a nucleophilic 
role; often triazolines result (see section VI.B.2). On 
occasion, however, triazolines are intermediates and 
rearrangement products thereof are isolated (see section 
VI.B.3). a-Amino ketones have been obtained from 
azides and enamines435 or enol acetates.436 In contrast, 
the enamines 627 react with diphenyl phosphorazidate 
(DPPA) to give amidines 628.437 Interestingly, the 

•s. 
,Ar 

.C=C 

Ar N 
(PhO)2P(O)Ns I / 

- R—C—C. 

I ^ 
R/ N -P (O) (OPh) 2 

628 

627 

pyrrolidine enamines 627 (R = Ar', R' = H) reacted 
with DPPA to afford 628 as the major product (from 
627 (R = Ar = Ph)), a mixture of 628 and 629 (from 627 
(R = Ph; Ar = 2-pyridyl)), or the 1,2,3-triazole 630 as 
the main product (from 627 (R = 2-pyridyl; Ar = 
Ph)).438 Presumably these products arise by different 
cleavage modes from the intermediate triazoline. 

Ar Ar' 

Ar'CC 
'N-P(O)(OPh)2 

629 

N^. .NH 
N 

630 
631 

NSO2R' 

632 
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In light of these results it is perhaps surprising that 
N-substituted tetrahydropyridines (cf. 631) form imines 
(cf. 632) on treatment with aryl- or alkylsulfonyl 
azides.439 

In contrast to the results of thermal and photoiniti-
ated reactions, allylic ethers react with azidoformate in 
the presence of tetrakis(triphenylphosphine)palladium 
to give 2V-carboalkoxy imines as well as aziridines 
(Scheme 25).440 

A more recent study of the generality of the reaction 
has shown that it is successful for acyclic unsaturated 
ethers in general and is catalyzed much more effectively 
by PdCl2(PhCN)2.

441 Under these conditions imines 
were formed in good yields (44-100%) and the corre
sponding aziridines were present in miniscule amounts. 

Photolysis of ethyl azidoformate in the presence of 
some alkyl isonitriles gave carbodiimides and/or the 
corresponding ureas (Scheme 26J.442 A mixture of both 
products was obtained with R = cyclohexyl but with R 
= ZerZ-butyl only the diimide was isolated (60%). In
terestingly, l-isocyano-2,3,4,6-tetraacetyl-(8-D-gluco-
pyranoside reacted to give only the corresponding urea 
in 75% yield. 

SCHEME 26 

R - N = C + N3CO2Et - ^ j -

24-36h 

R - N = C = N - C O 2 E t - ^ * RNHCONHCO2Et 

Silaketimine 635 is formed in quantitative yield from 
the reaction of azido-di-ZerZ-butylchlorosilane (633) and 
(tri-ZerZ-butylsilyl)sodium (634) at -78 0C in dibutyl 
ether.433 

Z-Bu2SiClN3 + Z-Bu3SiNa — Z-Bu2Si=NSi-Z-Bu3 
633 634 635 

2. Nitrogen Nucleophiles 

Ethyl iV-chlorocarbonate (636) reacts with ethyl 
azidoformate (to form diethyl iminodiformate (637)) or 
tosyl azide but not alkyl or aryl azides.444 The reactions 

EtOCON3 

EtOOC-NClNa+ • 
636 

EtOCONHCO2Et + NaCl + N2 
637 

are enhanced by the use of Aliquat 336. Apparently, 
637 is formed via attack of 636 at the carbonyl group 
of the azido species rather than at the terminal nitrogen, 
in agreement with hard and soft acid-base theory. 

In a flowing afterglow device (trimethylsilyl)methyl 
azide (638) reacts rapidly with a variety of bases (F-, 
NH2", HO-, MeO") to form an anion of m/z 28, to which 

Me3SiCH2N3 + B" — 
638 

CH2=N - + CN" + N3" + Me3Si" 
639 

was assigned the methanimine structure 639.445 Large 
amounts of cyanide ion and smaller quantities of azide 
and trimethylsilyl anions were also produced. Amide 
ion appears to generate the maximum amount of 639. 

Nitroxide radicals 640 and 641 were formed from the 
combination of trifluoromethanesulfonyl azide with 

2-nitroso-2-methylpropane.446 Similar results were ob
tained from the reactions of the latter with phenyl, 
tosyl, and benzoyl azides. 

f-Bu —N-B iW / - B u - N - C F 3 

I I 
0' 0 ' 

640 641 

Displacement of the azido group, rather than attack 
at a nitrogen atom, occurred from treatment of ben-
zenesulfinyl azide with nitrogen or sulfur nucleo
philes.447 Thus, with primary or secondary amines, 
sulfinamides were formed in 48-78% yield. 

3. Sulfur or Selenium Nucleophiles 

As alluded to in the previous section, benzenesulfinyl 
azide also reacted with thiols (at -20 0C) to give the 
corresponding thiosulfinates in 41-93% yield.447 

In a process formally equivalent to the Staudinger 
reaction, sulfides react with azides to give imino-
sulfuranes.448 Recently, this transformation was ex
tended to sulfide-containing polymers.449 Thus, 642 and 
643 reacted with ethyl azidoformate under photolytic 

- ( - C H 2 - C H V 

y 
I A, 
S + N3CO2Et —-

R2 

642 , R1 ' /P-C6H4 . R2 ' M e 
643 , R1 = nothing. R2• Et 

4 - C H 2 - C H - ) -

I 
S = NCO2Et 

R2 

6 4 4 , R1, R2 as in 642 
6 4 5 , R1, R2 as in 643 

conditions to give the corresponding iminosulfuranes 
644 and 645 in 17% and 30% yield, respectively. Sim
ilarly, iminosulfuranes 647-649, the first examples of 
thienium-S-imides, were formed (44%, 23%, and 24%, 
respectively) by thermolysis of the appropriate azides 
in the presence of tetrachlorothiophene.450 Similar in
termediates from trithiapentalenes have been proposed 
(see section VI.C.2). 

C I ^ S ^ C I C f ^ s - N , 
646 NR 

647, R = CO2Et 
648, R = CO2Ph 
649, R = S 0 2 C a H 4 M e - p 

In contrast to aryl alkyl sulfoxides, aryl trifluoro-
methyl sulfoxides 650-652 do not iminate with sodium 
azide in sulfuric acid. However, if the latter is replaced 
by oleum, the S-(trifluoromethyl)-S-arylsulfoximides 
653-655 are formed.451 

NaN3 
RC6H4SOCF3 j ; ^ - RC6H4SO(NH)CF3 

650,R = H 653-655 
651,R = 4-CI R as in 650-652 , respectively 
652, R = 4-NO 2 
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SCHEME 27 SCHEME 29 

-Ph 
^C = X + PhN3 ,^ 

C = N' 
R R 

R = hindered alkyl; X = S, Se 

SCHEME 28 

Z — C H - Z' 

N2 

ArSQ2Nj Z - C - Z ' 

Sulfoximides 657 are also formed in 50-60% yield by 
thermolysis of alkoxycarbonyl azides 656 in DMSO.462 

ROCON3 - ^ * ROCON=SOMe2 
656, R = Br, t-Bu 657 

Diphenylthiirene 1-oxide (658) did not react with 
p-toluenesulfonyl azide to form the corresponding 
sulfoximide; instead diphenylacetylene resulted in 
21.7% yield.453 

O" 

a* 
Cu 

P h - C = C - P h 

Ph Ph 

658 

A2-Thiatriazolines are intermediates in the conversion 
of thioamides 659 to tosylamidines 660 (68-86%) with 
tosyl azide.464 

TsN3 

RCSNHR' 
659 A 

TsN=CRNHR' 
660 

R = Me, Ph; R' = 
H, Ph, 4-tolyl, 4-anisyl, 4-EtOC6H4 

Similarly, hindered thiones and selenones form N-
phenylimines in 20-86% yield via thia- and selenatri-
azolines, respectively, on heating with phenyl azide 
(Scheme 27).455 

I . Diazo Transfer 

An excellent, comprehensive review of the diazo 
transfer process has appeared recently.16 Accordingly, 
the present compilation is merely a synopsis of the 
general process with emphasis on recent uses. 

The diazo transfer process generally involves attack 
of a carbon nucleophile upon an arylsulfonyl azide to 
form a diazo compound (Scheme 28). When the Z and 
Z' groups are suitably electron withdrawing (e.g., COOR, 
CHO, COR, CONR2, CO2", CN, NO2, SOR, SO2R, 
SO3R, SO2NR2, or one Ar), the carbon nucleophile can 
be generated by the action of a suitable base on the 
corresponding activated methylene species.16,466 The 
efficacy of the process has been improved by the use 
of phase-transfer catalysis.467 In the case of a ketone 
the nucleophilic species can be prepared by conversion 
to a (dialkylamino)methylene derivative.468 

Introduction of the diazo group adjacent to a single 
carbonyl moiety can be achieved indirectly by con
verting the ketone to an a-formyl ketone and subse
quent treatment with tosyl azide under basic conditions 
(vide infra) (Scheme 29). 

Successful diazo transfer to simple aldehydes such as 
acetaldehyde has not been reported, presumably due 

R—C-CHR' 
Il I 
O CHO 

TsN3 
R — C - C - R ' 

Il Il 
O N2 

to competing reactions (viz., aldol condensation and 
polymerization) during the attempted preparation of 
the appropriate enolate ions. However, various work
ers469 have demonstrated that the lithium enolate of 
acetaldehyde can be generated in the absence of such 
complications by the cycloreversion of THF in the 
presence of rc-butyllithium, and recently this approach 
was extended to reaction of the incipient enolate with 
aryl and tosyl azides.460 Except for azides having no 
electron-withdrawing groups, decomposition ensues 
within 0.5 h and formamides (22-86%) and amines 
(0-24%) corresponding to the starting azides can be 
isolated. The formation of diazomethane was also 
demonstrated and in two cases (viz., 2-Me- and 2-
EtSO2C6H4N3) this may be of synthetic utility (70% 
yield). 

Tosyl azide is the most commonly employed azide but 
p-dodecylbenzenesulfonyl azide,461 p-carboxybenzene-
sulfonyl azide,456 polymer-bound tosyl azide,462 triflyl 
azide,463 (azidochloromethylene)dimethylammonium 
chloride,464 trisyl azide,465 and 4-nitrophenyl azide466 

have found some use. 4-Cyclopentene-l,3-dione was 
converted to the diazo congener with 2-azido-3-ethyl-
1,3-benzothiazolium tetrafluoroborate in an alkaline 
medium.467 The same reagent and l-ethyl-2-azido-
pyridinium tetrafluoroborate have been reported pre
viously.468 

A major factor in the continued search for new diazo 
transfer reagents has been the difficulty encountered 
in the separation of the diazo product from excess 
reagent and 4-toluenesulfonamide following diazo 
transfer with tosyl azide. Accordingly, 4-carboxy-
benzenesulfonyl azide has been recommended as a re
placement for the latter since it is soluble in base. 
Recently,469 the much less expensive but still base-
soluble reagent mesyl azide470 was shown to be an ex
cellent alternative. 

The diazo compounds resulting from these proce
dures have enjoyed extensive exploitation as carbene 
or carbenoid precursors.471 Thus, the diazo esters 
661-664 form the corresponding cyclopropanes 665-668, 
respectively, in 46-84% yield on treatment with CuSO4 
and Cu(acac)2 in refluxing benzene.472 

vinyl 665, R 2 ' CO2Me; R = 
666, R2» Me; R3- vinyl 
667, R2 = C02Me; R3 « at Iy I 
668, R2» H; R3» allyl 

6 6 3 , R 1 * C 0 2 M e 
664 .R 1 = H 

Intramolecular cyclopropanation of a-diazo-/?-keto-
phosphonates (cf. 670) using copper powder has also 
been reported.473 Formation of the diazo compounds 
670 from the corresponding activated methylene com
pounds 669 was effected in 80-96% yield by using tosyl 
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SCHEME 30 

OH 
T s N 3 / N E t 3 

"CONHCeH4Me-4 

N , 

CONHCeH4Me-4 

azide and sodium hydride. The yields were considera
bly lower when triethylamine was used as base. 

P(OMe)2 

669, R1R2= cyclic: R1 = H: X = CH2, O; Y = H2 

R = Hi R1 = R2 = H ; X = CH2 , O; Y = H2 

670. Y = N2, rest as above 

Diazo compound cyclization reactions have been 
considerably enhanced by the use of rhodium(II) ace
tate as catalyst. Thus, the novel /3-lactam 674 and aza 
jS-lactam analogues 675 and 676 were prepared in ex-

SO2 Rh2(OAc)4 

NH 
N2 CO2Bn 

671 

O2 

CO2Bn 

674 

^CHPh E tO 2 C^ ^Bn 
N2 N ^ Rh2(OAc)4 N - N ^ 

/ C x / N P h benzene ^ ^ N \ 
E t O 2 C ^ X O^ V P h 

.CO2R
1 

R J . 

O 

672 

N2 NHCO2R1 

I l I » 

O O 

Rh2(OAc)4 

benzene 

R3-

O 
Il 

A 
O^ 

T Y 
^ - N R 

676 

673 

cellent yield (75-100%) by heating the corresponding 
diazo compounds 671-673 with a catalytic quantity of 
rhodium(II) acetate.474-476 A cephalosporin analogue has 
been prepared similarly.477 The diazo compounds were 
in turn synthesized in variable yield by diazo transfer 
to the activated methylene precursors. Tosyl azide was 
the reagent of choice for this process except for in the 
case of 671, where p-carboxybenzenesulfonyl azide was 
employed. 

Diazo transfer to phenols has also been reported,478 

and recently this process was used to prepare 3-(p-
tolylcarbamoyl)-l,2-naphthoquinone 1-diazide (Scheme 
3O).479 

An attempt to convert phenol 677 to the corre
sponding quinone diazide 678 using tosyl azide was 
unsuccessful; the product mixture consisted primarily 

Scriven and Turnbull 

of materials containing two p-toluenesulfonamide 
groups.480 These compounds were not characterized but 
were suggested to be of the same type as those obtained 
from reaction of alkylindoles and tosyl azide.481 Suc
cessful conversion of 677 to 678 was realized in 45% 
yield by using m-nitrobenzenesulfonyl azide and tri-
fluoroethanol as solvent. The latter had been reported 
to be an excellent solvent for the diazo transfer reaction 
between /?-naphthol and tosyl azide.482 

As briefly mentioned previously, a-formyl ketones can 
be directly converted to the corresponding a-diazo ke
tones by treatment with tosyl azide and triethylamine. 
In this manner Dauben and Walker483 prepared the 
fenestrane derivative 679 and Banciu484 synthesized 680. 
Some modifications on this process have been reported. 
Thus, the benzoyl group can perform the same function 
as the formyl moiety (cf. 681 — 682).485 

680 

Me CH2OH 

681 682 

The trifluoroacetyl group has been utilized similarly, 
with the advantage that its removal is more facile.486 

Thus, iV-acetyloxazolidone 683 was converted to 684 
with LDA and 2,2,2-trifluoroethyl trifluoroacetate 
(TFEA) (Scheme 31). Subsequent diazo transfer in the 
presence of no more than 1 equiv of water gave 685 
directly. Direct diazo transfer with 683 was not suc
cessful. 

Diazo transfer to heterocyclic systems has also been 
reported. Thus, 2-arylindoles 686 (R = H, F, Cl; R' = 
Ph, 2-pyridyl, 2-thienyl) react with tosyl azide under 
phase-transfer conditions (benzyltriethylammonium 
chloride) to give the corresponding 3-diazo-3i?-indoles 
687.487 

Treatment of diketopiperazine derivative 688 (X = 
H2) with n-butyllithium and tosyl azide gave the cor-

SCHEME 31 

Ph, .Me 

° . . N \ ^ M e (2) TFEA Y Y 
0 0 

683 

(1) LDA, - 7 8 ' C 

Ph Me Ph Me 

/ \ ArSO2Na 

Y T T 
O O OH 0 CHN2 

F r i iv]i 

Yr 
678 684 685 
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686 
687 

responding diazo compound 688 (X = N2), which was 

/-Pr. , N OMe 

M e O ^ N ^ X 

688 

689, R1 * Ph, Me: R = H, Ph 

used in situ as a synthetic equivalent of amino-
carboxycarbene.488 More routinely, diazopyrazolinones 
689 have been prepared by treatment of the parent 
pyrazolinones with tosyl azide/triethylamine.489 

Ethyl (diethoxythiophosphoryl)diazoacetate (691), 
the first thiophosphoryl diazocarbonyl compound, was 
prepared in 22% yield by treating 690 with potassium 
iert-butoxide followed by tosyl azide.490 

Ph 

X 

Il 
(EtO) 2P(S)CCO 2Et 

690 , X = H2 

691 . X = N 2 

Me3SiCHN2 

692 / \ 
Me Me 

N2 

693 

In a variation of the standard diazo transfer process, 
(trimethylsilyl)diazomethane (692) was prepared in 
78.6% yield by reaction of [(trimethylsilyl)methyl]-
magnesium chloride with diphenylphosphoroazidate 
[(PhO)2P(O)N3].

491 The first example of a 6-diazosila-
cyclohexa-2,4-diene (693) was also prepared by diazo 
transfer (n-BuLi/tosyl azide).492 

Diazo transfer to amines affords azides and this is 
covered in section ILJ. 

J. Other Reactions 

A few azide transformations have been reported that 
do not fit into the categories described so far. 

Thus, irradiation of 1-substituted 2-(azido-
carbonyl)-4,6-diphenylpyridinium tetrafluoroborates 
694 gave the aldehydes 695 (60-76%) expected from 
cleavage of the R group except for 694 (R = PhCH2) 
and 694 (R = CH2C6H4Cl-P), where benzaldehyde and 
phenylacetaldehyde (2:1) and p-chlorobenzaldehyde, 
respectively, were formed.493 

RCHO 

695 

694 . R 

CON3 

CH2 

R 
Ph, 4 - C I C 6 H 4 . 
4 -MeCeH 4 . "-Pr, 
PhCH2 . 4 - C I C 8 H 4 C H 2 

Aldehydes 697 (68-83%) also result from the drop-
wise addition of thiadiazolylalkyl azides 696 to con
centrated sulfuric acid at -5 to 0 0C.494 

N . C H 2 N 3 

696, R = H. Me, Ph 

CHO 

697 

IV. Applications In Alley die Chemistry 

A. Cycllzations 

Bibenzyl derivatives 698 react with trifluoro-
methanesulfonic acid (TFMSA) at 0 0C to give the 
cyclized species 699 (major) and 700 and small quan
tities of the hydrogen abstraction products 701.496 The 
process can be extended to £rcms-m-azidocinnamate. 

698, R » H, Me 

Ar= Ph, p-Tol 

700 

Similar treatment of 3'-azido-l,3-diphenylpropane 
results in a high-yield cyclization to a seven-membered 
ring (eq I).496 

N 3 ^ / ^ / ^ / ^ H2N. 

TFA, Ph 

TFMSA 
0 -5 1C 

(1 ) 

80% 

Reaction of tosyl azide with active methylene com
pounds gives diazo compounds which subsequently may 
be converted to carbenes with rhodium diacetate (see 
section III.I for other examples). Recently, this meth
odology has been extended to provide a generally ap
plicable strategy for the enantioselective construction 
of a chiral quaternary center (eq 2).497 

Me 

•s: 
Me' 

,0Me 
(1 ) T s N 3 . TEA 

12> Rh2(OAc)4 1CHjCI2 

O 

/ X ^ C O 2 M e 

Me 
^ N . 

52% 

(2) 

Me 

B. Ring Contractions 

Hindered silyl enol ethers undergo ring contraction 
via triazolines when allowed to react with arylsulfonyl 
azides under pressure.498 Enol ethers give cleaner 
products with greater regiospecificity than do enamines 
(eq 3 and 4). 
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^ T 
.OSi-Z-BuMe2 

SCHEME 32° 
ArSO2N3 

55 *C. 15 kbar, MeCN. CH2CI2 

Me 

H CONHSO2Ar 

CP (3) 

Me 

67% 

QJ 
.OSi-Z-BuMe2 

ArSO 2 N 3 

55 "C. 15 kbar. MeCN. CH2CIa 

Me 

H 

I I y CONHSO2Me (4) 

Me 

72.5% 

Methyl enol ethers produced by Birch reduction of 
anisoles have been found to undergo reaction at am
bient pressure and moderate temperature (eq 5).4" 

.OMe 
P-BrCeH4SO2N3 

MtCN, 62 »C. 72 h 
( 5 ) 

C x 

M e O ^ ^NSO 2 C 9 H 4 Br -P 

74% 

Recently, phosphoryl azides have been used to effect 
the ring contraction of cyclic enamines in moderate to 
good yield.500 An interesting variation of this ring 
contraction, which leads to a spiro product, involves 
initial addition of tert-h\ity\ azidoformate to a tetra-
hydrocarbazole (eq 6).501 

r -Bu0 2 CN 3 

NHCO2Bu-Z + 
KS 

(6) 

2 2 % 
N 
I 

CO2Bu-/ 

46% 

C. Ring Expansions 

An interesting ring expansion of alicycles with an 
exocyclic methylene group involves an azide cyclo-
addition followed by treatment with base (Scheme 
3 2 ) .502 

D. Rearrangements 

On occasion interesting rearrangements occur under 
Schmidt conditions. Thus, homocuneone (702) reacts 
with sodium azide in methanesulfonic acid at 0-5 0C 
(20 min) to yield the unusual cyano dimesylate 704 in 
ca. 20% yield.503 It was surmised that acid-catalyzed 
rearrangement of 702 preceded Schmidt fragmentation 
and this premise was confirmed by isolation of 703 on 
treatment of 702 with methanesulfonic acid alone. 

(1) , (2) 

32% 

'(D P-NO2C6H4SO2N3; (2) KOH, MeOH. 

12% 

Subsequent conversion of 703 to 704 could then be 
effected in ca. 40% yield. The homocuneone (702) -»• 
8-ketobrendane (703) transformation appears to be 
fairly general and occurs with a variety of acids and 
electrophiles. Other rearrangements of alicyclics have 
been reported by the same research group.504 

703 

V. Applications In Carbohydrate Chemistry 

A. Synthesis 

Methods for the introduction of the azido group into 
sugars have been well studied, as the azido group can 
be reduced easily under a variety of conditions to afford 
amino sugars505 (see also section III.A). Preparations 
of azido carbohydrates are discussed here, rather than 
in section II, where considerations of carbohydrate 
chemistry are paramount. 

Cyclic sulfate 705 undergoes regioselective ring 
opening to give the trans alcohol (eq 7).506 

MeO-

3Me> 

l > = 0 
0 ' 

705 

N t N 3 . DMF 

5 0 ' C , 40 min 

M e 0 n o J 3 

VOMe/ 

OH 

96% 

(7) 

Azide 706 may be prepared in four steps from 1,6-
anhydro-|8-D-mannopyranose (Scheme 33).5^ The last 
three steps occur in good overall yield. This contrasts 
with the former method, which involves treatment of 
707 under vigorous conditions508 (see section ILB for 
another example of triflate replacement). 

Four new diazido sugars (708-711) have been made 
by treatment of the anhydro tosylribopyranosides 712 
and 713 with sodium azide.509 

Mesylate 714 reacts with sodium azide to give the 
azidogalactopyranose derivative 717.510 Oxygen-17 
NMR and oxygen-18 induced shifts in carbon-13 NMR 
support the intermediacy of azido mesylate 716 rather 
than the alternative carbenium ion 715510 (see section 
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(1) TFS tnhydrid* 
/ ~ \ (2) LiN», DMF, room Ump 
PRQH) -

(3) N(OM*, MtOH 
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LiN3 

706 
R • 4-methoxybenzoyl 

707 

708 (77%) 709(51%) 
TsO 

OBz 

N3 I OBz I OBz 
N3 OH 

710(17%) 711(44%) 

Bz • benzoyl 

ILB for tosylate replacement). 

OMs 

M80-^N^A 
B z O - ^ - ^ \ 

/ ^WOAc 
OBz 
714 

CH-N 

TsO Y / OBz 
O 

713 

2 i > 3 N3 0-

" 0 J ^ 
OBz 

715 

MsO 
BzO-1 

OAc OBz 
716 

OBz 
OBz 

717 

The synthesis of chemically modified cyclodextrins 
has been reviewed, and this review contains a section 
on azido derivatives.511 Azido carbohydrates are dis
cussed in another general review of hydrazine deriva
tives of carbohydrates.512 

B. Survival of Azido Groups during Other 
Manipulations 

Apart from ease of reduction, the presence of an azido 
group at C-2 in a sugar has the advantage of nonpar-
ticipation during the formation of a- and/or j8-glycosidic 
linkages513 (for other examples of azide survival, see 
section ILL). For example, glycosyl bromide 718 has 

SCHEME 34 
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M e O C 6 H 4 - ^ 0 

0 
B z O - * — K ^ ,OAII 

N3 

,OMBn OH 

H 0 - ^ ° ^ 0 A " m ' C , , y " t " ' - AcO^=°v/OAII 
BzO-^V^ (2> D 0 Q B z O - * " ^ ^ 

N3 N3 

MBn • 4-methoxybenzyl, Bz • benzoyl, All • allyl 

SCHEME 35 
O 
Il 

P-MeC6H4C-O-] 0 

r V - O M e + 

N3 

HO 1Q 

N 

> 
SiMe3 

HO—i o 
\ 

N3 

18% 

N3 N. 

i 
20% 

been condensed with the 4-hydroxy group of the gly
cosyl acceptor 719.514 

B z l C N N3 

B z I O - ^ - S + 

Br 
718 

s i l v r »llic«t* 

PhM* 

OBzI N 3 ^ 

79% 

In another paper, the effect of a C-2 azido substituent 
on the /3/a ratio in glycosidic bond formation relative 
to 4-0-alkyl functions has been studied.515 Recently, 
it was found that a 4-methoxybenzylidene acetal could 
be opened reductively and the so formed 4-methoxy
benzyl ether removed by oxidation with DDQ without 
affecting the C-2 azido function (Scheme 34).505 No 
acetyl ester migration from C-4 was noted. 

The azido functionality can survive the Ferrier 
transformation to provide a 1,3-diaminocyclitol pre
cursor (eq 8).516 However, the erythro analogue of 720 
undergoes elimination of hydrazoic acid to give 721. 

HgCIi. Mt2CO 

heat, 4 h 

OBz 

BzO 
N3 

(8) 

OH 
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N3 R 0 w v OCH2Ph 

o-mannose —a-— H " \ / 

V 
(1). <2>. (3) 

OH 
H O V A . P H 

OH 

R = SiPh2Bu-J 
0 (1) Bu4NF, THF, room temperature; (2) CF3CO2H, dioxane, 

H2O; (3) palladium hydroxide, H2, MeOH. 

SCHEME 37" 
-OH 

( D - O ) MsO 

Q Me 

C02Et (4! 

f H £H 

IOH — Cb-
"(D MsCl, pyridine; (2) CF3CO2H, H2O (9:1); (3) Ph3P= 

CHCO2Et, THF; (4) H2, 10% Pd/C, MeOH; (5) (Me3Si)2NH, 
Me3SiCl; (6) BH3-Me2S, THF. 

Azides survive glycosidation with l-(trimethylsilyl)-
benzimidazole (Scheme 35).517 

C. Reductive Cycllzatlons (See Also Section 
111.C) 

l,5-Dideoxy-l,5-imino-D-mannitol can be synthesized 
from D-mannose via hydrogenation of a 5-azido-5-
deoxymannose (Scheme 36). A route from D-glucose 
has also been described.518 

Two stereoisomers of swainsonine have been syn
thesized by similar sequences (Scheme 37).519 

Reductive cyclization of the isopropylidene deriva
tives of D-glucuronolactone gives a trihydroxypipecolic 
acid (eq 9).520 

°'o x°s.^° H0''-./^\-^C 

N3 

OH 

HO/,, . A . AOH 

N " ^ C 0 2 H 
(9! 

(1) H 2 . 10% Pd/C, EtOAc,-(2) PhCH2OCOCI. NaHCO3. EtOAc, 
H2O; (3) CF3CO2H, H2O. room temperture; (4) H2 , Pd black, 
H2O, HOAc (9:1), 4 days 

Treatment of D-ribonolactone with benzaldehyde in 
concentrated hydrochloric acid gives Zinner's lactone 
(722), the triflate of which rather surprisingly gives 
azide 723 with retention of configuration.521 Conversion 
to 1,4-lactone 724 and reduction affords 2 (R),3 (S),4-
(i?)-dihydroxyproline (Scheme 38) (see ref 522 for an
other example of hydroxypyrrolidine synthesis). 
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Successive treatment of 725 with sodium iodate, hy
drogen/palladium black, and PhCH2OCOCl provides 
benzyl carbamate 726 in 66% overall yield.523 

H0—| 

HO 

y 

^'»oX 
CH 2 N 3 

725 

P h C H 2 O C N - ^ S - 0 X op- (10) 

H V 
726 

Hydrogenation of azido amide 727 in the presence of 
palladium black in ethanol reduces both the double 
bond and the azide to an amine, which can be cyclized 
to lactam 728 with LDA.524 

Y 
NMe, 

- ^ 0 ' V 
727 

MeOv" " O ' ^ C H 2 N 3 

(2>LDA,-40'C I I N u 
(D H2, Pd blaoK 

MeOv "O = 
H 

726 

VI. Heterocyclic Synthesis 

A. Cycllzatlons 

1. Alkyl Azides 

Azide 729 cyclizes to 4-azahomoadamant-4-ene (730) 
in the presence of methanesulfonic acid; 730 is obtained 
also from alcohol 731.525 

67% 

729 

66% 

731 

(1) MeSO3H, CH2CI2 , room temperature. 30 min ; (2) NaN 3 , 
MeSO3H1CH2CI2 

2. Vinyl Azides 

An important method for the construction of five-, 
six-, and seven-membered fused nitrogen heterocycles, 
based on the cyclization of azidoacrylate has been de
veloped into a powerful synthetic method by Moody 
and Rees. Hemetsberger and co-workers526,527 found 
that azidocinnamates, which are readily prepared from 
the corresponding benzaldehyde, ethyl azidoacetate, 
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and sodium ethoxide, undergo ring closure to indoles. 
The intermediate azirine can be observed by NMR 
when the thermolysis is carried out at 80 0C. Recently, 
Knittel528 obtained indoles in virtually quantitative 
yields at 140 0C and azirines at 80 0C (Scheme 39). 

Monovinyl (eq 11 and 12)529 and divinyl (eq 13-15) 
azido thiophenes530 have proved to be useful precursors 
for the annulation of pyrroles to thiophenes. 
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a. 
Azido furan 732 predictably undergoes cyclization to 

furopyrrole 733.531 However, 734 gives the azaannulene 
735 by intramolecular cycloaddition without any furo
pyrrole formation, thus providing a convenient high-
yield azaannulene synthesis.531 

.CO2Et 

CO2Et 

CO2Et 

734 735 (70%) 

The preparation of acryl azides under strongly basic 
conditions is confined to aldehydes that cannot undergo 
competitive condensations. Remote carbonyl groups 
may be protected to avoid this disadvantage, as for 
example in the synthesis of oxopyrano [g] indoles 
(Scheme 40).532 

Where cyclization to a five-membered ring is blocked, 
closure can take place at an o-methyl group to give a 
pyridine ring. (2-Azidoacrylyl)benzofuran 736 un
dergoes cyclization in quantitative yield to a benzo-

CO2Me 

:c=c: 
^CO2Me 15% (R . H ) 

74% (R = 4-Me> 
54% ( R » 4 - C I ) 
78% ( R ' 2 . 6 - C I 2 ) 

CO2Me 

93% ( R - H ) 
95% (R = 6-Me) 
90% (R = 6 - 0 M e ) 
97% (R = 6-Cl) 

SCHEME 40 

CO2Me 

H+ 0' 

CO2H 

90% 

furan[3,2-c]pyridine via an enamine (737) rather than 
by direct insertion.533 

xylene 

CO2Et 

736 

Me'' 

Me 

i ̂- 0 

737 

/ = - N H 

CO2Et 

— 
Me^ 

Me I 
^ \ ^ < N N 

^AcXJi 
quantitative 

sC02Et 

Rees, Moody, and co-workers have studied these re
actions extensively from both a mechanistic and a 
synthetic viewpoint. They have found that decompo
sition of an azidocinnamate (738) with blocked ortho 
positions in the presence of an oxidant profoundly af
fects the nature of the products (Scheme 41).534 

It was hoped that added iodine would oxidize the 
intermediate dihydropyridine to 739 before H ab
straction by nitrene occurred to give enamine 740. 
Formation of 741 in the presence of chloranil is inter
esting as it provides the first instance of indole forma
tion by cyclization to a "blocked" ortho position fol
lowed by a methyl shift. The requirement of two ortho 
blocking groups would limit this as a general iso-
quinoline synthesis to isoquinolines with a 5-substitu-
ent. Therefore, the same workers534 studied the effect 
of oxidants on indole versus isoquinoline formation for 
a series of azidocinnamates bearing only one substituent 
ortho to the azidoacrylyl group (Scheme 42). Iso
quinoline yield increased from 2 to 52%, and indole 

file:///UlyJj
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SCHEME 41 
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.CO2Et 

Me ^ "Me 

\A, chloranil (1.0 equiv) 740 ( 2 9 % ) 

739(27%) + 740 (24%) + CO2Et 

741 (15 %) 

yield fell when thermolysis of 742 was carried out in the 
presence of iodine and potassium acetate. 

The above difficulties were avoided by using azido-
cinnamates with an ortho carbonyl substituent which 
on treatment with TEP undergo intramolecular aza-
Wittig reaction to give isoquinolines in very high yield 
(Scheme 43).535 This procedure has the advantage of 
high-yield, mild conditions, and it offers an alternative 
to the more common isoquinoline syntheses which re
quire at least one electron-donating substituent in the 
benzene ring to promote an electrophilic ring closure. 

Decomposition of o-styrylazidocinnamate 743 in 
boiling toluene affords benzazepine 744 as well as the 
anticipated indole 745 and isoquinoline 746.536 

CO2Et 

743 

CO2Et 

CO2Et 

CO2Et 

745 (10%) CH2Ph 

746 (35%) 

Exclusive indole formation can be achieved in good 
yield by protecting the ortho olefinic substituent as the 
epoxide (eq 16).537 

CO2Et 

CO2Et (16) 

Azidocinnamate cyclizations provide the key steps 
(i.e., construction of both pyrrole rings) in the synthesis 
of the phosphodiesterase inhibitors PDE-I (747) and 
PDE-II (748) (

538 the left-hand unit of the potent anti
tumor agent CC-1065 (749),539 and the pyrrole ring of 
murrayaquinone-B (75O).640 

HO2C 

750 

Azepines can be the preferred products of decompo
sition of azidocinnamates bearing an ortho cycloalkenyl 
substituent of appropriate ring size.541 Here intramo
lecular cycloaddition via a dihydrotriazole intermediate 
is proposed (Scheme 44). 

Moody has annulated pyrroles,542 pyridines, and 
azepines543 to the 2,3-positions of suitably substituted 
indoles (Scheme 45). 

The presence of an o-thiophenoxy group in the azi
docinnamate results in the formation of a benzothiazine 
on thermolysis (Scheme 46).544 

2,5-Diarylpyrroles have been prepared in quite good 
yields by the hexacarbonylmolybdenum-mediated di-
merization of arylvinyl azides. Two possible reaction 
pathways have been suggested (Scheme 47).545 
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A mitomycin precursor (751) has been prepared with 
high stereoselectivity by photolysis of an azidoquinone 
and a «'s,cis-diene.646 

MeO. 

MeO. 

751 (46%) 

3. Aryl and Heteroaryl Azides 

Intramolecular cyclizations of aryl and heteroaryl 
azides to form five-, six-, and seven-membered rings are 
well-known general high yield processes. They have 
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been reviewed several times recently; therefore older 
work will not be discussed in detail here. The prototype 
of these reactions, the cyclization of o-azidobiphenyl to 
carbazole, was reported by Smith and Brown in 1951 
(eq 17).547 

The reaction is typically carried out thermolytically 
at 150-200 0C in, for example, di- or 1,2,4-trichloro-
benzenes or by photolysis.548 Yields are usually ex
cellent549 regardless of the nature of the substituents 
attached to rings A and B. However, attachment of 
ortho substituents (e.g., nitro) that provide the oppor
tunity for a competing non-nitrene reaction does pre
vent carbazole formation via a singlet nitrene process. 

Replacement of ring A or B of the azidobiphenyl by 
various heterocyclic systems (e.g., thienyl and pyridyl)550 

also usually leads to good-yield cyclizations on decom
position. The wavelength chosen for photolysis can 
have a significant effect upon the yields of products 
formed (eq 18).551 

(18) 

254 nm 
350 nm 

Cyclization onto a suitably placed methyl group is 
promoted under triplet nitrene forming conditions (eq 
19), although carbazole formation is still significant.552 

However, this process is not as efficient as carbazole 
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formation under "singlet conditions". 
Me Me 

156 'C/PhBr 
/!x/107 0C, 
PhCOMe 

C19) 

1.5% 
36% 

The report of the thermolysis of an azido-l,2-quinone 
is of interest as it results in the formation of an in-
doloquinone rather than zwittazido cleavage (Scheme 
4 8 ) 553a 

This offers an alternative to the other azide ring 
closure route to indoloquinone (eq 20),553b and it prom
ises to have generality. 

(20) 

90% 

o-Azidobenzoates yield carbazoles on spray pyrolysis 
with loss of carbon dioxide (eq 21).5M This is the first 
example of the successful decomposition of an azido 
aromatic having two atoms between the rings. On so
lution thermolysis this reaction is not observed. 

QC. 8pr«y 
pyrolysis 

96% 

( 2 1 ) 

In contrast to the extensive work on carbazole syn
thesis, little was known of the cyclization of o-azido
bithienyls to dithienopyrroles. Now an extensive study 
has appeared,555 employing o-azidobithienyls newly 
available by treatment of lithiobithienyls with tosyl 
azide and subsequent fragmentation of the intermediate 
lithium triazene salts.228 Both 3-azido-2,2'-bithienyl and 
3-azido-2,3'-bithienyl undergo cyclization readily in high 
yield in boiling chlorobenzene (eq 22 and 23), but the 

CU5 132 'C €Q3 (22) 

87% 

other four isomers 752-755 do not give the analogous 
cyclic products. Isomers 752 and 753 give polymeric 
materials, 754 undergoes ring opening, and 755 gives 
intractable products. These failures were attributed to 
the lack of availability of low-energy concerted path
ways for reaction in these isomers, as has been found 
in related 2-azidophenyl heterocycles.552 

SCHEME 48 
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Ortho-substituted 3-azidothiophene 756 undergoes 
cyclization in boiling toluene to afford an azathia-
benzene derivative in 90% yield.555 On photolysis in 
acetonitrile the azathiabenzene rearranges to a thieno-
pyrrole (757).557"559 
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Thermal decomposition of azidodithienylethenes 
gives thienyl-4ff-thieno[3,2-b]- or -[3,4-6]pyrroles in 
good yield (eq 24).560-561 

N3 

(24) 

Azide 752 readily cyclizes to a l,2-dihydro-l-aza-2-
borabenzene on standing with phenyldichloroborane at 
room temperature (Scheme 49) .564 

However, treatment of o-azidobiphenyl with boron 
trichloride in benzene at room temperature gives car
bazole in 91% yield.564 

Substituted o-azidobiphenyl 758 gives the JV-
phenylimide of benzo[c]cinnoline as the main product 
on similar treatment (eq 25).564 

Biaryl azides of the type 759 cyclize initially on de
composition to five-membered rings which undergo a 
Smiles-like rearrangement to six-membered rings 
(Scheme 50). The synthetic importance of this method 
(particularly in phenothiazine synthesis) and its 
mechanism were delineated chiefly by Cadogan and his 
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NPh 
N = N — P h 

BCI3 / / \> 

768 

group working on both azide decomposition and phos
phorus-mediated deoxygenations of nitro and nitroso 
compounds.565 

Thiazepines are the major product when the B ring 
contains two methyl groups ortho to the ring junction 
(Scheme 51).550 

Azepinobenzothiazoles formed via ring expansion of 
the azanorcaradiene tautomer of the spiro intermediate 
are more commonly encountered in systems where X 
= CH2. Jones' group566 has compared the effect of 
thermolysis temperature on solution and flash vacuum 
thermolysis of o-azidodiphenylmethanes. Acridines and 
acridans are favored at higher temperatures using flash 
vacuum pyrolysis whereas at lower temperature on so
lution thermolysis azepinoindoles are the main product 
(Scheme 52). 

Azides of the type 760 undergo cyclization to an-
thraisoxazolones 761 on heating.223 

760 

Benzo[c,ci]indazole has been formed by the photolysis 
of peri-diazidonaphthalene in a rigid matrix at low 
temperature (eq 2&).561 

N=N 

(26) 

The iV-arylimine derivative of this ring system, which 
contains the rare 1,3-dipolar azimine system, has been 
isolated for the first time (eq 27).241a 

(27) 

Ring closures of an azido group to an ortho substit-
uent that do not involve an intermediate nitrene have 
interested azide chemists for some years.568 Two 
mechanisms (one based on a concerted reaction (eq 
2S),569 the other on 1,3-dipolar cyclization (eq 29)570) 

+ N2 (28) 

763 (29) 
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have been proposed based on experimental observa
tions. Now a third mechanism has appeared571 that, 
unlike the other two, accounts for the observed order 
of accelerating effects on azide fragmentation with 
different ortho substituents, viz., ArN=N- > O=N(O)-
> O=C(R)- > RN=C(R)- > R2C=C(R)- This new 
mechanism is based on the notion that charge separa
tion contributes more to the structure of the arylnitrene 
than it does to the corresponding azide (eq 30). The 

- C O - C O 763 (30) 

764 

more the transition state resembles the charge-sepa
rated structure 764, the easier is ring closure. Fur
thermore, this process unlike an electrocyclic one does 
not require the derealization energy of the new het-
erocycle that is being formed in the transition state to 
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provide the driving force for reaction. These mecha
nistic considerations should be useful for selecting re
action conditions for synthetic endeavors. 

Routes to several hitherto somewhat elusive indazole 
derivatives have appeared recently.262,572"571 One572 is 
based on the cyclization of the anils of o-azidobenz-
aldehyde, an established method (Scheme 53).575 The 
synthetically important point here is the conversion of 
the benzyl alcohol (765) to aldehyde (766) in 90% yield 
using Corey's reagent, without detriment to the ortho 
azido group (see section II.L.l for other examples). 
Previous routes to the azidoanils of the type 767 gave 
much lower yields.676 

o-Azidoacetophenone oxime cyclizes on reflux in 
toluene to give a tautomeric 2-hydroxyindazole (Scheme 
54).263 

3-Chloroindazole has been made in 91% yield, merely 
by heating o-azidobenzanilide with thionyl chloride 
(Scheme 55).577 This method has recently been ex
tended to give a benzimidazole synthesis (Scheme 56) .574 

In contrast, treatment of o-azidobenzanilide with 
sodium hydride in DMF gives an indazol-3-one by 
base-catalyzed cyclization (Scheme 57).673'578 A similar 
base-catalyzed closure, involving a carbanion, yields 
indoxyls (eq 31).679.580 Note that low temperature is 

a COCHMe2 

( 3 1 ) 

89% 

necessary to avoid formation of a benzisoxazole by azide 
fragmentation. These azide cyclizations offer poten
tially general routes to several less readily available 
simple heterocycles. 

Intermolecular electrophilic attack at ring positions 
in arylnitrenium ions is well-known.581 Now attack at 
nitrogen by alkenes followed by Friedel-Crafts reaction 
has been used to prepare trons-[5]para-l-aza-
cyclophanes (Scheme 58).582 

Abramovitch has trapped arylnitrenium ions intra-
molecularly to provide a potentially general approach 
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to a number of heterocycles that have amino groups f$ 
to the ring junction (Scheme 59) .495 

More recently, this lactone synthesis has been ex
tended to the preparation of spirolactones (Scheme 
6O).583 

4. Acyl Azldas 

Cyclization of isocyanates, formed by Curtius rear
rangement of acyl azides (see section III.D for a further 
treatment of the Curtius reaction), is a well-established 
method for the synthesis of heterocycles.3 Therefore, 
only a few examples will be given. The parent furo-
[2,3-c]pyridine system has been made for the first time 
by annulation of a pyridine to furan (Scheme 61).160b 

A pyrazinone ring system was formed by reaction of 
pyrrole and an isocyanate (Scheme 62).584 Note that 
these acyl azides are best prepared from mixed anhy
drides. 
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Acyl azide cyclizations via isocyanates may also be 
used to prepare five-membered (eq 32 and 33)685 and 
seven-membered (eq 34J586 rings. 

<y 
NHR 

CN3 

>=o (32) 

0 \ ^ N H N H 2 

(1) HNO2 f ^ | T ^ 

H 

(33) 

(34) 

The Meth-Cohn spray pyrolysis technique has been 
applied successfully to the synthesis of several hetero-
cycles. 4-Azaazulene was obtained in 56% overall yield 
from the chlorohydrin 768 (Scheme 63).587 

Spray pyrolysis of benzyl azidoformate at 330 0C 
gives oxazoloazepines, or their dimers, which on further 
heating rearrange to benzoxazines (eq 35).588 

Cl Cl 
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85% 64% 

Lwowski and co-workers have studied the reactions 
of carbamoyl azides extensively.589 Some recent work 
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has concerned the photolysis of dialkylcarbamoyl azides 
in the presence of carbodiimides which yields 769 and 
770,590 the latter by a novel process (Scheme 64). An 
indazole may be obtained by reacting 770 with benzyne. 

Dimethylcarbamoyl azide has been photolyzed in the 
presence of methyl isocyanate to give the ylide 771 and 
an azo compound 772. The latter is formed by photo-
reaction of 771 with more azide,591 which provides the 
first instance of an intermolecular-assisted loss of ni
trogen from a carbamoyl azide. 
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5. Sulfonyl Azides 

Abramovitch has made a fundamental study of the 
intermolecular reactions of arylsulfonyl azides.592 The 
intramolecular reactions of substituted arylethane
sulfonyl, arylpropanesulfonyl, and other sulfonyl azides 
have now been carried out to investigate the corre
sponding intramolecular reactions. /3-Arylethane-
sulfonyl azides, when thermolyzed in inert solvents such 
as Freon 113, cyclize to sultams (eq 36).83'593 Corre
sponding sulfonamides, the triplet nitrene hydrogen 
abstraction products, are also formed. 
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38% 
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Dihydropyrindines rather than sultams become the 
main products of FVP of arylethanesulfonyl azides at 
SCHEME 66 
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H Ph 
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the appropriate temperature (Scheme 65). The nature 
of products formed varies greatly with the FVP tem
perature. 

A mechanism that accounts for the formation of di-
hydropyrindine and other interesting products (e.g., 
773) has been established by using variously substituted 
arylethanesulfonyl azides (Scheme 66).594 

Solution and flash vacuum pyrolysis of 3-aryl-
propanesulfonyl azides give seven-membered sultams. 
Best yields are obtained on solution decomposition in 
Freon 113.595 

6. Other Azides 

l-Aryl-l,2,4-triazolin-5-ones may be prepared from 
arylhydrazones of a-keto acids by reaction with di-
phenylphosphoryl azide (eq 37).596 

A. . u u . , _ L n u 'P"0>aPN3.TEA ArN NH 
ArNHN=CCO 2H P h M . , A • \ _ , 

N -

(37) 

Treatment of benzene-l,2-disulfenyl chlorides with 
trimethylsilyl azide at 0 0C affords benzo-l,3,2-dithia-
zolium chlorides almost quantitatively (eq 38).597 

XK 
SCl 

SCI 

Me3SiN3 

0 'C. CH2CI2 
• N Cl (38) 
S7 

7. Staudlnger Reaction and Related Processes 

Azides react readily with trivalent phosphorus com
pounds to give phosphine imines (Staudinger reaction), 
which can undergo further reaction with, for instance, 
a carbonyl group (aza-Wittig reaction) (for reduction, 
see section III.A).598 This section contains examples of 
cyclizations that produce nitrogen and phosphorus 
heterocycles (see section VI.A.2 for other examples). 

Bridgehead imines are most often prepared from 
bridgehead azides, but unsymmetrical bridgehead 
azides give mixtures of imines. A new sequence starting 
with the azido ketone 774 and involving Staudinger and 
aza-Wittig reactions followed by trapping affords the 
bridgehead imine adduct 775 in nearly quantitative 
yield (Scheme 67).5" 

a;-Azido ketones react with triphenylphosphine under 
anhydrous conditions to yield five-, six-, or seven-
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membered cyclic imines.600 Azido esters cyclize in good 
yield to amides under aqueous conditions (eq 39)601 

whereas an azido ketone forms a /3-keto ester on reac
tion with triphenylphosphine under anhydrous condi
tions (eq 4O).601 
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CO2R 

XOMe 

COMe 
Me 

Phthalimido derivatives may be prepared by treat
ment of the appropriate azide with triphenylphosphine 
and phthalic anhydride (Scheme 68).602 This provides 
another method for protecting amines and is of great 
potential for amino carbohydrates. 

Hydrazonyl azides have been cyclized via an aza-
Wittig reaction (eq 41).603 
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(41) 

a-Azidostyrene readily forms iminophosphoranes 776 
and 777 on reaction with triphenylphosphine or tri-
methyl phosphite, respectively. These have been used 
in the synthesis of azaazulenes (eq 42)604 and the 1,2-
X5-azaphosphorine ring system (Scheme 69) .6^ 

(42) 

Cadogen and co-workers have shown that treatment 
of hydroxyalkyl and hydroximic azides with phospho-
rus(III) reagents provides a general route to penta-co-
ordinate phosphoranes (eq 43 and 44).606 
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H 
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An intermolecular version of the above reaction, in
volving phenyl azide, has also been described (Scheme 
7 0 ) 6 0 7 
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Fused azirines may be obtained via oxazaphospho-
lidines by loss of phosphine oxide (Scheme 71).608 

Spirophosphazenes have been prepared by the reac
tion of azido alcohols with triazaphospholes; however, 
path A is favored over path B (Scheme 72) .m 

B. Cycioadditlons 

/. Formation of Stable Trlazoles 

Addition of azides to acetylenes or activated methy
lene compounds offers two well-established methods for 
the synthesis of 1,2,3-triazoles.610"612 Recent work has 
been concerned with mechanistic examination and 
synthetic extensions of these reactions. The rather slow 
cyclization (eq 45) is speeded up when carried out in 
the presence of cucurbitural (a nonadecacyclic cage 
compound that can encapsulate substituted ammonium 
ions).613 

H 3 NCH 2 C=CH + N3CH2CH2NH3 
H2O 

H 3 N C H 2 ^ NCH2CH2NH3 (45) 
N -N 
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Synthesis of N-unsubstituted triazoles usually entails 
the selection of an azide (RN3) that adds easily to an 
alkyne and has an R group that is easily removable. 
Benzyl is a favorite group for this purpose but it re
quires forcing conditions for its removal. 4-Methoxy-
benzyl azide is reasonably stable and undergoes addi
tions smoothly, and the 4-methoxybenzyl group may be 
removed relatively easily.614 (Trimethylsilyl)methyl 
azide, made from (chloromethyl)trimethylsilane and 
sodium azide has been used as a methyl azide equiva
lent (Scheme 73).615 

3-Azido-l-propyne adds to DMAD in the cold, but 
dimerizes on heating in ether (Scheme 74) .53 

Suitably substituted enynes undergo addition with 
azides at the triple rather than the double bond as had 
been observed previously (eq 46 and 47).616 

M e — : 

M e C H = C H C = C N E t 2 + A r N 3 

N E t , 

N - , NAr 
N N 

E t S -

E t S C H = C H — C = C H + A r N 3 Ns ,NAr 
^ N ' 

Ar = Ph1 5 2 % 

(46 ) 

( 4 7 ) 

Cycloaddition and substitution by azide ion have 
proved valuable in triazolobenzazepine synthesis 
(Scheme 75).617 

Addition of DMAD, its congeners, or enolates of 
acetoacetic esters to 1,8-diazidonaphthalene gives, e.g., 
the strained l,8-bis(triazolyl)naphthalene 778 in high 
yield.618 

M e O 2 C ^ N N ^ ^ C O j M e 

V N N - N -M e O 2 C C O 2 M e 

7 7 8 

Addition of azides to phosphonium ylides,619 which 
proceeds under mild conditions, has been used for the 
formation of triazoles at a 4-substituent in sydnones, 

H2 

Rtn»y Ni 
in situ 
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which are very sensitive to acid, base, and heat (eq 
48).620 

n + (T \ 

, 7 " \ - T»N3_ P h N - ( N PhN 
( 4 8 ) 

3 7 % 

Phenyl azide adds to perfluoropropyne to give mainly 
779,621 whereas phenyl azide gives an equimolar amount 
of both regioisomers on addition to phenylpropyne.622 

F,C 

/ N 

/ w 
• N 

N 

Ph 

779 

Vinyl azides usually eliminate nitrogen readily to 
form 2if-azirines rather than cyclize to 4-fiT-triazoles. 
However, when suitably substituted, they spontaneously 
cyclize to 4if-triazoles (Scheme 76).623 

2. Formation of Stable Triazolines 

Addition of phenyl, p-nitrophenyl, and o-methoxy-
phenyl azides to the allene 780 takes place in a regio-
and directiospecific manner.624 

H CO2Me 
I CO2MeI 

Et- C ^ i , < \ 
MtO8C,,, CO2Me PhNa H T^f H 

> — , = 3 \ "* PhN .N 
n-Pr H -N' 

780 

3. Triazolines as Intermediates 

4 0 % 

(a) Intramolecular Cycloadditions, Intramolecular 
azide cycloadditions involving triazolines are playing an 
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increasingly important part in heterocyclic synthe
sis,625,626 often without the isolation of the azide. A new 
synthesis of the 2-azatricyclo[4.4.0.02,8]decenone system 
has been achieved (Scheme 77).107 

Treatment of mesylate 781 with sodium azide in 
DMF at room temperature gave 2-butylpyrrole in high 
yield; presumably the azide undergoes intramolecular 
cycloaddition via 782 (Scheme 78).111 

Two groups of workers237,627 have found that decom
position of azido diene 783 (Scheme 79) gives access to 
the pyrrolizidine alkaloids probably via 784, which is 
similar to 782, providing a formal total synthesis of 
supinidine (785). 

Cycloadditions of alkyl azides, generated in situ, to 
enones (eq 49)630 and cinnamate esters (Scheme 
80)628-630 affor(j a variety of heterocycles via triazole 
intermediates. 

. , » • 

C49) 

67% 2 4 % 

1,4-Benzoquinone azide 786 undergoes intramolecular 
cycloaddition to give triazoline 787, which has been 

CO2Et 

CO2Et 

CO9Et 

SCHEME 81 
0 

MeO 

789 

SCHEME 82 

MeO2C CO2Me 

790 

clavicipit ic 
acid 

observed directly by 1H NMR (Scheme 81).631,632 

Formation of the triazoline can be followed by NMR; 
after 2.5 h of reaction a trace of 788 and the products 
789-791 appear, with 50% triazoline and 25% starting 
azide. Continued heating at 40 0C results in formation 
of a 1:1 mixture of azepinedione and the 4-cyclo-
pentene-l,3-diones 790 and 791. If a trace of acid is 
added, or on silica gel chromatography, the triazoline 
is quickly converted to 788. The diazo enedione 788 is 
stable at 40 0C in benzene for 21 h, but may be quan
titatively converted to a mixture of 790 and 791 in 
toluene at reflux, without any azepinedione being de
tected among the products. 

Another total synthesis, that of clavicipitic acids, has 
been described in which the key feature is the formation 
of the seven-membered ring via a triazoline (Scheme 
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yield. The reaction involves a cycloaddition to a triazole 
intermediate rather than Schmidt reaction (eq 5O).639 
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82).226 The use of the azide transfer reaction (ELJ.) for 
making the starting azide is also noteworthy. 

(b) Intermolecular Reactions. Methyl azido(phe-
nylhydrazono)acetate undergoes 1,3-dipolar cyclo
addition reactions with various substituted enamines 
to give ultimately 1,2,4-triazines and 1,2,4-triazoles, 
probably via triazoline intermediates (Scheme 83) .633 

1,3-Dipolar cycloaddition of a series of azides to 1-
methyl-l,2,5,6-tetrahydropyridine yields pharmaceuti-
cally interesting l-methylpiperidylidene-2-sulfon-
(cyan)amides via initially formed triazolines.634 p-
Bromophenyl azide adds to 5-ethoxy-3-pyrrolin-2-one 
to give a mixture of regioisomeric triazolines (Scheme 
84)635 

Alkyl azides are known to add to ketone enolates.636'637 

Therefore, formation of triazol-4-one 792 when ada-
mantyl azide was added to a suspension of 793 in hex-
ane at -78 0C and the mixture was allowed to stand at 
room temperature for 3 h was no surprise (Scheme 
gg) 638 However, 792 on irradiation in dry benzene gave 
794, accompanied by adamantyl isocyanide, a small 
amount of adamantyl cyanide, and acetone. These 
other products were accounted for by reaction through 
795. 

Treatment of tetracyclone with sodium azide under 
acidic conditions affords tetraphenylpyridone in 90% 

Ph Ph I 

W .KNeN3. H^ P h yy p 

/C/X (S)A1CH3CO2H 1 J l 
I Y Ph ° \\ ? 

(50) 

4. Tetrazoles 

(a) Intramolecular Formation. Tetrazolo[5,l-c]-
[l,4]benzothiazines, of pharmaceutical interest, have 
been synthesized by intramolecular azide cycloaddition 
to a nitrile (eq 51).640 This method is analogous to one 
described previously,641 the mechanism of which has 
been studied recently.642 

N=N 
/ V

N 

xylene 

SCH2CN 

(51) 

Imidoyl azides, usually generated in situ by treatment 
of the chloride with azide, spontaneously cyclize to 
tetrazoles (the von Braun-Rudolf reaction), unless they 
contain a stabilizing moiety. Factors that affect such 
cyclizations have been studied recently,64 and reactions 
of tetrazoles have been reviewed.643 

The first report of the synthesis of a 5-unsubstituted 
4/f-imidazole 796 by photolysis of an alkenyltetrazole 
has appeared (eq 52J.644 The tetrazole was prepared by 
azide treatment of an imidoyl chloride obtained by 
chlorination of an enamide. Mild photolysis conditions 
are essential as 796 is a most unstable and volatile 
compound. 

Ph 

X 
M e ' ^ M e 

:N 

-N 
petroleum 

ether 

-Ph 

Me' 
Me 

7 9 6 (55%) 

( 5 2 ) 

A quantitative yield of 1,5-dimethyltetrazole is 
formed when a mixture of acetone, 3 equiv of tri-
methylsilyl azide, and 0.1 equiv of SnCl2-2H20 is heated 
at 55 °C for 20 h (Scheme S6)645 (see section ILD for 
azide synthesis from ketals). 

(b) Intermolecular Reactions. Addition of tributyl-
stannyl azide to nitriles gives 2-(tributylstannyl)tetra-



Aztdes: Their Preparation and Synthetic Uses Chemical Reviews, 1988, Vol. 88, No. 2 355 

SCHEME 88 
Me 

U 
> ^ N 

SCHEME 90 
Me 

M e - ^ X ) H 

20*0 .4 h 

(2)10% NaOH, 
20 «C 
27 h Me" 

'N 

H 

73% 

SCHEME 89 

PhOSO2N3 

0 aC. roomt«mp, 
6 h 

- N j >—NSO2OPh dO 
NSO2OPh 80% 

zoles, which react with epoxides to form alcohols with 
destannylation (Scheme 87). These alcohols may be 
readily dehydrated; the resulting alkenes give imidaz
oles on photolysis (Scheme 8S).646 

5. Other Cycloadditions 

Aryl azidosulfonates add to norbornadiene to provide 
a new synthesis of the 2-azabicyclo[3.2.1]octadiene 
system (Scheme 89J.647 

Azide cycloaddition reactions continue to be em
ployed for the synthesis of uncommon heterocycles 
79T,648 79S,649 799650 
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C. Ring Expansions and Contractions 

1. Schmidt Reaction and Related Processes 

The term Schmidt reaction has come to cover a 
number of interconversions13 brought about by hydra-
zoic acid under strongly acidic conditions. Here only 
cyclic examples are considered. Andrieux and co
workers have treated a series (n = I,661 n = 2,652 n = 3s53) 
of benzocycloalkanols with HN3-BF3 and have obtained 
ring-expanded products (Scheme 90). The position of 
the isolated double bond in the dihydroquinolines de
pends upon the nature of R. 

Reaction of alcohol 800 with HN3/BF3-OEt2 unex
pectedly gave benzazocine (801) rather than an in
dole.664 

HN 8 , BF 3 -OEt 8 

800 

801 

Ring expansion of 9-aryl-9-azidothioxanthenes, first 
described independently by Loudon655 and Coombs,656 

now has been developed as a general synthetic method 

R « a-p ieo ly l 

SCHEME 91 
N 

by Desbene and co-workers for dibenzo[b,/][l,4]-
thiazepines and -oxazepines (cf. Scheme 91).657 

Preference for aryl migration (over secondary alkyl) 
was observed in the reactions of ketones 802 with sul
furic acid/sodium azide at 64 0C to give cyclic amides 
803 and 804 in 80-91% yield.658 The percentage of the 

802 803 804 

product mixture constituted by the "aryl migration" 
product 803 (75%, R = H) was increased by the pres
ence of a nitro group at the 7-position in the ketone 
(80%, 803, R = NO2) and decreased by a similarly 
positioned amino function (70%, 803, R = NH2). 

A mixture of products (viz., 806 and 807) also resulted 
from treatment of 805 with sodium azide in poly-
(phosphoric acid).659 1,5- and 1,8-dichloroanthra-
quinones react with hydrazoic acid to give, in each case, 
both of the theoretically possible lactams.660 For the 
corresponding reactions with 1- and 2-chloroanthra-
quinones, two of the four theoretically possible lactams 
were identified. 

N«N3 
»%,\ O - P 5 X 

806 
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Some other recent applications of the Schmidt reac
tion in heterocyclic chemistry appear in (eq 54-58). 

H 
CK , N OaTTn -••' U 

CO2Me CCT 
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-CO2Me CO2Me 

(55) 
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(57) 
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Treatment of 1,3-dithiolium salts (X = halogen) with 
azide ion gives thermally unstable 2-azido-l,3-dithioles 
(808),6^ which rearrange with loss of nitrogen to give 
1,4,2-dithiazines and N-substituted 2-imino-l,3-dithioles 
(Scheme 92). When X = SAr, the (thioimino)-l,3-di-
thioles are formed in good yields, e.g., 77% when R1, 
R2 = -(CH2)4-, and X = p-nitrophenylthio.667 ((Ben-
zenesulfonyl)imino)dithiole may be produced similar
ly.668 

The method described above has recently been ex
tended to afford 1,4,3-thiaselenazines (Scheme 93).669 

Nakayama and co-workers also have carried out the 
decomposition of dithiolyl azides670 and their benzo 
analogues.671,672 They found that certain 1,4,2-di
thiazines extrude sulfur to give isothiazoles (Scheme 94). 

Azides 809 and 810 have been ring expanded to aza-
[14]annulenes673 and aza[18]annulenes674 by photolysis 
at low temperature. 

1—TN> .N3 

'*'H 

809 810 

Ring expansion of azido perfluorohydrocarbons is 
rare;675 however, 811 undergoes ring expansion readily 
on flow pyrolysis at 380 0C (Scheme 95).676 

2. Via Ylide Intermediates 

Trithiapentalene 812 reacts with ethyl azidoformate 
to give dithiazine 813. A mechanism that involves at
tack by a nitrene to give an ylide was proposed (Scheme 
96).677 

3. By Epoxide Ring Opening 

Epoxide ring opening by azide ion plays an important 
part in the synthesis of the l,3-diimino[14]annulene 814 
(Scheme 97)678 (see section ILC). 

4. Washburne Procedure 

Washburne found that certain cyclic anhydrides react 
with trimethylsilyl azide to give ring expansion via an 
isocyanate formed by Curtius rearrangement (Scheme 
98) .679 
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"(1) oleum; (2) LAH; 0C (3) SOCl2, TEA, O 0C; (4) Br2, CH2Cl2, 
-78 0C, then DBN, THF, -10 °C; (5) DDQ, PhH, A; (6) HOAc, 
HCl. 
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This procedure has recently been extended to permit 
the expansion of 2,3-pyridinedicarboxylic anhydride to 
provide a superior route to azaisatoic anhydride (eq 
59) .680 

H)Mt 3 SiN 3 ZCHCl 3 

(2>M«CN.& • x X (59) 

H 

80% 

Treatment of isoimidium perchlorates with sodium 
azide gives acyl azides which undergo Curtius rear
rangement and electrocyclic closure to novel 2H-l,3-
oxazin-2-ories on heating (Scheme 99) .681 

5. Nitrene Insertion into Aromatics 

The reaction of sulfonyl azides with aromatics was 
first described by Curtius682 and has been thoroughly 
investigated by Abramovitch.592'593'683,684 Recently, the 
optimum conditions for azepine formation were de
scribed (eq 60) and the operative mechanism under 
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+ P-TsNH2 (60) 

4.5% 
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these conditions was discussed.685 Control of temper
ature (between 155 and 160 0C) is a crucial factor for 

ClO4" 0 

83% 

successful ring expansion. The generality of this reac
tion, however, is limited by the nature of the substitu-
ents in the aromatic substrate. Aryl sulfonamides are 
the main products when aromatic solvents bearing 
electron-donating groups are used. 

Fluorene undergoes expansion to an indenoazepine 
when it is heated with methyl azidoformate (eq 61).686 

CO2Me 

(61) 

Hexafluorobenzene has been used as an inert solvent 
for the study of (ethoxycarbonyl)nitrene insertions into 
C-H bonds; however, thermolysis of ethyl azidoformate 
in excess hexafluorobenzene at 90 0C for 72 h gives 
azepine 815. Ring expansion is also observed on pho
tolysis.687 On the other hand, photolysis of ethyl azi
doformate in PFN gives adduct 816, which does not 
undergo subsequent ring expansion. 

NCO2Et 

WF Il 
- N -

CO2Et 

815 
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6. Decomposition of Azides in the Presence of 
Nucleophiles 

Wolff388 was the first to describe the ring expansion 
of an aryl azide to an azepine on thermolysis in a nu-
cleophilic solvent (eq 62). 

PhN3 + PhNH2 (62) 

H H NHPh 

This reaction has been developed a great deal since 
1912. Much of this work has been discussed in several 
detailed reviews.550'568'690'691 Therefore, only major 
points of recent developments will be discussed here. 

The mechanism of this reaction has posed a fasci
nating puzzle over the years. Currently, the precise 
nature of the intermediate [(817, 818) or other (819, 
820)] that undergoes nucleophilic attack is the subject 
of investigation by several research groups. The latest 
results indicate that on phenyl azide photolysis di-
dehydroazepine (818) is the intermediate formed that 
undergoes reaction with nucleophiles to ultimately yield 
3/f-azepines. The nature of the products formed has 
been found to depend dramatically upon azide con
centration and the power of the light source692 as well 
as the temperature693 at which the photolysis is carried 
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out. Several substituted monocyclic aryl azides also 
have been studied by IR spectroscopy of low-tempera
ture matrices. Series of five meta (F, Cl, CN, Me, MeO) 
and para (F, Cl, CN, Me, MeO) phenyl azides all yield 
didehydroazepines on irradiation regardless of the 
position or nature of the substituent.694 

However, photolysis of 2,6-dimethylphenyl azide in 
the presence of CO in an N2 matrix at 12 K gives the 
isocyanate by trapping of the nitrene as rearrangement 
to didehydroazepine is very inefficient. Pentafluoro-
phenyl azide on irradiation in a matrix at 12 K gives 
no didehydroazepine formation; however, in the pres
ence of CO, isocyanates are formed. Irradiation (at 254 
nm) of o-azidobiphenyl and TCNE in acetonitrile gives 
two products, one of which (821) is consistent with the 
trapping of a 2-azacyclohepta-2,4,6-trienylidene inter
mediate (eq 63).695 
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CN 

In none of the above work has evidence for involve
ment of a benzazirine intermediate been obtained. 
Evidence for azirine formation in the photolysis of bi-
and polycyclic aryl azides, however, has been ad
duced.696-697 

Ring expansion of monocyclic aryl azides occurs, on 
thermolysis or photolysis in an excess of primary or 
secondary aliphatic amines as solvents, to give fair to 
good yields of azepines. However, azides that carry an 
ortho substituent suitable for participation in an as
sisted cyclization usually do not yield azepines. The 
cyclization reaction is preferred. Aromatic azides with 
p-methoxy, o-nitro, or p-nitro substituents usually do 
not give azepines in synthetically useful yields. How
ever, it should be noted that a m-methoxy group has 
a yield-enhancing effect on azepine formation in the 
photolysis of m-anisyl azide in ethylamine solution.698 

There is only one report of phenyl azide itself un
dergoing ring expansion on photolysis in methanol to 
give a methoxyazepine, but in only 10% yield.699 

Photolysis of the same azide in the presence of meth-
oxide affords 3/f-azepin-2-one, presumably via the 
methoxyazepine (Scheme 10O).700 

However, aryl azides that have a carbonyl-containing 
ortho substituent undergo ring expansion to azepines 
in good yield on photolysis in methanol.701,702 More 
recently, azides bearing certain para and meta elec
tron-withdrawing groups also have been found to yield 
azepines.234,703""705 These observations, plus the fact that 
aryl azides with o-CN and o-CF3 groups form azepines, 
indicate that electronic effects of substituents rather 
than a special stabilization by an ortho carbonyl group 
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(e.g., 822) dictate the course of these reactions. A 
mechanism involving nucleophilic attack on a di
dehydroazepine rather than a benzazirine intermediate 
has been proposed (Scheme 101).234 

This ring expansion, therefore, promises to have a 
more general synthetic application than previously 
thought.706 One such extension to the synthesis of a 
diazepino-14-crown-4 has been reported by Smalley and 
co-workers (Scheme 102).707 

Photolysis of 3- and 4-azidopyridine and some of their 
methyl derivatives in the presence of methoxide ion 
yields 1,3- and 1,4-diazepines, respectively (Scheme 
103).708 Ring expansion of 4-azidopyridines to 5-
methoxy 6H- 1,4-diazepines has been achieved also by 
thermolysis.709 The authors noted that heating con
ditions (200 0C for 8 min) are fairly critical. 

Full details of the work of Hirota's group on the 
photolytic reactions of substituted azidouracils with 
nucleophiles have appeared.710 Some of the wide div-
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ersity of products is summarized (Scheme 104). 
Azidopyrazines undergo ring contraction to imidaz

oles on pyrolysis or photolysis (Scheme 105).711 

2-Azido-4-methylquinoline 1-oxide undergoes ring 
contraction on decomposition at 100 0C, probably via 
an o-nitrosocinnamonitrile (Scheme 106).712 3- and 
4-pyridine 1-oxides give complex mixtures on thermal 
or photochemical decomposition in the presence of 
amines. No products of ring contraction were detect
ed.713 

Photolysis of bicyclic aromatic and heterocyclic azides 
in the presence of amines as a general synthetic route 
to bicyclic azepines and diazepines is limited by com
petitive formation of o-diamines, which depends upon 
the position of the azide group and the nature of the 
amine (Scheme 107).714"716 The rearomatization reac
tion is discussed in section III.B. 

Studies of the product distribution from the photo
lysis of several types of [6,6]-bicyclic aromatic azides 
in various amines have led to the following synthetically 
useful generalizations.714 Reaction of primary amines 
with a-nitrenes (naphthalene nomenclature) tends to 

NHC6H11 

40% 

SCHEME 108 
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give mainly azepines, occasionally with minor amounts 
of o-diamines. Secondary amines usually afford the 
parent amine from the a-nitrene (triplet product), un
less the starting azide bears a m-methoxy substituent, 
in which case ring expansion to azepines is observed.715 

With /3-bicyclic nitrenes o-diamines have been obtained 
from both primary and secondary amines. 

Formation of azepines by the photolysis of bicyclic 
azides in the presence of methoxide ions is a much more 
general reaction than that in amines.716 Both a- and 
/3-azides undergo ring expansion to give methoxy-
azepines or azepinones, and furthermore, the methoxy 
substituents may be replaced by nucleophiles (Scheme 
108).717 

The presence of a methoxy group meta to the azide 
has an even greater enhancing effect on azepine yield715 

than in the monocyclic series.698 Mono- and bicyclic 
azides also have been decomposed in the presence of 
alkyl mercaptans to afford o-((aminoalkyl)thio) deriv
atives in modest yields.718 

C(3)-Azidocephams undergo ring expansion on pho
tolysis (eq 64).719 

Some time ago Lwowski and Reed720 found that ir
radiation of l-azidobicyclo[2.2.1]heptane (824) in 
methanol gave 825 and 826 by trapping of the anti-
Bredt imines 827 and 828. More recently, the study of 
bridgehead imines has been given great impetus by the 
belief that the thermal and photochemical syn-anti and 
cis-trans isomerization of strained CN double bonds 
might be involved in vision.721 The direct observation 
of matrix-isolated 4-azahomoadamant-3-ene (829) 
(formed on matrix photolysis of 1-azidoadamantane) 
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and 2-azaadamant-l-ene (830) (matrix photolysis of 
3-azidonoradamantane) has been reported.722 

830 

629 

VII. Azldes as Reagents 
The two most commonly used azides are sodium azide 

and hydrazoic acid (usually generated from sodium 
azide and an acid). This section serves to cross refer
ence the three leading organic azide reagents in which 
the azide group is attached to a sulfur (principally p-
toluenesulfonyl azide), phosphorus (diphenyl phos-
phorazidate (DPPA)), or silicon (trimethylsilyl azide 
(TMSA)). 

A. p-Toluenesulfonyl Azide 

p-Toluenesulfonyl azide is probably the most versatile 
of the three reagents mentioned above and it partici
pates in most azide reactions.723 These include ami-
nation (sections III.G and VI.C.5), diazo transfer (sec
tions III.I and IV.A.l), azide transfer (sections ILJ, 
VI.A.3, and VI.B.3.a), cycloaddition (section VI.B.l), 
cycloaddition-ring expansion (section IV.A.3), cyclo-
addition-ring contraction (section IV.A. 2), and ring 
expansion (section VI.C.5). p-Tosyl azide is a shock-
sensitive reagent;420,421 therefore modified reagents have 
been developed to avoid this disadvantage. Thus, a 
polymeric sulfonyl azide has been used for the diazo 
transfer process.462 This approach holds considerable 
promise for the future. 

B. Diphenyl Phosphorazidate 

The diversity of reactivity exhibited by DPPA has 
made this a particularly attractive reagent and its utility 
has been reviewed.724,725 

Recently, it has been employed for the conversion of 
carboxylic acids to amines (see section III.D) or acyl 
azides (see section ILF) and enamines to amidines (see 
section III.H.l). Additionally, DPPA has been used for 
diazo transfer726 (see section III.I) and as a peptide 
coupling reagent for the synthesis of several cytotoxic 
cyclic peptides727-731 and a straight-chain peptide pre
cursor to an indole alkaloid.731 

4-(Methoxycarbonyl)oxazoles can be formed in 
57-95% yield by DPPA-mediated C-acylation of methyl 
isocyanoacetate with carboxylic acids (eq 65).733 

CO2Me 
CH2 + RCO3H 

\ 
NC 

R CO2Me 

DPPA /^=A 

0. s N (65) 

C. Trimethylsilyl Azide 

The use of TMSA as a reagent has been re
viewed.734,735 In the present review, TMSA has been 
discussed as an azide source for the preparation of 
azides from halides (section ILA), alkenes (section ILG), 
epoxides (section ILC), and ketals (section (ILD) among 
others and for cyclizations (section VI.A.6), cyclo-
additions (section VLB), and the Washburne procedure 
(section VI.C.4). 

VIII. Prospects 

The increasing number of mild methods available for 
azide synthesis make azides more accessible than ever 
for synthetic work. One can expect to see techniques 
like PTC and ultrasonication (section ILA. 1) more 
generally applied in azide synthesis. The scope of some 
of the newer reactions mentioned in this review will be 
extended and milder conditions will be found for them. 
The remarkable stability of the azide group, particularly 
under oxidative conditions, commends it as a protective 
group during multistage synthetic sequences (section 
V.B.). 

Before azides are generally accepted as reagents for 
large-scale synthetic work, an improvement in their 
stability is required. This would seem to provide an 
ideal opportunity for the development of polymer-
bound reagents. It would add increased safety to all 
the other advantages offered by such reagents.735 In
deed, polymer-bound tosyl azide has been used for diazo 
transfer.462 Such a reagent also may well be suitable 
for aminations (section III.G.l) and azide transfer 
(section ILJ.) reactions. In a different way, Hassner has 
used a polymeric quaternary ammonium azide47 for 
alkyl azide synthesis, and polymeric phosphines have 
been employed in the Staudinger reaction.407 

We expect to see an increasing use of azides under 
all the main headings in this review. If one were asked 
to select areas for particular attention, those of ste
reoselective synthesis, reductive cyclization, and met
al-assisted azide decomposition applied especially to 
natural product synthesis would spring to mind. 

IX. References 

(1) Griess, P. Philos. Trans. R. Soc. London 1864, 13, 377. 
(2) Tiemann, F. Ber. Dtseh. Chem. Ges. 1891, 24, 4162. 
(3) Smith, P. A. S. Org. React. N.Y. 1946, 3, 337. 
(4) Boyer, J. H.; Canter, F. C. Chem. Rev. 1954, 54, 1. 
(5) Kirmse, W. Angew. Chem. 1959, 71, 537. 



Azides: Their Preparation and Synthetic Uses Chemical Reviews, 1988, Vol. 88, No. 2 361 

(6) Horner, L.; Christmann, A. Angew. Chem. 1963, 75, 707. (55) 
(7) Abramovitch, R. A.; Davis, B. A. Chem. Rev. 1964, 64, 149. 
(8) L'abbe, G. Chem. Rev. 1969, 69, 345. (56) 
(9) Lwowski, W., Ed. Nitrenes; Wiley: New York, 1970. 

(10) Patai, S., Ed. The Chemistry of the Azido Group; Wiley: 
New York, 1971. 

(11) Scriven, E. F. V., Ed. Azides and Nitrenes; Academic: Or
lando, 1984. 

(12) Patai, S.; Rapoport, Z., Eds. The Chemistry of Functional 
Groups. Supplement D, The Chemistry of Halides, Pseu-
do-Halides and Azides; Wiley: New York, 1982. 

(13) Smith, P. A. S. Open-Chain Organic Nitrogen Compounds: (51. 
Derivatives of Hydrazine and Other Hydronitrogens Having 
N-N Bonds; Benjamin-Cummings: Reading, MA, 1983; (58i 
Chapter 6. 

(14) Lin, T. S.; Prusoff, W. H. J. Med. Chem. 1978, 21, 109, (59! 
Robins, R. K. Chem. Eng. News 1986, Jan 27, p 28. Baum, (60; 
R. M. Ibid. Dec 1, p 7. Dagani, R. Ibid. Dec 8, p 7. Barnes, 
D. M. Science (Washington, D.C.) 1986, 234, Oct 3, p 15. (61 

(15) Moore, H. W.; Decker, O. H. W. Chem. Rev. 1986, 86, 821. (62 
(16) Regitz, M.; Maas, G. Diazo Compounds: Properties and 

Synthesis; Academic: New York, 1986. (63; 
(17) Ohshiro, Y.; Ando, N.; Komatsu, M.; Agawa, T. Synthesis 

1985, 276. (64 
(18) Holden, D. A. Can. J. Chem. 1984, 62, 574. 
(19) Rewcastle, G. W.; Denny, W. A. Synthesis 1985, 220. (65 
(20) Gumulka, M.; Ibrahim, I. H.; Zbigniew, B.; Engel, C. R. Can. 

J. Chem. 1985, 63, 766. (66; 
(21) Neiman, L. A.; Maimind, V. L; Zhukova, S. V.; Tret'yakova, 

S. Yu.; Antropova, L. P. J. Org. Chem. USSR (Engl. Transl.) (67! 
1985 20 1892 

(22) Luedtke', A. E.; Timberlake, J. W. J. Org. Chem. 1985, 50, 
268. (68 

(23) Lemmens, J. M.; Blommerde, W. W. J. M.; Thijs, L.; Zwan-
enburg, B. J. Org. Chem. 1984, 49, 2231. (69 

(24) Pfister, J. R.; Wymann, W. E. Synthesis 1983, 38. (70 
(25) Prakash, G. K. S.; Iyer, P. S.; Arvanaghi, M.; Olah, G. A. J. 

Org. Chem. 1983, 48, 3358. (71 
(26) Wltuckl, E. F.; Frankel, M. B. J. Chem. Eng. Data 1982,27, 

947. (72 
(27) Sasaki, T.; Eguchi, S.; Yamada, S.; Hioki, T. J. Chem. Soc, 

Perkin Trans. 1 1982, 1953. (73! 
(28) Inokuma, S.; Sugie, A.; Moriguchi, K.; Shimomura, H.; Kat-

sube, J. Heterocycles 1982, 19, 1909. (U] 
(29) Fukata, G.; Sakamoto, N.; Tashiro, M. J. Chem. Soc, Perkin 

Trans. 1 1982, 2841. (75 
(30) Ravindranath, B.; Srivivas, P. Indian J. Chem., Sect. B 1985, 

24, 1178. (76 
(31) Gilbert, E. E. J. Polym. ScL, Polym. Chem. Ed. 1984, 22, 

3603. (77 
(32) Choi, P.; Rees, C. W.; Smith, E. H. Tetrahedron Lett. 1982, 

23 121 
(33) Frankel, M. B.; Woolery, D. O. J. Org. Chem. 1983, 48, 611. (78 
(34) Bell, J. A.; Dunstan, I. J. Chem. Soc. C 1969, 862. (79 
(35) Nishiyama, K.; Karigomi, H. Chem. Lett. 1982, 1477. • 
(36) Prakash, G. K. S.; Stephenson, M. A.; Shih, J. G.; Olah, G. (80! 

A. J. Org. Chem. 1986, 51, 3215. 
(37) Koziara, A.; Osowska-Pacewicka, K.; Zawadzki, S.; Zwierzak, (81 

A. Synthesis 1985, 202. (82 
(38) Rolla, F. J. Org. Chem. 1982, 47, 4327. (83 
(39) Preston Reeves, W.; Bahr, M. L. Synthesis 1976, 823. 
(40) Landini, D.; Maia, A.; Montanari, F.; Rolla, F. J. Org. Chem. (84 

1983, 48, 3774. (85 
(41) Bunton, C. A.; Moffatt, J. R.; Rodenas, E. J. Am. Chem. Soc. (86 

1982, 104, 2653. (87 
(42) Broxton, T. J.; Jakovljevic, A. C. Aust. J. Chem. 1982, 35, 

2557. (88' 
(43) Schmidtchen, F. P. Chem. Ber. 1984, 117, 725. (89 
(44) Schmidtchen, F. P. Chem. Ber. 1984, 117, 1287. 
(45) Okahata, Y.; Ariga, K.; Seki, T. J. Chem. Soc, Chem. Com- (90: 

mun. 1985, 920. 
(46) Inter alia: Regen, S. L. Angew. Chem., Int. Ed. Engl. 1979, (91 

18, 421. Nishikubo, T.; Iizawa, T.; Kobayashi, K.; Masuda, 
Y.; Okawara, M. Macromolecules 1983,16, 722. Anelli, P. L.; (92; 
Montanari, F.; Quici, S. J. Chem. Soc, Perkin Trans. 2 1983, 
1827. (93 

(47) Hassner, A.; Stern, M. Angew. Chem., Int. Ed. Engl. 1986, 25, 
478. (94 

(48) Priebe, H. Acta Chem. Scand., Ser. B 1984, B38, 895. (95 
(49) Dubois, G. E.; Crosby, G. A.; McGarraugh, G. V.; Ng, S. Y.-

W.; Stephenson, R. A.; Wang, P. C; Wingard, R. E., Jr. J. (96 
Org. Chem. 1982, 47, 1319. (97 

(50) Pirrung, M. C ; McGeehan, G. M. J. Org. Chem. 1983, 48, 
5143. 

(51) Kakimoto, M.; Kai, M.; Kondo, K. Chem. Lett. 1982, 525. 
(52) Trybulski, E. J.; Fryer, R. I.; Reeder, E.; Vitone, S.; Todaro, (98 

L. J. Org. Chem. 1986, 51, 2191. 
(53) Priebe, H. Acta Chem. Scand., Ser. B 1984, B38, 623. (99 
(54) Owston, P. G.; Peters, R.; Tasker, P. A. J. Chem. Res. (M) 

1985, 3686. (100 

Tanaka, R.; Yamabe, K. J. Chem. Soc, Chem. Commun. 
1983, 329. 
A previous attempt to prepare the azidoacetylene from the 
corresponding bromo and iodo compounds was unsuccessful: 
Boyer, J. H.; Mack, C. H.; Goebel, N.; Morgan, L. R., Jr. J. 
Org. Chem. 1958,23,1051. Apparently, in as yet unpublished 
work, the reaction of bromophenylethyne with NaN3 has 
been reexamined (ref 9 in ref 55 above) with the same overall 
result but more complete product identification: Isomura, K.; 
Taniguchi, H.; Miller, S. I. The results are summarized in ref 
55 
Tanaka, R.; Zheng, S.-Q.; Kawaguchi, K.; Tanaka, T. J. 
Chem. Soc, Perkin Trans. 2 1980, 1714. 
Weber, G.; Hauptmann, S.; Wilde, H.; Mann, G. Synthesis 
1983 191 
Priebe, H. Angew. Chem., Int. Ed. Engl. 1984, 23, 736. 
Hassner, A.; Keogh, J. Tetrahedron Lett. 1975,1575 and loc. 
cit. 
Banert, K. Angew. Chem., Int. Ed. Engl. 1985, 24, 216. 
Micetich, R. G.; Maiti, S. N.; Spevak, P.; Tanaka, M.; Ya-
mazaki, T.; Ogawa, K. Synthesis 1986, 292. 
L'abbe, G.; Van Asch, A.; Godts, F. Bull. Soc Chim. BeIg. 
1983, 92, 79. 
Hegarty, A. F.; Mullane, M. J. Chem. Soc, Chem. Commun. 
1984, 913. 
Hegarty, A. F.; Brady, K.; Mullane, M. J. Chem. Soc, Perkin 
Trans. 2 1980, 335. 
Ito, S.; Tanaka, Y.; Kakehi, A. Bull. Chem. Soc. Jpn. 1984, 
57 539 
Dr'ach.B. S.; Popovich, T. P.; Kalinin, V. N.; Kisilenko, A. 
A.; Soifer, G. B.; Gordeev, A. D. J. Org. Chem. USSR (Engl. 
Transl.) 1984, 20, 640. 
Carrie, R.; Danion, D.; Ackermann, E.; Saalfrank, R. W. An
gew. Chem., Int. Ed. Engl. 1984, 21, 287. 
Fishbein, P. L.; Moore, H. W. J. Org. Chem. 1984, 49, 2190. 
Jimenez, M. A.; Ortega, M. C ; Tito, M. Heterocycles 1984, 
22, 1179. 
Gronowitz, S.; Westerlund, C ; Hornfeldt, A.-B. Acta Chem. 
Scand., Ser. B 1975, B29, 224. 
Moody, C. J.; Rees, C. W.; Tsoi, S. C. J. Chem. Soc, Perkin 
Trans. 1 1984, 915. 
Nguyen, N. V.; Moore, H. W. J. Chem. Soc, Chem. Commun. 
1984, 1066. 
Rebek, J., Jr.; Shaber, S. H.; Shue, Y.-K.; Gehret, J.-C; Zim
merman, S. J. Org. Chem. 1984, 49, 5164. 
Renault, J.; Giorgi-Renault, S.; Baron, M.; Mailliet, P.; Pao-
letti, C ; Cros, S.; Voisin, E. J. Med. Chem. 1983, 26, 1715. 
Hirota, K.; Maruhashi, K.; Asao, T.; Kitamura, N.; Maki, Y.; 
Senda, S. Chem. Pharm. Bull. 1983, 31, 3959. 
(a) Boger, D. L.; Duff, S. R.; Panek, J. S.; Yasuda, M. J. Org. 
Chem. 1985, 50, 5782. (b) Boger, D. L.; Duff, S. R.; Panek, 
J. S.; Yasuda, M. J. Org. Chem. 1985, 50, 5790. 
Kuo, H. S.; Yoshina, S. Yakugaku Zasshi 1977, 97, 827. 
Simmonds, R. J.; Stevens, M. F. G. J. Chem. Soc, Perkin 
Trans. 1 1982, 1821. 
L'abbe, G.; Deketele, M.; Dekerk, J.-P. Tetrahedron Lett. 
1982 23 1103 
Curtius/T.; Klavehn, W. J. Prakt. Chem. 1926, 112, 65. 
Breslow, D. S. Ref 9, p 245. 
Abramovitch, R. A.; Kress, A. O.; Pillay, K. S.; Thompson, W. 
M. J. Org. Chem. 1985, 50, 2066. 
Shioiri, T.; Yamada, S. Org. Synth. 1984, 62, 187. 
Birkofer, L.; Wegner, P. Org. Synth. 1970, 50, 107. 
Inter alia: Aldrich, Sigma, and Fluka chemical companies. 
Ando, W.; Tsumaki, H.; Ikeno, M. J. Chem. Soc, Chem. 
Commun. 1981, 597. 
Reichle, W. Inorg. Chem. 1964, 3, 402. 
Vancik, H.; Raabe, G.; Michalczyk, M. J.; West, R.; Michl, J. 
J. Am. Chem. Soc. 1985, 107, 4097. 
Bock, H.; Dammel, R. Angew. Chem., Int. Ed. Engl. 1985,24, 
111. 
Baceiredo, A.; Bertrand, G.; Majoral, J.-P.; Wermuth, U.; 
Schmutzler, R. J. Am. Chem. Soc. 1984, 106, 7065. 
Volkholz, M.; Stelzer, O.; Schmutzler, R. Chem. Ber. 1978, 
Ul, 890. 
Baceiredo, A.; Bertrand, G.; Majoral, J.-P.; El Anba, F.; 
Manuel, G. J. Am. Chem. Soc. 1985, 107, 3945. 
Paetzold, P.; Truppat, R. Chem. Ber. 1983, 116, 1531. 
Meier, H.-U.; Paetzold, P.; Schroder, E. Chem. Ber. 1984,117, 
1954. 
Haas, A.; Willert-Porada, M. Chem. Ber. 1985, 118, 1463. 
Obaleye, J. A.; Obafemi, C.; Akanni, M. S. Abstracts of Pa
pers, 190th National Meeting of the American Chemical So
ciety, Chicago, IL; American Chemical Society: Washington, 
DC, 1985; ORGN 302. 
Maricich, T. J.; Angeletakis, C. N.; Mjanger, R. J. Org. Chem. 
1984, 49, 1928. 
Maricich, T. J.; Hoffman, V. L. J. Am. Chem. Soc. 1974, 96, 
7770. 
Barker, S. D.; Norris, R. K. Aust. J. Chem. 1983, 36, 81. 



362 Chemical Reviews, 1988, Vol. 88, No. 2 

(101) Al-Khalil, S.; Bowman, W. R. Tetrahedron Lett. 1982, 23, 
4513. 

(102) Cox, D. P.; Moss, R. A.; Terpinski, J. J. Am. Chem. Soc. 1983, 
105, 6513. 

(103) Moss, R. A.; Terpinski, J.; Cox, D. P.; Denney, D. Z.; Krogh-
Jespersen, K. J. Am. Chem. Soc. 1985, 107, 2743. 

(104) Bitter, I.; Toth, G.; Szollosy, A.; Hermecz, L; Meszaros, Z. 
Tetrahedron Lett. 1985, 26, 3621. 

(105) Nakazumi, H.; Endo, T.; Nakaue, T.; Kitao, T. J. Heterocycl. 
Chem. 1985, 22, 89. 

(106) Choi, P.; Rees, C. W.; Smith, E. H. Tetrahedron Lett. 1982, 
23 125 

(107) Schultz, A. G.; Dittami, J. P.; Myong, S. O.; Sha, C-K. J. Am. 
Chem. Soc. 1983, 105, 3273. 

(108) Skarzewski, J.; Daniluk, E. Monatsh. Chem. 1983,114,1071. 
(109) Fleet, G. W. J.; Nicholas, S. J.; Smith, P. W.; Evans, S. V.; 

Fellows, L. E.; Nash, R. J. Tetrahedron Lett. 1985, 26, 3127. 
(110) Fleicher, E. B.; Febala, A. E.; Levey, A.; Tasker, P. A. J. Org. 

Chem. 1971, 36, 3042. 
(111) Sundberg, R. J.; Pearce, B. C. J. Org. Chem. 1982, 47, 725. 
(112) Lin, T.-S.; Mancini, W. R. J. Med. Chem. 1983, 26, 544. 
(113) Keck, G. E.; Enholm, E. J. J. Org. Chem. 1985, 50, 146. 
(114) Rosser, R. M.; Faulkner, D. J. J. Org. Chem. 1984, 49, 5157. 
(115) Confalone, P. N.; Woodward, R. B. J. Am. Chem. Soc. 1983, 

105, 902. 
(116) Hajos, G.; Messmer, A.; Neszmelyi, A.; Parkanyi, L. J. Org. 

Chem. 1984, 49, 3199. 
(117) Sasaki, T.; Eguchi, S.; Toi, N.; Okano, T.; Furukawa, Y. J . 

Chem. Soc, Perkin Trans. 1 1983, 2529. 
(118) Card, P. J.; Hitz, W. D. J. Org. Chem. 1985, 50, 891. 
(119) Ohrui, H.; Misawa, T.; Meguro, H. J. Org. Chem. 1985, 50, 

3007. 
(120) Olsen, R. K.; Bhat, K. L.; Wardle, R. B. J. Org. Chem. 1985, 

50, 896. 
(121) Baum, K.; Berkowitz, P. T.; Grakauskas, V.; Archibald, T. G. 

J. Org. Chem. 1983, 48, 2953. 
(122) Wilier, R. L. J. Org. Chem. 1984, 49, 5150. 
(123) Banert, K.; Kirmse, W. J. Am. Chem. Soc. 1982, 104, 3766. 
(124) Costa, L. C ; Young, G. B.; Whitesides, G. M. J. Organomet. 

Chem. 1977, 134, 151. 
(125) Banert, K. Chem. Ber. 1985, 118, 1564. 
(126) Dyatkina, N. B.; Azhayev, A. V. Synthesis 1984, 961. 
(127) Baer, H. H.; Radatus, B.; Defaye, J. Can. J. Chem. 1985, 63, 

440. 
(128) Murahashi, S.-L; Tanigawa, Y.; Imada, Y.; Taniguchi, Y. 

Tetrahedron Lett. 1986, 27, 227. 
(129) Mukhamedova, L. A.; Kudryavsteva, M. I.; Nasybullina, F. 

G.; Efremov, Y. Y.; Arbuzov, A. E. Zh. Obshch. Khim. 1984, 
54, 172. 

(130) Schubert, G.; Schneider, G.; Schade, W.; Dombi, G. Acta 
Chim. Acad. ScL Hung. 1982, 111, 173. 

(131) Ittah, Y.; Sasson, Y.; Shahak, I.; Isaroom, S.; Blum, J. J. Org. 
Chem. 1978, 43, 4271. 

(132) Zamboni, R.; Rokach, J. Tetrahedron Lett. 1983, 24, 331. 
(133) Blum, J.; Ben-Shoshan, S. J. Heterocycl. Chem. 1983, 20, 

1461. 
(134) McManus, M. J.; Berchtold, G. A.; Jerina, D. M. J. Am. 

Chem. Soc. 1985, 107, 2977. 
(135) Orr, D. E. Synthesis 1984, 618. 
(136) Blandy, C ; Choukroun, R.; Gervais, D. Tetrahedron Lett. 

1983, 24, 4189. 
(137) Maruoka, K.; Sano, H.; Yamamoto, H. Chem. Lett. 1985, 599. 
(138) Caron, M.; Sharpless, K. B. J. Org. Chem. 1985, 50, 1557. 
(139) Chong, J. M.; Sharpless, K. B. J. Org. Chem. 1985, 50,1560. 
(140) Denis, J.-N.; Greene, A. E.; Serra, A. A.; Luche, M. J. J. Org. 

Chem. 1986, 51, 46. 
(141) Behrens, C. H.; Sharpless, K. B. Aldrichim. Acta 1983,16, 67. 
(142) Behrens, C. H.; Sharpless, K. B. J. Org. Chem. 1985,50, 5696. 
(143) Onaka, M.; Sugita, K.; Izumi, Y. Chem. Lett. 1986, 1327. 
(144) Sinou, D.; Emziane, M. Tetrahedron Lett. 1986, 27, 4423. 
(145) Tomoda, S.; Matsumoto, Y.; Takeuchi, Y.; Nomura, Y. Chem. 

Lett. 1986, 1193. 
(146) Saito, S.; Bunya, N.; Inaba, M.; Moriwake, T.; Torii, S. Tet

rahedron Lett. 1985, 26, 5309. 
(147) Moriwake, T.; Saito, S.; Tamai, H.; Mitsuda, H.; Inaba, M. 

Heterocycles 1985, 23, 277. 
(148) Babu Mereyala, H.; Frei, B. HeIu. Chim. Acta 1986, 69, 415. 
(149) Garner, P.; Park, J. M.; Rotello, V. Tetrahedron Lett. 1985, 

26, 3299. 
(150) Kirchmeyer, S.; Mertens, A.; Olah, G. A. Synthesis 1983, 500. 
(151) Moriarty, R. M.; Hou, K.-C. Synthesis 1984, 683. 
(152) Khuong-Huu, Q.; Pancrazi, A.; Kabore, I. Tetrahedron 1974, 

30, 2579. 
(153) Adam, G.; Andrieux, J.; Plat, M.; Viossat, B.; Rodier, N. Bull. 

Soc. Chim. Fr. 1984, 101. 
(154) Adam, G.; Andrieux, J.; Plat, M. Tetrahedron 1985, 41, 399. 
(155) Hassner. A.; Fibiger, R.; Andisik. D. J. Org. Chem. 1984, 49, 

4237. 

Scrlven and Tumbull 

(156) Loibner, H.; Zbiral, E. HeIv. Chim. Acta 1976, 59, 2100. 
(157) Bessodes, M.; Abushanab, E.; Antonakis, K. Tetrahedron 

Lett. 1984, 25, 5899. 
(158) (a) Khuong-Huu, Q.; Lukacs, G.; Pancrazi, A.; Goutard, R. 

Tetrahedron Lett. 1972, 3579. (b) Khuong-Huu, Q.; Pan
crazi, A. Tetrahedron 1974, 30, 2337. (c) For a similar rear
rangement, see: Jarreau, F. X.; Khuong-Huu, Q.; Goutarel, 
R. Bull. Soc. Chim. Fr. 1963, 1861. 

(159) (a) Chretien, F.; Gross, B.; Castro, B. Synthesis 1979, 937. (b) 
Chretien, F.; Gross, B. J. Heterocycl. Chem. 1982, 19, 263. 

(160) (a) Kaiser, C; Weinstock, J. Org. Synth. 1971, 51, 48. (b) 
Shiotani, S.; Morita, H. J. Heterocycl. Chem. 1982,19,1207. 

(161) Cremlyn, R. J. W. Aust. J. Chem. 1973, 26, 1591. 
(162) Arrieta, A.; Aizpurua, J. M.; Palomo, C. Tetrahedron Lett. 

1984, 25, 3365. 
(163) Lago, J. M.; Arrieta, A.; Palomo, C. Synth. Commun. 1983, 

13, 289. 
(164) Kyba, E. P.; John, A. M. Tetrahedron Lett. 1977, 27, 37. 
(165) Hassner, A.; Galle, J. E. J. Am. Chem. Soc. 1972, 94, 3930. 
(166) (a) Boyer, J. H. J. Am. Chem. Soc. 1951, 73, 5248. (b) Awad, 

W. I.; Omran, S. M. A. R.; Naigier, F. Tetrahedron 1963,19, 
1591. (c) Ege, S. N.; Sherk, K. W. J. Am. Chem. Soc. 1953, 
75, 354. 

(167) Voigt, D.; Voigt, B.; Adam, G.; Franke, P. J. Prakt. Chem. 
1984, 326, 187. 

(168) Chromyl azide has been prepared by adding HN3 in CCL to 
CrO3 and P2O6.

168a The compound explodes above -60 0C."8" 
(a) Krauss, H.-L.; Schwartzbach, F. Chem. Ber. 1961, 94, 
1205. (b) Krauss, H.-L.; Stark, K. Z. Naturforsch., B: Anorg. 
Chem., Org. Chem. 1962, 17B, 345. 

(169) Draper, R. W. J. Chem. Soc, Perkin Trans. 1 1983, 2781. 
(170) Draper, R. W. J. Chem. Soc, Perkin Trans. 1 1983, 2787. 
(171) (a) Minisci, F.; Galli, R.; Cecere, M. Tetrahedron Lett. 1962, 

533. (b) Minisci, F.; Galli, R.; Cecere, M. Ibid. 1963, 357. (c) 
Minisci, F.; Galli, R.; Cecere, M. Gazz. Chim. Ital. 1964, 94, 
67. 

(172) Hugl, H.; Zbiral, E. Tetrahedron 1973, 29, 753. 
(173) Hugl, H.; Zbiral, E. Tetrahedron 1973, 29, 759. 
(174) Inter alia: Kosten, K.; Riemenschneider, P.; Wendt, H. Isr. 

J. Chem. 1979, 18, 141. 
(175) Fristad, W. E.; Brandvold, T. A.; Peterson, J. R.; Thompson, 

S. R. J. Org. Chem. 1985, 50, 3647. 
(176) Moriarty, R. M.; Khosrowshahi, J. S. Tetrahedron Lett. 1986, 

27, 2809. 
(177) Zbiral, E. Synthesis 1972, 285. 
(178) Kishka, K.; Zbiral, E. Tetrahedron 1970, 26, 1417. 
(179) Zbiral, E.; Nestler, G.; Kishka, K. Tetrahedron 1970,26,1427. 
(180) Zbiral, E.; Nestler, G. Tetrahedron 1971, 27, 2293. 
(181) Masuda, Y.; Hoshi, M.; Arase, A. Bull. Chem. Soc. Jpn. 1984, 

57, 1026. 
(182) Gil, G. Tetrahedron Lett. 1984, 25, 3805. 
(183) Trost, B. M.; Shibata, T. J. Am. Chem. Soc 1982,104, 3225. 
(184) Hassner, A. Ace. Chem. Res. 1971, 4, 9. 
(185) Hassner, A.; Boerwinkle, F.; Levy, A. B. J. Am. Chem. Soc. 

1970, 92, 4897. 
(186) Hassner, A.; Boerwinkle, F. Tetrahedron Lett. 1969, 3309. 
(187) Tamura, Y.; Chun, M. W.; Kwon, S.; Bayomi, S. M. M.; 

Okada, T.; Ikeda, M. Chem. Pharm. Bull. 1978, 26, 3515. 
(188) Tamura, Y.; Chun, M. W.; Ohno, K.; Kwon, S.; Ikeda, M. 

Chem. Pharm. Bull. 1978, 26, 2874. 
(189) Tamura, Y.; Chun, M. W.; Nishida, H.; Kwon, S.; Ikeda, M. 

Chem. Pharm. Bull. 1978, 26, 2866. 
(190) Tamura, Y.; Tsunekawa, M.; Bayomi, S. M. M.; Kwon, S.; 

Ikeda, M. Heterocycles 1982, 19, 1935. 
(191) Tamura, Y.; Haruta, J.; Bayomi, S. M. M.; Chun, M. W.; 

Kwon, S.; Ikeda, M. Chem. Pharm. Bull. 1978, 26, 784. 
(192) Gallacher, T. C ; Sasse, M. J.; Storr, R. C. J. Chem. Soc, 

Chem. Commun. 1979, 419. 
(193) Bowen, R. D.; Crabb, J. N.; Fishwick, C. W. G.; Storr, R. C. 

J. Chem. Res. (S) 1984, 124. 
(194) Sivasubramanian, S.; Aravind, S.; Kumarasingh, L. T.; Aru-

mugam, N. J. Org. Chem. 1986, 51, 1985. 
(195) Hassner, A.; Mathews, G. J.; Fowler, F. W. J. Am. Chem. Soc 

1969, 91, 5045. 
(196) Cambie, R. C ; Robertson, J. D.; Rutledge, P. S.; Woodgate, 

P. D. Aust. J. Chem. 1982, 35, 863. 
(197) Cambie, R. C ; Jurlina, J. L.; Rutledge, P. S.; Woodgate, P. 

D. J. Chem. Soc, Perkin Trans. 1 1982, 315. 
(198) Hassner, A.; Keogh, J. J. Org. Chem. 1986, 51, 2767. 
(199) Cambie, R. C ; Dixon, G.; Rutledge, P. S.; Woodgate, P. D. 

J. Chem. Soc, Perkin Trans. 1 1982, 961. 
(200) Fowler, F. W.; Hassner, A.; Levy, L. A. J. Am. Chem. Soc. 

1967, 89, 2077. 
(201) Cambie, R. C ; Jurlina, J. L.; Rutledge, P. S.; Swedlund, B. 

E.; Woodgate, P. D. J. Chem. Soc, Perkin Trans. 1 1982, 327. 
(202) Carlon, E.; Draper, R. W. J. Chem. Soc, Perkin Trans. 1 

1983 2793 
(203) Krespan, C. G.; Smart, B. E. J. Org. Chem. 1986, 51, 320. 



Azides: Their Preparation and Synthetic Uses Chemical Reviews, 1988, Vol. 88, No. 2 363 

(204) Barnes, B. J.; Newcombe, P. J.; Norris, R. K. Aust. J. Chem. 
1983, 36, 963. 
Norris, R. K.; Smyth-King, R. J. Tetrahedron 1982, 38,1051. 
Sheradsky, T. Reference 10, p 331. 
(a) Roesky, H.; Glemser, D. Chem. Ber. 1964, 97, 1710. (b) 
Lindsay, R. 0.; Allen, C. F. H. Organic Syntheses; Wiley: 
New York, 1955; Collect. Vol. Ill , p 710. 
Carpino, L. A.; Giza, C. A.; Carpino, B. A. J. Am. Chem. Soc. 
1959, 81, 955. 
Neunhoffer, H.; Cuny, G.; Franke, W. K. Liebigs Ann. Chem. 
1968, 713, 96. 
Honzl, J.; Rudinger, J. Collect. Czech. Chem. Commun. 1961, 
26, 2333. 
Kim, Y. H.; Kim, K.; Shim, S. B. Tetrahedron Lett. 1986, 27, 
4749. 
Hashem, A. I.; El-Deek, M.; Hassan, M. A.; El-Hanshary, S. 
J. Indian Chem. Soc. 1984, 61, 430. 
Jacob, J. N.; Nichols, D. E. J. Med. Chem. 1982, 25, 526. 
Johnston, T. P.; McCaleb, G. S. Synthesis 1984, 311. 
Laszlo, P.; Polla, E. Tetrahedron Lett. 1984, 25, 3701. 
Castillon, S.; Melendez, E.; Pascual, C ; Vilarrasa, J. J. Org. 
Chem. 1982, 47, 3886. 
Escher, E.; Couture, R.; Champagne, G.; Mizrahi, J.; Regoli, 
D. J. Med. Chem. 1982, 25, 470. 
Heald, S. L.; Jeffs, P. W.; Lavin, T. N.; Nambi, P.; Lefkowitz, 
R. J.; Caron, M. G. J. Med. Chem. 1983, 26, 832. 
Firth, W. J.; Watkins, C. L.; Graves, D. E.; Yielding, L. W. 
J. Heterocycl. Chem. 1983, 20, 759. 
Joucia, M. F.; Rees, C. W. J. Chem. Soc, Chem. Commun. 
1984, 374. 
Melhado, L. L.; Brodsky, J. L. Abstracts of Papers 190th 
National Meeting of the American Chemical Society, Chica
go, IL; American Chemical Society: Washington, DC, 1985; 
ORGN 255. 
Melhado, L. L.; Leonard, N. J. J. Org. Chem. 1983, 48, 5130. 
Sutter, P.; Weiss, C. D. J. Heterocycl. Chem. 1982, 19, 997. 
Rusinov, V. L.; Dragunova, T. V.; Zyryanov, V. A.; Aleksan-
drov, G. G.; Klyuev, N. A.; Chupakhin, O. N. Khim. Geter-
otsikl. Soedin. 1984, 455. 
Kozikowski, A. P.; Greco, M. N. Tetrahedron Lett. 1982, 23, 
2005. 
Kozikowski, A. P.; Greco, M. N. J. Org. Chem. 1984, 49, 2310. 
Kanegafuchi Chemical Industry Co., Ltd. Jpn. Kokai Tokkyo 
Koho 58, 131986 [83, 131986], Aug 6, 1983; Chem. Abstr. 
1983, 99, 194716a. 
Spagnolo, P.; Zanirato, P.; Gronowitz, S. J. Org. Chem. 1982, 
47, 3177. 
Sasaki, T.; Eguchi, S.; Okano, T.; Wakata, Y. J. Org. Chem. 
1983, 48, 4067. 
Quast, H.; Eckert, P. Liebigs Ann. Chem. 1974, 1727. 
Kawada, Y.; Yamazaki, H.; Koga, G.; Murata, S.; Iwamura, 
H. J. Org. Chem. 1986, 51, 1472. 
Reid, W.; Beller, G.; Kumbel, B.; Kuhnt, D. Synthesis 1985, 
311. 
Ege, G.; Heck, R.; Gilbert, K.; Irngartinger, H.; Huber-Patz, 
V.; Rodewald, H. J. Heterocycl. Chem. 1983, 20, 1629. 
Purvis, R.; Smalley, R. K.; Suschitzky, H.; Alkhader, M. A. 
J. Chem. Soc, Perkin Trans. 1 1984, 249. 
Wilson, E. R.; Frankel, M. B. J. Org. Chem. 1985, 50, 3211. 
Wilson, E. R.; Frankel, M. B. J. Chem. Eng. Data 1982, 27, 
472. 
Hudlicky, T.; Frazier, J. D.; Kwart, L. D. Tetrahedron Lett. 
1985, 26, 3523. 
Campbell, M. M.; Donald, D. K. Heterocycles 1982,19, 2087. 
Garner, P.; Park, J. M.; Rotello, V. Tetrahedron Lett. 1985, 
26, 3299. 
Lipnicka, U.; Rykowski, Z. Pol. J. Chem. 1983, 56, 583. 
(a) Montevecchi, P. C; Spagnolo, P. J. Org. Chem. 1982, 47, 
1996. (b) Spagnolo, P.; Tundo, A.; Zanirato, P. J. Org. Chem. 
1978, 43, 2508. 
(a) Henn, L.; Hickey, D. M. B.; Moody, C. J.; Rees, C. W. J. 
Chem. Soc, Perkin Trans. 1 1984, 2189. (b) Hickey, D. M. 
B.; Mackenzie, A. R.; Moody, C. J.; Rees, C. W. J. Chem. 
Soc, Chem. Commun. 1984, 776. 
Knittel, D. Synthesis 1985, 186. 
(a) Kim, P. T.; Cocolios, P.; Guilard, R. Can. J. Chem. 1982, 
60, 2099. (b) Mackenzie, A. R.; Moody, C. J.; Rees, C. W. 
Tetrahedron 1986, 42, 3259. 
Garcia, F.; Galvez, C. Synthesis 1985, 143. 
Ogawa, H.; Kumemura, M.; Imoto, T.; Miyamoto, I.; Kato, 
H.; Taniguchi, Y. J. Chem. Soc, Chem. Commun. 1984, 423. 
Ray, R.; Holick, S. A.; Holick, M. F. J. Chem. Soc, Chem. 
Commun. 1985, 702. 
Beisswenger, T.; Effenberger, F. Chem. Ber. 1984,117,1513. 
Krespan, C. G. J. Org. Chem. 1986, 51, 332. 
Buchardt, O.; Ehrbar, U.; Larsen, C ; Moller, J.; Nielsen, P. 
E.; Thomsen, T.; Watjen, F.; Hansen, J. B. J. Org. Chem. 
1984, 49, 4123. 

(251) (a) Purvis, R.; Smalley, R. K.; Strachan, W. A.; Suschitzky, 
H. J. Chem. Soc, Perkin Trans. 1 1978, 191. (b) Paterson, 
T. McC; Smalley, R. K.; Suschitzky, H. Tetrahedron Lett. 
1977 3973 

(252) Yam'omoto, H. J. Org. Chem. 1967, 32, 3693. 
(253) Branch, C. L.; Pearson, M. J. J. Chem. Soc, Perkin Trans. 

1 1982 2123 
(254) Kronenthal.D. R.; Han, C. Y.; Taylor, M. K. J. Org. Chem. 

1982, 47, 2765. 
(255) Bose, A. K.; Sharma, S. D.; Kapur, J. C ; Manhas, M. S. 

Synthesis 1973, 216. 
(256) For a discussion of the factors controlling azetidinone stere

ochemistry, see: (a) Moore, H. W.; Hernandez, L., Jr.; 
Chambers, R. J. Am. Chem. Soc. 1978, 100, 2245. (b) Just, 
G.; Ugulini, A.; Zambani, R. Synth. Commun. 1979, 9, 117 
s.nd rfifGrciicfis therein 

(257) Fukuyama, T.; Frank, R. K.; Jewell, C. F., Jr. J. Am. Chem. 
Soc 1980, 102, 2122. 

(258) Pearson, M. J.; Branch, C. L. European Patent Application 
81300479.3, 1981. 

(259) Bose, A. K.; Manhas, M. S.; Vincent, J. E.; Gala, K.; Fer
nandez, I. F. J. Org. Chem. 1982, 47, 4075. 

(260) Fukuyama, T.; Laird, A. A.; Schmidt, C. A. Tetrahedron 
Lett. 1984, 25, 4709. 

(261) Herdewijn, P.; Claes, P. J.; Vanderhaeghe, H. Nouv. J. Chim. 
1983, 7, 691. 

(262) Herdewijn, P.; Claes, P. J.; Vanderhaeghe, H. Can. J. Chem. 
1982 60 2903 

(263) Takada,'K.; Kan-Woon, T.; Boulton, A. J. J. Org. Chem. 
1982, 47, 4323. 

(264) Weil, T.; Strange, H. (FMC Corp.) South African Patent 
6800916; Chem. Abstr. 1969, 70, 591w. 

(265) Coffen, D. L.; Fryer, R. I.; Katonak, D. A.; Wong, F. J. Org. 
Chem. 1975, 40, 894. 

(266) Keana, J. F. W.; Hideg, K.; Birrell, G. B.; Hankovszky, O. H.; 
Ferguson, G.; Parvez, M. Can. J. Chem. 1982, 60, 1439. 

(267) Fuganti, C ; Grasselli, P.; Casati, P.; Carmeno, H. Tetrahe
dron Lett. 1985, 26, 101. 

(268) Rice, L. E.; Boston, M. C ; Finklea, H. O.; Suder, B. J.; Fra
zier, J. O.; Hudlicky, T. J. Org. Chem. 1984, 49, 1845. 

(269) Hudlicky, T.; Frazier, J. O.; Seoane, G. A.; Tiedje, M.; Seoane, 
A.; Kwart, L. D.; Beal, C. J. Am. Chem. Soc. 1986,108, 3755. 

(270) Kunesch, G. Tetrahedron Lett. 1983, 24, 5211. 
(271) (a) Takahashi, T. T.; Nomura, K.; Satoh, J. Y. J. Chem. Soc, 

Chem. Commun. 1983,1441. (b) Takahashi, T. T.; Satoh, J. 
Y.; Nomura, K. J. Chem. Soc, Perkin Trans. 1 1986, 909. 

(272) Guillemin, J.-C; Denis, J.-M.; Lasne, M.-C; Ripoll, J.-L. J. 
Chem. Soc, Chem. Commun. 1983, 238. 

(273) Geller, J.; Ugi, I. Chem. Scr. 1983, 22, 85. 
(274) Smith, P. A. S.; Budde, G. F.; Chou, S.-S. P. J. Org. Chem. 

1985, 50, 2062. 
(275) Pilard, S.; Vaultier, M. Tetrahedron Lett. 1984, 25, 1555. 
(276) Kometani, T.; Watt, D. S.; Ji, T. Tetrahedron Lett. 1985,26, 

2043. 
(277) L'abbe, G.; Godts, F. J. Chem. Soc, Chem. Commun. 1983, 

748. 
(278) Krafft, G. A.; Siddall, T. L. Tetrahedron Lett. 1985,26, 4867. 
(279) Krief, A.; Dumont, W.; Denis, J.-N. J. Chem. Soc, Chem. 

Commun. 1985, 571. 
(280) L'abbe, G.; Mahy, M.; Bollyn, M.; Germain, G.; Scheefer, G. 

Bull. Soc. Chim. BeIg. 1983, 92, 881. 
(281) Rottele, H.; Schroder, G. Chem. Ber. 1982, 115, 248. 
(282) GiIb, W.; Schroder, G. Chem. Ber. 1982, 115, 240. 
(283) Hoffmann, R. W.; Barth, W. Chem. Ber. 1985, 118, 634. 
(284) Izquierdo, M. L.; Bernabe, A. M.; Alvarez, E. F. Tetrahedron 

1985,42,215. 
(285) Ramaiah, T. S.; Ramraz, S. K.; Govardhan, C; Rao, V. V. J. 

Indian Chem. Soc. 1982, 59, 975. 
(286) Desbene, P.-L.; Cherton, J.-C; Le Roux, J.-P.; Basselier, J.-J. 

Tetrahedron 1984, 40, 3539. 
(287) Desbene, P.-L.; Richard, D.; Cherton, J .-C; Chaquin, P. 

Tetrahedron 1984, 40, 3549. 
(288) Cherton, J .-C; Desbene, P.-L.; Bazinet, M.; Lanson, M.; 

Convert, O.; Basselier, J.-J. Can. J. Chem. 1985, 63, 86. 
(289) Desbene, P.-L.; Cherton, J.-C. Tetrahedron 1984, 40, 3567. 
(290) (a) Bose, A. K.; Kistner, J. F.; Farber, L. J. Org. Chem. 1962, 

27, 2925. (b) Boyer, J. H. J. Am. Chem. Soc 1951, 73, 5865. 
(c) Brimacombe, J. S.; Bryan, J. G. H.; Husain, A.; Stacey, M.; 
Telley, M. S. Carbohydr. Res. 1967, 3, 318. (d) Hedeyatullah, 
M.; Guy, A. Tetrahedron Lett. 1975, 2455. 

(291) (a) Boyer, J. H.; Ellzey, S. E., Jr. J. Org. Chem. 1958, 23,127. 
(b) Smith, P. A. S.; Hall, J. H.; Kan, R. O. J. Am. Chem. Soc 
1962, 84, 485. (c) Casini, G.; Goodman, L. Ibid. 1964, 86, 
1427. 

(292) (a) Nicolaides, E. D.; Westland, R. D.; Wittle, E. L. J. Am. 
Chem. Soc. 1954, 76, 2887. (b) Paulsen, H.; Kobernick, W.; 
Autschbach, E. Chem. Ber. 1972,105,1524. (c) Secrist, J. A.; 
Logue, M. W. J. Org. Chem. 1972, 37, 335. (d) Mungall, W. 
S.; Greene, G. L.; Heavner, G. A.; Letsinger, R. L. J. Org. 
Chem. 1975, 40, 1659. (e) Corey, E. J.; Nicolau, K. C ; Ba-



364 Chemical Reviews, 1988, Vol. 88, No. 2 Scrlven and Turnbull 

lanson, R. D.; Machida, Y. Synthesis 1975, 590. 
(293) (a) Staudinger, H.; Hauser, E. HeIv. Chim. Acta 1921, 4, 861. 

(b) Horner, L.; Gross, A. Liebigs Ann. Chem. 1955, 591,117. 
(c) Vaultier, M.; Knouzi, N.; Carrie, R. Tetrahedron Lett. 
1983, 24, 763. 

(294) Saneyoshi, M.; Adachi, T.; Yamada, Y.; Inoue, I. Synthesis 
1977, 45. 

(295) Bayley, H.; Standring, D. N.; Knowles, J. R. Tetrahedron (341) 
Lett. 1978, 3633. 

(296) Belinka, B. A., Jr.; Hassner, A. J. Org. Chem. 1979, 44, 4712. (342) 
(297) Hassner, A.; Levy, L. A. J. Am. Chem. Soc. 1965, 87, 4203. 
(298) (a) Kirk, D. N.; Wilson, M. A. J. Chem. Soc, Chem. Com- (343) 

mun. 1970, 64. (b) Kirk, D. N.; Wilson, M. A. J. Chem. Soc. 
C 1971, 414. (c) Kondo, J.; Nakai, H.; Goto, T. Tetrahedron (344) 
1973 29 1801 

(299) Ho, t . L.; Henninger, M.; Olah, G. A. Synthesis 1976, 815. (345) 
(300) Stanovnik, B.; Tisler, M.; Polanc, S.; Gracner, M. Synthesis (346) 

1978 65 
(301) Polanc, S.; Stanovnik, B.; Tisler, M. Synthesis 1980, 830. (347) 
(302) Frankel, M.; Wagner, D.; Gertner, D.; Zilkha, A. J. Organo-

met. Chem. 1967, 7, 518. (348) 
(303) Kloosterman, M.; Kuyl-Yeherskiely, E.; van Boom, J. H. Reel. 

Trav. Chim. Pays-Bas 1985, 104, 291. (349) 
(304) Davis, M.; Dudman, N. P. B.; White, H. F. Aust. J. Chem. 

1983, 36, 1623. (350) 
(305) Arapahos, P. G.; Scott, M. K.; Huber, F. E., Jr. J. Am. Chem. 

Soc. 1979, 91, 2059. (351) 
(306) Swift, G.; Swern, D. J. Org. Chem. 1966, 31, 4226. (352) 
(307) Fleet, G. W. J.; Smith, P. W.; Evans, S. V.; Fellows, L. E. J. 

Chem. Soc, Chem. Commun. 1984, 1240. (353) 
(308) Gartiser, T.; Selve, C ; Delpuech, J.-J. Tetrahedron Lett. 

1983, 24, 1609. (354) 
(309) Braude, E. A.; Linstead, R. P.; Mitchell, P. W. D.; Woolridge, (355) 

K. R. H. J. Chem. Soc. 1954, 3544, 3548. 
(310) Brieger, G.; Nestrick, T. J. Chem. Rev. 1974, 74, 567. (356) 
(311) Tabusa, F.; Yamada, T.; Suzuki, K.; Mukaiyama, T. Chem. 

Lett. 1984, 405. (357) 
(312) Hedayatullah, M.; Guy, A. Synthesis 1978, 357. 
(313) Staudinger, H.; Meyer, J. HeIv. Chim. Acta 1919, 2, 635. 
(314) Cohen, H. L. J. Polym. Sd., Polym. Chem. Ed. 1985,23,1671. 
(315) Knouzi, N.; Vaultier, M.; Carrie, R. Bull. Soc. Chim. Fr. 1985, 

815. (358) 
(316) Cnysko, P. P.; Proklina, N. V.; Prokopenko, V. P.; Gololobov, 

Y. G. Zh. Obshch. Khim. 1984, 54, 325. (359) 
(317) Kusomoto, S.; Sakai, K.; Shiba, T. Bull. Chem. Soc. Jpn. (360) 

1986 59 1296 
(318) Bezverkhii, N.' P.; Zinukhov, V. D.; Kremlev, M. M. J. Org. 

Chem. USSR (Engl. Transl.) 1984, 20, 303. (361) 
(319) Watanabe, Y.; Nakajima, K.; Seki, T.; Ozawa, H. Chem. 

Pharm. Bull. 1970, 18, 2208. (362) 
(320) Kofman, T. P.; Pakhomov, K. E.; Pevzner, M. S. J. Hetero-

cycl. Chem. USSR (Engl. Transl.) 1982, 647. 
(321) Mokrushina, G. A.; Kotovskaya, S. K.; Postovskii, I. Ya. (363) 

Khim. Geterotsikl. Soedin. 1979, 131. 
(322) Kotovskaya, S. K.; Mokrushina, G. A.; Postovskii, I. Ya. J. (364) 

Heterocycl. Chem. USSR (Engl. Transl.) 1983, 303. 
(323) Shim, S. C ; Choi, K. N. Tetrahedron Lett. 1985, 26, 3277. (365) 
(324) Boyer, S. K.; Bach, J.; McKenna, J.; Jagdmann, E., Jr. J. Org. 

Chem. 1985, 50, 3408. 
(325) Suzuki, H.; Takaoka, K. Chem. Lett. 1984, 1733. 
(326) Nikam, S. S.; Shastri, R. K.; Sahasrabudhe, A. D.; Mudum- (366) 

bai, V. A.; Ramanathan, S. Chem. Ind. (London) 1982, 720. 
(327) Kuwabata, S.; Hozumi, Y.; Tanaka, K.; Tanaka, T. Chem. (367) 

Lett. 1985, 401. (368) 
(328) Knittel, D. Monatsh. Chem. 1984, 115, 1335. 
(329) Knittel, D. Monatsh. Chem. 1984, 115, 523. (369) 
(330) Knittel, D. Monatsh. Chem. 1985, 116, 1133. 
(331) Nitta, M.; Kobayashi, T. Bull. Chem. Soc. Jpn. 1984, 57, 

1035. (370) 
(332) Shim, S. C; Choi, K. N.; Yeo, Y. K. Chem. Lett. 1986,1149. 
(333) Suzuki, H.; Tani, H.; Ishida, S. Bull. Chem. Soc. Jpn. 1985, 

58, 1861. (371) 
(334) Maiti, S. N.; Singh, M. P.; Micetich, R. G. Tetrahedron Lett. (372) 

1986, 27, 1423. (373) 
(335) Effenberger, F.; Beisswenger, T.; Az, R. Chem. Ber. 1985,118, (374) 

4869. 
(336) (a) Effenberger, F.; Beisswenger, T. Chem. Ber. 1984, 117, (375) 

1497. (b) Effenberger, F.; Beisswenger, T. Angew. Chem., 
Int. Ed. Engl. 1982, 21, 203. (376) 

(337) Kakimoto, M. A.; Kai, M.; Kondo, K.; Hiyama, T. Chem. 
Lett. 1982, 527. (377) 

(338) LaMonica, G.; Monti, C ; Cenini, S. J. MoI. Catal. 1983,18, 
93; 1984, 23, 89. 

(339) (a) Benati, L.; Grossi, M.; Montevecchi, P. C ; Spagnolo, P. (378) 
J. Chem. Soc, Chem. Commun. 1982, 763. (b) Benati, L.; (379) 
Montevecchi, P. C ; Spagnolo, P. J. Chem. Soc, Perkin 
Trans. 1 1984, 625. (380) 

(340) Inter alia: (a) Chapman, O. L.; Le Roux, J. P. J. Am. Chem. 
Soc. 1978, 100, 282. (b) Colman, R.; Scriven, E. F. V.; Sus- (381) 
chitzky, H.; Thomas, D. R. Chem. Ind. (London) 1981, 249. 

(c) Takeuchi, H.; Koyama, K. J. Chem. Soc, Chem. Com
mun. 1981, 202. (d) Carroll, S. E.; Nay, B.; Scriven, E. F. V.; 
Suschitzky, H. Synthesis 1975, 710. (e) Nay, B.; Scriven, E. 
F. V.; Suschitzky, H.; Thomas, D. R.; Carroll, S. E. Tetra
hedron Lett. 1977,1811. (f) Hollywood, F.; Scriven, E. F. V.; 
Suschitzky, H.; Thomas, D. R. J. Chem. Soc, Chem. Com
mun. 1978, 806. 
Sawanishi, H.; Hirai, T.; Tsuchiya, T. Heterocycles 1982,19, 
1043. 
Sawanishi, H.; Hirai, T.; Tsuchiya, T. Heterocycles 1982,19, 
2071. 
Sawanishi, H.; Hirai, T.; Tsuchiya, T. Heterocycles 1983, 20, 
115. 
Sawanishi, H.; Hirai, T.; Tsuchiya, T. Heterocycles 1984, 22, 
1501. 
Hirsch, J. A.; True, V. C. J. Org. Chem. 1986, 51, 2218. 
Ittah, Y.; Sasson, Y.; Shahak, L; Tsaroom, S.; Blum, J. J. Org. 
Chem. 1978, 43, 4271. 
Weitzberg, M.; Avnir, D.; Aizenshtat, Z.; Blum, J. J. Hetero
cycl. Chem. 1983, 20, 1019. 
Willeit, A.; Muller, E. P.; Peringer, P. HeIv. Chim. Acta 1983, 
66, 2467. 
Shaw, K. J.; LuIy, J. R.; Rapoport, H. J. Org. Chem. 1985, 50, 
4515. 
Fleet, G. W. J.; James, K.; Lunn, R. J. Tetrahedron Lett. 
1986 27 3053 
Ham'dan, A. J.'; Moore, H. W. J. Org. Chem. 1985, 50, 3428. 
Suzuki, H.; Kawaguchi, T.; Takuoka, K. Bull. Chem. Soc. 
Jpn. 1986, 59, 665. 
Makajima, M.; Loeschorn, C. A.; Cimbrelo, W. E.; Anselme, 
J. P. Org. Prep. Proced. Int. 1980, 12, 265. 
Zbiral, E.; Stroh, J. Liebigs Ann. Chem. 1969, 727, 231. 
Fellman, J.; Wilen, S. H.; VanderWerf, C. A. J. Org. Chem. 
1956, 21, 713. 
Naruta, Y.; Arita, Y.; Nagai, N.; Uno, H.; Maruyama, K. 
Chem. Lett. 1982, 1859. 
(a) For the original process utilizing trimethylsilyl azide and 
acid chlorides or anhydrides, see: Washburne, S. S.; Peter
son, W. R., Jr. Synth. Commun. 1972,2, 227. (b) Kozhushko, 
B. N.; Lomakina, A. V.; Paluchuk, Yu. A.; Shokol, V. A. J. 
Org. Chem. USSR (Engl. Transl.) 1984, 20, 654. 
Pajak, J.; Lipczynskakochany, E.; Eckstein, Z. Pol. J. Chem. 
1982, 56, 593. 
Kano, S.; Yuasa, Y.; Shibuya, S. Synthesis 1984, 1071. 
Buzilova, S. R.; Shul'gina, V. M.; Gareev, G. A.; Kolchina, G. 
V.; Vereshchagin, L. I. J. Org. Chem. USSR (Engl. Transl.) 
1984, 20, 1636. 
Allan, R. D.; Johnston, G. A. R.; Kazlauskas, R.; Tran, H. 
Aust. J. Chem. 1983, 36, 977. 
Gutnik, S. B.; Shner, V. F.; Kuleshova, L. N.; Terekhina, A. 
I.; Suvorov, N. N. J. Org. Chem. USSR (Engl. Transl.) 1984, 
20, 1129. 
Shioiri, T.; Ninomiya, K.; Yamada, S.-I. J. Am. Chem. Soc. 
1972, 94, 6203. 
Capson, T. L.; Poulter, C. D. Tetrahedron Lett. 1984, 25, 
3515. 
(a) Ninomiya, K.; Shioiri, T.; Yamada, S.-I. Chem. Pharm. 
Bull. 1974, 22, 1398. (b) Ninomiya, K.; Shioiri, T.; Yamada, 
S.-I. Tetrahedron 1974, 30, 2151. (c) Shioiri, T.; Yamada, 
S.-I. Chem. Pharm. Bull. 1974, 22, 859. 
Sofia, M. J.; Katzenellenbogen, J. A. J. Org. Chem. 1985, 50, 
2331 
Neid'lein, R.; Wesch, K. F. Chem. Ber. 1983, 116, 2466. 
Bertrand, G.; Majoral, J.-P.; Baceiredo, A. Ace Chem. Res. 
1986, 19, 17. 
Curtius type rearrangement has been reported previously for 
dialkylphosphinic azides: Harger, M. J. P.; Stephen, M. A. 
J. Chem. Soc, Perkin Trans. 1 1981, 736. 
Other reagents have been used to trap the intermediate me-
taphosphonimidates. Cf.: Bertrand, G.; Majoral, J.-P.; Ba
ceiredo, A. Tetrahedron Lett. 1980, 5015. 
Harger, M. J. P.; Westlake, S. Tetrahedron 1982, 38, 1511. 
Horner, L.; Christmann, A. Chem. Ber. 1963, 388. 
Weissbach, F.; Jugelt, W. J. Prakt. Chem. 1975, 317, 394. 
Harger, M. J. P.; Westlake, S. Tetrahedron Lett. 1982, 23, 
3621. 
Harger, M. J. P.; Westlake, S. J. Chem. Soc, Perkin Trans. 
1 1984, 2351. 
Mulliez, M.; Majoral, J.-P.; Bertrand, G. J. Chem. Soc, 
Chem. Commun. 1984, 284. 
Preparation of the first stable iminophosphonium salt (via 
addition of an organic azide to a phosphonium salt) was re
cently reported in ref 401, 
Zigler, S. S.; West, R.; Michl, J. Chem. Lett. 1986, 1025. 
Nielsen, A. T.; Norris, W. P.; Atkins, R. L.; Vuono, W. R. J. 
Org. Chem. 1983, 48, 1056. 
Castle, R. N.; Guither, W. D.; Hubert, W. D.; Kempter, F. E.; 
Patel, N. R. J. Heterocycl. Chem. 1969, 6, 533. 
Nielsen, A. T.; Chafin, A. P.; Christian, S. L. J. Org. Chem. 
1984, 49, 4575. 



Azides: Their Preparation and Synthetic Uses Chemical Reviews, 1988, Vol. 88, No. 2 365 

(382) Jawdosuik, M.; Kovacic, P. Synth. Commun. 1983, 13, 53. 
(383) Braswell, D.; Nelson, G.; St. Pierre, T.; Reams, R.; Lewis, E. 

A. Proc. IUPAC Macromol. Symp., 28th 1982, 354. 
(384) Chiba, T.; Sasaki, M.; Sakaki, J.; Kato, T. Yakugaku Zasshi 

1983, 103, 1024; Chem. Abstr. 1983, 100, 103867a. 
(385) Yeh, M.-Y.; Tien, H.-Ju; Nonaka, T. J. Org. Chem. 1983, 48, 

1382 
(386) Yeh, M.-Y.; Tien, H.-Ju; Huang, L.-Y.; Chen, M.-H. J. Chin. 

Chem. Soc. 1983, 30, 29. 
(387) Nishiyama, K.; Watanabe, A. Chem. Lett. 1984, 773. 
(388) Schmidbaur, H.; Jonas, G. Chem. Ber. 1967, 100, 1120. 
(389) Wiberg, N.; Schwenk, G.; Schmid, K. H. Chem. Ber. 1972, 

105, 1209. 
(390) Shaw, R. A.; Fitzsimmons, B. W.; Smith, B. D. Chem. Rev. 

1962, 62, 247. 
(391) Wabel, E.; Mucklejohn, S. A. Phosphorus Sulfur 1981, 9, 235. 
(392) Garcia, J.; Vilarrasa, J.; Bordas, X.; Banaszek, A. Tetrahe

dron Lett. 1986, 27, 639. 
(393) Laszlo, P.; Polla, E. Tetrahedron Lett. 1984, 25, 4651. 
(394) Tsuge, O.; Kanemasa, S.; Matsuda, K. J. Org. Chem. 1984, 49, 

2688. 
(395) Maroni, P.; Madaule, Y.; Seminario, T.; Wolf, J.-G. Can. J. 

Chem. 1985, 63, 636. 
(396) Baceiredo, A.; Bertrand, G.; Majoral, J.-P.; Dillon, K. B. J. 

Chem. Soc, Chem. Commun. 1985, 562. 
(397) Riesel, L.; Steinbach, J.; Herrmann, E. Z. Anorg. AlIg. Chem. 

1983 502 21 
(398) Hees'ing, A.; Steinkamp, H. Chem. Ber. 1982, 115, 2854. 
(399) Gubnitskaya, E. G.; Parkhomenko, V. S.; Semashko, Z. T.; 

Samarai, L. I. Phosphorus Sulfur 1983, 15, 257. 
(400) van der Knaap, T. A.; Bickelhaupt, F. Chem. Ber. 1984,117, 

915. 
(401) Sanchez, M.; Marre, M. R.; Brazier, J. F.; Bellan, J.; Wolf, R. 

Phosphorus Sulfur 1983, 14, 331. 
(402) Marre, M. R.; Sanchez, M.; Wolf, R. J. Chem. Soc, Chem. 

Commun. 1984, 566. 
(403) Baccolini, G.; Todesco, P. E.; Bartoli, G. Phosphorus Sulfur 

1981, 10, 387. 
(404) Arbuzov, B. A.; Dianova, E. N.; Zabotina, E. Ya. Izv. Akad. 

Nauk SSSR, Ser. Khim. 1981, 2635; Chem. Abstr. 1981, 96, 
122892D. 

(405) Kukhar, V. P.; Kasheva, T. N.; Kasukhin, L. F.; Ponomar-
chuk, M. P. Zh. Obshch. Khim. 1984, 54,1527; Chem. Abstr. 
1984, 102, 6661re. 

(406) Gololobov, Yu. G.; Gusar, N. I.; Chaus, M. P. Tetrahedron 
1985, 41, 793. 

(407) Takeishi, M.; Tadano, M.; Hayama, S. Makromol. Chem., 
Rapid Commun. 1983, 3, 871. 

(408) Garcia, J.; Urpi, F.; Vilarrasa, J. Tetrahedron Lett. 1984, 25, 
4841. 

(409) Zaloom, J.; Calandra, M.; Roberts, D. C. J. Org. Chem. 1985, 
50, 2601. 

(410) Corey, E. J.; Samuelsson, B.; Luzzio, F. A. J. Am. Chem. Soc. 
1984, 106, 3682. 

(411) Suzuki, H.; Takeda, S.; Hanazaki, Y. Chem. Lett. 1985, 679. 
(412) (a) Dimroth, O. Chem. Ber. 1903, 36, 909. (b) Smith, P. A. 

S.; Rowe, C. D.; Bruner, L. B. J. Org. Chem. 1969, 34, 3430. 
(413) Trost, B. M.; Pearson, W. H. J. Am. Chem. Soc. 1981, 103, 

2483. 
(414) (a) Trost, B. M.; Pearson, W. H. J. Am. Chem. Soc. 1983,105, 

1054. (b) Trost, B. M.; Pearson, W. H. Tetrahedron Lett. 
1983, 24, 269. 

(415) Hassner, A.; Munger, P.; Belinka, B. A., Jr. Tetrahedron 
Lett. 1982, 23, 699. 

(416) Belinka, B. A., Jr.; Hassner, A. J. Am. Chem. Soc 1980,102, 
6185. 

(417) Narasimhan, N. S.; Ammanamanchi, R. Tetrahedron Lett. 
1983, 23, 4733. 

(418) Reed, J. N.; Snieckus, V. Tetrahedron Lett. 1983, 23, 3795. 
(419) Reed, J. N.; Snieckus, V. Tetrahedron Lett. 1984, 25, 5505. 
(420) Kelly, T. R.; Maguire, M. P. Tetrahedron 1985, 41, 3033. 
(421) Guntrum, M. In Reagents for Organic Synthesis; Fieser, M., 

Fieser, L., Eds.; Wiley: New York, 1969; Vol. 2, p 468. 
(422) Mori, S.; Aoyama, T.; Shioiri, T. Tetrahedron Lett. 1984,25, 

429. 
(423) Hirakawa, K.; Tanabiki, Y. J. Org. Chem. 1982, 47, 280. 
(424) Loreto, M. A.; Pellacani, L.; Tardella, P. A.; Toniato, E. 

Tetrahedron Lett. 1984, 25, 4271. 
(425) Lociuro, S.; Pellacani, L.; Tardella, P. A. Tetrahedron Lett. 

1983, 24, 593. 
(426) (a) Takeuchi, H.; Shiobara, Y.; Mitani, M.; Koyama, K. J. 

Chem. Soc, Chem. Commun. 1985,1251. (b) Takeuchi, H.; 
Koyama, K.; Mitani, M.; Ihara, R.; Uno, T.; Okazaki, Y.; Kai, 
Y.; Kasai, N. J. Chem. Soc, Perkin Trans. 1 1985, 677. 

(427) (a) Suzuki, A.; Sono, S.; Itoh, M.; Brown, H. C; Midland, M. 
M. J. Am. Chem. Soc. 1971,93, 4329. (b) Brown, H . C ; Levy, 
A. B. J. Organomet. Chem. 1972, 44, 233. (c) Brown, H. C ; 
Ravindran, N. J. Am. Chem. Soc. 1973, 95, 2396. (d) Brown, 
H. C; Midland, M. M.; Levy, A. B. J. Am. Chem. Soc 1973, 
95, 2394. 

(428 
(429; 

(430: 

(431 

(432; 

(433: 

(434: 

(435 
(436: 

(437 
(438: 

(439 

(440: 

(441 

(442: 

(443: 

(444: 

(445 
(446: 

(447 

(448 
(449: 

(450: 

(451 

(452: 

(453 
(454: 

(455: 

(456 
(457 
(458: 

(459: 

(460: 

(461 

(462: 

(463 

(464 
(465 
(466: 

(467 

(468: 

(469: 

(470: 

(471 
(472: 

Ortiz, M.; Larson, G. L. Synth. Commun. 1982, 12, 43. 
Takeuchi, H.; Koyama, K. J. Chem. Soc, Chem. Commun. 
1982, 226. 
Takeuchi, H.; Mastubara, E. J. Chem. Soc, Perkin Trans. 1 
1984, 981. 
Takeuchi, H.; Takano, K.; Koyama, K. J. Chem. Soc, Chem. 
Commun. 1982, 1254. 
Takeuchi, H.; Takano, K. J. Chem. Soc, Chem. Commun. 
1983, 447. 
Kamigata, N.; Yamamoto, K.; Kawakita, O.; Hikita, K.; 
Matsuyama, H.; Yoshida, M.; Kobayashi, M. Bull. Chem. 
Soc. Jpn. 1984, 57, 3601. 
(a) Lwowski, W. Ref 10, p 529. (b) Leffler, J. E.; Temple, R. 
D. J. Am. Chem. Soc. 1967, 89, 5235. (c) L'abbe, G.; Best-
mann, H. Tetrahedron Lett. 1969, 63. (d) Bertho, A. J. 
Prakt. Chem. 1927, 116, 101. 
Alder, K.; Stein, G. Liebigs Ann. Chem. 1933, 501, 1. 
Keana, J. F. W.; Keana, S. B.; Beetham. D. J. Org. Chem. 
1967, 32, 3057. 
Shioiri, T.; Kawai, N. J. Org. Chem. 1978, 43, 2936. 
(a) Kato, N.; Hamada, Y.; Shioiri, T. Heterocycles 1984, 21, 
624. (b) Kato, N.; Hamada, Y.; Shioiri, T. Chem. Pharm. 
Bull. 1984, 32, 2496. 
Knaus, E. E.; Warren, B. K.; Ondrus, T. A. U.S. Patent 
4468403, Aug 28, 1984. 
Migita, T.; Chiba, M.; Kosugi, M.; Nakaido, S. Chem. Lett. 
1978, 1403. 
Migita, T.; Saitoh, N.; Iizuka, H.; Ogyu, C ; Kosugi, M.; Na
kaido, S. Chem. Lett. 1982, 1015. 
Kozlowska-Gramsz, E.; Descotes, G. Tetrahedron Lett. 1982, 
23, 1585. 
Wiberg, N.; Schurz, K.; Reber, G.; Muller, G. J. Chem. Soc, 
Chem. Commun. 1986, 591. 
Gibson, H. H. Jr.; Macha, M. R.; Farrow, S. J.; Ketchersid, 
T. L. J. Org. Chem. 1983, 48, 2062. 
Kass, S. R.; DePuy, C. H. J. Org. Chem. 1985, 50, 2874. 
Kamigata, N.; Kawakita, O.; Izuoka, A.; Kobayashi, M. J. 
Org. Chem. 1985, 50, 398. 
Maricich, T. J.; Angeletakis, C. N. J. Org. Chem. 1984, 49, 
1931. 
Hayashi, Y.; Swern, D. J. Am. Chem. Soc 1973, 95, 5205. 
Yamashita, K.; Inagaki, Y.; Tomiytama, M.; Kondo, S.; Tsu-
da, K. J. Macromol. ScL, Chem. 1983, 2OA, 441. 
Meth-Cohn, O.; van Vuuren, G. J. Chem. Soc, Chem. Com
mun. 1984, 190. 
Kondratenko, N. V.; Radchenko, O. A.; Yagupol'skii, L. M. 
J. Org. Chem. USSR {Engl. Transl.) 1984, 20, 2051. 
Kirby, G. W.; McGuigan, H.; Mackinnon, J. W. M.; McLean, 
D.; Sharma, R. P. J. Chem. Soc, Perkin Trans. 1 1985,1437. 
Zoller, U. J. Org. Chem. 1985, 50, 1107. 
Zelenakaya, O. V.; Kozinskii, V. A.; Nazarenko, A. V.; Ran-
skii, A. P. Zh. Prikl. Khim. (Leningrad) 1984,57,1155; Chem. 
Abstr. 1984, 102, 5853<j. 
Guziec, F. S., Jr.; Moustakis, C. A. J. Chem. Soc, Chem. 
Commun. 1984, 63. 
Hendrickson, J. B.; Wolf, W. A. J. Org. Chem. 1968, 33, 3610. 
Ledon, H. Synthesis 1974, 347. 
(a) Rosenberger, M.; Yates, P.; Hendrickson, J. B.; Wolf, W. 
Tetrahedron Lett. 1964, 2285. (b) Wiberg, K. B.; Furtek, B. 
L.; OUi, L. K. J. Am. Chem. Soc 1979, 101, 7675. 
(a) Bates, R. B.; Kroposki, L. M.; Potter, D. E. J. Org. Chem. 
1972, 37, 560. (b) Tomboulian, P.; Amick, D.; Beare, S.; 
Dumke, K.; Hart, D.; Hites, R.; Metzger, A.; Nowak, R. J. 
Org. Chem. 1973, 38, 322. (c) Jung, M. E.; Blum, R. B. Tet
rahedron Lett. 1977, 3791. 
Babudri, F.; DiNunno, L.; Florio, S.; Valzano, S. Tetrahedron 
1984, 40, 1731. 
Hazen, G. G.; Weinstock, L. M.; Connell, R.; Bollinger, F. W. 
Synth. Commun. 1981, 11, 947. 
Roush, W. R.; Feitler, D.; Rebek, J. Tetrahedron Lett. 1974, 
1391. 
Cavender, C. J.; Shiner, V. J., Jr. J. Org. Chem. 1972, 37, 
3567. 
Kokel, B.; Viehe, H. G. Angew. Chem. 1980, 92, 754. 
Lombardo, L.; Mander, L. N. Synthesis 1980, 368. 
Herbranson, D. E.; Hawley, M. D. J. Electroanal. Chem. 
1983, 144, 423. 
Korobitsyna, I. K.; Rodina, L. L.; Nikolaev, V. A. USSR 
Patent 1004359, 1983; Chem. Abstr. 1983, 99, 53746y. 
Balli, H.; Low, R.; Muller, V.; Rempfler, H.; Sezen-Gezgin, G. 
HeIv. Chim. Acta 1978, 61, 97. 
Taber, D. F.; Ruckle, R. E., Jr.; Hennessy, M. J. J. Org. 
Chem. 1986, 51, 4077. 
(a) Lowe, G.; Ransay, M. V. J. J. Chem. Soc, Perkin Trans. 
1 1973, 479. (b) Stork, G.; Szaiewski, R. P. J. Am. Chem. Soc. 
1974, 96, 5787. 
Moody, C. J. Org. React. Mech. 1983, Chapter 6. 
Hudlicky, T.; Reddy, D. B.; Govindan, S. V.; KuIp, T.; Still, 
B.; Sheth, J. P. J. Org. Chem. 1983, 48, 3422. 



366 Chemical Reviews, 1988, Vol. 88, No. 2 Scriven and Turnbull 

(473) Callant, P.; D'Haenens, L.; Vandewalle, M. Synth. Commun. (518) 
1984, 14, 155. 

(474) Brennan, J.; Pinto, I. L. Tetrahedron Lett. 1983, 24, 4731. (519 
(475) Moody, C. J.; Pearson, C. J.; Lawton, G. Tetrahedron Lett. (520 

1985, 26, 3167, 
(476) Moody, C. J.; Pearson, C. J.; Lawton, G. Tetrahedron Lett. (521 

1985, 26, 3171. 
(477) Evans, D. A.; Sjogren, E. B. Tetrahedron Lett. 1985,26, 3787. (522' 
(478) (a) Tedder, J. M.; Webster, B. J. Chem. Soc. 1960, 4417. (b) (523 

Regitz, M. Chem. Ber. 1964, 97, 2742. (c) Raasch, M. J. Org. 
Chem. 1979, 44, 632. (524 

(479) (a) Zaitseva, L. G.; Sarkisyan, A. Ts.; Erlikh, R. D. J. Org. 
Chem. USSR (Engl. Transl.) 1982,18, 1156. (b) Erlikh, R. (525 
D.; Zaitseva, L. G.; Sarkisyan, A. Ts.; Partalla, N. A. J. Org. 
Chem. USSR (Engl. Transl.) 1983, 19, 1363. (526 

(480) Sundberg, R. J.; Nishiguchi, T. Tetrahedron Lett. 1983, 24, 
4773. 

(481) Bailey, A. S.; Hill, P. A.; Seager, J. F. J. Chem. Soc, Perkin 
Trans. 1 1974, 967 and references therein. (527 

(482) Semenuk, N. S. Dissert. Abstr., Sect. B 1980, 4308. 
(483) Dauben, W. G.; Walker, D. M. Tetrahedron Lett. 1982, 23, (528' 

711. (529 
(484) Banciu, M. Rev. Roum. Chim. 1982, 27, 769. 
(485) Blohm, T. R.; Metcalf, B. W. US Patent 4317 817, Mar 2, (530 

1982 
(486) Doyle, M. P.; Dorow, R. L.; Terpstra, J. W.; Rodenhouse, R. (531 

A. J. Org. Chem. 1985, 50, 1663. 
(487) Gonzalez, A.; Galvez, C. Synthesis 1981, 741. (532 
(488) Schollkopf, U.; Hauptreif, M.; Dippel, J.; Nieger, M.; Egert, 

E. Angew. Chem., Int. Ed. Engl. 1986, 25, 192. (533 
(489) Padwa, A.; Woolhouse, A. D.; Blount, J. J. J. Org. Chem. 

1983, 48, 1069. (534 
(490) Polozov, A. M.; Polezhaeva, N. A.; Arbuzov, B. A. Zh. 

Obshch. Khim. 1984, 54, 2151; Chem. Abstr. 1984, 102, (535 
62335ii'. 

(491) (a) Shioiri, T.; Aoyama, T.; Mori, S. European Patent Ap- (536 
plication EP 71440, Feb 9, 1983; Chem. Abstr. 1983, 98, 
198438p. (b) Mori, S.; Sakai, L; Aoyama, T.; Shioiri, T. (537 
Chem. Pharm. Bull. 1982, 30, 3380. 

(492) (a) Sekiguchi, A.; Ando, W. Bull. Chem. Soc. Jpn. 1982, 55, (538', 
1675. (b) Sekiguchi, A.; Ando, W. Chem. Lett. 1983, 871. 

(493) Katritzky, A. R.; Siddiqui, T. J. Chem. Soc, Perkin Trans. (539 
1 1982 2953. 

(494) Mataka, S.; Kurisu, K.; Takahashi, K.; Tashiro, M. J. Ret- (540 
erocycl. Chem. 1985, 22, 325. 

(495) Abramovitch, R. A.; Cooper, M.; Iyer, S.; Jeyaraman, R.; (541 
Roderiguez, J. A. R. J. Org. Chem. 1982, 47, 4820. 

(496) Abramovitch, R. A.; Jeyaraman, R.; Yannakopoulou, K. J. (542, 
Chem. Soc, Chem. Commun. 1985, 1107. 

(497) Taber, D. F.; Petty, E. H.; Raman, K. J. Am. Chem. Soc. (543 
1985, 107, 199. 

(498) Daubin, W. G.; Bunce, R. A. J. Org. Chem. 1982, 47, 5042. (544 
(499) Goldsmith, D. J.; Soria, J. J. Tetrahedron Lett. 1986, 27, 

4701. (545 
(500) Kitane, S.; Berrada, M.; Vebrel, J.; Laude, B. Bull. Soc. Chim. (546! 

BeIg. 1985, 94, 163. 
(501) Dhanak, D.; Neidle, S.; Reese, C. B. Tetrahedron Lett. 1985, (547 

26, 2017. 
(502) Fitjer, L. Chem. Ber. 1982, 115, 1047. (548 
(503) Mehta, G.; Roa, K. S. Indian J. Chem., Sect. B 1982, 21B, 

981. (549 
(504) Mehta, G.; Suri, S. C. Tetrahedron Lett. 1980, 217. Singh, (550; 

V.; Pandey, P. N. J. Chem. Soc, Chem. Commun. 1982, 217. 
(505) Kloosterman, M.; Kuyl-Yeheskiely, E.; van Boom, J. H. Reel. 

Trav. Chim. Pays-Bas 1985, 104, 291. 
(506) Guiller, A.; Gagnieu, C. H.; Pacheco, H. Tetrahedron Lett. (551 

1985, 26,6343. Fleet, G. W. J.; Gough, M. J.; Shing, T. K. M. 
Tetrahedron Lett. 1984, 25, 4029. Guiller, A.; Gagnieci, C. (552 
H.; Pacheco, H. J. Carbohydr. Chem. 1986, 5, 161. 

(507) Kloosterman, M.; de Nijs, M. P.; Van Boom, J. H. Reel. Trav. (553! 
Chim. Pays-Bas 1984, 103, 243. 

(508) Paulsen, H.; Stenzel, W. Chem. Ber. 1978, 111, 2334. (554; 
(509) Janairo, G.; Malik, A.; Voelter, W. Liebigs Ann. Chem. 1985, 

653. (555 
(510) Dessinges, A.; Castillon, S.; Olesker, A.; Thang, T. T.; Lukacs, 

G. J. Am. Chem. Soc. 1984, 106, 450. (556 
(511) Croft, A. P.; Bartsch, R. A. Tetrahedron 1983, 39, 1417. 
(512) Mester, L.; El Khadem, H. S. In Carbohydrates: Chemistry (557; 

and Biochemistry; Pigman, W., Horton, D., Eds.; Academic: 
New York, 1980; Vol. IB, p 929. (558! 

(513) Paulsen, H. Chem. Soc. Rev. 1984, 13, 15. Paulsen, H. An
gew. Chem., Int. Ed. Engl. 1982, 21, 155. (559; 

(514) Paulsen, H.; Lorentzen, J. P. Angew. Chem., Int. Ed. Engl. 
1985, 24, 773. (560 

(515) van Boeckel, C. A. A.; Beetz, T. Reel. Trav. Chim. Pays-Bas 
1985, 104, 174. (56i; 

(516) Pelyvas, L; Sztaricskai, F.; Bognar, R. J. Chem. Soc, Chem. 
Commun. 1984, 104. (562 

(517) Dyatkina, N. B.; Krayevsky, A. A.; Azhayev, A. V. Synthesis 
1985, 410. (563; 

Fleet, G. W. J.; Gough, M. J.; Shing, T. K. M. Tetrahedron 
Lett. 1984, 25, 4029. 
Yasuda, N.; Tsutsumi, H.; Takaya, T. Chem. Lett. 1985, 31. 
Bashyal, B. P.; Chow, H.; Fleet, G. W. J. Tetrahedron Lett. 
1986, 27, 3205. 
Dho, J. C; Fleet, G. W. J.; Peach, J. M.; Prout, K.; Smith, P. 
W. Tetrahedron Lett. 1986, 27, 3203. 
Card, P. J.; Hitz, W. D. J. Org. Chem. 1985, 50, 891. 
Fleet, G. W. J.; James, K.; Lunn, R. J.; Mathews, C. J. Tet
rahedron Lett. 1986, 27, 3057. 
Fleet, G. W. J.; James, K.; Lunn, R. J. Tetrahedron Lett. 
1986, 27, 3053. 
Sasaki, T.; Eguchi, S.; Toi, N.; Okano, T.; Furukawa, Y. J. 
Chem. Soc, Perkin Trans. 1 1983, 2599. 
Hemetsberger, H.; Knittel, D. Monatsh. Chem. 1972, 103, 
194. Knittel, D.; Hemetsberger, H.; Leipert, R.; Weidmann, 
H. Tetrahedron Lett. 1970,1459. Hemetsberger, H.; Knittel, 
D. Monatsh. Chem. 1972, 103, 194. 
Hemetsberger, H.; Knittel, D.; Weidmann, H. Monatsh. 
Chem. 1969, 100, 1599. 
Knittel, D. Synthesis 1985, 186. 
Eras, J.; Galvez, C; Garcia, F. J. Heterocycl. Chem. 1984, 21, 
215. 
Farmer, M.; Soth, S.; Fournari, P. Can. J. Chem. 1976, 54, 
1074. 
Farnier, M.; Soth, S.; Fournari, P. Can. J. Chem. 1976, 54, 
1066. 
Kim, P. T.; Cocolios, P.; Guilard, R. Can. J. Chem. 1982, 60, 
2099. 
Isomura, K.; Noguchi, S.-i.; Saruwatari, M.; Hitano, S.; Tan-
iguchi, H. Tetrahedron Lett. 1980, 21, 3879. 
Henn, L.; Hickey, D. M. B.; Moody, C. J.; Rees, C. W. J. 
Chem. Soc, Perkin Trans. 1 1984, 2189. 
Gilchrist, T. L.; Rees, C. W.; Rodrigues, J. A. R. J. Chem. 
Soc, Chem. Commun. 1979, 627. 
Hickey, D. M. B.; Moody, C. J.; Rees, C. W. J. Chem. Soc, 
Chem. Commun. 1982, 1419. 
Hickey, D. M. B.; Moody, C. J.; Rees, C. W. J. Chem. Soc, 
Perkin Trans. 1 1986, 1113. 
Bolton, R. E.; Moody, C. J.; Rees, C. W.; Tojo, G. J. Chem. 
Soc, Chem. Commun. 1985, 1775. 
Moody, C. J.; Pass, M.; Rees, C. W.; Tojo, G. J. Chem. Soc, 
Chem. Commun. 1986, 1062. 
Martin, C ; Moody, C. J. J. Chem. Chem., Chem. Commun. 
1985, 1391. 
Moody, C. J.; Warrellow, G. J. J. Chem. Soc, Perkin Trans. 
1 1986, 1123. 
Moody, C. J.; Ward, J. G. J. Chem. Soc, Perkin Trans. 1 
1984, 2903. 
Moody, C. J.; Ward, J. G. J. Chem. Soc, Perkin Trans. 1 
1984, 2895. 
Grant, R. D.; Moody, C. J.; Rees, C. W.; Tsoi, S. C. J. Chem. 
Soc, Chem. Commun. 1982, 884. 
Nitta, M.; Kobayashi, T. Chem. Lett. 1983, 1715. 
Naruta, Y.; Nagai, N.; Yokota, T.; Maruyama, K. Chem. Lett. 
1986, 1185. 
Smith, P. A. S.; Brown, B. B. J. Am. Chem. Soc. 1951, 73, 
2438. 
Swenton, J. S.; Ikeler, T. J.; Williams, B. W. J. Am. Chem. 
Soc 1970, 92, 3103. 
See ref 9, p 99. 
Iddon, B.; Meth-Cohn, O.; Scriven, E. F. V.; Suschitzky, H.; 
Gallagher, P. T. Angew. Chem., Int. Ed. Engl. 1979,18, 900. 
Abramovitch, R. A.; Kalinowski, J. J. Heterocycl. Chem. 
1977, ; ; , 857. 
Boyer, J. H.; Lai, C-C. J. Chem. Soc, Perkin Trans. 1 1977, 
74. 
Lindley, J. M.; McRobbie, I. M.; Meth-Cohn, O.; Suschitzky, 
H. J. Chem. Soc, Perkin Trans. 1 1977, 2194. 
(a) Lee, S. P.; Moore, H. W. Heterocycles 1982,19, 2019. (b) 
Germeraad, P.; Moore, H. W. J. Org. Chem. 1974, 39, 774. 
Clancy, M. G.; Hesabi, M. M.; Meth-Cohn, O. J. Chem. Soc, 
Perkin Trans. 1 1984, 429. 
Zanirato, P.; Spagnolo, P.; Zanardi, G. J. Chem. Soc, Perkin 
Trans. 1 1983, 2551. 
Moody, C. J.; Rees, C. W.; Tsoi, S. C; Williams, D. J. J. 
Chem. Soc, Chem. Commun. 1981, 927. 
Gairns, R. S.; Grant, R. D.; Moody, C. J.; Rees, C. W.; Tsoi, 
S. C. J. Chem. Soc, Perkin Trans. 1 1986, 491. 
Gairns, R. S.; Moody, C. J.; Rees, C. W.; Tsoi, S. C. J. Chem. 
Soc, Perkin Trans. 1 1986, 497. 
Gairns, R. S.; Moody, C. J.; Rees, C. W. J. Chem. Soc, Perkin 
Trans. 1 1986, 501. 
Farnier, M.; Brost, M.; Hanquet, B.; Guilard, R. J. Hetero
cycl. Chem. 1986, 23, 513. 
Farnier, M.; Brost, M.; Hanquet, B.; Guilard, R. J. Hetero
cycl. Chem. 1986, 23, 517. 
Leardini, R.; Zanirato, P. J. Chem. Soc, Chem. Commun. 
1983 396 
Zanirato, P. J. Organomet. Chem. 1985, 293, 285. 



Azides: Their Preparation and Synthetic Uses Chemical Reviews, 1988, Vol. 88, No. 2 367 

(564' 
(565' 
(566! 

(567 

(568: 
(569 
(570: 

(571 

(572: 

(573: 

(574: 

(575: 

(576: 

(577: 

(578: 

(579: 

(580: 

(581 
(582 
(583: 

(584: 

(585: 

(586 
(587 

(588: 

(589' 
(590: 

(591 

(592 

(593 

(594 

(595 

(596 
(597: 

(598: 

(599 

(600: 

(601 

(602: 

(603 
(604 
(605 
(606: 

(607 

(608: 

(609: 

(610: 

(611 

Zanirato, P. J. Chem. Soc, Chem. Commun. 1983, 1065. 
Cadogan, J. I. G. Ace. Chem. Res. 1972, 5, 303. 
Hicks, M. G.; Jones, G. J. Chem. Soc, Chem. Commun. 1983, 
1277. 
Yabe, A.; Honda, K.; Nakanishi, H.; Someno, K. Chem. Lett. 
1984, 1407. 
See ref 11, p 95. 
Dyall, L. K.; Kemp, J. E. Aust. J. Chem. 1967, 20, 1625. 
Hall, J. H.; Behr, F.; Reed, R. L. J. Am. Chem. Soc. 1972, 94, 
4952. 
Smith, P. A. S.; Budde, G. F.; Chou, S.-S. P. J. Org. Chem. 
1985, 50, 2062. 
Ardakani, M. A.; Smalley, R. K.; Smith, R. H. J. Chem. Soc, 
Perkin Trans. 1 1983, 2501. 
Ardakani, M. A.; Smalley, R. K. Tetrahedron Lett. 1979, 
4765. 
Smalley, R. K.; Stocker, A. W. Chem. Ind. (London) 1984, 
222. 
Krbechek, L.; Takimoto, H. J. Org. Chem. 1964, 29, 1150, 
3630. 
Anselme, J.-P.; Sakai, K. J. Org. Chem. 1972, 37, 2351. 
Bamberger, E. Ber. 1901, 34, 1309. 
Ardakani, M. A.; Smalley, R. K.; Smith, R. H. Synthesis 
1979 308 
Darwen, S. P.; Smalley, R. K. Tetrahedron Lett. 1985, 26, 
5707. 
Ardakani, M. A.; Smalley, R. K. Tetrahedron Lett. 1979, 
4769. 
Azadi-Ardakani, M.; Alkhader, M. A.; Lippiatt, J. H.; Patel, 
D. L; Smalley, R. K.; Higson, S. J. Chem. Soc, Perkin Trans. 
1 1986, 1107. 
See ref 11, p 297. 
Takeuchi, H.; Okazaki, Y. Heterocycles 1984, 21, 657. 
Abramovitch, R. A.; Hawi, A.; Roderigues, J. A. R.; Trom-
betta, T. R. J. Chem. Soc, Chem. Commun. 1986, 283. 
de Sevricourt, M. C ; El-Khasef, H.; Rault, S.; Robba, M. 
Synthesis 1981, 710. 
Olofson, R. A.; Vander Meer, R. K.; Hoskin, D. H.; Bernheim, 
M. Y.; Stournas, S.; Morrison, D. S. J. Org. Chem. 1984, 49, 
3367. Kurasawa, Y.; Ichikawa, M.; Takada, A. Heterocycles 
1983 20 269 
Chabanriet, M.; Gelin, S. J. Chem. Res. (S) 1982, 20. 
Meth-Cohn, O.; Moore, C. J. Chem. Soc, Chem. Commun. 
1983, 1246. 
Meth-Cohn, O.; Patel, D.; Rhouati, S. Tetrahedron Lett. 
1982, 23, 5085. 
See ref 11, p 205. 
Lwowski, W.; Kanemasa, S.; Murray, R. A.; Ramakrishnan, 
V. T.; Thiruvengadam, T. K.; Yoshida, K.; Subbaraj, A. J. 
Org. Chem. 1986, 51, 1719. 
Gibson, H. H.; Sweissing, K.; Abashawal, A.; Hall, G.; Law-
shae, T.; Le Blanc, K.; Moody, J.; Lwowski, W. J. Org. Chem. 
1986, 51, 3858. 
Abramovitch, R. A.; Sutherland, R. G. Fortschr. Chem. 
Forsch. 1970, 16, 1. 
Abramovitch, R. A.; Holcombe, W. D.; Wake, S. J. Am. 
Chem. Soc. 1981, 103, 1525. 
Abramovitch, R. A.; Holcombe, W. D.; Thompson, W. M.; 
Wake, S. J. Org. Chem. 1984, 49, 5124. 
Abramovitch, R. A.; Kress, A. O.; McManus, S. P.; Smith, M. 
R. J. Org. Chem. 1984, 49, 3114. 
Lyga, J. W. Synth. Commun. 1986, 16, 163. 
Wolmershaeuser, G.; Schnauber, M.; Wilhelm, T. J. Chem. 
Soc, Chem. Commun. 1984, 573. 
Cadogan, J. I. G., Ed. Organophosphorus Reagents in Or
ganic Synthesis; Academic: London, 1979. 
Sasaki, T.; Eguchi, S.; Okano, T. J. Am. Chem. Soc. 1983, 
105, 5912. 
Lambert, P. H.; Vaultier, M.; Carrie, R. J. Chem. Soc, Chem. 
Commun. 1982, 1224. 
Khoukhi, M.; Vaultier, M.; Carrie, R. Tetrahedron Lett. 
1986, 27, 1031. 
Garcia, J.; Vilarrasa, J.; Bordas, X.; Banaszek, A. Tetrahe
dron Lett. 1986, 27, 639. 
Bruche, L.; Garanti, L.; Zecchi, G. Synthesis 1985, 304. 
Nitta, M.; Kobayashi, T. Chem. Lett. 1986, 463. 
Kobayashi, T.; Nitta, M. Chem. Lett. 1985, 1459. 
Cadogan, J. I. G.; Gosney, I.; Henry, E.; Naisby, T.; Nay, B.; 
Stewart, N. J.; Tweddle, N. J. J. Chem. Soc, Chem. Com
mun. 1979, 189. 
Cadogan, J. I. G.; Stewart, N. J.; Tweddle, N. J. J. Chem. 
Soc, Chem. Commun. 1979, 191. 
Poechlauer, P.; Mueller, E. P.; Peringer, P. HeIv. Chim. Acta 
1984, 67, 1238. 
Marre, M. R.; Boisdon, M. T.; Sanchez, M. Tetrahedron Lett. 
1982, 23, 853. 
Gilchrist, T. L.; Gymer, G. E. In Advances in Heterocyclic 
Chemistry; Katritzky, A. R., Boulton, A. J., Eds.; Academic: 
New York, 1974; p 33. 
L'abbe, G. Chem. Rev. 1969, 69, 345. 

(612: 

(613: 

(614: 

(6i5: 

(6i6: 

(6n: 

(618 

(619 
(620: 

(621 

(622 
(623: 

(624: 

(625 
(626 
(627 
(628 
(629 
(630: 

(631 
(632: 

(633: 

(634: 

(635 
(636 
(637: 

(638 
(639: 

(640: 

(641 

(642: 

(643: 

(644: 

(645 
(646: 

(647 

(648: 

(649 
(650: 

(651 
(652 

(653 
(654: 

(655: 

(656 
(657: 

(658: 

(659 

(660 

(661 

(662 

Lwowski, W. In 1,3-Dipolar Cycloaddition Chemistry; Pad-
wa, A., Ed.; Wiley: New York, 1984; Vol. 1, p 559. 
Mock, W. L.; Irra, T. A.; Wepsiec, J. P.; Manimaran, T. L. J. 
Org. Chem. 1983, 48, 3619. 
Buckle, D. R.; Rockell, C. J. M. J. Chem. Soc, Perkin Trans. 
1 1982, 627. 
Tsuge, O.; Kanematsu, S.; Matsuda, K. Chem. Lett. 1983, 
1131. 
Markova, N. K.; Tsil'ko, A. E.; Galishev, V. A.; Maretina, I. 
A.; Petrov, A. A. J. Org. Chem. USSR (Engl. Transl.) 1985, 
20, 1446; 1984, 19, 404. 
Trybulski, E. J.; Benjamin, L.; Vitone, S.; Walser, A.; Fryer, 
R. I. J. Med. Chem. 1983, 26, 367. 
Honda, K.; Nakanishi, H.; Nagawa, Y.; Yabe, A. J. Chem. 
Soc, Chem. Commun. 1984, 450. 
Harvey, G. R. J. Org. Chem. 1966, 31, 1587. 
Fuchigami, T.; Goto, T.; Yeh, M.-Y.; Nonaka, T.; Tien, H.-J. 
Bull. Chem. Soc Jpn. 1984, 57, 1362. 
Blackwell, G. B.; Haszeldine, R. N.; Taylor, D. R. J. Chem. 
Soc, Perkin Trans. 1 1982, 2207. 
Kirmse, W.; Horner, L. Liebigs Ann. Chem. 1958, 614, 1. 
Carrie, R.; Danion, D.; Ackermann, E.; Saalfrank, R. W. An-
gew. Chem., Int. Ed. Engl. 1982, 21, 288. 
Barraclough, D.; Moorhouse, N. P.; Onwuyali, E. L; Schein-
mann, F.; Hursthouse, M. B.; Galas, A. M. R. J. Chem. Res. 
(S) 1984, 102. 
Logothetis, A. L. J. Am. Chem. Soc. 1965, 87, 749. 
Padwa, A. Angew. Chem., Int. Ed. Engl. 1976, 15, 123. 
Pearson, W. H. Tetrahedron Lett. 1985, 26, 3527. 
Young, J.; Sha, C. Heterocycles 1984, 22, 2571. 
Liu, J.; Young, J.; Li, Y.; Sha, C. J. Org. Chem. 1986,51,1120. 
Sha, C-K.; Yuang, J.-J.; Ouyang, S.-L. Heterocycles 1984,21, 
566. 
Schulz, A. G.; McMahon, W. G. J. Org. Chem. 1984, 49,1676. 
Sha, C ; Ouyang, S.; Hsieh, D.; Chang, R.; Chang, S. J. Org. 
Chem. 1986, 51, 1490. 
Bruche, L.; Garanti, L.; Zecchi, G. J. Chem. Soc, Perkin 
Trans. 1 1984, 1427. 
Warren, B. K.; Knaus, E. E. J. Heterocycl. Chem. 1982, 19, 
1259. 
Kosugi, Y.; Hamaguchi, F. Heterocycles 1984, 22, 2363. 
Olsen, C. E. Acta Chem. Scand. 1973, 27, 1987. 
Sasaki, T.; Eguchi, S.; Yamaguchi, M.; Esaki, T. J. Org. 
Chem. 1981, 46, 1800. 
Quast, H.; Seiferling, B. Tetrahedron Lett. 1982, 23, 4681. 
Eagan, R. L.; Ogliaruso, M. A.; Springer, J. P. J. Org. Chem. 
1985, 51, 1544. 
Kay, D. P.; Kennewell, P. D.; Westwood, R. J. Chem. Soc, 
Perkin Trans. 1 1982, 1879. 
Fusco, R.; Garanti, L.; Zecchi, G. J. Org. Chem. 1975, 40, 
1906. 
Bruche, L.; Garanti, L.; Zecchi, G. J. Chem. Res. (S) 1983, 
202. 
Koldobski, G. I.; Ostrovskii, V. A.; Popavskii, V. S. Chem. 
Heterocycl. Comp. 1982, 965. 
Casey, M.; Moody, C. J.; Rees, C. W. J. Chem. Soc, Chem. 
Commun. 1983, 1082. 
Nishiyama, K.; Watanabe, A. Chem. Lett. 1984, 455. 
Casey, M.; Moody, C. J.; Rees, C. W. J. Chem. Soc, Perkin 
Trans. 1 1984, 1933. 
Hedayatullah, M.; Guy, A.; Hugueny, J. C. J. Heterocycl. 
Chem. 1984, 21, 1385. 
Roesch, W.; Regitz, M. Angew. Chem., Int. Ed. Engl. 1984, 
23, 900. 
Niecke, E.; Schaefer, H.-G. Chem. Ber. 1982, 115, 185. 
Khmaruk, A. M.; Pinchuk, A. M. J. Org. Chem. USSR (Engl. 
Transl.) 1985, 20, 1645. 
Adam, G.; Andrieux, J.; Plat, M. Tetrahedron 1985, 41, 399. 
Adam, G.; Andrieux, J.; Plat, M. Tetrahedron Lett. 1983, 24, 
3609. 
Adam, G.; Andrieux, J.; Plat, M. Tetrahedron 1982, 38, 2403. 
Adam, G.; Andrieux, J.; Plat, M.; Viossat, B.; Rodier, N. Bull. 
Soc. Chim. Fr. 1983, 101. 
Gait, R. H. B.; Loudon, J. D.; Sloan, A. D. B. J. Chem. Soc. 
1958, 1588. 
Coombs, M. M. J. Chem. Soc 1958, 4200. 
Desbene, P. L.; Jehanno, N. J. Heterocycl. Chem. 1984, 21, 
1321. 
Escale, R.; El Khayat, A.; Vidal, J.-P.; Girard, J.-P.; Rossi, 
J.-C. J. Heterocycl. Chem. 1984, 21, 1033. 
Koehl, M.; Fleischhacker, W. Arch. Pharm. (Weinheim) 1983, 
316, 481. 
Flemming, C. A.; Gandhi, S. S.; Gibson, M. S.; Ruediger, E. 
H. Can. J. Chem. 1982, 60, 624. 
Afsah, E. M.; Metwally, M. A.; Khalifa, M. M. Monatsh. 
Chem. 1984, 115, 303. 
Shridhar, D. R.; Reddy Sastry, C. V.; LaI, B. Indian J. Chem., 
Sect. B 1983, 22B, 300. 



368 Chemical Reviews, 1988, Vol. 88, No. 2 Scriven and Turnbull 

(663 
(664 

(665 

(666 

(667; 

(668; 

(669: 

(670: 

(671 

(672 
(673' 
(674 
(675: 

(676 

(677 

(678 

(679: 

(680 
(681 

(682: 

(683 

(684: 

(685: 

(686 

(687 

(688 
(689 
(690 
(691 

(692 

(693 
(694 

(695 

(696: 

(697 

(698: 

(699 
(700, 

(701 
(702 

(703 

(704 

Wilbur, D. S. J. Heterocycl. Chem. 1984, 21, 801. (705 
Richter, R.; Tucker, B.; Ulrich, H. J. Org. Chem. 1983, 48, 
1694. (706' 
Duong, T.; Prager, R. H.; Were, S. T. Aust. J. Chem. 1983, 
36,1431. Clarke, S. I.; Prager, R. H. Aust. J. Chem. 1982, 35, (707 
1645. 
Fanghaenel, E. Z. Chem. 1965, 5, 386. (708: 
Fanghaenel, E.; Kuehnemund, K.-H.; Richter, A. M. Syn
thesis 1983, 50. (709, 
Fanghaenel, E.; Kuehnemund, K.-H.; Richter, A. M. Syn
thesis 1984, 319. (710 
Poleschner, H.; Boettger, J.; Fanghaenel, E. Synthesis 1984, 
667. (711 
Nakayama, J.; Sakai, A.; Tokiyama, A.; Hoshino, M. Tetra
hedron Lett. 1983, 24, 3729. (712 
Nakayama, J.; Fukushima, H.; Hashimoto, R.; Hoshino, M. 
J. Chem. Soc. 1982, 612. (713: 
Nakayama, J.; Sakai, A.; Tokita, S.; Hoshino, M. Heterocy-
cles 1984, 22, 27. (714 
Roettele, H.; Schroeder, G. Chem. Ber. 1982, 115, 248. 
GiIb, W.; Schroeder, G. Chem. Ber. 1982, 115, 240. 
Banks, R. E.; Prakash, A. J. Chem. Soc, Perkin Trans. 1 (715 
1974, 1365. 
Abed-Rabboh, M.; Banks, R. E.; Beagley, B. J. Chem. Soc, 
Chem. Commun. 1983, 1117. 
McKinnon, D. M. Can. J. Chem. 1983, 61, 1161 and refer
ences therein. (716: 
Vogel, E.; Kuebart, F.; Marco, J. A.; Andree, R. J. Am. Chem. 
Soc. 1983, 105, 6982. (717 
Washburne, S. S.; Peterson, W. R.; Berman, D. A. J. Org. 
Chem. 1972, 37, 1738. (718 
Le Count, D. J.; Dewsbury, D. J. Synthesis 1982, 972. 
Baydar, A. E.; Boyd, G. V. J. Chem. Soc, Perkin Trans. 1 
1981, 2871. 
Curtius, T.; Schmid, F. Ber. Dtsch. Chem. Ges. 1922, 55, 
1571. (719: 
Abramovitch, R. A.; Knaus, G.; Uma, V. J. Am. Chem. Soc. 
1969, 91, 7532. (720 
Abramovitch, R. A.; Knaus, G.; Uma, V. J. Org. Chem. 1974, (721 
39, 1101. 
Ayyangar, N. R.; Bambal, R. B.; Nikalje, D. D.; Srinivasan, 
K. V. Can. J. Chem. 1985, 63, 887. (722, 
Satake, K.; Mizushima, H.; Kimura, M.; Morosawa, S. Het-
erocycles 1985, 23, 195. 
Barlow, M. G.; Harrison, G. M.; Haszeldine, R. N.; Morton, (723 
W. D.; Shaw-Luckman, P.; Ward, M. D. J. Chem. Soc, Per
kin Trans. 1 1982, 2101. (724 
Wolff, L. Liebigs Ann. Chem. 1912, 394, 59. 
Suschitzky, H. Led. Heterocycl. Chem. 1980, 5, 1. (725 
Wentrup, C. Adv. Heterocycl. Chem. 1981, 28, 279. 
Scriven, E. F. V. In Reactive Intermediates; Abramovitch, R. (726 
A., Ed.; Plenum: New York, 1982; Vol. 2, p 1. 
Schrock, A. K.; Schuster, G. B. J. Am. Chem. Soc. 1984, 706, (727 
5228. Constantino, J. P.; Richter, H. W.; Go, C. H. L.; 
Waddell, W. H. Ibid. 1985, 707, 1744. (728 
Leyva, E.; Platz, M. S. Tetrahedron Lett. 1985, 26, 2147. 
Donnelly, T.; Dunkin, I. R.; Norwood, D. S. D.; Prentice, A.; (729 
Shields, C. J.; Thomson, P. C. P. J. Chem. Soc, Perkin 
Trans. 2 1985, 307. (730: 
Murata, S.; Sugawara, T.; Iwamura, H. J. Chem. Soc, Chem. 
Commun. 1984, 1198. (731 
Dunkin, I. R.; Thomson, P. C. P. J. Chem. Soc, Chem. Com
mun. 1980, 499. (732 
Schrock, A. K.; Schuster, G. B. J. Am. Chem. Soc. 1984, 706, (733 
5234. (734 
de Boer, T.; Cadogan, J. I. G.; McWilliam, H. M.; Rowley, A. 
G. J. Chem. Soc, Perkin Trans. 2 1975, 554. (735 
Sundberg, R. J.; Smith, R. H. J. Org. Chem. 1971, 36, 295. 
Scriven, E. F. V.; Thomas, D. R. Chem. Ind. (London) 1978, (736: 
385 
Mair, A. C ; Stevens, M. F. G. J. Chem. Soc. C 1971, 2317. 
Smalley, R. K.; Strachan, W. A.; Suschitzky, H. Synthesis (737 
1974, 503. 
Brown, T. B.; Lowe, P. R.; Schwalbe, C. H.; Stevens, M. F. 
G. J. Chem. Soc, Perkin Trans. 1 1983, 2485. (738 
Mustill, R. A.; Rees, A. H. J. Org. Chem. 1983, 48, 5041. 

Ohba, Y.; Kubo, S.; Nishiwaki, T.; Aratani, N. Heterocycles 
1984, 22, 457. 
Ohba, Y.; Kubo, S.; Nakai, M.; Nagai, A.; Yoshimoto, M. 
Bull. Chem. Soc. Jpn. 1986, 59, 2317. 
Azadi-Ardakani, M.; Salem, S.; Smalley, R. K.; Patel, D. I. J. 
Chem. Soc, Perkin Trans. 1 1985, 1121. 
Sawanishi, H.; Tajima, K.; Osada, M.; Tsuchiya, T. Chem. 
Pharm. Bull. 1984, 32, 4694. 
Ohba, Y.; Matsukura, L; Fukazawa, Y.; Nishiwaki, T. Het
erocycles 1985, 23, 287. 
Hirota, K.; Maruhashi, K.; Kitamura, N.; Asao, T.; Senda, S. 
J. Chem. Soc, Perkin Trans. 1 1984, 1719. 
Inoue, M.; Matsumoto, K.; Ohta, A. J. Heterocycl. Chem. 
1983 20 1277 
Abramovitch, R. A.; Cue, B. W., Jr. J. Org. Chem. 1980, 45, 
5316. 
Abramovitch, R. A.; Bachowska, B.; Tomasik, P. Pol. J. 
Chem. 1984, 58, 805. 
Hollywood, F.; Nay, B.; Scriven, E. F. V.; Suschitzky, H.; 
Khan, Z. U.; Hull, R. J. Chem. Soc, Perkin Trans. 1 1982, 
421. 
Hollywood, F.; Khan, Z. U.; Scriven, E. F. V.; Smalley, R. K.; 
Suschitzky, H.; Thomas, D. R. J. Chem. Soc, Perkin Trans. 
1 1982, 431. Sawanishi, H.; Tsuchiya, T. Heterocycles 1984, 
22, 2725. Sashida, H.; Fujii, A.; Hiroyuki, T.; Tsuchiya, T. 
Ibid. 1986, 24, 2147. 
Hiroyuki, S.; Sashida, H.; Tsuchiya, T. Chem. Pharm. Bull. 
1985, 33, 4564. 
Khan, Z. U.; Patel, D. L; Smalley, R. K.; Scriven, E. F. V.; 
Suschitzky, H. J. Chem. Soc, Perkin Trans. 1 1983, 2495. 
Carroll, S. E.; Nay, B.; Scriven, E. F. V.; Suschitzy, H.; 
Thomas, D. R. Tetrahedron Lett. 1977, 3175. Khan, Z. U.; 
Nay, B.; Scriven, E. F. V.; Suschitzky, H. J. Chem. Soc, 
Perkin Trans. 1 1982, 671. Sawanishi, H.; Hirai, T.; Tsu
chiya, T. Heterocycles 1984, 22, 1501. 
Spry, D. O.; Bhala, A. R.; Spitzer, W. A.; Jones, N. D.; 
Swatzendruber, J. K. Tetrahedron Lett. 1984, 24, 2531. 
Reed, J. O.; Lwowski, W. J. Org. Chem. 1971, 36, 2864. 
Radziszewski, J. G.; Downing, J. W.; Jawdosiuk, M.; Kovacic, 
P.; Michl, J. J. Am. Chem. Soc. 1985, 707, 594 and references 
therein. 
Radziszewski, J. G.; Downing, J. W.; Wentrup, C; Kaszynski, 
P.; Jawdosiuk, M.; Kovacic, P.; Michl, J. J. Am. Chem. Soc. 
1984, 706, 7996. 
Reagents for Organic Synthesis 1, 1178; 2, 415; 3, 291; 4, 510; 
6, 597; 9, 472. 
Shioiri, T.; Yamada, S. J. Synth. Org. Chem. Jpn. 1973, 37, 
666. 
Reagents for Organic Synthesis 4, 210; 5, 280; 6, 193; 7, 138; 
8, 211; 70, 173; 77, 222; 12, 217. 
Mori, S.; Sakai, I.; Aoyama, T.; Shioiri, T. Chem. Pharm. 
Bull. 1982, 30, 3380. 
Hamada, Y.; Kato, S.; Shioiri, T. Tetrahedron Lett. 1985, 26, 
3223. 
Hamada, Y.; Shibata, M.; Shioiri, T. Tetrahedron Lett. 1985, 
26, 6501. 
Hamada, Y.; Shibata, M.; Shioiri, T. Tetrahedron Lett. 1985, 
26, 5155. 
Hamada, Y.; Shibata, M.; Shioiri, T. Tetrahedron Lett. 1985, 
26, 5159. 
Kato, S.; Hamada, Y.; Shioiri, T. Tetrahedron Lett. 1986, 27, 
2653. 
Trost, B. M.; Romero, A. G. J. Org. Chem. 1986, 57, 2332. 
Hamada, Y.; Shioiri, T. Tetrahedron Lett. 1982, 23, 235. 
Atkinson, R. S. Ref 11, p 247. Nishiyama, K. Yuki Gosei 
Kagaku Kyokaishi 1985, 43, 176. 
Reagents for Organic Synthesis 1,1236; 3, 316; 4, 542; 5, 719; 
6, 632; 9, 21; 70, 14; 77, 32; 72, 37. 
Pollock, B. D.; Fisco, W. J.; Kramer, H.; Forsyth, A. C. In 
Energetic Materials; Fair, H. D., Walker, R. F., Eds.; Ple
num: New York, 1977; Vol. 2, p 73. 
Ford, W. T., Ed. Polymeric Reagents and Catalysts; ACS 
Symposium Series 308; American Chemical Society: Wash
ington, DC, 1986. 
Evans, D. A.; Britton, T. C. J. Am. Chem. Soc. 1987, 709, 
6881. 


