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Applications in Natural Product Synthesis
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Abstract: The intramolecular Schmidt reaction was first described at the beginning of the 1990s and rapidly proved 
to be a powerful tool for the fast assembly of complex nitrogen-containing heterocycles. This review focuses on the 
application of this reaction in the synthesis of natural products and other biologically relevant compounds.
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ment. Cation 1.8a loses water to give the 
iminodiazonium intermediate 1.9, which 
undergoes a 1,2 shift of an alkyl group de-
livering the nitrilium ion 1.10. Trapping of 
1.10 by water gives the amide 1.7. In few 
cases, a pinacol-like mechanism involving 
concerted rearrangement of the tetrahedral 
intermediate 1.8b with concomitant loss of 
nitrogen has also been proposed [9][10].

A recent application of the carboxylic 
acid Schmidt reaction is shown in Scheme 2 

[11]. (+)-Camphoric acid 2.1 reacts with so-
dium azide in the presence of sulfuric acid 
to afford diamine 2.2 in 91% yield. 

The regioselectivity of the Schmidt re-
arrangement is controlled by a delicate bal-
ance between the two mechanisms depicted 
in Scheme 1(b) and by the stereochemistry 
of the intermediate iminodiazonium salts. 
For example, the reaction of bicyclic ketone 
3.1 affords a 77:23 mixture of 3.2 and 3.3 in 
62% yield (Scheme 3) [12][13]. The pref-
erential formation of 3.2 results from the 
preferential formation of the E-iminodia-
zonium cation E-3.4 followed by 1,2-shift 
of the bridgehead substituent. The Z-isomer 
Z-3.4 affords 3.3; the product resulting from 
the migration of the methylene residue. 

An interesting rearrangement of alkyl 
azides has been reported by Andrieux et 
al. [14]. Dihydropyrrole 4.2 is obtained by 
treatment of cyclobutanol 4.1 with hydra-
zoic acid and sulfuric acid (Scheme 4). Re-
duction of 4.2 followed by N-methylation 
gives nicotine 4.3. The rearrangement in-
volves the formation of the azide 4.4 fol-
lowed by protonation to the aminodiazo-
nium ion 4.5 and ring expansion via a C to 
N 1,2 alkyl shift.

Despite the synthetic usefulness of the 
reaction involving the formation of lactams 
from ketones and amines from carboxylic 
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1. Introduction

The Schmidt reaction describes the reaction 
of carbonyl compounds, such as carboxylic 
acids, ketone and aldehydes, with hydra-
zoic acid under protic conditions resulting 
in the insertion of a nitrogen atom in a C–C 
bond [1–6]. The reaction is also known as 
the Schmidt rearrangement and is closely 
related to the Hofmann and the Curtius re-
arrangements [7]. Carboxylic acid 1.1 re-
acts with hydrazoic acid to afford primary 
amines 1.2 (Scheme 1(a)). The reaction 
goes through the protonated acyl azide 1.3 
that undergoes a rearrangement to give the 
protonated isocyanate 1.4. Hydrolysis of 
1.4 affords the carboxylated amine 1.5 that 
spontaneously loses CO2 to deliver the final 
primary amine 1.2. The Schmidt reaction 
with ketones is depicted in Scheme 1(b). 
Treatment of ketone 1.6 with hydrazoic 
acid gives the amide 1.7. The mechanism 
involves the formation of the intermediate 
triaz-1-yn-2-ium ion 1.8 [8]. Two pathways 
have been proposed depending on the nature 
of the starting ketone. The first pathway is 
closely related to the Beckmann rearrange-

Scheme 1. Intermolecular Schmidt reactions with 
carboxylic acids and ketones

Scheme 2. Schmidt reaction for the conversion 
of carboxylic acids into amines [11]
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acids, the intermolecular Schmidt reaction 
suffers from two important drawbacks. First, 
the strongly acidic conditions are not com-
patible with sensitive substrates and second, 
hydrazoic acid is highly toxic and explosive 
upon heating. For a very long time, the reac-
tion was unjustifiably suspected to be limit-
ed to hydrazoic acid and similar reagents as 
azide sources. Alkyl azides were believed 
to be too weak as nucleophiles for this kind 
of rearrangements. However, in the early 
1990s, Aubé and Milligan [15] and Pear-
son and Schkeryantz [16] independently 
reported the first examples of intramolecu-
lar Schmidt reaction of alkyl azides with 
ketones and tertiary carbocations generated 
from alkenes and alcohols. These pioneer 
works have triggered many developments 
and applications towards the total syntheses 
of natural products and other biologically 
relevant molecules. This review presents a 

selection of recent applications of the in-
tramolecular Schmidt reaction. Results are 
organized according to the method used to 
generate the electrophilic species. 

2. Reactions of Azido Ketones

Aubé and coworkers reported that azido 
ketone 5.1 affords the fused bicyclic lactam 
5.2 in 83% yield under treatment with tri
fluoroacetic acid (Scheme 5) [15][17]. The 
protonated ketone 5.3 reacts with the azide 
moiety to form the azidohydrin 5.4 that re-
arranges readily to the lactam 5.2. Similar 
results are obtained under Lewis acid acti-
vation with titanium tetrachloride. Benzylic 
azides afford variable mixtures of Schmidt 
and Mannich reactions [18]. Intermolecular 
reactions between cyclic ketones and alkyl 
azides are possible in some cases under 
strong Lewis acidic conditions [19][20]. 

Aubé and coworkers applied the in-
tramolecular Schmidt reaction to the to-
tal synthesis of (+)-aspidospermidine 6.5 
(Scheme 6) [21][22]. Azido diketone 6.3 is 
obtained in ten steps starting from the easily 
available enone 6.1 and cyclopentanone 6.2. 
Intramolecular Schmidt reactions are more 
facile when six-membered ring azidohy-
drins such as 6.6 are involved rather than 
five-membered ring azidohydrins [15][17]. 
Therefore, diketone 6.3 reacts with com-
plete regioselectivity under treatment with 
TiCl4 to deliver the tricyclic ketolactam 6.4 
as a single product in 82% yield. Conver-
sion of 6.4 to (+)-aspidospermidine 6.5 is 
achieved in seven steps and 43% yield.

Aubé and coworkers reported the total 
synthesis of indolizidine 209B [23], (–)-
lasubine II [24], and dendrobatid alkaloid 
251F 7.4 using the rearrangement of an 
azido ketone (Scheme 7) [25][26]. Easily 
accessible enantioenriched carboxylic acid 
7.1 is converted in eight steps and 13% yield 
into the azido ketone 7.2. Treatment of 7.2 
with trifluoromethanesulfonic acid affords 
the tricyclic lactam 7.3 in 79% yield. Alka-

loid 251F 7.4 is obtained by reduction of the 
lactam with lithium aluminium hydride.

The first total synthesis of (+)-sparteine 
8.1, the enantiomer of naturally occurring 
(–)-sparteine was recently achieved by Aubé 
and coworkers (Scheme 8) [27]. The elegant 
retrosynthetic analysis consists in preparing 
the tetracyclic structure 8.2 of the target by 
using sequential nitrogen ring-expansion 
reactions on a bicyclic substrate that would 
ultimately be derived from the C2-symmet-

Scheme 3. Regioselectivity in the rearrangement 
of bridged bicyclic ketones [12]

Scheme 4. Synthesis of nicotine 4.3 by Andrieux 
et al. [14]

Scheme 5. Bicyclic lactam by Aubé and 
coworkers [15][17]

Scheme 6. Total synthesis of (+)-aspidospermidine 
6.5 by Aubé and coworkers [21][22]

Scheme 7. Total synthesis of alkaloid 251F 7.4 by 
Aubé and coworkers [25][26]
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rical ketone 8.3. Diketone 8.3 is prepared 
in optically pure form via enantioselective 
bishydrosilylation of norbornadiene and is 
converted in six steps to the azido ketone 8.4, 
which undergoes a titanium tetrachloride 
promoted Schmidt reaction affording the 
first ring expanded lactam 8.5. The iodide 
8.6 was prepared from 8.5 in five steps and 
72% yield and could be easily converted to 
the corresponding azide. However, the sec-
ond intramolecular Schmidt reaction failed, 
presumably due to the absence of coordina-
tion of the ketone carbonyl group by protic 
and Lewis acids. The second ring expansion 
could be achieved under neutral conditions 
with a variant of the photo-Beckmann re-
arrangement. For this purpose, the nitrone 
8.7 is prepared and irradiated at 254 nm to 
give the oxaziridine 8.8, which undergoes 
the desired rearrangement to the lactam 8.9 
in 76% yield. Reduction of 8.9 with lithium 
aluminium hydride gives (+)-sparteine 8.1 
in 15% yield from norbornadione 8.3.

Desmaële and d’Angelo and coworkers 
applied the intramolecular Schmidt reaction 
of azido ketones to access the homoeryth-
rina skeleton (Scheme 9) [28]. Starting 
from 6,7-dimethoxy-2-tetralone 9.1 and the 
iodoester 9.2, the spirocyclic azidoketone 
9.3 is prepared in five steps. Under treat-
ment with trifluoroacetic acid, 9.3 leads 
to the lactam 9.4 in 85% yield as a single 
product. Reduction with lithium aluminium 
hydride gives 3-demethoxy-1,2-dihydroco-
mosidine 9.5.

Since both Diels-Alder and intramo-
lecular Schmidt reactions are catalyzed by 
Lewis acids, it is very attractive to develop 
a domino process involving these two reac-

tions. The first example of such a sequential 
process was developed by the Aubé group 
and is based on an intramolecular Diels-Al-
der reaction followed by an intramolecular 
Schmidt reaction. It was applied to a for-
mal synthesis of (±)-stenine 10.6 (Scheme 
10) [29]. The azidodiene 10.1 is treated 
with methylaluminium dichloride to afford 
a mixture of the three lactams 10.2, 10.3, 
and 10.4. The major product 10.2 is easily 
converted to 10.5, an advanced intermedi-
ate for the synthesis of (±)-stenine 10.6. 
The regioselective formation of 10.2 during 
the Schmidt reaction is rationalized assum-
ing an antiperiplanar C to N bond migra-
tion from the intermediate azidohydrin 10.7 
possessing an equatorial diazonium leaving 
group (migrating bonds are shown in bold 
in structure 10.7). 

A further development of this domi-
no strategy involving an intermolecular 
Diels-Alder reaction and an intramolecu-
lar Schmidt reaction was recently pub-
lished by the same group. This approach is 
illustrated by the preparation of the fused 
bicyclic ketoamide 11.2 starting from the 
readily available azido diene 11.1. Reaction 
of 11.1 with methyl vinyl ketone in the pres-
ence of tin tetrachloride afforded the rear-
ranged lactam 11.2 in 60% yield [30] via the 
Diels-Alder adduct 11.3 (Scheme 11).

This procedure has been applied for a 
second very elegant and short total syn-
thesis of (±)-stenine 10.6 from the diene 
12.1 (available in three steps from a known 
β-ketophosphonate) and cyclohexenone 
(Scheme 12) [31]. The complex tricyclic 

Scheme 8. The first total synthesis of (+)-sparteine 
8.1 by Aubé and coworkers [27]

Scheme 9. Total synthesis of homoerythrina 
alkaloids by Desmaële and d’Angelo and 
coworkers [28]

Scheme 10. Synthesis 
of (±)-stenine 10.6 
according to Aubé 
and coworkers 
via a domino 
reaction involving 
intramolecular Diels-
Alder and Schmidt 
reactions [29] (LA = 
Lewis acid).
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core structure 12.2 was obtained in 53% 
yield using tin tetrachloride as a catalyst. 
The synthesis of racemic stenine 10.6 was 
subsequently achieved in five steps with an 
overall yield of 16%.

3. Reactions of Azido Ketals, 
Hemiketals, and Enol Ethers

Aubé and coworkers have shown that 
azido ketals are converted to lactams via a 
mechanism closely related to the Schmidt 
reaction of azido ketones. For example, azi-
do ketal 13.1 gives 13.2 in 94% yield under 
treatment with trimethylsilyl triflate and NaI 
[32] (Scheme 13). The reaction involves the 
formation of the oxonium ion 13.3 that reacts 
with the azide to form 13.4, which undergoes 
a rearrangement to the methoxyiminium ion 
13.5. Finally, demethylation of 13.5 with 
NaI affords the bicyclic lactam 13.2. Simi-
lar results are obtained by using methyl enol 
ethers. With these substrates, simple proto-
nation generates the required oxonium ions. 
For example, enol ether 13.6 affords lactam 
13.7 in 89% yield when treated with trifluo
roacetic acid. 

The group of Aubé reported an efficient 
nitrogen ring-expansion process based on 
the intermolecular reaction of a ketone 
with an azido alcohol in the presence of a 

Lewis acid [33–36]. The reaction is facili-
tated by in situ hemiketal formation. By 
using a chiral azido alcohol, it is possible 
to develop an asymmetric version of this 
reaction allowing the desymmetrization of 
cyclohexanone derivatives [37]. A typical 
example is shown in Scheme 14 [38][39]. 
4-tert-Butylcyclohexanone 14.1 reacts 
with the chiral azido alcohol 14.2 in the 
presence of BF3·OEt2 to afford the amide 
14.3 in quantitative yield and excellent di-
astereoselectivity (dr 95:5). The reaction 
involves the formation of the hemiketal 
14.4 that gives under Lewis acid catalysis 
the oxonium ion 14.5. Nucleophilic addi-
tion of the azide to the oxonium ion affords 
the aminodiazonium intermediate 14.6. 
The nitrogen atom occupies an equatorial 
position relative to the cyclohexanone ring 
[40]. In the reactive conformation of the 
tetrahydrooxazine, the phenyl ring occu-
pies the more stable equatorial position. In 
order to allow an antiperiplanar migration 
of an adjacent alkyl group, the N2

+ leav-
ing group should occupy an axial position 
(migrating bonds are shown in bold in 
structure 14.6). 

4. Reactions of Azido Alkenes 

Pearson and Fang have investigated the 
reaction of azides with carbocations gener-
ated from alkenes. Besides intermolecular 
reactions [41][42], several examples of in-
tramolecular processes are described [43]. 
The azido alkene 15.1 is easily converted 
to the bicyclic alkene 15.2 by treatment 
with trifluoromethanesulfonic acid [16] 
(Scheme 15). The reaction involves proton
ation of the olefin to produce the benzylic 
cation 15.3, which is captured by the azide 
to form the aminodiazonium ion 15.4. Mi-
gration of an adjacent alkyl group leads to 
the cation 15.5 and finally to the olefin 15.2 
after loss of a proton. 

Scheme 11. Domino process involving an 
intermolecular Diels-Alder reaction and an 
intramolecular Schmidt reaction by the Aubé 
group [30]

Scheme 12. Total synthesis of (±)-stenine 10.6 using a domino intermolecular 
Diels-Alder reaction–intramolecular Schmidt reaction process by Aubé and 
coworkers [31]

Scheme 13. Synthesis of lactams starting from 
azido ketals and azido enol ethers by Aubé and 
coworkers [32]

Scheme 14. Asymmetric Schmidt reaction with 
azido alcohols by Aubé and coworkers [39]

Scheme 15. Preparation of a bridged bicyclic 
amine from an azidoalkene by Pearson and 
Schkeryantz [16]
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The synthesis of indolizidines from 
methylenecyclopentane derivatives was 
also examined (Scheme 16). Treatment of 
the azido alkene 16.1 with trifluoromethane
sulfonic acid followed by reduction of the 
intermediate iminium salt with NaBH4 
gives the expected product 16.2 together 
with its regioisomer 16.3 in 71% yield [44]. 
This unexpected lack of regioselectivity in-
dicates that the reaction is not going through 
cyclization of the carbocation 16.4 leading 
to the aminodiazonium ion 16.5 followed 
by rearrangement to the iminium 16.6. 
In fact, a 1,2 hydride shift converting the 
initial carbocation 16.4 into 16.7 is taking 
place. Cyclization of the azido cation 16.7 
affords the spirocyclic aminodiazonium 
salt 16.8, which undergoes a non-selective 
alkyl group migration. The lack of regiose-
lectivity is surprising since it was expected 
that migration of the most substituted alkyl 
group should prevail. This result is best ex-
plained by a stereoelectronic control of the 
regioselectivity. The aminodiazonium ion 
16.8 exists as two rapidly interconverting 
conformers 16.8a and 16.8b that undergo a 
selective antiperiplanar migration of the ad-
jacent alkyl group. Finally, the two iminium 
ions 16.9 and 16.10 are reduced by sodium 
borohydride to the corresponding indolizi-
dines 16.2 and 16.3.

Pearson and Fang observed the prefer-
ential migration of aromatic residues rela-
tive to aliphatic ones [45]. This selective 
migration has been used for the formal total 
synthesis of (±)-gephyrotoxin 17.7 (Scheme 
17). The bromo azide 17.2, obtained in nine 
steps and 45% yield from commercially 
available indanone 17.1, affords tricyclic 
bromo amines upon treatment with trifluo
romethanesulfonic acid followed by in situ 
reduction of the iminium ion intermediates 
17.3 and 17.4 with L-Selectride® (= lithium 
tri-sec-butylborohydride). The crude bro-
mides are converted into the corresponding 
alcohols 17.5 (45%) and 17.6 (10%) by treat-
ment with Bu4NaOAc and reduction of the 
acetate by LiAlH4. The amino alcohol 17.5 
has already been further reduced by Ito et 
al. [46] to an advanced intermediate in Kishi 
and coworkers’ total synthesis of gephyro-
toxin [47].

A mercury-promoted intramolecular 
Schmidt reaction, developed by Pearson et 
al., has solved the problem of regioselectiv-
ity due to the rearrangement of carbocations 
discussed above (Scheme 16). For instance, 
under protic conditions, (methylenecyclo
hexyl)propyl azide 18.1 gives a 1:1 mixture of 
the regioisomers 18.2 and 18.3. The mercuric 
perchlorate promoted reaction affords 18.2 as 
a single regioisomer [48] (Scheme 18). This 

process begins with the formation of the mer-
curonium ion 18.4 or its equivalent that reacts 
with the azide to produce the aminodiazonium 
ion 18.5 without cationic rearrangement. Se-
lective migration of the adjacent alkyl group 
affords the iminium 18.6 that is reduced by 
sodium borohydride to 18.2. Interestingly, 
migration of mercurioalkyl groups seems to 
be inhibited. For instance, conversion of 18.7 
to 18.8 results from a selective migration of 
the aryl group. No migration of the mercurio-
alkyl group is observed although migration 
of the corresponding alkyl group is observed 
when the rearrangement proceeds under pro-
tic conditions. 

5. Reactions of Azido Alcohols 

Pearson and coworkers have shown that 
azido alcohols can serve as starting materi-
als for the Schmidt rearrangement [44]. The 
benzylic tertiary azido alcohol 19.1 gives 
indolizidine 19.2, a potential dopamine 
analogue, as a single regioisomer in 68% 
yield upon treatment with tin tetrachloride 
followed by reduction with BH3·SMe2 
(Scheme 19) [49]. This transformation in-
volves a stabilized benzylic carbocation 
19.3 that does not rearrange as previously 
discussed for 16.4 (see Scheme 16). 

Scheme 16. Preparation of indolizidines from methylenecyclopentane 
derivatives according to Pearson et al. [44]

Scheme 17. Formal total synthesis of (±)-
gephyrotoxin 17.7 by Pearson and Fang [45]
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Carbocations generated from tertiary 
azido alkanols undergo a 1,2 hydride shift 
before reacting with the azide (as shown 
for the azido alkenes in Scheme 16). This 
is illustrated by the conversion of 20.1 into 
a 1.3:1 mixture of indolizidine 167B 20.2 
and its regioisomer 20.3 in 35% yield upon 
treatment with trifluoromethanesulfonic 
acid (Scheme 20).

An elegant solution to the regioselectiv-
ity problem was proposed for the synthesis 
of (±)-indolizidine 167B 20.2 (Scheme 21) 
[44]. Exposing the cyclic azido alcohol 21.2, 
available in six steps from 1,5-dicyclooctane 
21.1, to trifluoromethanesulfonic acid fol-
lowed by reduction with sodium borohydride 
affords (±)-indolizidine 167B 20.2 (Scheme 
20) [44]. Intramolecular nucleophilic addi-

tion of the azide to the carbocation converts 
21.3 into the symmetrical bridged bicyclic 
aminodiazonium ion 21.4. 1,2-Alkyl shift 
with extrusion of N2 affords an iminum ion 
that is stereoselectively reduced anti to the 
propyl chain to deliver 20.2.

6. Reaction of Azido Epoxides

Baskaran and coworkers have investi-
gated the intramolecular Schmidt reaction 

starting from azido epoxides [50][51]. For 
instance, treatment of the optically active 
epoxide 22.1 with ethylaluminium dichlo-
ride followed by sodium borohydride af-
forded indolizidine 22.2 as a single regio
isomer (Scheme 22). This is remarkable 
since proton promoted reactions starting 
from either alkenes (Scheme 16) or tertiary 
alcohols (Scheme 20) lead to mixtures of 
regioisomers due to rearrangement of the 
initially formed carbocation. Indolizidine 
22.2 is easily converted into (–)-indolizi-
dine 167B 20.2 and 209D 22.3 via tosylation 
of the alcohol followed by reaction with 
R2Cu(CN)MgBr (R = Et, nC5H11) [52].

An interesting tandem reaction involving 
a cationic cyclization followed by a Schmidt 
reaction has been reported [50] (Scheme 
23). Treatment of the epoxide 23.1, easily 
prepared from geraniol, with ethylalumin-
ium dichloride followed by reduction with 
sodium borohydride gives azepine 23.2. The 
aminodiazonium ion 23.3 was proposed as  
a plausible intermediate that undergoes a 
regioselective migration of the alkyl group 
anti to the N2 leaving group.

Another cascade reaction involving 
an intramolecular Schmidt reaction was 
reported by Murphy (Scheme 24) [53]. 
Treatment of the azido epoxide 24.1 with 
BF3·OEt2 gives the tricyclic amino ketone 
24.2 in 94% yield. The reaction involves 
the formation of the aminodiazonium ion 
24.3 followed by an aryl migration leading 

Scheme 18. Mercury(II) promoted Schmidt reaction of azido alkenes by 
Pearson et al. [48]

Scheme 19. Regioselective preparation of the 
dopamine analogue 19.2 by Pearson [49]

Scheme 20. Schmidt rearrangement of the azido alcohol 20.1 to (±)-
indolizidine 167B 20.2 and its regioisomer 20.3 by Pearson and Gallagher 
[44]

Scheme 21. Regioselective synthesis of indolizi
dine 167B 20.2 by Pearson and Gallagher [44]

Scheme 22. Synthesis of (–)-indolizidine 167B 
20.2 and 209D 22.3 by Reddy and Baskaran 
[51]
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to the iminium ion 24.4 which eventually 
rearranges (1,2 alkyl shift) to the desired 
arylamino ketone 24.2.

7. Boyer and Related Reactions

Mechanistically akin to the Schmidt 
reaction, the Boyer reaction refers to the 
reaction of 2-azidoalcohols with aldehydes 
leading to 4,5-dihydro-1,3-oxazole and 5,6-
dihydro-4H-1,3-oxazine [54]. For example, 
benzaldehyde 25.1 reacts with 1-azido-2-
propanol 25.2 in the presence of sulfuric ac-
id to give 5-methyl-2-phenyl-4,5-dihydro-
1,3-oxazole 25.3 in 80% yield (Scheme 25). 
This reaction does not involve the migration 
of an alkyl but the elimination of a proton 
from aminodiazonium ion 25.4 instead.

In their work on the estrone skeleton, 
Schneider and coworkers have reported a 
similar reaction of the azido alcohol 26.1 
with benzaldehyde catalyzed by BF3·OEt2 
(Scheme 26) [55]. Dihydrooxazine 26.2 is 
isolated in 82% yield.

Magnus and Matthews developed a 
closely related process for the synthesis of 
a model system related to the total synthesis 
of tetrahydroquinoline alkaloids such as sa-
framycin A, lemonomycin, and ecteinasci-
din 743 [56] (Scheme 27). In this reaction, 

the tricyclic lactam 27.3 is prepared from 
the azido sulfide 27.1 by treatment with 
N-chlorosucciminide and tin tetrachloride 
followed by hydrolysis of the intermedi-
ate thiophenylimino ether 27.2. The reac-
tion involves the intramolecular addition of 
the azide to a sulfonium ion leading to the 
aminodiazonium ion 27.4. 

Molina et al. reported that the azido 
alkene 28.1 gives the pyrroline 28.2 in 72% 
yield upon treatment with trifluorometh-
anesulfonic acid followed by triethyl-
amine (Scheme 28) [57]. The reaction goes 
through the benzylic carbocation 28.3 that 
cyclizes to the aminodiazonium ion 28.4.

Recently, Toste and coworkers de-
scribed a gold(i)-catalyzed method for the 
preparation of heavily substituted pyrroles 
from homopropargylic azides [58]. A typi-
cal example is shown in Scheme 29. The 
homopropargylic azide 29.1 gives the pyr-
role 29.2 in 82% yield in the presence of 
a gold(i) catalyst. The mechanism presum-
ably involves an initial gold promoted en-
do-dig cyclization (depicted in 29.3) lead-
ing to 29.4. Subsequent loss of dinitrogen 
produces the cationic intermediate 29.5. A 
formal 1,2 shift regenerates the gold(i) cata-
lyst and produces the 2H-pyrrole 29.6 that 
tautomerizes to the 1H-pyrrole 29.2.

Scheme 23. Synthesis of diazepine 23.2 from 
geraniol by Baskaran and coworkers [50]

Scheme 24. Cascade reaction starting from the 
azido epoxide 24.1 by Murphy and coworkers 
[53]

Scheme 25. Preparation of 5-methyl-2-phenyl-
4,5-dihydro-1,3-oxazole according to Boyer and 
Hamer [54]

Scheme 26. Synthesis of dihydrooxazine 26.2 via a Lewis acid catalyzed 
Boyer reaction by Schneider et al. [55]

Scheme 27. Preparation of the lactam 27.3 from an azido sulfide by Magnus 
and Matthews [56]

Scheme 28. Preparation of the pyrroline 28.2 
by cyclization of an azido alkene by Molina et 
al. [57]
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The preparation of lactams from azido 
aldehydes represents an interesting exten-
sion of the Boyer reaction. Horton and 
coworkers described the cyclization of the 
azido aldehyde 30.1 to d-xylonolactam 30.2 
in 84% yield (Scheme 30) [59]. The reac-
tion is promoted by titanium tetrachloride 
and involves the formation of the intermedi-
ate azidohydrin 30.3. Hirai et al. applied this 
reaction for the synthesis of pyrrolidinone 
derivatives as illustrated by the conversion 
of 30.4 to 30.5 in 65% yield (Scheme 30) 
[60]. 

8. Rearrangement of Azido Boranes

The intermolecular reaction of organo
boranes with azides was first described by 
Brown et al. [61][62] and represents a use-
ful method for the amination of organobo-
ranes [63]. Its mechanism is closely related 
to the Schmidt reaction. An intramolecular 
version was reported by Evans and Weber 
in the synthesis of the cyclic hexapeptide 
echinocandin D [64] (Scheme 31). The 
azido alkene 31.1 was converted to 31.2 via 
the intermediate aminodiazonium 31.3 (mi-
grating bonds are shown in bold in structure 
31.3). This reaction was further examined 
by Sabol and coworkers [65] and Salmon 
and Carboni [66]. More recently, the Leb-
reton group reported an elegant synthesis 
of tobacco’s pyrrolidine and piperidine al-
kaloids using this rearrangement as the key 
step. For example, the synthesis of nicotine 
4.3 involves the conversion of the azido 
alkene 31.4 into the pyrrolidine 31.5 via 
hydroboration with dicyclohexylcatechol-
borane [67].

9. Conclusion

The intramolecular Schmidt reactions 
and related rearrangements are very attrac-
tive processes that can be used for the syn-
thesis of N-containing heterocycles com-
monly found in alkaloids. The use of Lewis 
acids to promote the Schmidt reaction has 
considerably extended its scope. Further 
developments to achieve better control of 
the regio- and stereoselectivity are still re-
quired.

Scheme 29. Gold(i)-catalyzed preparation of 
pyrroles from homopropargylic azides by Toste 
and coworkers [58] 

Scheme 30. Preparation of lactams from azido 
aldehydes by Horton and coworkers [59] and 
Hirai and coworkers [60]

Scheme 31. Preparation of the trisubstituted 
pyrrolidine 31.2 (building block for the synthesis 
of echinocandin D) by Evans and Weber [64] and 
nicotine 4.3 by Lebreton and coworkers [67]
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