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Abstract

Natural products bearing a triazaspirocyclic motif have received significant attention in recent 

years. These compounds, which feature three nitrogen atoms attached to one quaternary carbon 

forming a spirocyclic scaffold, exhibit a wide range of biological activity and have promising 

applications in materials as well as in drug discovery. In this review article, we will discuss 

triazaspirocycles in Nature, their biological activity, and applications. Methods for the synthesis of 

triazaspirocycles as well as the reactivity of triazaspirocyclic scaffolds will be reviewed.
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1. INTRODUCTION

Spirocyclic molecules are defined as polycyclic compounds in which two or more rings are 

connected by a single quaternary center designated as the spiroatom. These unique structures 

are widely present in natural products and find numerous applications in drug discovery due 

to their rigid three dimensionality. While spirocyclic systems containing all carbon 

quaternary centers have been the subject of numerous total syntheses and synthetic 

methodologies [1-3], spirocyclic compounds containing heteroatoms have historically 

received less attention. Of these heterocyclic spirocycles, spiroketals have been most well-

studied due to their presence in insect pheromones and other natural products [4-8].

Triazaspirocycles, compounds that contain three nitrogen atoms attached to one quaternary 

carbon forming a polycyclic system, comprise a group of previously overlooked scaffolds 

that have garnered attention in recent years [9-17]. This review will describe both 

triazaspirocycles and their related derivatives, natural products bearing this motif and the 

biological activity thereof, and reactivity and synthetic routes to access triazaspiro 

functionalities developed to date.
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2. NOMENCLATURE

For the purposes of this review, a triazaspirocycle is defined as a polycyclic system 

connected by a quaternary carbon bearing three nitrogen atoms and one carbon atom. 

Triazaspirocycles can be categorized as one of two types; a “free” triazaspirocycle, in which 

the spiroatom is the only direct union between the two rings of the spirocyclic scaffold, and 

a “non-free” or “tethered” triazaspirocycle, in which two rings connected by a single 

spiroatom are also connected by another ring, Fig. (1).

Nomenclature for triazaspirocyclic systems is decidedly complex and will thus be briefly 

discussed. Free triazaspiro-cycles in this review will be named according to IUPAC 

nomenclature [18]. Triazaspirocycles bearing only monocyclic ring systems are named by 

placing the prefix “spiro” in front of the name which corresponds to an acyclic hydrocarbon 

chain possessing the same number of atoms as the spiro-cycle (Fig. 2a). The number of 

atoms in each ring of the spirocycle (not including the spiroatom) is denoted in the bracketed 

von Baeyer descriptor (e.g. [4.4]). Numbering for each ring starts at the atom adjacent to the 

spiroatom. Skeletal replacement nomenclature is used to indicate heteroatoms in spirocyclic 

systems containing only monocyclic rings (e.g. 1,4,6-triaza). Spirocycles containing 

polycyclic ring components which do not conform to skeletal replacement nomenclature are 

denoted by indicating the position of the spiroatom on each ring between the names of the 

two rings (Fig. 2b). Substituents are indicated at the beginning of the name, if applicable.

Polyspiro ring systems follow similar rules as monospiro systems (Fig. 3a). The number of 

spiro unions is denoted by “dispiro,” “trispiro,” etc. Numbering begins at the smallest ring at 

the atom adjacent to the spiroatom and continues through each spiroatom to the terminal 

ring system before returning back to the first spiro atom, taking the shortest pathway through 

each spiroatom. The number of atoms linking each spirocycle is denoted in the bracketed 

von Baeyer descriptor, using superscripts to indicate the locant of spiroatoms reached for a 

second time (e.g. [4.0.46.35]). Skeletal replacement nomenclature is used to indicate 

heteroatoms in polyspirocyclic systems containing only monocyclic rings.

Polyspiro ring systems containing polycyclic ring components which do not conform to 

skeletal replacement nomenclature are denoted by indicating the position of the spiroatom 

on each ring between the names of the rings (Fig. 3b).

Tethered triazaspirocycles bearing two ortho fusions are named using nomenclature for 

fused ring systems (Fig. 4a). Tethered triazaspirocycles containing bridges as well as fused 

ring systems are named according to both fused ring system nomenclature and the von 

Baeyer system for naming polycyclic compounds (Fig. 4b). Bivalent bridges derive their 

names from the corresponding unbranched hydrocarbon containing the same number of 

atoms, changing the final letter to an “o” instead of an “e” (e.g. methano). The locants of the 

attachment points of the bridge are noted before each bridge name. Bivalent homogeneous 

heteroatom bridges derive their names from the traditional substitutive prefix and are 

distinguished using the prefix “epi” (e.g. epimino). Composite bridges are named by linking 

the names of the two simple bridges together, omitting any “epi” prefixes (e.g. 
azenometheno). The locants of composite bridges are written in the order denoted by the 
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bridge name. A bivalent monocyclic bridge is named using the prefix “epi” and the prefix 

traditionally used to describe fused ring systems (e.g. epicyclopenta).

3. THREE DIMENSIONALITY

Triazaspirocycles afford unique three dimensional scaffolds in both free and tethered 

conformations. Rigid three dimensional structures are of the utmost importance in medicinal 

chemistry as strained spirocyclic systems exhibit a reduced conformational entropy penalty 

upon binding to a protein or other drug target. In particular, spiro unions located in the 

center of a molecule provide a more rigidifying effect than peripheral spiro unions. The 

three-dimensionality of triazaspirocycles is evident in their crystal structures. In an example 

of a triazaspirocyclic compound synthesized following the oxidation of 2-

hydroxynevirapine, the X-ray crystal structure of the triazaspiro compound displays a nearly 

tetrahedral geometry at the spiro atom (Fig. 5) [19].

Free triazaspirocycles bearing smaller rings begin to experience ring strain and deviate from 

tetrahedral geometry. In an azirine triazaspirocycle synthesized by cycloaddition of an N-

heterocyclic carbene (NHC) with 4-methoxybenzonitrile, the reduced length of the C25-N3 

bond (1.2753 Å) results in a reduction of the C25-C1-N3 bond angle as compared to the 

corresponding aziridine, which typically exhibits uniform 60 degree bond angles, Fig. (6) 

[20]. The N3-C25-C1 and the C25-N3-C1 bond angle were found to increase to 67.81 and 

64.32 degrees, respectively.

Crystal structures of tethered triazaspirocycles show significant degrees of ring distortion 

and lead to unique structures. A recent crystal structure of the indole alkaloid oxaline shows 

an envelope conformation for the indole five membered ring as well as an intramolecular N-

H---O hydrogen bond which results in a low dihedral angle for the two C3N2 rings, Fig. (7) 

[21]. In the crystal structure of dibromoagelaspongin, an envelope conformation is observed 

for both the tetrahydroimidazolone and the imidazole rings, while the pipe-ridine ring C 

exhibits a distorted twist-conformation [22].

4. NATURAL PRODUCTS AND BIOACTIVITY

A number of natural products contain the triazaspiro motif, most commonly in the form of a 

tethered triazaspirocycle. The majority of naturally derived triazaspirocycles are of 

Penicillium origin, and of those, most have been shown to originate from biosynthetic 

transformations of roquefortine C [9, 12, 13, 23-25]. The biosynthesis of triazaspirocycles of 

Penicillium origin has been a subject of interest since the 1980s (Scheme 1). In a 

radiolabeling study, Vleggaar observed the incorporation of radiolabeled tryptophan into 

both roquefortine C and oxaline, providing the first evidence to suggest a biosynthetic 

pathway containing indole alkaloids roquefortine C, glandicolines A and B, meleagrin (also 

called meleagrin A), and oxaline [23].

Vleggaar hypothesized the pathway to begin with the hydroxylation of roquefortine C, 

rearrangement to give glandicolines A and B, and methylation to provide meleagrin and 

oxaline. It was unclear from this study, however, whether oxaline was made biosynthetically 

via a direct oxidation and rearrangement of roquefortine C, as is suggested by the proposed 
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biosynthetic pathway, or if it was instead made via a separate pathway. Further radiolabeling 

studies by Kozlovski provided evidence of direct oxidation and rearrangement as 

incorporation of exogenous 14C-labeled roquefortine C into the proposed downstream 

metabolites was shown to occur in growing cultures of Penicillium glandicola [24].

In 2008, the genome of Penicillium chrysogenum was sequenced [26], which led Martín et 
al. to discover a cluster of genes encoding the biosynthesis of roquefortine C and related 

triazaspirocyclic alkaloids. Through a series of RNA interference (RNAi) gene silencing 

studies, they reinforced the previously proposed biosynthesis by assigning genes to each 

individual step of the biosynthesis [9]. However, upon elaboration of this study using a more 

highly expressing strain and obtaining structural characterization for each of the observed 

metabolites, Vreeken reported several new metabolites whose biosyn-thesis was encoded by 

the roquefortine C gene cluster (Scheme 2). Among the new metabolites reported for the 

first time was neoxaline, an 8,9-dehydro analog of meleagrin initially isolated from cultures 

of Aspergillus japonicas [27]. Although neoxa-line had not previously been observed in 

cultures of Penicillium fungi, its C-9 stereoisomer epi-neoxaline has been reported in a 

number of species of Penicillium [28]. The presence of new metabolite roquefortine L 

prompted Vreeken to propose a revision to the roquefortine C biosynthetic pathway, in 

which triazaspirocycles were formed by nucleophilic transannular attack of a nitrone [12, 

13].

Natural products containing the triazaspiro moiety have been shown to exhibit a wide range 

of biological activity. Glandicoline B, first isolated from cultures of P. glandicola [29], has 

been shown to exhibit antimicrobial activity against Staphyloccoccus aureus, Micrococcus 
luteus and Escherichia coli at 100 μg/mL [30]. Meleagrin has demonstrated suppression of 

bacterial fatty acid synthesis through inhibition of enoyl-ACP reductase isoform FabI [11] as 

well as anti-settlement activity against the barnacle cyprid Banalus amphitrite through 

inhibition of its molting cycle and attachment mediated by adhesive plaque matrix protein 

(APMP) [10]. Meleagrin has also shown cytotoxic effects against a number of tumor cell 

lines, with IC50 values ranging from 2.73 to 12.8 μM [31]. Several imidazole-substituted 

biosynthetic derivatives of meleagrin have been isolated from deep sea Penicillium fungi, 

Fig. (8) and were shown to exhibit a range of cytotoxic effects against HL-60, MOLT-4, 

A-549, and BEL-7402 cell lines. Meleagrin B displayed moderate cytotoxicity, with IC50 

values in the 1.8 to 6.7 μM range for each cell line. Meleagrin C displayed less potent 

activity, particularly against the HL-60 cell line, where IC50 values were greater than 50 μM 

[32]. Meleagrins D and E showed significantly weaker activity than meleagrins A-C against 

the A-549 cell line and displayed virtually no activity against the HL-60 cell line (IC50 > 

100 μM) [33]. Neoxaline along with oxaline, a C9-OMe biosynthetic derivative of meleagrin 

first isolated from Penicillium oxalicum [34], has displayed anti-proliferative activity against 

Jurkat cells from a human T cell leukemia. In particular, oxaline was shown to arrest the cell 

cycle at the M phase through inhibition of tubulin polymerization [15].

Another natural product containing a triazaspiro scaffold is penispirolloid A, whose structure 

features a free spiro union and a bridged fused ring system. Penispirolloid A was isolated 

from a halotolerant Penicillium species and was shown to inhibit settlement of the fouling 

organism Bugula neritina with an EC50 of 2.4 μg/mL [35]. Other triazaspirocyclic natural 
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products include psychotripine, a unique compound featuring eight fused rings and three 

bivalent nitrogen-containing bridges isolated from the leaves of Psychotria pilifera [36], and 

dibromoagelaspongin hydrochlo-ride, a guanidine-derived species isolated from the marine 

sponge Agelas sp. [23]. Neither of these two compounds has demonstrated any biological 

activity to date.

5. SYNTHESIS OF TRIAZASPIROCYCLES

The most common synthetic method for the construction of triazaspirocycles is the 1,3 

dipolar cycloaddition (1,3 DCA). In this particular reaction, a 1,3 dipole undergoes a [3+2] 

cycloaddition with a dipolarophile to form a five-membered ring. 1,3 Dipoles share four 

electrons across a π system of three atoms and typically react with dipolarophiles such as 

carbenes and olefins. Three publications detailing the isocyanate-based syntheses of 

triazaspirocycles were published within a three month span in 1968. Ulrich et al. and Dyer et 
al. each reported generation of a triazaspirocyclic core following the cycloaddition of two 

molecules of isocyanate and one molecule of di-substituted formamide/formamidine [37, 

38]. Each proposed the reaction to proceed via the addition of the isocyanate to the 

formamide to produce a 1,4 dipole. Reaction of the 1,4 dipole with a second molecule of 

isocyanate would provide the triazine. Insertion of the isocyanate into the C-N(CH3)2 bond 

would provide the urea moiety. Dyer et al. proposed the cyclization to form the 

triazaspirocycle to proceed following the carbonylation of the triaza center. Ulrich and 

Richter later demonstrated the reaction to proceed via an NHC intermediate, which was 

formed following the elimination of the N,N-dimethyl urea (Scheme 3) [39].

A variety of formamides and formamidines have been implemented in the synthesis of 

triazaspirocycles. Richter first reported the reactions of a pyrrolopyrimidine and 2-

methylimino-1-methyl-pyrrolidine to give tethered triazaspirocycles (Scheme 4) [40]. 

Reactions of isocyanates with N-substituted imidazolidines resulted in N-urea substituted 

spirocycles while unsubstituted imidazolidines result in the di-substituted adducts [41-43]. 

Giesecke and Hocker demonstrated the scope of the former reaction, determining that 

imidazolidines bearing electron withdrawing substituents showed decreased reactivity 

[44-46].

A number of NHCs have been implemented in the synthesis of triazaspirocycles, exhibiting 

reactivity with both aryl and vinyl isocyanates (Scheme 5) [47, 48]. Formation of NHCs can 

proceed via the corresponding metal-carbene complex [49], from the elimination of a 

haloform (CHX3) [50], or from deprotonation of an imidazolium species [51, 52]. 

Elimination of carbamates, analogous to the urea elimination observed by Ulrich et al. has 

been described as well in the synthesis of NHCs [53]. Dimerization of imidazole-based 

carbenes results in the synthesis of bi-imidazoylidenes [54], which, upon addition of 

isocyanates, have been shown to produce a 1,4 dipole intermediate similar to that observed 

with the addition of isocyanates to NHCs (Scheme 6) [55-58]. Bi-imidazoylidenes have also 

been shown to oxidize in air to form peroxides (Scheme 7). Rearrangement and loss of OH− 

produces the corresponding triazaspirocycle [59].
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Enamines can also serve as proxies for the formamidine functionality (Scheme 8). Use of 

enamines by Etienne et al. as reagents in isocyanate cycloaddition reactions allows for the 

formation of [5,5] triazaspirocycles [60, 61].

Other 1,3 dipoles such as isothiocyanates and isoselenocyanates have been similarly 

implemented in the synthesis of triazaspirocycles [53, 55, 56, 62]. These dipoles have been 

used to generate dithione/diselenone species as well as in conjugation with isocyanates to 

produce mixed cycloaddition products such as thioxoimidazolidinones (Scheme 9) [53, 54, 

62]. Construction of triazaspirocycles is also commonly carried out with azides. Numerous 

examples of azide-derived triazaspirocycles have been reported using methylene-substituted 

heterocycles (Schemes 10 and 11) [63-67]. Nitrile imines, formed from the corresponding 

hydrazonoyl chlorides, have also been implemented in the synthesis of triazaspirocycles 

(Scheme 12) [67-69].

While 1,3 dipolar cycloaddition remains the most common method for the synthesis of 

triazaspirocycles, other cycloadditions have been reported to give this spiro adduct. 

Herrmann and Süss-Fink reported in 1985 the cyclization of isocyanates in the presence of a 

ruthenium catalyst and triethylsilane to give [4.5] spirocyclic systems with alternating CO-

NR units (Scheme 13) [4]. 1,4 Dipolar cycloadditions have been observed in the case of a 

thiazolium-betaine, which was shown to undergo reaction with phenacyl bromide to form a 

1,4 dipole (Scheme 14) [70, 71]. The C=N bond of phenyl isocyanate served as the 

dienophile to give the fused triazaspirocycle. The reversible [2+1] cycloaddition of nitriles 

and NHCs was reported by Moerdyk and Bielawski in a paper detailing the synthesis of 

cyclopropenes by cycloaddition of NHCs and alkynes (Scheme 15) [20].

A few examples of [4+2] cycloadditions have been shown to yield triazaspirocycles. Allenic 

acids and pyrimidinyl diimides have been reported by Orahovats et al. to produce an 

(azenometheno)pyrrolo[2,3-b]pyridine triazaspirocyclic system (Scheme 16) [72]. Quast et 
al. also reported the [4+2] cycloaddition of an isopropylidenedihydrotetrazole with a 

proposed 1,3-diazabutadiene intermediate formed the tetrazole via a [1,4]-hydride shift and 

subsequent loss of N2 (Scheme 17) [65].

Another common approach for the synthesis of triazaspirocycles is intramolecular 

nucleophilic addition of nitrogen atoms to a double bond. A number of 5- and 6-exo-trig 
cyclizations have been reported [73-75], such as the intramolecular cyclization following the 

oxidation of 2-hydroxy nevirapine observed by Marques et al. (Scheme 18) [19]. Coppola et 
al. [76] and Oine et al. [77] also reported the synthesis of [4.5] triazaspirocycles via a 6-

endo-trig cyclization (Scheme 19).

Additionally, a transannular ring contraction promoted by acetic anhydride has been shown 

by Avendaño et al. to produce novel triazaspirocyclic beta-lactams (Scheme 20) [78]. 

Diamine condensation with amides has been used to form [4.5] and [4.6] triazaspirocycles 

(Scheme 21) [79, 80].

Unlike bimolecular cycloadditions, intramolecular cyclizations often proceed stereo- and 

regioselectively and are thus advantageous in achieving asymmetric synthesis of 
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triazaspirocyclic systems. In the total synthesis of dibromoagelaspongin by Feldman et al., 
oxidative cyclization to form the tethered triazaspirocycle was shown to occur in the 

presence of N-bromosuccinimde (NBS) or N-chlorosuccinimide (NCS) (Scheme 22) 

[81-83]. Following mechanistic investigation of this reaction, Feldman et al. demonstrated 

this transformation to take place via a Pummerer reaction, in which electrophilic 

chlorination of the –SR group led to elimination to form a sulfonium intermediate, which 

subsequently underwent nucleophilic attack by the adjacent dibromopyrrole ring. Feldman et 
al. had initially synthesized the triazaspirocyclic core of dibromoagelaspongin via intra-

molecular ring opening of an epoxide, which led to the triazaspirocyclic hemiaminal 

following acidic workup (Scheme 23) [82, 84].

In their efforts towards the total syntheses of neoxaline, oxaline, and meleagrin, Ōmura et al. 
demonstrated the use of a nitrone intermediate to access the tethered triazaspirocyclic core 

of the Penicillium metabolites through iterative intra-molecular cyclizations (Scheme 24) 

[14, 16, 17].

Sigmatropic rearrangements have been demonstrated to yield triazaspirocycles. A 1,3 

sigmatropic rearrangement was shown to take place under thermal conditions to give the 

triazaspirocycle (Scheme 25) [85]. Oxidative rearrangements have also been reported by Gu 

et al. and Yamashita et al. [86, 87].

6. REACTIONS OF TRIAZASPIROCYCLES

Due to the significant ring strain induced by the triazaspirocyclic core, cycloreversion of 

triazaspirocycles to the corresponding dipole and dipolarophile is often observed (Scheme 

26). Cycloreversion to isocyanates [74, 78, 88, 89], isothiocyanates [90], and azides [66, 91] 

has been well established, particularly when aromatization results in one or more of the 

products. Depending on the substitution of the original triazaspirocycle, new 

triazaspirocyclic systems can be formed from products of cycloreversion, as demonstrated 

by Richter et al. in 1969 (Scheme 27) [41].

In 1990, Quast et al. reported that thermolysis of a heptaazaspiro[4.4]nonadiene proceeded 

by one of three mechanisms of cycloreversion (Scheme 28) [66, 91]. [3+2] Cycloreversion 

was shown to give the triazole (path A) or tetrazole (path B) rings while loss of nitrogen gas 

(path C) provided the iminotetrahydrotetrazine. The size and electron-withdrawing character 

of the substituents on the original triazaspirocycle were determined to control the 

mechanism of cycloreversion. Cycloreversion to the triazole exists in equilibrium with the 

analogous cycloaddition to the original triazaspirocycle when R1 = R3 = CH3 and R1/R2 

were alkyl groups or electron neutral arenes. Irreversible cycloreversion to the tetrazole ring 

was observed when R = CH3 and R1/R3 were alkyl groups or electron neutral arenes. 

Competition between path A and path B resulted when R1 = R2 = CH3, R = Ph, and R3 = Ph 

or CH3. When R was a nitrophenyl species, only path C was observed.

Decomposition of triazaspirocycles has been shown to occur thermally in triazaspirocycles 

bearing a 1,2,4-triazoline moiety. Schwan et al. observed degradation of this scaffold gave an 

azomethine ylide upon loss of nitrogen gas (Scheme 29) [67]. This ylide underwent a [1,4]-
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hydrogen shift to give the 1,2,3-triazoline, which reacted further to undergo heterolytic 

cleavage and enamine hydrolysis to give the 1,2,3-triazole and amidine. Cleavage of the 

ylide followed by alkyl shift and loss of nitrogen gas provides the azetidine while 

rearrangement gives the aromatic triazole product.

Loss of isocyanate has been demonstrated by Heitz et al., in which attempted methylation of 

a [4,5] triazaspirocyclic tetrathione led to formation of a urea functionality as well as loss of 

methyl isocyanate to give the ring contracted [4.4] triazaspirocycle (Scheme 30) [92]. 

Attempted methylation has also resulted in ring cleavage (Scheme 31) [92].

A number of triazaspirocyclic systems are highly susceptible to rearrangement or 

degradation by hydrolysis, particularly when aromatization results in one or more of the 

products (Scheme 32) [19, 57, 59, 63, 74, 84, 93]. Methylation-driven ring cleavage has 

been observed in N,N’-substituted tetrazole- and benzimidazole-based triazaspirocycles 

(Scheme 33) [93]. Similar ring cleavage was shown to occur in the presence of acid.

7. APPLICATIONS AND OUTLOOK

Triazaspirocycles have found use in several applications. In 2013, Horino, Tokita, and 

Oshima patented a bi-imidazole-based photochromic material which demonstrates negative 

photo-chromism (Scheme 34) [85]. Photochromic materials undergo reversible color change 

as a result of isomerization and can be broadly categorized as inducing negative 

photochromism, a change from colored to uncolored accompanying isomerization, or 

positive photochromism, a change from uncolored to colored accompanying isomerization. 

Compounds with photochromic properties have applications in color changing lens and 

molecular switches, among others. Horino, Tokita, and Oshima found that in compounds 

where R4 and R5 were bulky groups, irradiation with visible light was shown to cause 

isomerization from the pale yellow [4.6] triazaspirocycle to the colorless dispirocyclic 

system. Further isomerization to a red colored [4.5] spirocyclic system was observed when 

the colorless bispirocycle was shielded from light, after which further isomerization restored 

the original pale yellow color.

Triazaspirocycles have also demonstrated applications in surface functionalization (Scheme 

35) [43]. Following the synthesis of triazaspirocycles via the addition of isocyanates bearing 

silyl ethers to 1,5-diazabicyclo[4.3.0]non-5-ene (DBN) and 1,8-diazabicyclo[5.4.0]undec-7-

ene (DBU), functionalization of silicon dioxide surfaces was carried out via one of two 

methods; the first involving the reaction of the silyl ether functionalization triazaspirocycles 

with fumed silica and the second involving functionalization via the Stöber process [94].

8. CONCLUSION

In conclusion, triazaspirocycles are unique scaffolds that present promising applications in 

materials as well as pharmaceuticals. In addition to the previously described material 

applications, triazaspirocycles have demonstrated antifouling capabilities [10, 35]. Since the 

International Maritime Organization's ban of highly effective yet environmentally damaging 

tin antifouling reagents, biofouling has had a negative effect on numerous marine industries 

through increased fuel consumption, and the need for non-toxic, effective anti-fouling agents 
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is now more urgent than ever. Pharmaceutical applications of triazaspirocycles are promising 

as well, as the rigid three dimensionality of these complex structures provides excellent 

potential for improved binding to drug targets. Many natural products have already shown 

promise in a number of therapeutic areas, such as anti-tumor and anti-microbial drugs. We 

envision that the continued exploration of the chemistry and bioactivity of these fascinating 

scaffolds will undoubtedly lead to new advances in several scientific fields.
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Fig. (1). 
Triazaspirocyclic scaffolds.
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Fig. (2). 
a) Free triazaspirocycle with monocyclic rings; b) Free triazaspirocycle with polycyclic 

rings.
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Fig. (3). 
a) Free polyspiro triazaspirocycle with monocyclic rings; b) Free polyspiro triazaspirocycle 

with polycyclic rings.

Gober et al. Page 16

Mini Rev Org Chem. Author manuscript; available in PMC 2017 May 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. (4). 
a) Tethered triazaspirocycle; b) Tethered triazaspirocycle with bivalent bridge.
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Fig. (5). 
X-ray crystal structure of 1'-cyclopropyl-4-methyl-spiro[pyridine-2,2'-pyrido[2,3-

d]pyrimidine]-3,4',6-trione [19].
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Fig. (6). 
X-ray crystal structure of 4,8-dimesityl-2-(4-methoxyphenyl)-6,6-dimethyl-1,4,8-

triazaspiro[2.5]oct-1-ene-5,7-dione [20].
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Fig. (7). 
X-ray crystal structure of oxaline, with hydrogen bonding shown as a dashed line [21].
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Scheme 1. 
Proposed biosynthesis of triazaspirocycles glandicoline A, glandicoline B, meleagrin, and 

oxaline [22].
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Scheme 2. 
Biosynthesis of roquefortine C derived triazaspirocycles [12, 13].
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Fig. (8). 
Meleagrins B-E, penispirolloid A, psychotripine, and dibromoagelaspongin hydrochloride.
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Scheme 3. 
1,3 Dipolar cycloaddition of isocyanates and N,N-dimethylformamides [37, 38].
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Scheme 4. 
1,3 Dipolar cycloaddition of isocyanates with unsubstituted and N-substituted 

imidazolidines [44].
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Scheme 5. 
1,3 Dipolar cycloaddition of an NHC with a vinyl isocyanate [50].
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Scheme 6. 
Triazaspirocycle formation via isocyanate addition to bi-imidazoylidenes [55-58].
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Scheme 7. 
Imidazoylidene dimerization and oxygen-mediated ring expansion to triazaspirocycle [59].

Gober et al. Page 28

Mini Rev Org Chem. Author manuscript; available in PMC 2017 May 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Scheme 8. 
Formation of [5.5] triazaspirocyclic systems via Michael addition of isocyanates to enamines 

[60, 61].

Gober et al. Page 29

Mini Rev Org Chem. Author manuscript; available in PMC 2017 May 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Scheme 9. 
Synthesis of thioxoimidazolidinones via mixed 1,3 dipolar cycloaddition [62].
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Scheme 10. 
1,3 Dipolar cycloaddition of azides with methylene imidazolidines, methylene tetrazoles, 

and methylene pyrimidines [63].
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Scheme 11. 
1,3 Dipolar cycloaddition of azides with a methylene triazole [67].
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Scheme 12. 
Synthesis of a [4.5] triazaspirocycle via nitrile imine 1,3 dipolar cycloaddition [69].
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Scheme 13. 
Ruthenium-catalyzed self-cyclization of isocyanates [4].
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Scheme 14. 
1,4 Dipolar cycloadditions of a thiazolium-betaine with phenyl isocyanate [70, 71].
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Scheme 15. 
[2+1] Cycloaddition of NHCs and nitriles [20].
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Scheme 16. 
[4+2] Cycloaddition of an allenic acid and a pyrimidinyl diimide [72].
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Scheme 17. 
[4+2] Cycloaddition of an isopropylidenedihydrotetrazole with a 1,3-diazabutadiene 

intermediate [65].
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Scheme 18. 
Hydrolysis, rearrangement, and 5-exo-trig cyclization of 2-hydroxy nevirapine [19].
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Scheme 19. 
Synthesis of spiro[indoline-2,2'-quinazoline]-3,4'(3'H)-dione via 6-endo-trig cyclization 

[76].
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Scheme 20. 
Synthesis of fused beta-lactams via acetic anhydride promoted transannular rearrangements 

[78].
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Scheme 21. 
Triazaspirocycle synthesis via diamine condensation [79].
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Scheme 22. 
Pummerer reaction to access dibromoagelaspongin core [81-83].
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Scheme 23. 
Synthesis of dibromoagelaspongin core via intramolecular epoxide ring opening [84].
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Scheme 24. 
Synthesis of triazaspirocyclic core of roquefortine C-derived metabolites oxaline, mealgrin, 

and glandicoline B [14].
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Scheme 25. 
Thermal 1,3-sigmatropic rearrangement [85].
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Scheme 26. 
Cycloreversion of fused beta-lactams [78].
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Scheme 27. 
Cycloreversion and cycloaddition of mixed triazaspirocycles [41].
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Scheme 28. 
Mechanisms of cycloreversion of heptaazaspiro-[4.4]nonadienes [66, 91].
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Scheme 29. 
Thermal decomposition of a triazole-based triazaspirocycle [67].
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Scheme 30. 
Conversion to urea and ring contraction following attempted methylation [92].
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Scheme 31. 
Ring cleavage following attempted methylation [92].
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Scheme 32. 
Rearrangement and aromatization of benzimidazole based triazaspirocycle [63].
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Scheme 33. 
Acid-promoted and methylation-driven ring opening [93].
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Scheme 34. 
Photochromic triazaspirocycles [85].
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Scheme 35. 
Surface functionalization with triazaspirocycles [43].

Gober et al. Page 56

Mini Rev Org Chem. Author manuscript; available in PMC 2017 May 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	1. INTRODUCTION
	2. NOMENCLATURE
	3. THREE DIMENSIONALITY
	4. NATURAL PRODUCTS AND BIOACTIVITY
	5. SYNTHESIS OF TRIAZASPIROCYCLES
	6. REACTIONS OF TRIAZASPIROCYCLES
	7. APPLICATIONS AND OUTLOOK
	8. CONCLUSION
	References
	Fig. (1)
	Fig. (2)
	Fig. (3)
	Fig. (4)
	Fig. (5)
	Fig. (6)
	Fig. (7)
	Scheme 1
	Scheme 2
	Fig. (8)
	Scheme 3
	Scheme 4
	Scheme 5
	Scheme 6
	Scheme 7
	Scheme 8
	Scheme 9
	Scheme 10
	Scheme 11
	Scheme 12
	Scheme 13
	Scheme 14
	Scheme 15
	Scheme 16
	Scheme 17
	Scheme 18
	Scheme 19
	Scheme 20
	Scheme 21
	Scheme 22
	Scheme 23
	Scheme 24
	Scheme 25
	Scheme 26
	Scheme 27
	Scheme 28
	Scheme 29
	Scheme 30
	Scheme 31
	Scheme 32
	Scheme 33
	Scheme 34
	Scheme 35

