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Introduction. Piperidine is a popular molecule. Its ring is 

among the top-3 most frequently used in medicinal chemistry1 

and is found in the structure of >100 drugs. 2  

In 2010, 2-azaspiro[3.3]heptane was proposed to mimic 

piperidine in bioactive compounds (Figure 1a). 3  This concept 

became common, 4  and analogous mimetics for 2-, 3- and 4-

substituted piperidines have been subsequently developed.5,6,7 

During the past decade, 2-azaspiro[3.3]heptanes appeared in at 

least 100 research manuscripts, 500 patents, and 7.000 newly 

reported compounds (Figure 1a). 8  Moreover, the numbers 

continue to grow (Figure 2).  

In this work, we synthesed, characterized, and validated 

biologically in vivo 1-azaspiro[3.3]heptane. Our work enables the 

use of this molecular scaffold as a new generation of piperidine 

bioisosteres (Figure 1b).  

 

Figure 1. Bioisosteres of piperidine: (a) common - 2-azaspiro[3.3]heptane; (b) 

a new generation - 1-azaspiro[3.3]heptane (this work).  

 

Figure 2. The number of 2-azaspiro[3.3]heptane published per year.  

 

Design. Not surprisingly, poly-substituted 

1-azaspiro[3.3]heptanes were known in the literature. 9 , 10  We 

needed, however, a modular approach that would produce 

compounds with only one substituent (one exit vector) at the 

core without additional (poly)substitution (Figure 1b). From the 

structural standpoint, we hoped that such compounds could 

mimic the mono-substituted piperidines.  

Interestingly, even though the unsubstituted 

1-azaspiro[3.3]heptane is already commercially available,11 and 

its N-modifications can already be found in patents; 12  its 

preparation has not been yet reported. Only preparation of its 

N-benzyl derivative was described on a milligram scale. 13 

Therefore, we needed first to develop a practical method 

towards 1-azaspiro[3.3]heptanes using available starting 

materials. From a literature survey, we noticed that β-lactam 1 

(Scheme 1) was known. 14  Its reduction would directly provide 

the desired 1-azaspiro[3.3]heptane, however, for unclear 

reasons it has net been tried before. We were afraid indeed that 

the strained β-lactam 1 upon an attempted reduction would 

undergo a ring opening,15 but nonetheless still decided to try it. 

 

Synthesis. The synthesis of 1-azaspiro[3.3]heptane 

commenced from the commercially available cyclobutanone (2) 

(Scheme 1). Wittig reaction gave alkene 3, which after the 

addition of Graff isocyanate, ClO2SNCO, 16  afforded lactam 1 

according to the literature procedure.14 Its reduction was 

challenged next. Indeed, the reaction with BH3•Me2S did 

produce the target amine 1a, however, a significant ring-opening 

of the β-lactam ring into the corresponding amino alcohol also 

took place (Scheme 1). An analogous result was obtained with 

BH3•THF. Reduction with LiAlH4 worked better, but the cleavage 

of the β-lactam ring was still observed.17 Finally, we could obtain 

the desired amine 1 in an excellent 89% yield using alane, AlH3. 

The key reduction was attempted next on a multigram scale. 

After the reaction, the crude product was converted into 
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hydrochloride to obtain the pure amine 1a•HCl as a white solid 

with a 66% isolated yield. Its structure was confirmed by X-ray 

analysis. 18  Despite the lower yield, this optimized protocol 

allowed us to synthesize 54 g of the compound in a single run. 

 

Scheme 1. Scalable synthesis amine 1a∙HCl. 

 

Scope. Next, we studied the generality of the developed 

approach. Various substituted alkenes, most of which were 

obtained by the Wittig reaction of the corresponding 

cyclobutanones, were tested. Indeed, alkyl (4), aryl (5, 6), dialkyl 

(7-10), and benzyloxy (11) alkenes were compatible with the 

two-step cycloaddition/reduction sequence, and β-lactams 4-11 

were easily obtained (Scheme 2).19 

Lactams containing the CO2Me-group underwent reduction 

into water-soluble amino alcohols 12a-14a that were N-protected 

into N-Boc amino alcohols Boc-(12a-14a) to ease the product 

isolation. Similarly, lactams bearing the CN-group produced 

diamines 15a and 16a that were N-protected to enable the 

isolation of the protected species Boc2-15a and Boc2-16a. The 

structure of compounds Boc-14a, 15 and Boc2-16a was 

confirmed by X-ray analysis (Scheme 2).18  

Noteworthy, all products depicted in Scheme 2 were obtained 

in gram quantities. In most cases, β-lactams were formed with 

ca. 90% purity after the standard workup. On a milligram scale, 

we purified them to obtain analytical samples. However, on a 

gram scale, we directly used them in the subsequent reduction 

step thus ensuring a higher overall yield of the final 

1-azaspiro[3.3]heptanes.  

 

Modifications. The use of substituted alkenes brings diversity 

to 1-azaspiro[3.3]heptanes at the cyclobutane ring (Scheme 2). 

To bring diversity to the azetidine ring, we protected β-lactam 1 

with a TBDMS group to obtain compound 17 (Scheme 3). 

Treatment of the latter with LDA generated carboanion that was 

trapped with various electrophiles - alkyl iodides, alkyl bromides, 

ketones, (MeS)2 - to produce after N-deprotection the 

corresponding β-lactams 18-28. Worth noting that an excess of 

electrophile led to the formation of the bis-functionalized 

products 27, 28. Reduction of the β-lactam ring with alane 

smoothly produced the desired 1-azaspiro[3.3]heptanes 18a-28a. 

Products 19a•HCl, 21a•HCl, 22a•HCl, and 28a•HCl were 

isolated as crystalline hydrochloride salts. The structure of 

compound 28a•HCl was confirmed by X-ray analysis.18 

 

 

Scheme 2. Synthesis of cyclobutane-substituted 1-azaspiro[3.3]heptanes. 
Scope of the reaction. Gram scale. aProducts 6a and 11a were isolated as 
hydrochloride salts. bReduction was performed with LiAlH4. cCO2Me-group in 
12-14 was reduced to -CH2OH in 12a-14a. dAfter the reduction, the 
intermediate amino alcohols were treated with Boc2O (1 eq.) to obtain 
N-protected derivatives Boc-(12a-14a). eCN-group in 15, 16 was reduced 
to -CH2NH2 in 15a, 16a. f dAfter the reduction, the intermediate diamines were 
treated with Boc2O (2 eq.) to obtain N,N-diprotected derivatives Boc2-15a and 
Boc2-16a. X-ray crystal structure of compounds Boc-14a and Boc2-16a 

(carbon – white, oxygen – red, nitrogen - blue). Hydrogen and chlorine atoms 
are omitted for clarity. Ellipsoids are shown at a 50% probability level. 

 



 

 

 

 

Scheme 3 Synthesis of 3-substituted 1-azaspiro[3.3]heptanes. Scope of the 

reaction. Gram scale. aAlk-I were used as electrophiles. bAlk-Br were used as 
electrophiles. cKetones were used as electrophiles. dMeI (2 eq.) was used. 
e(MeS)2 (2 eq.) was used as an electrophile. fProducts 19a•HCl, 21a•HCl, 
22a•HCl and 28a•HCl were isolated as hydrochloride salts. X-ray crystal 
structure of compound 28a•HCl (carbon – white, sulfur – yellow, nitrogen - 

blue). Hydrogen and chlorine atoms are omitted for clarity. Ellipsoids are 
shown at a 50% probability level. 

Modifications of the 1-azaspiro[3.3]heptane core to obtain the 

medicinal chemistry-related building blocks were performed next 

(Scheme 4). Swern oxidation of amino alcohol Boc-12a gave 

N-Boc amino aldehyde 29 in 80% yield. The reaction of the latter 

with glyoxal/(NH4)2CO3 gave, after N-deprotection, imidazole 

30•2HCl. The reaction of aldehyde 29 with hydroxylamine 

followed by reduction of the intermediate oxime gave N-Boc 

protected diamine 31•HCl. Oxidation of the alcohol group in Boc-

12a with NaIO4/RuCl3 (cat.) gave an interesting N-Boc amino 

acid 32 in 76% yield. Amide formation and N-Boc deprotection 

afforded azetidine 31•HCl. The structure of products 30•2HCl, 32, 

and 34•HCl was confirmed by X-ray analysis (Scheme 4).18 

N-Boc protection of amine 1a•HCl followed by sec-

BuLi/TMEDA treatment and the addition of dry ice gave a unique 

amino acid 35 – an analog of α-pipecolic acid. Oxidation of the 

alcohol group in Boc-13a and Boc-14a with NaIO4/RuCl3 (cat.) 

gave amino acids 36 and 37, correspondingly. N-Boc protection 

of alkene 21a and its oxidation gave rise to another amino acid 

38 in 70% yield. The structure of compound 37 was confirmed 

by X-ray analysis (Scheme 4).18 

N-Boc protection of azetidine 28a•HCl and the subsequent 

oxidative cleavage of the thioketal moiety with Ag+/NCS gave 

amino ketone 39 in 67% yield (Scheme 4). Reduction of the 

carbonyl group in 39 gave amino alcohol 40 in 90% yield. In 

addition, the reaction of ketone 39 with hydroxylamine followed 

by reduction of the intermediate oxime with the Raney nickel 

gave N-Boc protected diamine 41 in 67% yield. N-Boc protection 

of β-lactam 1 with the Boc2O/DMAP combination gave 

compound 42. The subsequent reaction with (Me3SO)I and 

KOtBu afforded the intermediate sulfoxonium ylide that upon 

treatment with [Ir(COD)Cl]2 gave ketone 43 in 47% overall 

yield.20  Horner–Wadsworth–Emmons reaction of the activated 

amide 42 gave enamide 44 in 47% yield. The standard 

Pd(OH)2/C-catalyzed hydrogenation of the C=C bong and the 

subsequent saponification of the ester group provided β-amino 

acid 45 in almost quantitative yield – an isomer of γ-amino acid 

38. 

O-Mesylation of amino alcohol Boc-12a, and the nucleophilic 

displacement with cesium fluoride in dimethyl sulfoxide afforded 

compound 46 in 50% yield. Acidic cleavage of the N-Boc group 

gave fluoro-substituted amine 47•HCl (Scheme 4). 

Hydrogenative cleavage of O-Bn bond in amine 11a led to the 

formation of amino alcohol 48 in 89% yield. N-Boc protection 

(49) and the Dess-Martin oxidation of the alcohol group gave 

ketone 50. The reaction of the latter with Et2NSF3 and the 

subsequent N-Boc deprotection gave another fluorinated amine 

51•HCl in 57% combined yield. Finally, O-mesylation of alcohol 

49 gave compound 52. Its reaction with Bu4NF in THF gave 

compound 53 that after the acidic N-Boc deprotection 

accomplished the synthesis of fluoroamine 54•HCl. The 

structure of compounds 47•HCl, 50, and 51•HCl was confirmed 

by X-ray analysis.18 

 

Characterization. Having synthesized various substituted 

1-azaspiro[3.3]heptanes for medicinal chemistry, next we 

studied their experimental physicochemical properties. 

Basicity of amines. The basicity of a nitrogen atom is a key 

characteristic of amines, that is often responsible for the toxicity 

of bioactive compounds. 21  We, therefore, measured 

experimental pKa values of amine hydrochlorides 1•HCl, 55•HCl, 

and 55•HCl (Figure 3). We found that the basicity of the nitrogen 

atom was nearly identical in the tested substrates, with pKa 

(55•HCl)=11.2, pKa (56•HCl)=11.3, pKa (1•HCl)=11.4, thus 

highlighting a potential of 1‑azaspiro[3.3]heptane to mimic 

piperidine in biochemical context. 

 

 

 

 



 

 

 

 
Scheme 4. Synthesis of functionalized 1-azaspiro[3.3]heptanes for medicinal chemistry. X-ray crystal structure of compounds 30•2HCl, 32, 34•HCl, 47•HCl, 50, 

51•HCl (carbon – white, oxygen – red, nitrogen – blue, fluorine – green). Hydrogen and chlorine atoms are omitted for clarity. Ellipsoids are shown at a 50% 
probability level.  



 

 

 

 
Figure 3. Experimental pKa values of amine hydrochlorides 1•HCl, 55•HCl, 
56•HCl.  

Physicochemical properties. To better understand the impact 

of piperidine ring replacement with the 1-azaspiro[3.3]heptane 

skeleton, in the next step, we prepared three model compounds 

57-59 – amides of piperidine (57), the previously used 

2-azaspiro[3.3]heptane (58), and 1-azaspiro[3.3]heptane (59) 

(Figure 4).  

Replacement of the piperidine ring (57) with its both bicyclic 

analogs (58, 59) reduced the water solubility, and this effect was 

almost identical: 136 µM (57) vs 12 µM (58) vs 13 µM (59) 

(Figure 4). 

To estimate the influence of the replacement of the piperidine 

ring with the analogs on lipophilicity, we used two parameters: 

calculated (clogP) 22  and experimental (logD) lipophilicities. 

Replacement of the piperidine ring with isomeric 

azaspiro[3.3]heptanes led to a decrease of clogP: 3.7 (57) vs 3.4 

(58) vs 3.4 (59) (Figure 4). A somewhat similar trend was 

observed with the experimental lipophilicity, logD. Replacement 

of piperidine with 2-azaspiro[3.3]heptane reduced the 

lipophilicity by 0.4 logD unit; whereby 1-azaspiro[3.3]heptane 

exhibited an even larger effect, logD: 1.6 (57) vs 1.2 (58) vs 1.0 

(59). 

The impact of piperidine replacement on metabolic stability 

was also studied. The incorporation of both 

azaspiro[3.3]heptanes decreased the metabolic stability in 

human liver microsomes: CIint (mg min−1 μL−1)=14 (57) vs 53 (58) 

vs 32 (59) (Figure 4). Important to mention that the half-life time 

of 1-azaspiro[3.3]heptane was almost twice higher as that of 

2-azaspiro[3.3]heptane: t1/2 (min)= 31 (58) vs 52 (59). 

In summary, model compounds 58 and 59 had similar water 

solubility and lipophilicity. However, 1-azaspiro[3.3]heptane 59 

was more metabolically stable than 2-azaspiro[3.3]heptane 58. 

Incorporation into a drug. To fully validate 

1-azaspiro[3.3]heptane scaffold as a legit piperidine ring 

replacement option, we next aimed to incorporate this skeleton 

into a structure of an existing drug. We opted for the structure of 

the FDA-approved local anesthetic Bupivacaine (Scheme 5). 

Worth noting, Bupivacaine is used in practice as a racemic 

mixture. 23  Therefore, for primary proof of concept, we 

synthesized its racemic analog 60 (Scheme 5). The synthesis 

started from N-Boc amino acid 35. Activation of the carboxyl 

group and the reaction with 2,6-xylidine, followed by N-Boc 

deprotection and nitrogen alkylation with BuI gave the desired 

compound 60.  

 
Figure 4. Physico-chemical properties of model compounds 57-59. Solubility 
(Sol.): experimental kinetic solubility in phosphate-buffered saline, pH 7.4 
(µM). clogP: calculated lipophilicity. logD (7.4): experimental distribution 
coefficient in n-octanol/phosphate-buffered saline, pH 7.4. Reliable logD 
measured is obtained within a range of 1.0-4.5. CIint: experimental metabolic 
stability in human liver microsomes (µl min−1 mg−1). t1/2 (min): experimental 
half-time of metabolic degradation.  

 

Scheme 5. Synthesis of compound (±)-60 – a spirocyclic analog of a local 

anesthetic drug Bupivacaine.  

Biological activity. Finally, to answer the key question, of 

whether the 1-azaspiro[3.3]heptane core could mimic the 

fragment of piperidine in biologically active compounds, we 

experimentally measured the anesthetic activity of Bupivacaine 

and its analog 60 in vivo.  

We studied the antinociceptive effect of Bupivacaine and 

compound 60 using the “tail flick test”24 in Balb/cAnN male mice 

(for details see the Supporting Information).25 These results are 

represented in Figures 5 and 6. On one hand, compound 60 was 

found less active compared to the original drug Bupivacaine. On 

the other hand, compound 60 demonstrated a significant level of 

analgesic activity compared to that of the vehicle. 

This biological experiment corroborated our original hypothesis 

that 1-azaspiro[3.3]heptane is an actual bioisostere of the 

piperidine ring. 

 



 

 

 

 
Figure 5. Time course of the antinociceptive effect of Bupivacaine and its 
analog 60 in tail flick test. The data were presented as mean ± SEM. * - 

indicates P < 0.05, ** - indicates P < 0.01, *** - P < 0.001 compared with group 
marked similar color. 

 

 
Figure 6. The area under the curve (AUC) of withdrawal latency of 
Bupivacaine and its analog 60 in tail flick test. The data were presented as 

mean ± SEM. ** - indicates P < 0.01, *** - P < 0.001 compared with group 
marked similar color.  

Conclusions. Piperidine ring is found in the structure of more 

than one hundred drugs.2 More than a decade ago, 

2-azaspiro[3.3]heptanes were proposed to mimic the piperidine 

ring in bioactive compounds (Figure 1a). That finding had a 

beneficial effect on drug discovery: the core already appeared in 

more than 100 research manuscripts, 500 patents, and 7.000 

bioactive compounds (Figure 1a).  

Here, we have synthesized, characterized, and successfully 

validated biologically a new generation of piperidine bioisosteres 

- 1-azaspiro[3.3]heptanes (Schemes 1-4). This scaffold had 

similar basicity of the nitrogen atom, similar solubility, similar 

lipophilicity; and improved metabolic stability over the common 

2-azaspiro[3.3]heptane (Figure 4). The incorporation of 

1-azaspiro[3.3]heptane into the structure of the local anesthetic 

drug Bupivacaine instead of the piperidine ring was achieved. 

The drug analog 60 showed a significant anesthetic activity in 

vivo in mice (Figure 5, 6).   

We expect that following this study, 1‑azaspiro[3.3]heptanes 

will become common in drug discovery in the next five-ten years. 
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Abstract. 1-Azaspiro[3.3]heptanes were synthesized, characterized, and validated biologically in vivo as a new 
generation of saturated piperidine bioisosteres. 
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