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Introduction. In 2022, bicyclo[3.1.1]heptanes were 

demonstrated to mimic the fragment of meta-substituted 

benzenes in biologically active compounds. 1,2 Both cores had 

similar angles between the exit vectors (119-120º), a similar 

distance between substituents (4.8-5.0 Å), and similar 

physicochemical properties (Scheme 1). Given our current 

interest in hetero-substituted bicycloalkanes, 3  we immediately 

became interested in adding a nitrogen atom to 

bicyclo[3.1.1]heptanes. Such systems could in theory mimic the 

fragment of pyridine and could also be additionally considered 

as non-chiral analogs of piperidines (Scheme 1). Both logics 

seemed to be interesting for medicinal chemistry applications.  

Having finished with a brilliant design of the target system, we 

faced a tiny problem, however: we had absolutely no clue how to 

make it.  

In this work, due to an unexpected observation from a side 

project, we present a general scalable approach to 3-aza-

bicyclo[3.1.1] heptanes – saturated mimetics of pyridine. We 

have synthesized them, characterized them, and incorporated 

them into a structure on an antihistamine drug Rupatidine 

instead of the pyridine fragment.4 

 
Scheme 1. Bicyclo[3.1.1]heptanes as bioisosteres of benzenes.1 This work: 

3-azabicyclo[3.1.1]heptanes as potential bioisosteres of pyridines.  

Unexpected observation. Not surprisingly, mono- and poly-

substituted 3-azabicyclo[3.1.1]heptanes were known in the 

literature.5 We needed, however, a modular approach that would 

provide compounds with only two substituents (two vectors) at 

the bridgehead positions of the core (Scheme 1) without 

additional (poly)substitution at other positions. Our previously 

used iodocyclization and photocyclization tactics3 were 

unfortunately not appropriate here. A solution came 

unexpectedly from a side project. Spirocycles are currently 

popular in chemistry,6 and we have several ongoing projects on 

making them. 7  One of those projects relies on the double 

alkylation of acetonitriles and the subsequent reduction of the 

nitrile group. For example, the reduction of nitrile 1 with LiAlH4 in 

tetrahydrofuran at room temperature gave the spirocyclic amine 

2. At the same time, analogous reduction of oxetane 3 

unexpectedly afforded the side product 3a (Scheme 2). We were 

surprised to observe the formation of 3a because a ring opening 

of even flexible oxetanes usually requires a Lewis acid 

catalysis.8 In addition, the 3-azabicyclo[3.1.1]heptane system is 

conformationally rigid, and analogous rigid systems are often 

difficult to form via the common alkylation strategies.9 Instead, 

photochemistry3a,10 or a strain-release tactics11 have to be used.  

Formation of the expected primary amine 4 was not observed. 

From the general chemistry logic, we assumed that amine 4 

formed initially and immediately isomerized into product 3a.  

 
Scheme 2. Unexpected formation of product 3a.  

Scalable synthesis. Having an unexpected procedure in hand, 

we performed the whole sequence once again on a scale. The 

synthesis commenced from the commercially available alcohol 5 

(ca. 0.25€/g, Scheme 3). Treatment of the latter with NaOEt in 
 

 

Scheme 3. Scalable synthesis of compound 3a*HCl. 
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Scheme 4. Reaction conditions: [LiAlH4]: nitrile (1 eq.), LiAlH4 (1 eq.), THF, 12 h, rt. [NaBH4/CoCl2]: nitrile (1 eq.), NaBH4 (10 eq.), CoCl2•6H2O (0.1 eq.), MeOH, 
20 h, reflux.  aProducts were isolated as hydrochloride salts. bX-Ray crystal structure of compound 3a*HCl. Hydrogen and chlorine atoms are omitted for clarity. 
cN-Boc protection was additionally performed.  

 

 

 

 

 



 

 

 

ethanol under reflux led to the formation of oxetane 6 following 

the literature procedure.12  We obtained the product in a 77% 

yield after distillation. Cyclization of the latter with sodium 

hydride in DMF smoothly proceeded at room temperature to 

provide the spirocyclic compound 3 with a 97% yield. No 

purification was needed at this step. Finally, the reduction of the 

nitrile group with LiAlH4 gave the desired amine 3a in a slightly 

lower yield of 69% yield. After the standard workup, we added 

MeOtBu to the reaction mixture, and the white solid was isolated 

by simple filtration. Also, we subsequently converted it into a 

more stable on-air crystalline hydrochloride salt. Importantly, we 

optimized the whole reaction sequence to avoid column 

chromatography at any step. This tactic allowed us to easily 

obtain 40 g of product 3a*HCl in one run. The structure of the 

product was confirmed by X-Ray analysis.13 

Scope. Moving forward, we studied the generality of the 

developed method. During the process, we also found that the 

reduction of nitrile 3 could be alternatively performed with 

NaBH4/CoCl2 (cat.) in methanol under reflux in 52% yield. In 

studying the scope, we allowed some flexibility and used both 

protocols. The reduction and the recyclization steps tolerated 

well various substituents on the aromatic core (Scheme 4). 

Among them were the alkyl groups (7a-10a), fluorine (15a-17a), 

chlorine atoms (19a-22a), methoxy groups (11a, 12a), and 

trifluoromethyl groups (18a). The reaction was also compatible 

with the substituted thiophene (23a), pyridine (24a), and even 

the ester group (25a). Importantly, products with aliphatic (26a-

34a) and even N-Boc groups (35a) were obtained as well. Most 

compounds were isolated as free bases, however, in some 

cases, we converted them into crystalline hydrochloride salts. All 

syntheses were performed on a gram scale, and products 3a 

and 26a were also synthesized in 40 to 50-gram amounts. The 

structure of compounds 11a*HCl and 15a*HCl was confirmed by 

X-Ray analysis (Scheme 4).13  

Mechanism. Even though we had a solid protocol for 

3-azabicyclo[3.1.1]heptanes in hand, out of scientific curiosity, 

we wanted to understand the mechanism of the reaction. Did the 

reduction of nitrile 3 into product 3a proceed via amine 4? The 

problem was that we never could isolate this invisible 

intermediate. Reducing the reaction time only led to a mixture of 

the product and the starting material. Luckily, we could 

synthesize azide 36 (please, see SI for its preparation). Its mild 

Staudindger reduction with PPh3 in THF at room temperature led 

to the formation of amine 4 as a free base (Table 1). The 

compound formed with ca. 90% purity, but we could fully 

characterize it by NMR and HRMS.  

Surprisingly, amine 4 was stable in THF at room temperature 

and even under prolonged heating (entries 1-4). However, in the 

presence of LiCl (cat.), the isomerization into product 3a 

smoothly proceeded already at room temperature (entry 5). This 

experiment explained why we never observed “invisible” 

intermediate 4 in the reduction of nitrile 3 with LiAlH4 (Scheme 

2): amine 4 formed in the first place and immediately isomerized 

into product 3a in the presence of Li+ ions. 

We also checked the stability of amine 4 in other solvents. In 

acetonitrile, dimethylsulfoxide, and chloroform it was stable even 

under prolonged heating (entries 6-11). However, in methanol, 

the isomerization already took place even under room 

temperature (entries 12, 13). Under heating, it was much faster 

(entry 14).  This experiment explained why we never observed 

amine 4 in the reduction of nitrile 3 with NaBH4, CoCl2 (cat.) in 

methanol under reflux: the initially formed amine 4 isomerized 

into product 3a in methanol.  

 

Table 1. Isomerization of amine 4 into product 3a under various conditions. 

DFT-calculations14 were performed to rationalize the observed 

results. A mechanism for ring opening of amine 4 involving only 

three additional amines (as methylamine) in the proton transfer 

process is shown in Scheme 5 (model “a”). It is a stepwise 

reaction in which the first stage involves an intramolecular SN2 

mechanism (TS-1) followed by a cascade of much lower energy 

proton transfers in a chain (TS-2, TS-3) to form the exoenergic 

product 3a. The calculated free energy barrier for the rate-

limiting SN2 step was 32.9 kcal/mol at the ωB97XD/Def2-SVPP 

and 32.0 at the ωB97XD/Def2-TZVPP levels (THF continuum 

solvent model applied), indicating only a small basis set 

dependence. 

A mechanism for ring opening of amine 4 involving Li(THF)2
+ 

ions and two amines as proton transfer agents was also 

calculated (Scheme 5; model “b”) and again the SN2 step 

precedes the proton transfers along a chain. The free energy the 

barrier is reduced to 26.9 kcal/mol, 5.1 kcal/mol lower than that 

 

Scheme 5. Reaction mechanisms for isomerization of amine 4 into product 3a: 

(a) in THF. (b) In THF in the presence of Li+ ions. TS: transition state. 



 

 

 

without lithium salts (model “a”), and corresponds to a 5200-fold 

acceleration of the reaction at 298K. 

A mechanism for ring opening of amine 4 in pure MeOH was 

finally calculated (model “c”),14 modeled with three molecules of 

methanol. The SN2-step and proton transfers all happened on a 

single energy surface with no formal intermediates along the 

route, an asynchronous concerted reaction (Def2-TZVPP basis). 
The calculated free energy barrier was 26.1 kcal/mol, similar in 

effect to the Li(THF)2
+ model and leading to a similar rate of 

acceleration. 

The calculations above explained why the presence of Li+-salts 

(Table 1, entry 5) or the presence of methanol as a solvent 

(Table 1, entries 13, 14) facilitated the isomerization of amine 4 

into product 3a and rationalizes why we never isolated the 

intermediate amine 4 in the reduction of nitrile 3 (Schemes 2, 4). 

 

 
Scheme 6. Modifications of the 3-azabicyclo[3.1.1]heptane core: one and two 

exit vectors (linkers).   

Modifications. Modifications of some representative 

3-azabicyclo[3.1.1]heptanes into the building blocks ready for 

direct use in medicinal chemistry projects were undertaken in 

the next step. 

Standard N-Boc protection of amine 26a (via Boc-26a), 

followed by the Staundinger reaction gave bromide 37. Swern 

oxidation of alcohol Boc-26a gave aldehyde 38 that was 

subsequently oxidized into N-Boc protected amino acid 39 

(Scheme 6). Using this tactic, alcohol 3a was easily converted 

into N-Boc amino acid 40. Amino acids 41-43 were synthesized 

analogously. 

Saponification of ester Boc-25a gave amino acid 44 with three 

functional groups. Methylation of the carboxylic group in 44, 

followed by extensive oxidation of the alcohol group provided 

valuable linker 45. The structure of the product was confirmed 

by X-ray analysis (Scheme 6).13    

Crystallographic analysis. Next, we compared the geometric 

properties of 3-azabicyclo[3.1.1]heptanes with those of pyridines. 

For that, we measured two C-C distances r and d to see the 

overall similarity of cores; and angle φ between two exit vectors 

to see the similarity of angular models (Figure 1).  

We calculated the values of r, d, and φ of 

3-azabicyclo[3.1.1]heptanes from the X-ray data of compounds 

3a*HCl, 11a*HCl, and 15a*HCl. The related parameters for the 

representative bioactive pyridine 46 were calculated from the X-

ray data published in the literature. 15  The distance r in 

3-azabicyclo[3.1.1]heptanes was ca. 0.3 Å shorter than that in 

the pyridine ring: 2.12 Å vs 2.41 Å (pyridine). The distance d 

between substituents in 3-azabicyclo[3.1.1]heptanes was also  

 

Figure 1. Selected parameters of 3-azabicyclo[3.1.1]heptanes 3a*HCl, 

11a*HCl, 15a*HCl, and the substituted pyridine  46*HCl according to X-ray 

crystal data: angle  (°), and distances r, d (Å).    

 

ca. 0.2 Å shorter than that in the pyridine ring: 4.79-4.81 Å vs 

5.06 Å (pyridine). However, angle φ was identical in both 

scaffolds: 124-126° vs 125° (pyridine). It must be noted, that all 

three parameters, - r, d, and φ, - were very close in 



 

 

 

3-azabicyclo[3.1.1]heptanes (3a, 11a, 15a) and pyridines (46). 

The key characteristics of both cores and their superposition are 

shown in Figure 2. 

 

Figure 2. Visualized comparison of 3-azabicyclo[3.1.1]heptane and 3,5-

disubstituted pyridine.    

 

In short summary, the 3-azabicyclo[3.1.1]heptane core 

resembled well the pyridine ring, as the geometric parameters r, 

d, φ remained very similar. 

Incorporation into the bioactive compound. To 

demonstrate the practical utility of the 

3-azabicyclo[3.1.1]heptane scaffold, we incorporated it into the 

structure of the antihistamine drug Rupatidine,16 instead of the 

pyridine ring (Scheme 7). The reaction of N-Boc amino acid 39 

with the substituted piperidine in the presence of HATU as an 

activating agent gave amide 47. Reduction of the latter with 

LiAlH4 gave compound 48 – a saturated analog of Rupatadine. 

The commercialized drug Rupatadine is used in practice as a 

fumarate salt.17 However, to experimentally evaluate the impact 

of the replacement of the pyridine ring with 

3-azabicyclo[3.1.1]heptane core on the physicochemical 

properties, we prepared and studied both compounds, - 48 and 

Rupatadine, - as free bases. 

Physicochemical properties. Replacement of the pyridine 

ring in Rupatadine by 3-azabicyclo[3.1.1]heptane (48) increased 

the water solubility by more than one order of a magnitude: 29 

µM (Rupatadine) vs 365 µM (48) (Scheme 7). 

To estimate the influence of the replacement of the pyridine 

ring with the saturated bioisostere on lipophilicity, we used two 

parameters: calculated (clogP) 18  and experimental (logD) 

lipophilicities. Replacement of the pyridine ring with 

3-azabicyclo[3.1.1]heptane almost did not affect clogP: 5.1 

(Rupatadine) vs 5.2 (48). However, the effect of such 

replacement on the decrease of the experimental lipophilicity 

was significant, logD: >4.5 (Rupatadine) vs 3.8 (48). 

The effect of the saturated bioisostere on metabolic stability 

was also studied. The incorporation of the 

3-azabicyclo[3.1.1]heptane (48) into Ruparadine dramatically  

 
Scheme 7. Synthesis of compound 48 - saturated analog of Rupatadine. 
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 were obtained within a range of 1.0-4.5. CIint: experimental 

metabolic stability in human liver microsomes (µl/min/mg). t1/2 (min): 

experimental half-time of a metabolic decomposition. 

increased the metabolic stability in human liver microsomes: CIint 

(mg/(min•μL))=517 (Rupatadine) vs 47 (48). In other words, 

incorporation of the 3-azabicyclo[3.1.1]heptane core into 

Rupatadine increased its life half time by more than ten times:  

t1/2 (min)=3.2 (Rupatadine) vs 35.7 (48). 

In summary, the replacement of the pyridine ring in 

Rupatadine with 3-azabicyclo[3.1.1]heptane (48) led to a 

dramatic improvement of all measured physicochemical 

parameters: solubility, metabolic stability, and lipophilicity. 

Summary. In 2022, bicyclo[3.1.1]heptanes were demonstrated 

to mimic the fragment of meta-substituted benzenes in 

biologically active compounds (Scheme 1).1 Here, we 

unexpectedly developed a general approach to their aza-

analogs: 3-azabicyclo[3.1.1]heptanes (Scheme 2). The key 

reaction was a reduction of oxetanyl nitriles with lithium 

aluminum hydride.  The mechanism, scope, and scalability of 

this method were studied. The reaction proceeded via an 

“invisible” intermediate 4 (Scheme 2) that was caught by back-

synthesis. Crystallographic analysis revealed a high similarity of 

the 3-azabicyclo[3.1.1]heptane core with the pyridine ring. This 

scaffold was also incorporated into the Rupatadine drug instead 

of the pyridine ring which led to dramatic improvement of all 

physicochemical parameters: solubility, metabolic stability, and 

lipophilicity.  

This study increases the repertoire of saturated bioisosteres 

for (hetero)aromatic rings used in drug discovery campaigns.  
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Anderson, Synthesis and applications of highly functionalized 1-halo-3-substituted bicyclo[1.1.1]pentanes. Chem. Sci. 2018, 
9, 5295−5390. (c) H. D. Pickford, J. Nugent, B. Owen, J. J. Mousseau, R. C. Smith, E. A. Anderson, Twofold Radical-Based 



 

 

 

                                                                                                                                                                  
Synthesis of N,C-Difunctionalized Bicyclo[1.1.1]pentanes. J. Am. Chem. Soc. 2021, 143, 9729-9736. (d) H. D. Pickford, V. 
Ripenko, R. E. McNamee, S. Holovchuk, A. L. Thompson, R. C. Smith, P. K. Mykhailiuk, E. A. Anderson. Rapid and 

scalable halosulfonylation of strain-release reagents. Angew. Chem. Int. Ed. 2022, e202213508. (e) A. S. Harmata, T. E. 

Spiller, M. J. Sowden, C. R. J. Stephenson, Photochemical Formal (4+2)-Cycloaddition of Imine-Substituted 

Bicyclo[1.1.1]pentanes and Alkenes. J. Am. Chem. Soc. 2021, 143, 21223–21228. (f) I. S. Makarov, C. E. Brocklehurst, K. 

Karaghiosoff, G. Koch, P. Knochel, Synthesis of Bicyclo[1.1.1]pentane Bioisosteres of Internal Alkynes and para-

Disubstituted Benzenes from [1.1.1]Propellane. Angew. Chem. Int. Ed. 2017, 56, 12774−12777. (g) W. Huang, S. Keess, G. 

A. Molander. Dicarbofunctionalization of [1.1.1]Propellane Enabled by Nickel/Photoredox Dual Catalysis: One-Step 

Multicomponent Strategy for the Synthesis of BCP-Aryl Derivatives. J. Am. Chem. Soc. 2022, 144, 12961–12969.  (h) W. 
Dong, E. Yen-Pon, L. Li, A. Bhattacharjee, A. Jolit, G. A. Molander. Exploiting the sp2 character of bicyclo[1.1.1]pentyl 

radicals in the transition-metal-free multi-component difunctionalization of [1.1.1]propellane. Nature Chem. 2022, 14, 1068–

1077. (i) J. Kanazawa, K. Maeda, M. Uchiyama, Radical Multicomponent Carboamination of [1.1.1]Propellane. J. Am. 

Chem. Soc. 2017, 139, 17791−17794.  (j) X. Zhang, R. T. Smith, C. Le, S. J. McCarver, B. T. Shireman, N. I. Carruthers, D. 

W. C. MacMillan. Copper-mediated synthesis of drug-like bicyclopentanes, Nature 2020, 580, 220−226.   

12 van der Haas, R. N. S.; Dekker, J. A.; Hassfeld, J.; Hager, A.; Fey, P.; Rubenbauer, P.; Damen, E. Synthesis and Properties 

of 2-Oxa-6-azaspiro[3.3]heptane Sulfonate Salts. Synthesis 2017, 49, 2394-2401. 

13 Cambridge Crystallographic Data Center (CCDC) deposition numbers: 2226166 (3a*HCl), 2237707 (11a*HCl), 2237706 

(15a*HCl), 2237705 (45). 

14  For full details of the calculations, see D. Dibchak, M. Snisarenko, A. Mishuk, O. Shablykin, L. Bortnichuk, O. 
Klymenko-Ulianov, Y. Kheylik, I. Sadkova, H. S. Rzepa, P. K. Mykhailiuk, Imperial College research data  repository, 

2022, FAIR Data DOI: 10.14469/hpc/11474. 

15 N. Ullah, H. Stoeckli-Evans. Crystal structure and Hirshfeld surface analysis of the hydro­chloride salt of 8-{4-[(6-

phenyl­pyridin-3-yl)meth­yl]piperazin-1-yl}-3,4-di­hydro­quinolin-2(1H)-one. Acta Cryst. 2021, E77, 208-212. 

16 https://go.drugbank.com/drugs/DB11614 (accessed on 03.02.2023) 

17 https://www.drugs.com/uk/rupafin-10mg-tablets-leaflet.html (accessed on 03.02.2023)  

18 clogP was calculated with “Cxcalc” (ChemAxon, version 22.5.0). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

https://doi.org/10.14469/hpc/11474
https://go.drugbank.com/drugs/DB11614
https://www.drugs.com/uk/rupafin-10mg-tablets-leaflet.html


 

 

 

                                                                                                                                                                  
 

Abstract  

Unexpected Discovery of Saturated Pyridine Mimetics  
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A general approach to 3-azabicyclo[3.1.1]heptanes was unexpectedly discovered. The mechanism, 

scope, and scalability of this method were studied. The core was incorporated into the structure of the 

antihistamine drug Rupatidine instead of the pyridine ring, which led to a dramatic improvement in 

physicochemical properties. 
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