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Abstract. Spiro[3.3]heptane can mimic the mono-, meta- and 

para-substituted phenyl rings in drugs.  

Introduction. The phenyl ring is a key structural element in 

chemistry. It is the most popular ring in natural products, 1 

bioactive compounds, and drugs.2 

 
Scheme 1. Bicyclo[1.1.1]pentane, cubane, bicyclo[2.2.2]octane, and 

2-oxabicyclo[2.2.2]octane as saturated bioisosteres of benzene. This work: 

spiro[3.3]heptane as a saturated bioisostere of benzene. 

  In 2012, Stepan and colleagues showed that a replacement 

of the central phenyl ring in a bioactive compound with the 

bicyclo[1.1.1]pentane improved physicochemical properties and 

retained bioactivity (Scheme 1).3,4 Later, analogous studies were 

undertaken with cubane, 5 , 6  bicyclo[2.2.2]octane 7  and 

2-oxabicyclo[2.2.2]octane. 8  During the past decade, these 

scaffolds proved to be useful in drug discovery, medicinal 

chemistry, and supramolecular chemistry as saturated benzene 

bioisosteres.9 In the case of para-substituted benzene, all four 

bioisosteres retained the original collinearity of exit vectors ( = 

180º). 

In this work, we have discovered that spiro[3.3]heptane with 

non-collinear exit vectors can mimic the mono-, meta- and para-

substituted phenyl rings in drugs (Figure 1). 

 

Results and discussion. Synthesis. Spiro[3.3]heptane core 

is well known in the literature. It is often used in medicinal 

chemistry as a unique 3D-shaped scaffold.10,11 However, to the 

best of our knowledge, it has never been used as a benzene 

bioisostere before.12,13  

Substituted spiro[3.3]heptanes are usually synthesized using 

linear approaches: addition of ketenes to activated/strained 

alkenes;14,15 alkylation of malonate esters;16 rearrangements of 

cyclopropanes,17 or other reactions.18 

In a search for a modular approach to spiro[3.3]heptanes from 

the commercially available starting materials we focused our 

attention on the reaction between keteneiminium salts with 

alkenes into cyclobutanones. 19  Recently, this reaction was 

adjusted to prepare polycyclic 20  and poly-substituted 

spiro[3.3]heptanes.21 We envisioned that this strategy could also 

be applied to make mono- and di-substituted spiro[3.3]heptanes 

(to mimic the corresponding mono- and di-substituted benzenes 

in bioactive compounds) without the additional (poly)substitution. 

Indeed, the thermal reaction of the N,N-dimethylamide of 

cyclobutane carboxylic acid with various alkenes in the presence 

of (CF3SO2)2O/collidine followed by hydrolysis of the 

intermediate vinamidinium salts efficiently gave 

spiro[3.3]heptanes 1-29 in good yields (Scheme 2). The reaction 

was compatible with active chlorine (6, 7), and bromine (8, 9, 11, 

12) atoms; TMS (13, 15), TBDMS (14), N-Ts (17, 18) groups, 

and even with the azetidine ring (17). The reaction worked 

equally well for aliphatic (1-18) and aromatic (19-29) alkenes. 

Amides of substituted cyclobutane carboxylic acids gave the 

desired spiro[3.3]heptanes 30-39 as well. 

The analogous reaction between N,N-dimethylacetamide 

(DMA), and the substituted cyclobutylidenes gave 

spiro[3.3]heptanes 40-42. The reaction between 

N,N-dimethylisobutyramide and styrene led to the formation of 

product 43 (Scheme 2). 

Important to note, that this method towards spiro[3.3]heptanes 

worked efficiently on milligram, gram, and even multigram scales 

(2, 15, 40). On a milligram-to-gram scale, we purified products 

by silica gel column chromatography. On a gram-to-multigram 

scale, we isolated the products by distillation under reduced 

pressure. The structure of products 18, 24, 30, and 41 was 

confirmed with X-ray crystallographic analysis.22 
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Scheme 2. Reaction conditions: (i) alkene (1 equiv.), amide (1 equiv.), triflic anhydride (1.2 equiv.), colliding or lutidine (1.2 equiv.), 1,2-dichloroethane, reflux, 

16 h; (ii) aqueous NaHCO3; (iii) purification (vacuum distillation or column chromatography). The scale of the synthesis: a 100-500 mg; b 1-5 g; c 10-40 g of the 

isolated product. d With gaseous alkenes (products 1-3, 31-39), alkene component was taken in an excess.  e N,N-dimethylisobutyramide was used as a starting 

material instead of N,N-dimethylacetamide (DMA). X-ray crystal structure of compounds 18, 24, 30, and 41 are shown as thermal ellipsoids at 50% probability 

level; carbon – white, oxygen – red, nitrogen – blue, sulfur – yellow, bromine – orange, fluorine – green; hydrogen atoms are not shown.  
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Scheme 3. Synthesis of functionalized spiro[3.3]heptanes for use as synthetic building blocks in medicinal chemistry. X-ray crystal structure of compounds 52, 54, 

73, and 74 (carbon – white, oxygen – red, nitrogen – blue, fluorine - green). Hydrogen and chlorine atoms are omitted for clarity. Ellipsoids are shown at a 50% 

probability level.  

 
Despite the seeming simplicity of the current approach to 

spiro[3.3]heptanes, the preparation of only four products 1,18a 

3,16d 37,18b and 4016e from Scheme 2 was previously reported in 

the literature by other methods. 

Modifications. Representative modifications of the obtained 

ketones were undertaken to obtain various mono- and bi-

functional spiro[3.3]heptanes for direct use in medicinal 

chemistry projects (Scheme 3).  
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The Wolff–Kishner reduction of ketone 24 gave bromide 44. 

Treatment of the latter with nBuLi followed by the addition of 

either B(OMe)3 or dry ice resulted in the formation of 

organoboron compound 45 or carboxylic acid 46. The analogous 

tactic was applied to ketone 25 to obtain (via bromide 47) 

carboxylic acid 48 and boronic acid 50. The Curtius reaction of 

the latter gave aniline 49. Oxidation of compound 50 with H2O2 

gave phenol 51. 

Reductive amination of ketone 1 with benzylamine, followed by 

the subsequent N-Bn cleavage with H2/Pd gave amine 52. 

Reduction of ketone 1 with LiAlH4 gave alcohol 53. A similar 

strategy was used to synthesize amine 54 and alcohol 55 from 

ketone 31; and amine 56 with alcohol 57 from ketone 3. The 

Wolff–Kishner reduction of ketone 18 gave compound 58. The 

N-Ts cleavage in the latter with magnesium powder in methanol 

gave amine 59 (Scheme 3). The structure of products 52 and 54 

was confirmed by X-ray crystallographic analysis.22 

The reaction of ketone 19 with morpho-DAST followed by 

oxidation of the phenyl ring with NaIO4/RuCl3 gave the 

fluorinated carboxylic acid 60. The Wolff–Kishner reduction of 

ketone 28 followed by the oxidation of the phenyl ring gave 
carboxylic acid 61. Analogously, from ketone 30, the fluorinated 

carboxylic acid 62 was synthesized. Oxidation of the phenyl ring 

in ketone 19 with NaIO4/RuCl3 gave ketoacid 63. Similarly, 

ketoacids 64-66, 68 were synthesized from compounds 28, 37, 

43, and 40, correspondingly. The reaction of ketone 40 with 

hydroxylamine followed by reduction of the intermediate oxime 

with Raney nickel gave amine 67 (Scheme 3).  

Alkylation of carboxylic acid 68 with ethyl iodide gave ester 69. 

Reduction of the carbonyl group in 69 with NaBH4 gave alcohol 

70. O-Mesylation (via 71) and the subsequent reaction with 

NaN3 provided azide 72. The Staudinger reduction of the azido 

group with PPh3 followed by N-Boc protection gave compound 

73. Saponification of the ester group in 73 gave the N-Boc 

protected amino acid 74.23 The structure of products 73 and 74 

was confirmed by X-ray crystallographic analysis.22  

 

Incorporation into drugs. To validate the spiro[3.3]heptane 

scaffold as a saturated benzene bioisostere, we next aimed to 

incorporate this skeleton into a structure of existing drugs. We 

also planned to study the impact of such replacement on the 

experimental physicochemical properties and biological activity. 

We chose the FDA-approved anticancer drugs Sonidegib, 

Vorinostat, and the local anesthetic drug Bupivacaine with the 

meta-, mono- and para-substituted phenyl rings, correspondingly 

(Schemes 4-6). 

 

Sonidegib (meta-substituted phenyl ring). Synthesis of 

saturated analogs of Sonidegib commenced from ketone 39 

which was previously synthesized as a 3:1 mixture of two 

stereoisomers (Scheme 2). Separation of isomers trans-39 and 

cis-39 was undertaken by silica gel column chromatography. 

The stereoconfiguration of the obtained compounds was 

determined by 2D NMR spectroscopy. The reaction of the major 

isomer, trans-39, with tosyl isocyanide followed by acidic 

hydrolysis of the nitrile group gave carboxylic acid trans-75. 

Acylation of the corresponding heterocyclic amine gave racemic 

compound trans-76 – a saturated analog of Sonidegib. Isomeric 

analog cis-76 was obtained analogously from ketone cis-39 via 

carboxylic acid trans-75 (Scheme 4). 

Next, we studied the impact of the replacement of the phenyl 

ring with spiro[3.3]heptane on the experimental physicochemical 

properties: water solubility, lipophilicity, and metabolic stability. 

Replacement of the meta-substituted phenyl ring in Sonidegib 

by spiro[3.3]heptane (trans-76, cis-76) did not affect its water 

solubility. All three compounds were poorly soluble in water: ≤ 1 

µM (Scheme 4). 

 

Scheme 4. Synthesis and properties of Sonidegib analogs - compounds 

(±)-trans-76 and (±)-cis-76. Sol. (µM): experimental kinetic solubility in 

phosphate-buffered saline, pH 7.4. clogP: calculated lipophilicity. logD (7.4): 

experimental distribution coefficient in n-octanol/phosphate-buffered saline, pH 

7.4. CLint, clearance intrinsic (µL/min/mg): experimental metabolic stability in 

human liver microsomes. t1/2 (min): experimental half-time of a metabolic 

decomposition. IC50 (µM): experimental inhibition of Hedgehog signaling 

pathway by compounds in Gli reporter NIH3T3 cell line. 

To estimate the influence of the replacement of the phenyl ring 

with spiro[3.3]heptane on lipophilicity, we used two parameters: 

calculated (clogP) 24   and experimental (logD) lipophilicities. 

Replacement of the phenyl ring with spiro[3.3]heptane 

decreased the lipophilicity by 0.8 units when examining clogP: 

6.8 (Sonidegib) vs 6.0 (trans-76) vs 6.0 (cis-76) (Scheme 4). An 

impact on the experimental lipophilicity was not observed, as all 

three compounds had logD ≥ 3.5. 

The effect of saturated bioisostere on metabolic stability was 

studied next. The incorporation of spiro[3.3]heptane into 

Sonidegib increased the metabolic stability in human liver 
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microsomes: CLint (mg/(min•μL))=93 (Sonidegib) vs 47 (trans-76) 

vs 11 (cis-76). Moreover, incorporation of the spiro[3.3]heptane 

core into Sonidegib increased the life half time by 200-800% 

times:  t1/2 (min)=93 (Sonidegib) vs 47 (trans-76) vs 11 (cis-76). 

Finally, we measured the experimental inhibition of the 

Hedgehog signaling pathway in cell-based Gli-Luc reporter 

NIH3T3 cell line by Sonidegib25 versus its analogs trans-76 and 

cis-76 (for details see the Supporting Information, pages 271-

272). In strict contrast to approved drugs, the use of racemic 

mixtures in primary biological testing in medicinal chemistry is 

common.26 Therefore for the validation of the proof-of-concept,27 

we directly studied the biological activity of the available racemic 

compounds trans-76 and cis-76.  

On one hand, compounds trans-76 and cis-76 were found to 

be two orders of magnitude less active compared to the original 

drug Sonidegib: IC50 (µM) = 0.0015 (Sonidegib) vs 0.48 

(trans-76) vs 0.24 (cis-76) (Scheme 4). On the other hand, both 

saturated analogs demonstrated a high level of micromolar 

inhibition (0.24-0.48 µM) of the Hedgehog signaling pathway in 

the Gli reporter NIH3T3 cell line. 

 

Vorinostat (mono-substituted phenyl ring). From amine 52, in 

three steps we synthesized a racemic compound 77 with the 

spiro[3.3]heptane core - a saturated analog of Vorinostat 

(Scheme 5). For comparison, we also obtained analog 78 (for 

details please see the Supporting Information, page 38). The 

structure of compound 78 was confirmed by X-ray 

crystallographic analysis.22 

 

Scheme 5. Synthesis of Vorinostat analogs (±)-77 and 78.   

To compare the biological activity of Vorinostat with its analogs 

77 and 78, we investigated their action on human hepatocellular 

carcinoma cells HepG2 by fluorescent confocal microscopy 

(Figure 1). The cells were incubated with the compounds for 48 

h. Further staining with corresponding fluorescent dyes revealed 

that all three compounds promoted caspase-dependent cell 

death, and apoptosis (Figure 1, 2nd row), which subsequently 

culminated in necrosis – cellular death that is marked with 

compromised cellular membrane (Figure 1, 3rd row). Vorinostat 

treatment resulted in 7.2% and 12.2% of early apoptotic cells 

upon incubation for 48 hours at concentrations 5 μΜ and 50 μΜ 

respectively (Figure 2). Analogs 77 and 78 demonstrated similar 

efficacy only at 50 μΜ concentration (for details, please see the 

Supporting Information, page 273-276).  

   

 
Figure 1. Fluorescent microscopy images of HepG2 cells treated with 

Vorinostat and analogs, (±)-77 and 78, at 50 μM during 48 h. First row: nuclei 

of cells are marked by Hoechst 33342 (blue). Second row:  apoptotic cells are 

marked by CellEvent Caspase-3/7 Green Detection Reagent (green). Third 

row: necrotic cells are marked by propidium iodide (red). Fourth row: 

superposition of all three staining above.  

 

 
Figure 2. Death percentage of HepG2 cells after treatment with Vorinostat and 
analogs, (±)-77 and 78 during 48 h. Red: necrotic cell death. Green: early 

apoptotic cell death. The data are presented as mean (n=3) ± SEM. * - 
indicates P < 0.05, ** - indicates P < 0.01, *** - P < 0.001 compared with the 
non-treated group.  
 

The obtained results (Figures 1, 2) confirmed that Vorinostat 

and both its analogs 77, 78 have similar cytotoxic and cytostatic 

activities in human cells. 

 

Benzocaine (para-substituted phenyl ring). Compound 79, a 

saturated analog of Benzocaine, was synthesized by acidic 

cleavage of the N-Boc group in ester 73 (Scheme 6). The 

product was obtained as a hydrochloride salt. 
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Scheme 6. Synthesis of benzocaine analog (±)-79.  

Figure 3. Time course of the antinociceptive effect of Benzocaine and its 
analog (±)-79 in tail flick test on inbred mice. The data were presented as 

mean ± SEM. * - indicates P < 0.05; ** - indicates P < 0.01, and *** - indicates 
P < 0.001 compared with the vehicle-treated group. 
 

 
Figure 4. The area under the curve (AUC) of withdrawal latency of 

Benzocaine and its analog (±)-79 in the tail flick test. The data were presented 

as mean ± SEM. ** - P < 0.01 compared with the vehicle-treated group.   

 

We measured the experimental anesthetic activity of 

Benzocaine and its racemic analog 79 in vivo. We studied the 

antinociceptive effect of Benzocaine and compound 79 using the 

“tail flick test”28 in 2-month-old CD-1 female mice (for details, see 

the Supporting Information, pages 277-279).29 The results are 

presented in Figures 3 and 4.  

Сompound 79 demonstrated a significant antinociceptive 

activity compared to that of the vehicle (Figures 3, 4). Moreover, 

its activity was very similar to that of Benzocaine throughout the 

whole observation period (Figure 3). In addition, compound 79 

showed a significant increase in coverage of analgesia time 

compared to that of the vehicle (Figure 4). 

These biological experiments on Sonidegib, Vorinostat, 

Benzocaine, and their saturated analogs corroborated the 

original hypothesis that spiro[3.3]heptane is indeed a bioisostere 

of the phenyl ring. 

 

Crystallographic analysis. To compare the geometric 

properties of spiro[3.3]heptanes and para-substituted phenyl 

ring, we used the exit vector plots tool. In this method, 

substituents at the disubstituted scaffold were simulated by two 

exit vectors n1 and n2 (Figure 5a). The relative spatial 

arrangement of vectors is described by four geometric 

parameters: the distance between C-atoms r, the plane angles 

1 (between vectors n1 and C-atom) and 2 (between n2 and C-

atom), and the dihedral angle  defined by vectors n1, C-C and 

n2. An additional parameter - distance d between two carbon 

substituents (Figure 5a) - was also measured.  

 
Figure 5. a) Definition of vectors n1 and n2, and geometric parameters d, r, φ1, 
φ2 and θ. Spiro[3.3]hexane is shown as an example. b) Geometric parameters 
d, r, φ1, φ2, and |θ| for para-substituted benzenes (Benzocaine, Tetracaine, 
Deferazifox), and saturated bioisosteres 73, 74. aData is taken from ref. 30. 
bData is taken from ref. 31. cData is taken from ref. 32. 

The values of d, r, 1, 2, and  of spiro[3.3]heptanes were 

calculated from the X-ray data of compounds 73, 74. The 

corresponding parameters for para-substituted phenyl rings 

were calculated from the reported crystal data of three drugs – 

local anesthetics Benzocaine, 30  Tetracaine, 31   and the 

antianemic agent Deferasirox (Figure 5b). 32   Distance r in 

spiro[3.3]heptanes was ca. 1.4 Å longer than that in the para-
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phenyl ring: 4.16-4.20 Å vs 2.77-2.81 Å (para-phenyl). The 

distance d between substituents in spiro[3.3]heptanes was also 

ca. 1.2 Å longer than that in the para-phenyl ring: 6.87-6.89 Å vs 

5.66-5.71 Å (para-phenyl). Angles 1 and 2 in 

spiro[3.3]heptanes were 22.8-29.7, whereby analogous angles 

in the para-phenyl ring were close to the ideal value of 0: 0.6-

2.2. Spiro[3.3]heptanes were also non-planar: // = 129-130. 

Interestingly, in the para-phenyl ring parameter // also deviated 

dramatically from the ideal value of 0: 123-149. However, 

parameter // alone is not representative, because the 1 and 2 

angles are close to 0 (planar structure). 

In general, vector characteristics of spiro[3.3]heptanes were 

different from those of the para-substituted phenyl ring. 

Spiro[3.3]heptanes have non-collinear exit vectors (1, 2 = 22.8-

29.7), while the para-substituted phenyl ring – collinear ones 

(1, 2 = 0.6-2.2). Distance d in spiro[3.3]heptanes was ca. 1.2 

Å longer than that in the para-phenyl ring. However, this 

difference in the angular model seems not to be dramatic, as 

supported by biological experiments on Sonidegib, Vorinostat, 

Benzocaine and their saturated analogs. In the known bioisoster 

bicyclo[1.1.1]pentane and the para-phenyl ring  the distance d 

also differs by ca. 1.0 Å (Scheme 1).3 

 

Summary. The phenyl ring is a key structural element in 

chemistry. It is the most popular ring in natural products,1 

bioactive compounds, and drugs.2 During the past decade, 

scientists have developed saturated bioisosteres of the phenyl 

ring with collinear exit vectors: bicyclo[1.1.1]octane, cubane, 

bicyclo[2.2.2]octane, and 2-oxabicyclo[2.2.2]octane (Scheme 1).  

Here, we have synthesized, characterized, and validated 

spiro[3.3]heptane as a phenyl bioisostere with non-collinear 

vectors. Spiro[3.3]heptane was shown to mimic the mono-, 

meta- and para-substituted phenyl rings in drugs Sonidegib, 

Vorinostat, and Benzocaine, correspondingly.  

We believe that this study opens up wide horizons in chemistry 

for making new/better analogs of any type of phenyl-containing 

molecules (medicinal chemistry, drug discovery, agrochemistry, 

polymer chemistry, supramolecular chemistry, etc).  
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Spiro[3.3]heptane can mimic the mono-, meta- and para-substituted phenyl rings in drugs. 
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