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Hybridization, functionalization, and enantioseparation of ethano-bridged 
Tröger base analogs have been performed. X-ray crystallographic analysis, 
chiral HPLC and CD spectroscopy have assigned the absolute configuration of 
the obtained ethano-bridged Tröger base analogs, confirming their optical 
purity. These optically active building blocks are readily modifiable and 
owing to their versatility they offer unique benefits for the growing 
community of molecular machinists.  
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The rise of molecular machines [1, 2] has 

inspired the fusion of photoresponsive units 

with the lambda-shape scaffold of Tröger base 

analogs (TBAs) that has resulted in the 

introduction of light-driven nanoswitches 

(ranging from 8 to 64 Å in length) [3]. Despite 

the long history and broad range applications of 

both TBAs [4] and azo switches [5], no azo 

carrying TBA was ever fashioned until 2016 [6]. 

The unique lambda-shape geometry of TBAs 

can open new possibilities in the design of 

nanostructures including cyclophanes [7, 8], 

helicates [9, 10], molecular cleft receptors [11, 

12], metal-organic frameworks and 

mechanically interlocked molecules [1]. 

The rigid scaffold of TBAs inhibits the 

pyramidal inversion of its nitrogen 

stereocenters, i.e. stereogenic amine groups, 

and determines an absolute RR or SS 

configuration [13]. Nevertheless, methano-

bridged TBAs in the presence of protonating 

agents endure the pyramidal inversion and 

hence are prone to an acid-catalyzed 

racemization [14]. The racemization of 

methano-bridged TBAs can be prevented by the 

modification of the diazocine ring [15], i.e. 

replacing the methylene bridge with an 

ethylene bridge (Schemes 1), as Mukai and 

Hamada had introduced in 1996. 

 

Scheme 1. Plausible mechanism of MHM transforming methano- to ethano-bridged TBAs 

Ever since Mukai and Hamada’s method 

(MHM) has created the first ethano-bridged 

analog of Tröger’s base (Scheme 1) [16], a 

variety of innovative synthetic approaches have 

been developed including the rearrangement of 

ammonium salts [17], double aza-Michael 

addition [18], enantioselective [19, 20], and 

diastereoselective [21] insertion of carbenes. 

Although these methods are proven to be 

significantly efficient, even in the production of 

more complex structures [22], they require 

specialized reagents, result in functionalized 

straps and occasionally include a considerable 

amount of technicalities that altogether justify 

an occasional return to old-school MHM. 

Therefore, the present work employs MHM 

owing to its simplicity, accessibility, and 

scalability. This method swaps the diazocine 

bridges through the alkylation of methano-

bridged TBAs with 1,2-dibromoethane (Scheme 

1).  

The enantiomeric resolution of TBAs has 

been achieved by high-performance liquid 

chromatography (HPLC) [23], capillary 

electrophoresis [24], and the formation of 

diastereomeric salt (or complex) using acidic 

chiral discriminators [15, 25]. The latter has 

been utilized in the present study due to its 

scalability and cost-efficiency.  

Results and Discussion   

In this work, methano-bridged TBAs M1 

(Scheme 2) and M3–5 (Scheme 3), as 

precursors to the desired building blocks 1–5, 

were first synthesized through the trögeration 
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reaction (TR) [14] between anilines and 

paraformaldehyde in trifluoroacetic acid [26]. 

The obtained methano-bridged TBAs M1 and 

M3–5 were then used, as starting material in 

MHM, for the production of the corresponding 

ethano-bridged TBAs 1 and 3–5. The 

enantiomers of the resulting ethano-bridged 

TBAs 1, 4 and 5 were then separated by their 

coprecipitation [15, 27] with enantiopure 

derivatives of tartaric acid. Despite numerous 

attempts, TBA 3 exceptionally did not form any 

diastereomeric salt (or complex) with the 

applied derivatives of tartaric acid; hence its 

enantioseparation (ES) failed through the 

coprecipitation. This failure is probably due to 

the existence of electronegative functional 

groups that may decrease the basicity of the 

bridgehead amine groups and weaken their 

interaction with the acidic chiral 

discriminators. Therefore, as a practical 

alternative, the separated enantiomers of TBA 1 

were brominated to obtain enantiopure TBAs 2 

and 3 (Scheme 2). 

 

Scheme 2. Synthesis, enantiomeric resolution, and functionalization of optically active unsubstituted 

TBA 1; TR: trögeration reaction of aniline with OH(CH2O)nH in CF3CO2H [26]; MHM: C2H4Br2 and 

Li2CO3 in DMF at 110 °C [16]; ES: enantioseparation with dibenzoyl tartaric acid in dry CH3CN or 

(CH3)2CO [27]; NBS: N-bromosuccinimide [28]

Unsubstituted TBA 1 is a versatile building 

block that can be conveniently modified, by a 

variety of electrophilic [29], and then 

nucleophilic [30], substitution reactions that 

can provide a broad spectrum of optically active 

lambda-shape building blocks. Nevertheless, 

the trögeration of unsubstituted aniline is 

considerably inefficient as it coincides with 

undesired condensation and polymerization 

reactions [31]. For example, the inevitable 

formation of aniline-formaldehyde-resin 

significantly decreases the trögeration yield of 

M1 (TR, Scheme 2), increases the associated 

costs, and makes the work-up tedious. As an 

alternative, the hybridization strategy (Scheme 

3) has been considered that doubles the total 
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trögeration yield while offering two more useful 

products.  

 

Scheme 3.  One-pot synthesis of Tröger base analogs, their strap change, and enantioseparation 

It is worth mentioning that, although the 

overall yield for the preparation of TBA 3 

through both bromination of 1 (Scheme 2) and 

the hybridization method (Scheme 3) is 11–

12%, the hybridization method yields the equal 

amounts of TBAs 4 and 5 (Scheme 3) where the 

synthesis of unsubstituted TBA 1 (Scheme 2) 

only leads to the undesired polymerization. The 

hybridization method (Scheme 3) eliminates 

the chances for the polymerization and 

guarantees an effortless work-up. 

In the hybridization method (Scheme 3), 

bromo- and methoxy-carrying anilines were 

utilized owing to their significantly different 

chemistries that enable the modification of the 

resulting TBAs. The bromo and methoxy 

substituents can be readily converted to other 

functional groups and, owing to their location at 

2 and 8 positions they can, provide excellent 

attachment/interaction sites (Scheme 4) [29, 

32]. For instance, the methoxy substituents can 

be efficiently demethylated and be converted to 

hydroxyl groups (conversion yield > 97%) [13, 

33, 34]. Hydroxyl groups can serve as 

attachment sites either via hydrogen or 

covalent bonds, e.g. be used in etherification, 

esterification, condensation or coupling 

reactions [6, 14, 15, 33, 34], or serve as ionizable 

groups making TBAs water-soluble [13]. 

Amongst halogenated TBAs, those carry bromo 

substituents are known as the best substrate for 

a variety of reactions including the amination of 

halogen carrying TBAs [35]. The bromo 

substituent can be used in various nucleophilic 
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substitution [36] and cross-coupling reactions 

[29, 30, 32, 37‒40]. Moreover, bromo-carrying 

TBAs can be reduced back to unsubstituted 

TBAs, e.g. the reduction of 3 by H2(g)/Pd-C 

(Scheme 3) gives 1 that is suitable for ES. 

Similarly, 5 could have been reduced to a 

monomethoxy TBA if needed.  

As discussed, the hybridization method is 

mainly advantageous as far as the selected 

functional groups interact differently with the 

stationary phase(s) selected for the separation 

of the products. The retention and retardation 

factors of the brominated and methoxy-

carrying TBAs are significantly different from 

one another, hence are conveniently separable 

using the ordinary silica packed 

chromatography columns. For example, Rf 

values for M3, M5, and M4 (silica gel, DCM) are 

0.46, 0.21, and 0.07; respectively. In addition, 

the righthanded enantiomers of 3, 5, and 4 only 

showed similar tR values where respectively 20, 

30 and 40 % of a polar solvent (iPrOH) was 

blended in the mobile phase of the chiral HPLC. 

These indicated a significant increase in the 

polarity upon the introduction of the methoxy 

groups.  

 

Scheme 4. Enantioseparation, mirror image presentation, and absolute configuration of (+)-(R,R)-5 

and (–)-(S,S)-5 assigned according to X-ray crystallographic analysis (CCDC 1921569)

This study has also determined the absolute 

configuration, enantiopurity, and optical 

activity of the separated enantiomers of ethano-

bridged TBAs 1–3 and 5 using X-ray 

crystallographic analysis, chiral HPLC and CD 

spectroscopy (Table 1).  

Table 1. CD spectra of (+)-(R,R) and (–)-(S,S) enantiomers of 1, 2, 3 and 5 and stacked chiral HPLC 

chromatograms of their (±)-racemate (I), (+)-(R,R)-enantiomer (II), and (–)-(S,S)-enantiomer (III) 
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Compd. CD spectra and chemical structure Chiral HPLC chromatogram 
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2 

 

 

3 

 

 

5 

 

 

Experimental  

Materials and methods 

Agilent Quadrupole-6130 (HPLC-MS), 

Bruker DRX400 (NMR), Eppendorf Kinetic-Bio 
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(UV-Vis), Jasco J-810 (CD), Perkin-Elmer P-1010 

(polarimeter), Shimadzu CTO-20A (HPLC) fitted 

with chiral analytical Daicel (Chiralpak-AD 

250×4.6 mm, 5 µm) column, and Thermo 

Scientific Nicolet iS5/10 (ATR-IR), instruments 

were employed. Davisil LC60Å silica gel (40–63 

µm), Merck DC-Kieselgel60-F254 aluminum TLC 

plates, and Spectroline UV lamp ENF-260 C/FE 

[230 V, 0.17 A, 50 Hz]-256 nm were used for 

chromatography.  

Procedures for the Preparation of Methano-
Bridged TBAs M1–M5 

Synthesis procedures and analytical data for 

methano-bridged TBAs M1–M5 are available in 

the literature [26, 28, 36, 41, 42].  

Procedures for the Preparation of Ethano-
Bridged TBAs 1, 3 and 4 

Synthesis procedures and analytical data for 

ethano-bridged TBAs 1 and 3 in racemic form 

[43], and 4 in optically active form [15], are also 

available in the literature.  

Procedures for the Preparation of Optically 
Active TBAs 2 and 3  

Optically active TBAs 2 and 3 were obtained 

from the bromination of enantiopure TBA 1 

using N-bromosuccinimide and ammonium 

nitrate. The detailed procedure is available in 

the literature [28, 44], and the required ratios of 

reactant to reagent for mono- and 

dibromination were 1:1 and 1:3 respectively. 

The mono-bromination reaction started with 

(+)-(R,R)-1 and (–)-(S,S)-1 gave (+)-(R,R)-2 and 

(–)-(S,S)-2, respectively. The dibromination of 

(+)-(R,R)-1 and (–)-(S,S)-1 gave (+)-(R,R)-3 and 

(–)-(S,S)-3, respectively. 

Characterization of Ethano-Bridged TBA 2 

Started with enantiopure TBA 1 (0.24 g, 1.0 

mmol) adopting Sergeyev’s method to obtain 2 

as an off-white solid [28]. Yield 0.13 g (56%, 

0.56 mmol), Rf  0.5 (Silica gel/EtOAc-DCM 15% 

v/v). 1H NMR (400 MHz, CDCl3): δ 7.01–7.15 (m, 

4 H), 6.79–7.01 (m, 3 H), 4.59 (d, J = 17.1 Hz, 1 

H), 4.54 (d, J = 17.1 Hz, 1 H), 4.40 (d, J = 17.1 Hz, 

1 H), 4.37 (d, J = 17.1 Hz, 1 H), 3.46–3.71 (m, 4 

H). 13C NMR (100 MHz, CDCl3): δ 150, 149.6, 

138.9, 136.5, 131.5, 130.0, 129.8, 128.6, 127.9, 

127.2, 125.1, 117.8, 59.1, 58.9, 54.6, 54.5. MS 

(ESI +, Quadrupole): m/z [M + H]+ calcd for 

[C16H16BrN2]+: 315.04; found: 315.1 and 317.2. 

IR (neat): 2905, 1516, 1481, 1342, 1218, 1089, 

945 cm−1. Anal. Calcd for C16H15BrN2: C, 60.97; H, 

4.80; N, 8.89. Found: C, 61.15; H, 4.97; N, 9.03. 

Preparation and Characterization of Hybrid 
Ethano-Bridged TBA 5 

Methano-bridged TBA M5 (1.65 g, 5.0 mmol, 

1.0 equiv.), 1,2-dibromoethane (2.35 g, 12.5 

mmol, excess), DMF (25 mL) and Li2CO3 (1.8 g, 

25.0 mmol, excess) were mixed in an oven dried 

round bottom flask and heated at 105 °C for 12 

h under argon atmosphere in darkness. DMF 

was removed under reduced pressure; the 

remaining residue was dissolved in EtOAc (30 

mL) and thoroughly rinsed with distilled water 

(50 mL × 5), dried over sodium sulfate,  filtered 

and evaporated under reduced pressure. The 

collected crude was chromatographed to obtain 

ethano-bridged TBA 5 as an off-white solid. 

Yield 0.70 g (41% 2.0 mmol); Rf 0.5 (Silica gel/ 

EtOAc-DCM 25% v/v). 1H NMR (400 MHz, 

CDCl3): δ 7.15–7.18 (m, 1 H), 6.96–7.08 (m, 3 H), 

6.40–6.64 (m, 2H), 4.49–4.58 (m, 2H), 4.28–4.41 

(m, 2 H), 3.70 (s, 3 H), 3.47–3.65 (m, 4 H). 13C 

NMR (100 MHz, CDCl3): δ 166.1, 156.5, 149.3, 

138.9, 137.4, 131.5, 130.3, 129.8, 128.7, 117.5, 

113.4, 112.7, 59.1, 58.9,55.1, 54.9, 54.8. MS (ESI 

+, Quadrupole): m/z [M + H]+ calcd for 

[C17H18BrN2O]+: 345.06; found: 345.1 and 347.1. 

IR (neat): 2903, 2361, 1490, 1471, 1275, 1065, 

1023, 842 cm−1. Mp: 154–156°C. Anal. Calcd for 

C17H17BrN2O: C, 59.14; H, 4.96; N, 8.11. Found: C, 
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59.23; H, 5.12; N, 7.93. CCDC Deposition 

Number 1921569. 

Enantiomeric Resolution and Optical Activity of 
Ethano-Bridged TBAs 1–3, and 5 

The procedure reported by Jameson et. al. 

[27], was slightly modified and employed for 

the enantiomeric resolution of TBAs 1–3 and 5 

that coprecipitated with enantiopure O,O′-

dibenzoyl-tartaric acid (Mole ratio of 1:3 

respectively) in dry CH3CN or (CH3)2CO and 

recrystallized twice in fresh solvent before the 

work-up. This resulted in the chiral resolution 

of eight enantiomers, as follows:  

Enantiomer (+)-(R,R)-1: [α] D22 +378 (c 0.1), 

Chiral HPLC tR 13 ± 1 min (major >99.8%, er 

>99.5:0.5); Enantiomer (–)-(S,S)-1: [α] D18 –361 

(c 0.1), Chiral HPLC tR 19 ± 1 min (major 

>99.4%, er >99.5:0.5); mobile phase: iPrOH – 

nHex, 10% v/v.  

Enantiomer (+)-(R,R)-2: [α] D21 +453 (c 0.1), 

Chiral HPLC tR 13 ± 1 min (major >98.4%, er 

>99.5:0.5); Enantiomer (–)-(S,S)-2: [α] D24 –468 

(c 0.1), Chiral HPLC tR 26 ± 2 min (major 

>98.6%, er >99.5:0.5); mobile phase: iPrOH – 

nHex, 15% v/v.    

Enantiomer (+)-(R,R)-3: [α] D22 +429 (c 0.1), 

Chiral HPLC tR 13 ± 1 min (major >99.8%, er 

>99.5:0.5); Enantiomer (–)-(S,S)-3: [α] D19 –440 

(c 0.1), Chiral HPLC tR 25 ± 1 min (major 

>99.6%, er >99.5:0.5); mobile phase: iPrOH – 

nHex, 20% v/v.    

Enantiomer (+)-(R,R)-5: [α] D20 +524 (c 0.1), 

Chiral HPLC tR 11 ± 1 min (major >99.8%, er 

>99.5:0.5); Enantiomer (–)-(S,S)-5: [α] D
23 –516 

(c 0.1), Chiral HPLC tR 49 ± 3 min (major 

>99.8%, er >99.5:0.5); mobile phase: iPrOH – 

nHex, 30% v/v; CCDC Deposition Number 

1921569.  

Conclusions 

As discussed, there has been a trade-off 

between the functionalization and the 

hybridization methods. Functionalization of the 

enantiopure unsubstituted TBA includes a 

wasteful initial step, although presents a 

versatile building block. The hybridization 

method doubles the initial yield while 

introduces some additional levels of 

technicality for the separation of the products 

and their optical resolution. Regardless of the 

chosen strategy, the obtained lambda-shape 

enantiomers are ideal nanoscale building blocks 

for the growing community of molecular 

machinists [2]. These molecules can be 

equipped with photoswitchable units [15], 

interlinking and interactive extremities; e.g. 

halogen- or hydrogen-bond donor and acceptor 

groups [6, 14]. The resulting stimuli-responsive 

lambda-shape linkers are expected to provide 

tight control over their tunable assembly, 

chelation, homodimerization or 

macrocyclization, liquid crystalline [45] and 

binding [46-48] behaviors. Such molecules can 

also be used as molecular recognition agents 

and chiral discriminators [49] as the 

possibilities for the customization of such 

functionalized TBAs are endless.  
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