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Abstract: Sterically hindered pyridines embedded in a three-

dimensional triptycene framework have been synthesized, and their 

resolution by chiral HPLC enabled access to unprecedented 

enantiopure pyridines exceeding the known steric limits. The design 

principles for new axially chiral pyridine derivatives are then 

described. To rationalize their associations with Lewis acids and 

transition metals, a comprehensive determination of the steric and 

electronic parameters for this new class of pyridines was performed. 

This led to the general parameterization of the steric parameters 

(percent buried volume %VBur, Tolman cone angle θ, and He8_steric 

descriptor) for a large set of two- and three-dimensional pyridine 

derivatives. These parameters are shown to describe quantitatively 

their interactions with carbon- and boron-centered Lewis acids and 

were used to predict the ΔG° of association with the prototypical 

B(C6F5)3 Lewis acid widely used in frustrated Lewis pair catalysis. 

This first parameterization of pyridine sterics is a fundamental basis 

for the future development of predictive reactivity models and for 

guiding new applications of bulky and chiral pyridines in 

organocatalysis, frustrated Lewis pairs, and transition-metal 

catalysis. 

Introduction 

Pyridines have found widespread uses as nucleophilic catalysts 

in organocatalysis,[1,2] as Lewis bases in frustrated Lewis pair 

chemistry (Scheme 1a),[3] and as ligands in transition-metal 

complexes used for organometallic catalysis (Scheme 1b).[4-6]  

Intense efforts have been devoted to embed the pyridine core in 

chiral frameworks, leading to the creation of ingenious designs 

based on central, axial, planar and helical chirality (Scheme 

1c).[7-12] Although pyridines are attracting significant interest for 

the development of new catalysts and auxiliaries, it is surprising 

that steric and electronic parameters for these nitrogen 

containing heteroaromatics remain virtually unknown up to date. 

 

Scheme 1. Selected examples of pyridine used: a) in organocatalysis and 

frustrated Lewis pair (FLP) chemistry; b) in transition-metal (TM) catalysis and; 

c) selected examples of chiral and sterically-hindered pyridine derivatives.[7-12] 

In comparison to phosphines and N-heterocyclic carbenes 

(NHCs), whose steric parameters such as Charton,[13] 

Sterimol,[14] Tolman cone angle,[15] buried volume,[16] 

He8_steric[17] and topographic map[18] have been extensively 

used as predictive tools for the optimization and development of 

new catalysts,[16c,19] only a few steric descriptors have been 

reported for amines and pyridines. 

Indeed, only the Tolman cone angles of a few amines used as 

ligands in Pd and Ni complexes,[20] and the boron-related cone 

angles of a couple of pyridines (pyridine and lutidine) have been 

determined so far.[21-23] Thus, there is to date no systematic 

parameterization of the steric hindrances or of the electronic 
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parameters of pyridines that has been reported, and the 

investigation of three-dimensional pyridine steric, electronics, 

and reactivity parameters remains largely unexplored. 

As every catalyst involving the coordination of a pyridine to a 

Lewis acid or to a transition metal requires a subtle balance 

between Lewis basicity and steric hindrance,[3a,21,24] we started to 

expand the diversity of pyridine derivatives in terms of steric, 

electronic, and chiral properties by designing new sterically 

encumbered chiral pyridines embedded in a three-dimensional 

triptycene framework. 

We also took advantage of the triptycene tricyclic scaffold to 

design bulky pyridines surpassing the size of the bulkiest 

pyridines known so far.[25] In these rigid 3D aromatic systems, 

we could fine-tune with great accuracy the environment of the 

nitrogen atom by functionalizing the triptycene scaffold at three 

strategic positions, imposing three substituents pointing inside 

the nitrogen atom coordination sphere. This enabled us to 

expand the stereo-electronic limits of pyridine derivatives and to 

introduce unprecedented central and axial chiralities thanks to 

the original triptycene tricyclic cage-shaped structure (Figure 

1).[26]   

 

Figure 1. This work : parameterization of pyridine sterics and design of new 

class of chiral pyridine derivatives with triple control of the coordination sphere. 

Results and Discussion 

Synthesis, Structural Sharacterization and First Chiral 

Resolution of Azatriptycenes 

 

As per our interest in the unique triptycene scaffold composed of 

three aromatic rings linked by a bicyclo[2.2.2]octane motif, we 

synthesized a series of 1-azatriptycenes 1-14. Inspired by 

Markgraf's pioneer work on preparing the parent 1-azatriptycene 

1,[27] we have now greatly expanded the reaction scope as our 

synthetic approach involves the synthesis of several 

functionalized benzo[g]quinoline precursors (detailed procedures 

described in the SI), followed by a [4+2] cycloaddition with an 

excess of in-situ generated mono, di, and tetra-substituted 

benzynes (Scheme 2). 

Efficient and expeditious Cl/Li exchange between nBuLi and 9-

chloroazatriptycenes followed by hydrolysis is employed rather 

than the classical homolytic C-Cl cleavage and hydrogen atom 

transfer with trialkyltin hydride R3SnH. Such Cl/Li exchange with 

nBuLi is rarely observed,[28] and is presumably due to the 

proximity of the pyridine nitrogen atom, which assists in directing 

the alkyl-lithium reagent via the complex-induced proximity 

effect.[29] 

 

Scheme 2. Synthesis of the sterically hindered 1-azatriptycenes 1-14. 

Conditions: i) nBuLi, Et2O, -94 °C to r.t., 2 h, then H2O. See details in SI. 

These unprecedented chiral azatriptycenes derivatives 7-14 

were resolved for the first time by semi-preparative chiral HPLC, 

giving access to a series of enantiopure chiral pyridines. As an 

example, the resolution of both enantiomers of chiral 

azatriptycene 11 (Figure 2a) by chiral HPLC at a scale of 100 

mg, resulted in ee’s > 98.5 %. The first and second eluted 

enantiomers were distinguished based on their solid-state 

structures (Figure 2b) and exhibited opposite specific rotation 

405
25 of ± 10° (CH2Cl2, c = 0.5) and typical mirror-image ECD 

spectra. 

 

 

 

Figure 2. a) Representative chromatograms for resolution of compound 11, 

chromatographic conditions: Lux-Cellulose-4 (250 x 4.6 mm), mobile phase 

hexane / 2-PrOH (95:5), flow-rate = 1 mL/min, UV detection at 230 nm (top) 

and circular dichroism detector at 254 nm (bottom); b) Structures of both 

enantiomers of 11 in the solid state (50% probability ellipsoids representation). 

Interestingly, the X-ray structures of 3a, 9a, and 12 show that 

the aryl groups in the 9-position align parallelly with the pyridine 

ring, leading to an unusual C-H…N intramolecular interaction. 

This interaction results in an unusually deshielded broad signal 

at 10.17 ppm in the 1H NMR spectrum for one of the ortho-

hydrogens on the central aromatic ring of compound 12, while 

the other ortho-hydrogen displays a signal at 7.43 ppm. 
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This broad signal in the 1H NMR spectrum, with a large chemical 

shift difference of nearly  ≈ 3 ppm for the hydrogen located in 

the ortho-position of the aryl ring, is also observed in 3a ( = 

10.36 ppm), 9 ( = 9.88 ppm) and 9a ( = 10.19 ppm). This 

suggests restricted rotation at the C9-CAr bond connecting the 

aryl ring and the triptycene core (Figure 3). Thus, one can 

expect atropisomerism along the Csp3-Csp2 bond in the case of 

9a which combines an o-F on the aryl group in the 9-position 

and a methyl group in the ortho-position of one aromatic group 

of the triptycene structure, enabling it to stop rotation and reach 

new axially chiral pyridines.  

 

Figure 3. a) Stucture and b) space-fill model of the solid-state structure of 9a 

showing the intramolecular N···H interaction and the restricted rotation at the 

C-C bond connecting the position 9 of triptycene and the o-F-C6H4 substituent. 

Accordingly, we have conducted further examination of the 

conformational equilibrium of these 9-arylazatriptycenes. To 

evaluate the influence of the ortho-fluorine and ortho-methyl 

groups on this equilibrium, we have computed the energy 

profiles for rotation around the C9-CAr bond in compounds 3a, 9, 

and 9a (see SI). Our calculations indicated that, in all three 

cases, the most stable conformer shows the aryl ring aligned 

parallel to the pyridine ring, consistent with X-ray diffraction and 
1H NMR analysis (see Figure 3 and SI). Additionally, rotation 

barriers arising from steric repulsions were found to be 11.5 kcal 

mol−1 for 3a and 17.8 kcal mol−1 for 9, demonstrating that steric 

interactions induced by a single o-F or o-Me substituent do not 

prevent a rapid conformational equilibrium. Calculations of the 

full rotation profile for 9a (Figure 4) revealed a free energy 

barrier maxima of 27.0 kcal mol−1, indicating that the 

combination of the o-F substituent on the rotating aromatic ring 

and the o-Me substituent on the azatriptycene scaffold results in 

a frozen rotation and stable atropisomerism. 

 

Figure 4.  Computed structure of 9a and corresponding conformers and 

rotation transition states. Free energy barriers of rotation in kcal mol−1 based 

on M06-2X/6-311+(d,p)//BP86/6-31G(d) calculations.  

Coordination Chemistry of Azatriptycenes 

Because of its rigid benzotricyclic structure, we hypothesized 

that the triptycene framework could provide precise control over 

the steric and electronic properties of the pyridine ring in 1-14. 

We thus investigated the association of azatriptycenes, 

spanning from those with minimal steric hindrance (e.g., 

compound 1) up to the most bulky substituted at positions 2, 8, 

and 9 (e.g., compound 12), with carbenium ions, boron Lewis 

acids, and their coordination with palladium for forming Pd-

NHCs PEPPSI type complexes (Scheme 3 and Figure 5). 

While the smallest azatriptycene 1 readily associates with the 

tris(pentafluorophenyl)borane (B(C6F5)3) boron Lewis acid and 

with the PdCl2 precursor, the more sterically hindered 

azatriptycenes 4 and 5 do not associate with B(C6F5)3; the 

system being predominantly dissociated. This results in the 

formation of a series of frustrated Lewis pairs that enable the 

cleavage of H2 and H2O activation. 

 
Scheme 3. a) Formation of Pd complexes 15-18, with IPr = 1,3-bis(2,6-

diisopropylphenyl)imidazol-2-ylidene and IMes = 1,3-Bis(2,4,6-

trimethylphenyl)imidazol-2-ylidene; b) Formation of the Lewis adduct 19 and 

H2 or H2O activation; [a] heterolytic splitting of H2, conditions : H2 10 bar, 

CH2Cl2, r.t., overnight, 11B NMR of the pyridinium hydridoborate salt  (11B) = -

26.6 ppm, d, 1JB-H = 73 Hz. 

 
Figure 5. Molecular structures showing a) the antiparallel π-stacking 

interactions with distances of 3.455 Å in 16 and; b) structure of 19 in the solid 

state (50% probability ellipsoids representation for both). 
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Steric Parameters and Correlation Analysis 

The difference in Lewis basicity between compounds 1 and 4 

originates from differences in steric hindrance. For 

azatriptycenes with intermediate sizes, a quantitative 

parameterization of steric hindrance is necessary to be able to 

predict whether a covalent bond will form or if a frustrated Lewis 

pair will emerge with B(C6F5)3. 

This prompted us to determine three widely used steric 

parameters (percent buried volume %VBur,[16] Tolman cone angle 

θ,[15] He8_steric descriptor,[17] Figure 6) of a large set of 2D and 

3D pyridines based on their X-ray structures and on their 

structures computed by quantum chemical calculations (see SI).  

 

Figure 6. Schematic representation of percent buried volume (%VBur), Tolman 

cone angle (θ) and helium steric descriptor (He8_steric). 

These values were determined considering two different 

distances, (i) 1.7 Å for evaluating the steric shielding of pyridines 

towards carbocations and Lewis acids,[21] in the context of 

organocatalysis, and more generally, in transition-metal free 

catalysis (e.g., Lewis acid-base associations, main-group 

mediated and frustrated Lewis pairs catalysis), and (ii) 2.2 Å in 

order to investigate their steric properties in coordination with 

transition metals such as Pd, Ir, Ru, and Au (Table 1).[20a] 

Since chemical behavior cannot be reduced to a single 

numerical value, the buried volume parameter is assessed in 

conjunction with a topographic steric map, which provides a 

three-dimensional representation of the ligand's shape from the 

perspective of the boron center. Even with high steric hindrance, 

these maps reveal significant free space along the y-axis, while 

the phenyl (12) and chlorine (14) groups in the x-axis half-plane 

contribute to stronger hindrance. The asymmetric environment is 

a result of the methyl and phenyl groups in the second ring of 

the triptycene, situated in the north-western and south-western 

quadrants, respectively (Figure 7). 

 

 

Table 1. Computed buried volume %VBur [a,b,c], Tolman cone angle θ (in degrees) [a], and He8_steric [d] (in kcal mol-1) parameters for pyridine derivatives and 

1-azatriptycenes in their uncomplexed form (see the SI for more details). 

 

 
[a] Based on the fully optimized structures of pyridines P1-P10 at the M06-2X/6-311G(d) (IEFPCM for CH2Cl2) level and on the solid-state structures for 1-

azatriptycenes 1-14. [b] The percent buried volume is determined using the SambVca 2.1 application. [c] The substituents in the meta or para position in 

P11-P25 have a negligible effect on the buried volume, a modification of less than 0.1% of the %VBur parameter is observed (see SI). [d] Computed at the 

BP86/6-31G(d) level following the method of Fey et al.[17a] 
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Figure 7. a) Structures of the most bulky chiral azatriptycenes 12 and 14 in 

the solid state (50% probability ellipsoids representation); b) topographic steric 

maps of 12 and 14 for B-N distance of 1.7 Å using the SambVca 2.1 

application. The isocontour curves are in Å; the red and blue zones indicate 

the more- and less-hindered zones, respectively. 

The steric parameters, θ, He8_steric, and %VBur, for an M–N 

bond distance of 1.7 Å, are well correlating (Figure 8), indicating 

that they are appropriate for describing the steric effects of 

pyridines. 

The correlation between %VBur at 2.2 Å and %VBur at 1.7 Å is 

also excellent, with a regression equation of Y = 0.9897 X – 

6.028 (R2 = 0.9936; see SI). Thus, substituents will be discussed 

on the basis of the most commonly used %VBur steric descriptor. 

Of note, the %VBur value of 6 is higher than expected from the 

correlations because the %VBur value is calculated from the 

structure in the solid-state, where the phenyl group in the 9-

position aligns perfectly parallel with the pyridine ring and 

shields the nitrogen atom. Thus, the conformational equilibrium 

associated with the rotation of the aryl groups in position 9 is not 

taken into consideration in the values for 3, 6, and 12, which 

therefore deviate from the correlation line. 

a) 

 

b) 

 

Figure 8. a) Correlation between the Tolman cone angle and the %VBur 

parameters at 1.7 Å; b) correlation between the He8_steric and the %VBur 

parameters at 1.7 Å. Aryl-azatriptycene 3 was excluded from the linear 

regression analysis as the helium ring cannot be optimized perpendicularly to 

the pyridine axis. n = sample size, P = p-value, and RMSE = root-mean-

square error. 
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Figure 9. Computed buried volume %VBur at 1.7 Å from the nitrogen for pyridine derivatives based on their solid-state structures extracted from the 

Cambridge Structural Database (CSD) (see the SI for more details). 
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The substituent effects on steric hindrance were deconvoluted 

by comparing the buried volume of the corresponding ortho-

substituted pyridines to that of pyridine (%VBur = 23.9%), giving 

access to individual substituents steric effects (Table 2).[32]  

Table 2. Percent buried volume increment values (%VBur) for substituents in 

2-substituted pyridines at a distance of 1.7 Å (see the SI for the determination 

of %VBur for the corresponding ortho-substituted pyridines). 

 

The integration of the pyridine moiety in a triptycene scaffold 

induces an increase in steric hindrance by only %VBur = 4.4 % 

(Figure 9). This effect is comparable to the hindrance created by 

an ortho-methyl substituent as well as the steric hindrance 

demonstrated in quinoline (%VBur = 28.3 for 1, 23.9, 28.3, and 

28.7 for P1, P2, and P3, respectively). The azatriptycenes 

featuring methyl groups on one aromatic ring 7-12 demonstrate 

a marginal increase in %VBur (%VBur = 1.0%) when compared to 

their non-substituted analogues 1-6 (Figure 9). 

This is due to the methyl group's positioning mostly outside the 

sphere, resulting in a minimal effect on steric hindrance. 

However, the azatriptycene structure enables the introduction of 

substituents in 9-position, which has a great impact on steric 

hindrance. Indeed, in ortho-substituted pyridines, the %VBur 

effects of Cl and Ph are 5.5% and 10.5%, respectively, whereas 

in 9-substituted azatriptycenes, the %VBur is increased by 8.7% 

for the Cl atom and by 18.2% for the Ph group. 

Furthermore, combining substituents at positions 2, 8 and 9 

results in a huge increase in steric hindrance, leading to 1-

azatriptycene 12 with a buried volume of up to 62.2% (Figure 9). 

This value exceeds by far the %VBur of the 2,6-di-tert-

butylpyridine (%VBur = 51.6%) and the %VBur of the bulkiest 

pyridines known to date.[25] This leverages the unique 

architecture of triptycene as a versatile scaffold for introducing 

controlled steric hindrance, with %VBur ranging from 28 to 62%. 

The effect of sterics on Lewis basicity was next probed 

experimentally. 

 

Lewis Basicity of Azatriptycenes 

To assess the reactivity of azatriptycenes and compare it with 

planar 2D pyridine derivatives, we investigated the kinetics and 

thermodynamics of the association between the representative 

azatriptycene 7 and a diarycarbenium ion of known Lewis acidity 

parameter (LA = −     [30] by UV-vis spectroscopy (Scheme 4). 

 

Scheme 4. Reversible association of 7 with a benzhydrylium ion in CH3CN. 

Even when using a large excess of 7 over the benzhydrylium 

ion, the binding of it’s nitrogen atom with the carbenium center 

does not proceed to completion, and only a partial conversion 

and formation of 21 were observed by UV-Vis and NMR 

spectroscopy (see the SI), allowing for the determination of the 

equilibrium constant through binding titration analysis (K = 2.37 

× 103 M–1). The Lewis basicity of azatriptycene 7 is assessed 

using the Mayr equation (1)[31] giving a Lewis basicity parameter 

of 9.70, demonstrating  similar Lewis basicity as ortho-

substituted pyridines (Figure 10). 

log K (20 °C) = LA + LB         (1) 

 

Figure 10. Lewis basicity of 7 in CH3CN and comparative Lewis basicity scale 

with other pyridines (LB values from the literature[30,31]). For the determination 

of the nucleophilicity parameter of 7, see the SI. 

Quantum-Chemical Calculation of Electronic Parameters 

The Brønsted and Lewis basicity of compounds 1–14 was 

evaluated alongside a larger series of mono- and bis-ortho-

substituted pyridine derivatives P1-P25 by computing their 

proton affinities (PA), methyl cation affinities (MCA), and Gibbs 

free energies associations G0 with B(C6F5)3 as a prototypical 

boron Lewis acid (Table 3).  
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In agreement with the computed G0 value of -94 kJ mol−1 for 

the association of 1-azatriptycene 1 with B(C6F5)3, which is 

almost identical to the value for pyridine (-93 kJ mol−1), we 

confirmed by NMR that the Lewis adduct 19 is formed 

spontaneously, and slow evaporation of the solution provided 

crystals suitable for X-ray diffraction analysis (Figure 5).  On the 

opposite, no NMR signals corresponding to a Lewis adduct 20 

were detected when mixing the strongly hindered azatriptycene 

4 with B(C6F5)3 in CD2Cl2, in line with the computed positive G0 

value of +60 kJ mol−1 for the association with B(C6F5)3. 

As the proton affinities of this large range of azatriptycenes span  

a relatively small range of maximum 26 kJ mol−1 (PAs from 732 

to 706 kJ mol−1), we hypothesized that their association or not 

with the B(C6F5)3 boron Lewis acid is mostly governed by their 

steric properties. 

This is also supported by the good linear correlation between the 

Gibbs free energies of association G0 with B(C6F5)3 and the 

buried volume %VBur steric parameter (R2 = 0.9208, Figure 11a). 

The observed opposite reactivity trends between 1 and 4 are 

thus originating from the differences in steric hindrance. 

Finze and Radius recently developed a LAB-Rep (Lewis 

Acid/Base Repulsion) model based on the percent buried 

volumes attributed to both the Lewis acid and base.[23] Applying 

this model to B(C6F5)3,/azatriptycenes 1 and 4 pairs, the %VBur_all 

values are estimated to range from 93.7% to 96.3% for 1 and 

from 108.2% to 112.2% for 4, depending on the selected B-N 

distance. This outcome is consistent with experimental findings, 

as the %VBur_all for 1 falls within the lower range of the model, 

while for 4, it resides at the upper end of the range. 

Moreover, our calculations indicate that the frontier between 

covalent Lewis adducts and frustrated Lewis pairs is roughly 

located at a critical pyridine size of %VBur (B-N = 1.7 Å) = 37%. 

This critical size, which corresponds to the %VBur of 2, (%VBur = 

37.0%), is confirmed experimentally. While the computed G0 

suggests the potential formation of a Lewis adduct (G0 = -23 kJ 

mol−1) when 2 is mixed with B(C6F5)3, the experiment indicates 

only a weak interaction with B(C6F5)3 similar to 4. This aligns 

with the LAB-Rep model, which suggests that the formation of a 

Lewis adduct with B(C6F5)3 is hindered for Lewis bases 

with %VBur between 37 and 42% (falling within the upper range 

of %VBur_all, 105-110%) (see the SI for more details).  
a) 

 
b) 

 

Figure 11. a) Correlation between the %VBur (B-N = 1.7 Å) of pyridines and the 

Gibbs free enthalpies of association G0 with B(C6F5)3. b) Linear relationship 

between the linear combination of MCA and %VBur (B-N = 1.7 Å) and the 

Gibbs free enthalpies of association G0 with B(C6F5)3 for pyridines. n = 

sample size, P = p-value, and RMSE = root-mean-square error. 

A comprehensive correlation matrix detailing the interplay 

between all steric and electronic parameters (see SI, page S68) 

is revealing the moderate to good linear correlations between all 
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Table 3. Enthalpies of reaction of pyridines with H+ (proton affinity, PA) and Gibbs free energies of complexation with CH3
+ (methyl cation affinity, MCA) and 

with B(C6F5)3 in kJ mol−1 based on M06−2X/6−311G(d) (IEFPCM for CH2Cl2) calculations (see the SI). 
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parameters, at the exception of the proton affinity (PA), which is 

fully consistent since no trends are observed between pKa and 

Lewis basicity in general.[24a, 24d] The reliable description of the 

Gibbs free enthalpies ∆G0 for the complete set of studied 

pyridines P1-P25 and azatriptycenes 1-14 (R² = 0.9687) was 

finally accomplished using a linear multiparametric combination 

of MCA and %VBur descriptors (Figure 11b). These descriptors 

account for thermodynamic and steric contributions, 

respectively, and can be used for the future rational prediction of 

the association of nitrogen Lewis bases with boron Lewis acids.  

Conclusion 

In conclusion, a series of sterically hindered pyridines based on 

the triptycene core were synthesized and shown to surpass the 

size of pyridines known to date. Chiral resolution gave access to 

enantiopure azatriptycenes, which can open new opportunities 

in enantioselective catalysis with FLPs and TM-complexes. 

The bulkiest azatriptycenes have been used to produce FLPs, 

while the less sterically hindered have been used as ligands in 

palladium complexes. The steric properties of a vast array of 2D 

and 3D pyridine derivatives were determined for the first time 

based on three widely used steric parameters. Linear correlation 

between the buried volume parameter related to Lewis acid-

base associations %VBur (B-N = 1.7 Å), the MCA parameter, and 

the G0 values for the association of a wide range of pyridines 

with B(C6F5)3 can be used as a predictive tool for the future 

design and fine-tuning of new catalysts, showcasing 

comprehensively the interplay between steric and electronic 

effects on the reactivity of pyridines. Such structure-properties 

relationship investigations provide an avenue for the rational use 

of sterically hindered Lewis bases in catalysis and in predictive 

reactivity models for catalyst design. 
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Reactivity and Steric Parameters from 

2D to 3D Bulky Pyridines : Increasing 

Steric Demand at Nitrogen with Chiral 

Azatriptycenes 

 Highly sterically hindered chiral pyridines were synthesized and resolved by HPLC. 
Their Brønsted/Lewis basicity were evaluated, and their reactivity was studied 
through their combination with Pd and B(C6F5)3 to generate new types of 
ligands/frustrated Lewis pairs. The study involved the first parameterization of the 
steric hindrance for a large set of pyridine derivatives. 
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