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Abstract: 

Cyclic amines can be encapsulated in a water-soluble self-assembled supramolecular host 

upon protonation.  The hydrogen bonding ability of the cyclic amines, as well as the 

reduced degrees of rotational freedom, allows for the formation of proton-bound 

homodimers inside of the assembly which are otherwise not observable in aqueous 
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solution.  The generality of homodimer formation was explored with small N-alkyl 

aziridines, azetidines, pyrrolidines and piperidines.  Proton-bound homodimer formation 

is observed for N-alkylaziridines (R = methyl, isopropyl, tert-butyl), N-alkylazetidines (R 

= isopropyl, tertbutyl), and N-methylpyrrolidine.  At high concentration, formation of a 

proton-bound homotrimer is observed in the case of N-methylaziridine.  The homodimers 

stay intact inside the assembly over a large concentration range, thereby suggesting 

cooperative encapsulation.  Both G3(MP2)B3 and G3B3 calculations of the proton-bound 

homodimers were used to investigate the enthalpy of the hydrogen bond in the proton-

bound homodimers and suggest that the enthalpic gain upon formation of the proton-

bound homodimers may drive guest encapsulation. 

Introduction 

 Hydrogen bonding and protonation play vital roles in both chemical and 

biological phenomena as one of the most prevalent intermolecular forces in nature.(1-4)  

Although hydrogen bonding is often viewed as a weak interaction, the strength of a 

special class of strong hydrogen bonds, often referred to as ionic hydrogen bonds, can 

range from 5 to 35 kcal/mol.(5)  These strong hydrogen bonds are important in 

nucleation, self-assembly, protein folding, reactivity of enzyme active sites, formation of 

membranes in biological systems and biomolecular recognition.(5-7)  Due to the 

importance of hydrogen bonding in so many aspects of chemical and biological systems, 

a number of synthetic and theoretical studies have examined their magnitude and 

origin.(8, 9)  Many of the computational studies have focused on simple proton-bound 

homodimers and heterodimers, where two neutral bases are bound by one proton (Figure 
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1), since experimental energies for these complexes can be obtained from gas phase 

thermochemical studies such as variable temperature high pressure mass spectrometry.(5)   

In simple hydrogen-bonded complexes such as those shown in Figure 1, the 

hydrogen bond strength is maximized when the proton donor and proton acceptor have 

similar proton affinities.  Therefore, the strongest hydrogen bonds are formed when the 

donor and acceptor molecules are identical.(5)  Although the proton-bound homodimers 

and heterodimers can be observed in the gas phase, solution studies of these types of 

complexes remain rare.  To the best of our knowledge, there are no examples of the 

formation (or observation) of proton-bound homodimers or heterodimers in hydrogen-

bonding solvents, but rather only in aprotic organic solvents.(5, 10)  

Previous work in the Raymond group has explored the formation, guest exchange 

dynamics, and mediated reactivity of the self-assembled supramolecular host molecule 

[Ga4L6]
12- (1, L = N,N′-bis(2,3-dihydroxybenzoyl)-1,5-diaminonaphthalene) (Figure 

2).(11-14)  The water-soluble 1 maintains a hydrophobic interior cavity, ranging from 

approximately 250 – 430 Å3 depending on the encapsulated guest,(15) which is isolated 

from bulk solution.  Although both monocationic and neutral guests are encapsulated in 

aqueous solution,(16) we have previously shown that monocations are preferentially 

encapsulated.  In our exploration of encapsulated protonated guests, we have shown that 

protonation can allow for encapsulation of amine guests and have also shown that 

chelating amines are able to intramolecularly share one proton to allow for observation of 

the nitrogen inversion bond rotation process (NIR) inside of the assembly.(17)  We have 

used the thermodyanic stabilization of protonated guests in 1 to demonstrate that acid-

catalyzed hydrolyses of acetals and orthoformates can be carried out in basic solution 



 4

inside of 1.(18-21)   Herein, we expand on the ability of 1 to encapsulate protonated 

substrates in the simultaneous encapsulation of multiple cyclic amines as proton bound 

homodimers, and in one case, a homotrimer. 

 

Results and Discussion 

Following our previous observations that chelating amines are able to 

intramolecularly bind a proton when encapsulated in 1, we surmised that two separate 

amines may be able to simultaneously coordinate to one proton in 1.  Furthermore, 

synthetic host molecules have been shown to stabilize proton-bound amines, such as 

N2H7
+

, in the solid state.(22)  In order to test this hypothesis, a number of cyclic amines 

were investigated as potential guests because of their strong hydrogen bonding 

ability.(23)  Furthermore, the reduced rotational degrees of freedom in the cyclic amines 

should attenuate the entropic penalty for simultaneously encapsulating multiple guest 

molecules and may allow for simultaneous encapsulation of multiple guests.  For 

example, in the study of encapsulated neutral guests in 1, we have observed that multiple 

substituted arenes with minimal degrees of rotational freedom can be simultaneously 

encapsulated in 1.(24) 

When an excess of N-methylpyrrolidine was added to an aqueous solution of 1, 

the 1H NMR integration of the encapsulated guest region showed that two equivalents of 

the amine were encapsulated (Figure 3).  When only one equivalent of N-

methylpyrrolidine was added to 1, half of an equivalent of 1 remained empty while the 

other half of an equivalent of 1 encapsulated two N-methylpyrrolidine molecules.  

Encapsulation of the second equivalent of amine also minimizes the contacts between the 
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polar N-H of the guest with the hydrophobic cavity of 1 while simultaneously 

maximizing the favorable hydrophobic interactions between host and guest.  To probe the 

structure of the encapsulated guest, the importance of protonation was investigated.  

Since neutral guests are only encapsulated in 1 in aqueous solution,(16) the encapsulation 

of N-methylpyrrolidine was investigated in both d4-MeOD and d6-DMSO to eliminate the 

possibility that the neutral amines were being encapsulated.  The host-guest complex 

containing two equivalents N-methylpyrrolidine was cleanly formed in both d4-MeOD 

and d6-DMSO, thereby eliminating the possibility of neutral substrate encapsulation.   

 To understand the structure of the encapsulated species, variable temperature 1H 

NMR experiments were performed with the intention of freezing out one conformation of 

the encapsulated complex.  However, experiments ranging from 0 – 80 °C in water and 

from -60 – 50 °C in methanol did not change the 1H NMR spectrum of the encapsulated 

guest.  A likely explanation for the invariant 1H NMR spectrum is that the structure of 

any of the conformations of the encapsulated proton-bound homodimer is C2 symmetric.  

For example, the two extreme rotational conformations of the proton-bound homodimer 

have C2v and C2h symmetries respectively, but encapsulation in the T-symmetric host 

reduces the effective symmetry of both conformations to C2 (See Supporting Information, 

Figure S1).(25)   

 

Expanding the Homodimer Scope Following the observation of encapsulation of two 

equivalents of N-methylpyrrolidine, we sought to determine whether the simultaneous 

encapsulation was independent or cooperative.  To address this question, the 

concentration of N-methylpyrrolidine and 1 was varied by the same factor from 22 mM to 
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0.50 mM.  If the encapsulation of each molecule of N-methylpyrrolidine is independent, 

then new 1H NMR resonances corresponding to the encapsulated protonated monomer 

should appear as the concentration of the solution is lowered.  However, if encapsulation 

of the two molecules of N-methylpyrrolidine is strongly cooperative, then the 1H NMR 

resonances of the encapsulated complex should not change during the course of the 

dilution experiment.  In the dilution experiment, the observed 1H NMR resonances at 

each concentration are identical, suggesting that encapsulation of both molecules of N-

methylpyrrolidine is cooperative (Figure 4).   

In order to test the generality of simultaneous encapsulation of multiple guests in 

1, a variety of N-alkyl aziridines (2-5), azetidines (6-10), pyrrolidines (11-14), and 

piperidines (15-18) were prepared and screened as potential guests in 1 (Figure 5).  

Although the toxicity and difficulty of preparation of low-molecular weight aziridines 

and azetidines have previously limited the number of synthetic studies, both synthetic and 

computational efforts have investigated the hydrogen bonding ability of these cyclic 

amines.  Based on infrared studies of the N-methyl derivatives of the cyclic amines, it has 

been shown that the hydrogen-bonding ability of these complexes parallels the basicity 

with 2 << 14 < 6 < 10.(23)  

In screening the encapsulation of the cyclic amines shown in Figure 5, five 

equivalents of the desired amine were added to a 20 mM solution of 1 in D2O.(26)  Under 

these conditions, two equivalents of N-methylaziridine (2) were observed to be 

encapsulated.  However, when more than fifty equivalents of 2 were added to 1, three 

equivalents of 2 were found to be encapsulated.  Although the 1H NMR spectrum of N-

ethylaziridine (3) indicated only monomeric guest encapsulation, the 1H NMR spectrum 
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was broad, suggesting either fast guest exchange or interconversion of different 

conformations of the guest on the NMR timescale.  Increasing the concentration of either 

1 or 3 did not result in more than a single guest being encapsulated.  Variable temperature 

1H NMR experiments from -70 – 50 °C did not result in sharper guest resonances or a 

change in the number of encapsulated molecules.  For the two most sterically demanding 

aziridines investigated, N-isopropylaziridine (4) and N-tertbuylaziridine (5), clean dimer 

encapsulation was observed in both cases regardless of the number of equivalents of the 

cyclic amine added.  In the azetidine family, N-methylazetidine (6) is only encapsulated 

as a monomer whereas N-isopropylazetidine (8) and N-tertbutylazetidine (9) were 

encapsulated as dimers.  (Attempts to prepare N-ethylazetidine (7) have proved 

unsuccessful).  Attempts to encapsulate higher-order oligomers of 6 under higher 

concentrations of either 1 or 6 proved unsuccessful.  Of the pyrrolidines investigated, 

only N-methylpyrrolidine (10) was encapsulated as a proton-bound homodimer and none 

of the other pyrrolidines formed clean host-guest complexes with 1.  Similarly, N-

methylpiperidine (14) was the only pyrrolidine investigated that is encapsulated in 1 and 

it was encapsulated as a monomer (Figure 6).  It is likely that as the N-alkyl substitution 

is increased, the size of the pyrrolidines and piperidines becomes prohibitively large for 

formation and encapsulation of the proton-bound homodimers in 1.(27)  For all of the 

host-guest complexes containing encapsulated protonated amines, encapsulation of the 

amines into 1 was fast and stable host-guest complexes were formed within ten seconds 

of addition. 

 



 8

Observation of a Proton-Bound Heterodimer After the investigation of encapsulation 

of the proton-bound homodimers, the possibility of encapsulating heterodimers was 

explored.  Binary combinations of the cyclic amines in Figure 6 were added to a solution 

of 1 by adding 1, 2, 5, 10, or 20 equivalents of each amine.  In all but one case, a mixture 

of encapsulated homodimers was observed.  However, when 4 and 10 were mixed, in 

either equal or unequal proportions, encapsulation of a new species which did not 

correspond to either of the homodimers was observed (Figure 7).  Based on 1H NMR 

analysis, the new encapsulated species contained one molecule of 4 and one molecule of 

10, suggesting the formation of a proton-bound heterodimer.  While the origin of this 

selectivity is difficult to explain, the encapsulation of the proton-bound heterodimer does 

highlight the ability of 1 to selectively recognize the properties of the heterodimer over 

either of the possible homodimers.   

 

Computational Studies of Proton-Bound Homodimers In hopes of further 

understanding the driving force for proton-bound amine homodimers formation in 1, 

calculations were carried out using Gaussian 03(28) to investigate both the geometry of 

the complex and the enthalpic strength of the hydrogen bond in the proton-bound 

homodimers.  One potential problem with calculations of this type is that standard 

methods of DFT single point energy calculations often do not accurately describe 

hydrogen-bonded compounds.(29)  In order to overcome this problem, single point 

energy calculations were performed using the compound G3(MP2)B3 and G3B3 

methods.  These two methods combine multiple levels of theory using MP4 methods for 

G3B3 and the less computationally demanding MP2 methods for G3(MP2)B3.  Both 
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types of G3B3 calculations have been shown to be accurate for small molecule systems 

with most calculated energies being within one kcal of experimentally determined 

energies for simple systems.(30, 31)  (For a comparison of calculated and experimental 

hydrogen bond enthalpies of model systems, see the Supporting Information) 

 All of the compounds 2-10 and 14 were optimized at the B3LYP/6-31++G(d,p) 

level of theory with subsequent energy calculations using the B3LYP/6-31++G(d,p), 

G3(MP2)B3, and G3B3 methods.  The calculated proton affinities for each of the cyclic 

amines are shown in Table 1.  Although experimental proton affinities are only known 

for 2 (221.6 kcal/mol), 10 (227.9 kcal/mol) and 11 (228.9 kcal/mol) they agree well with 

the calculated values.(32, 33)(34)  From the proton affinity calculations, two main trends 

are observed: 1) For a given ring size, the proton affinity increases as the size of the N-

alkyl substitution increases, and 2.) as the ring size increases the proton affinity also 

increases.   

Having demonstrated the validity of these computational methods in accurately 

calculating the proton affinity of the model compounds, the enthalpy of the hydrogen 

bond formed between the protonated amine and a second amine molecule ([B··H··B]+) 

was calculated.  We have previously shown through kinetic analysis that water, in either 

its neutral or protonated form, can enter 1, so the enthalpy of the hydrogen bond formed 

between a protonated amine and water molecule ([B··H··OH2]
+) was also calculated (21, 

35)   The geometry optimized structures for the [B··H··B]+ and [B··H··OH2]
+ complexes 

are shown in Figure 8.  For each calculated structure, the single point energy was 

calculated at the B3LYP, G3(MP2)B3, and G3B3 level of theory (Table 2).  As expected, 

based on the difference between the proton affinity of the amines and water, the enthalpy 



 10

of the hydrogen bond formed in [B··H··OH2]
+ complexes is lower than for the [B··H··B]+ 

complexes.  For the [B··H··OH2]
+ complexes, all three levels of theory gave similar 

results although the B3LYP energy calculations began to deviate from the G3(MP2)B3 

and G3B3 calculations as the size of the molecule increased.  For the [B··H··B]+ 

complexes, the B3LYP calculations greatly underestimated the enthalpy of the hydrogen 

bond when compared to the G3(MP2)B3 and G3B3 methods.(36)  

 Based on the enthalpic difference between the [B··H··OH2]
+ and [B··H··B]+ 

complexes, formation of the proton-bound homodimer is highly enthalpically favorable 

when compared to the formation of the water adduct may help to explain the observation 

of the encapsulation of proton-bound homodimers in 1 (Table 3).(37)  Although we did 

not pursue entropy calculations of proton-bound homodimer formation in the gas phase, 

the interpretation of entropy for the experimental solution studies with 1 are likely more 

complicated. Changes in solvation entropy and enthalpy in the desolvation of the amines 

upon encapsulation, release from solvent from the interior of 1, and the change in 

solvation of 1 when changing from an 12- to 11- complex upon guest encapsulation 

prohibit definitive  deconvolution of the different entropic components.(38)    

 
 
Conclusions   

 In conclusion, we have demonstrated the formation and encapsulation of 

hydrogen-bonded homodimers in the interior of a water-soluble supramolecular 

assembly.  To the best of our knowledge, the systems described in this study are among 

the largest molecules that have been subjected to G3(MP2)B3 or G3B3 calculations to 

date.  The calculations suggest that formation of the proton-bound amine homodimers is 
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highly enthalpically favorable when compared to the solvent adducts of the protonated 

amines. 

 

Materials and Methods 

General Procedures. All NMR spectra were obtained using an AV-500 MHz 

spectrometer.  The temperature of all variable temperature NMR experiments was 

calibrated with methanol or ethylene glycol standards.  All reagents were obtained from 

commercial suppliers and used without purification unless otherwise noted.  The host 

assembly K12[Ga4L6] was prepared as described in the literature.(39)  The N-

alkylaziridines 2-5,(40) N-alkylazetidines 6(41) and 9(42), N-alkylpyrrolidines 11-13,(43) 

and N-alkylpiperidines 15-17(44) were prepared as described in the literature.  Due to a 

large number of overlapping peaks prohibiting unambiguous assignment of the 1H NMR 

resonances, the 1H NMR spectra have been included in the Supporting Information rather 

than being numerically tabulated. 

Synthetic Procedures 

N-isopropylaminopropanol  This procedure is modified from a method described for 

the preparation of �-aminoalcohols.(45)  In a 5 L 3-neck flask equipped with a magnetic 

stir bar, nitrogen inlet and oil bubbler were added absolute ethanol (2 L), 3-amino-1-

propanol (75 g, 1.0 mol) and acetone (110 mL, 1.5 mol).  After stirring overnight at room 

temperature, the reaction mixture was cooled to 0 °C in a salt/ice bath and NaBH4 (56.6 

g, 1.5 mol) was added slowly under a gentle flow of nitrogen over the course of three 

hours keeping the temperature of the reaction mixture at 5 – 10 °C.   The reaction mixture 

was allowed to stir at 5 °C for two hours before the careful addition of 135 mL of cold 
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H2O, dilution with 1.5 L of methylene chloride and filtration of the reaction mixture.  The 

solvents were removed by rotary evaporator and the resultant oil was extracted with ether 

(3 x 200 mL) and dried over MgSO4.  After removal of the solvents, the residual oil was 

distilled under reduced pressure (bp 40 °C at 2 mmHg)(46) to afford a clear liquid which 

solidified after standing in the collection flask (61 g, 52% yield).  1H NMR (500 MHz, 

CDCl3) �: 3.52 (t, J = 7.5 Hz, 2H, CH2), 3.01 (sept, J = 6.5 Hz, 1H, CH), 2.61 (t, J = 7.5 

Hz, 2H, CH2), 2.02 (bs, 2H, NH/OH), 1.52 (pent, J = 7.0 Hz, 2H, CH2), 1.03 (d, J = 7.5 

Hz, 6H, 2 x CH3), 
13C{1H} NMR (125 MHz, CDCl3) �: 64.2, 52.1, 42.8, 23.6, 22.1.  

N-isopropylaminoazetidine  To a flame-dried 2 L flask was added dry ether (1.5 L) and 

N-isopropylaminopropanol (61 g, 0.52 mol).  Dry HCl was bubbled through the solution 

which resulted in the formation and the precipitation of the HCl salt of the amine.  The 

ammonium salt was filtered and washed with dry ether under a stream of nitrogen and the 

residual ether was removed overnight under vacuum.  The N-isopropylaminopropanol 

HCl salt (70.5 g, 0.459 mol) was added to a 250 mL Schlenk flask under N2.  The flask 

was cooled to 0 °C in an ice bath and chlorosulfonic acid (46 mL, 0.69 mol) was added 

dropwise with an addition funnel over the course of one hour.  The reaction mixture was 

heated to 50 °C for 1 hr, to 150 °C for 2 hrs, and then heated an additional 1 hr at 150 °C 

under moderate vacuum (~ 15 mmHg).  The reaction mixture was cooled to room 

temperature and 75 mL of water was added.  The resultant solution was stirred slowly for 

three hours until most of the solid had dissolved, cooled to 0 °C, and adjusted to pH 11 

with KOH pellets.  The solution was extracted with Et2O (3 x 150 mL), and the extract 

was dried over magnesium sulfate.  Filtration followed by removal of the solvent under 

vacuum and subsequent distillation of the resultant oil  under atmospheric pressure (bp 
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117 °C)(47) yielded the desired product (2.8 g, 6% yield).  1H NMR (500 MHz, CDCl3) 

�: 3.07 (t, J = 8.0 Hz, 4H, 2 x CH2), 2.17 (sept, J = 6.5 Hz, 1H, CH), 1.97 (pent, J = 7.0 

Hz, 2H, CH2), 0.83 (d, J = 7.5 Hz, 6H, 2 x CH3), 
13C{1H} NMR (125 MHz, CDCl3) �: 

58.6, 53.2, 19.2, 18.4. 

Computational Methods All calculations were performed using the Gaussian 03 

software package with the GaussView graphical user interface.  Geometry optimizations 

and unscaled frequency calculations were carried out at the B3LYP/6-31++G(d,p) level 

of theory.  Frequency calculations were performed on all converged structures to confirm 

that they corresponded to local minima on their respective potential-energy surfaces.  

These structures and frequencies were then used as input in the G3(MP2)B3 or G3B3 

zero-point corrected enthalpy calculations.  
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Figures  
 

 
Figure 1 Formation of proton bound homodimers (a) and heterodimers (b). 

 

 

Figure 2.  (Left) A schematic representation of 1 with only one ligand shown for clarity.  
(Right) A space-filling model of 1 as viewed down the 2-fold axis defined by the 
naphthalene-based ligand. 

 

 
Figure 3 1H NMR spectrum of two equivalents of N-methylpyrrolidine encapsulated in 1 
in D2O. The resonances corresponding to the assembly (*), external N-methylpyrrolidine 
(○) and encapsulated N-methylpyrrolidine (■) are labeled for clarity 
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Figure 4  Dilution 1H NMR experiments of N-methylpyrrolidine and 1.  The resonances 
corresponding to the assembly (*), external N-methylpyrrolidine (○) and encapsulated N-
methylpyrrolidine (■) are labeled for clarity.  The guest region of the spectra (3 to -3 
ppm) has been enlarged 4x for clarity.  The full dilution experiment is shown in Figure 
S2. 
 
 

 
 

 
Figure 5  The scope of cyclic amines probed in 1. 
 
 
 
 

 
Figure 6. Scope and results of encapsulation studies in 1.  
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Figure 7 1H NMR spectra of a solution of 10 with 1 (a), 4 with 1 (b), and an equimolar 
combination of 4 and 10 with 1 (c).   
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Figure 8 Calculated geometries for [B··H··OH2]

+ and [B··H··B]+ complexes of 2-14. 
Atoms are color coded for clarity: carbon (blue), nitrogen (purple), oxygen (red), 
hydrogen (gray). 
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Tables  
 
Table 1 Calculated proton affinities for N-alkyl cyclic amines.   
 
 

 Proton Affinity (kcal/mol) 

Substrate B3LYP G3MP2 G3 

2 222.8 221.6 221.8 

3 225.2 223.9 224.0 

4 227.0 225.5 224.0 

5 230.3 228.8 228.9 

6 228.0 227.6 227.6 

7 228.3 227.8 227.7 

8 232.3 231.4 231.3 

9 234.6 233.8 233.7 

10 229.0 228.8 228.8 

14 227.8 230.6 230.3 
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Table 2  Calculated hydrogen bond enthalpies for the [B··H··OH2]
+ and [B··H··B]+ 

complexes. 
 

  H [B··H··OH2]
+ (kcal/mol) H [B··H··B]+ (kcal/mol)

Substrate B3LYP G3MP2 G3 B3LYP G3MP2 G3 

2 15.8 15.4 15.9 23.1 24.9 25.5 

3 14.9 14.8 15.3 21.6 25.2 25.8 

4 14.2 14.4 15.0 19.5 25.2 25.7 

5 13.6 14.1 14.7 17.0 24.4 --- 

6 14.5 14.4 15.0 20.1 24.3 24.8 

7 15.8 15.9 16.4 18.7 25.1 25.4 

8 11.1 11.5 12.0 11.9 19.8 --- 

9 12.3 13.1 13.7 11.5 21.3 --- 

10 13.8 14.1 14.6 17.7 24.4 24.9 

14 15.9 13.6 14.0 16.5 --- --- 
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Table 3  Comparison of the enthalpies of the hydrogen bond formation in the 
[B··H··OH2]

+ and [B··H··B]+  complexes. 
 
 

 Ha (kcal/mol) 

Substrate B3LYP G3MP2 G3 

–2 7.3 9.5 9.6 

3 6.7 10.4 10.5 

4 5.2 10.8 10.7 

5 3.4 10.3 --- 

6 5.7 9.8 9.8 

7 2.9 9.2 8.9 

8 0.8 8.3 --- 

9 -0.8 8.2 --- 

10 3.9 10.3 10.3 

14 0.6 --- --- 

  a:H = H([B··H··B]+) + H(H2O) – H([B··H··OH2]
+) – H(B) 

 




