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Cationic Self-Assembled Cage
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Mueller, Ryan R. Julian, Richard J. Hooley*

Department of Chemistry and the UCR Center for Catalysis, University of California - Riverside, 
Riverside, CA, 92521, U.S.A.

Abstract

A self-assembled FeII
4L6 cage was synthesized with 12 internal amines in the cavity. The cage 

forms as the dodeca-ammonium salt, despite the cage carrying an overall 8+ charge at the metal 

centers, extracting protons from displaced water in the reaction. Despite this, the basicity of the 

internal amines is lower than their counterparts in free solution. The 12 amines have a sliding scale 

of basicity, with a ~6 pKa unit difference between the first and last protons to be removed. This 

moderation of side-chain basicity in an active site is a hallmark of enzymatic catalysis.

Graphical Abstract

An endohedrally functionalized self-assembled Fe4L6 cage complex with 12 internal amines in the 

cavity acts as an acid host, and shows differential basicity, moderated by the cage superstructure.
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Enzyme active sites contain sidechain functions that act as acids, and bases to control 

reactive properties.[1] One of the key facets is that functional group properties in an 

active site are different than in free solution.[2] For example, in tryptophan synthase, the β-

lysine-87 residue adopts different protonation states during the catalysis.[2b] Modulation of 

sidechain acidity and basicity is key in enzyme mechanism, controlled by the superstructure.
[2a]

Synthetic hosts and cages, either organic[3] or metal-organic,[4] are commonly described as 

“biomimetic”.[5] However, the incorporation of reactive functional groups inside biomimetic 

cage complexes is still a challenge. Metal-mediated self-assembly has been used to 

synthesize some nanoscale polyhedra with internally positioned functional groups[6] in 

large M12L24 Pd-pyridyl nanospheres,[7] but also in other assembly types.[8] Examples 

of such functions are oligopeptides,[9] guanidinium ions,[10] polyols[8b, 11] and ureas,[12] 

which allow selective anion recognition[8, 12] and acid-base catalysis.[12] We have previously 

incorporated carboxylic acids[13] inside octa-cationic FeII
4L6 iminopyridine cage complexes, 

and illustrated the effects on their acidity[13a] and catalytic properties.[13]

In many cases, the biomimetic properties of internal functional groups are explained by 

simple increases in effective concentration, especially for all-organic neutral scaffolds.[14] 

Metal-ligand cages are often charged, however, and this charge is an important factor. 

The effects of cage superstructure on recognition and catalysis have been extensively 

investigated for unfunctionalized highly charged cages (notably by Raymond,[15] Fujita[16] 

and Ward[17]), but the effect of the charged superstructure on the reactivity of internalized 

groups is generally underexplored. Here we ask - what is the effect of a charged 

superstructure on internalized functional groups? To answer this, we describe the synthesis 

of a FeII
4L6 tetrahedral cage (1, Figure 1) that contains 12 internally oriented alkylamine 

groups, and discuss the effect of the superstructure on their acid-base properties.

Internalizing functions in a self-assembled cage is simplest with a V-shaped ligand such 

as the 2,7-dianilinofluorenyl scaffold shown in Figure 1.[13] This scaffold has been used 

to form cages 2 and 3,[13a] which can bind neutral organic guests and catalyze acid-

mediated processes in solution. While the cationic superstructure in 3 can be implicated 

in its enhanced acidity, cage 3 is a challenging species to analyze, due to its high 

reactivity and fragility. As such, we aimed to form a cage with basic functions on 

the interior. Amine-containing ligand L1 was targeted, as the -CH2CH2NMe2 groups 

should not compete with iminopyridine formation. After some optimization, reaction of 

2-dimethylaminoethyl chloride•HCl with 2,7-dibromofluorene and KOH under air-free 

conditions proved successful. Extension of the core via Suzuki coupling with Boc-4-

aminophenyl boronic acid[13a] followed by deprotection gave ligand L1. With a suitable 

ligand in hand, attempts were made to perform cage assembly. Usually, basic groups are 

poorly tolerated: iminopyridine units are transiminated by primary amines,[18] and 2°/3° 

amines can competitively coordinate structural metals, so there are very few examples 

of self-assembled metal-ligand cages with appended basic amines.[19] The “standard” 

procedure that we[13] (and others[8, 20]) use involves heating ligand with Fe(NTf2)2 and 

2-formylpyridine (PyCHO) in acetonitrile in a 3:2:6 ratio. However, these conditions were 
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unsuccessful with L1, giving mainly bis-imine ligand. Using Fe(ClO4)2 showed some 

evidence of assembly, and it became clear that only the use of excess Fe(ClO4)2, gave 

the requisite purple color indicative of Fe-iminopyridine assembly. The optimized conditions 

(4.65 mM L1, 9.3 mM PyCHO, 5.81 mM Fe(ClO4)2, CH3CN, 50 °C, 24 h) gave cage 1 in 

48% yield after isolation.

The 1H NMR spectrum of cage 1 is shown in Figure 2a (for full spectral characterization, 

see Figures S-8 – S-21). The spectrum is complex, but reminiscent of related cages 2 and 

3.[13a] The imine region shows that the resonance for He is split into 8 different peaks, 

corresponding to the three possible isomers, T/S4/C3.[13a, 20] The estimated isomeric ratio of 

T:S4:C3 is ~10:45:45, similar to that shown by 2.[13a] This assignment is also corroborated 

by the aniline region for Hf (δ = 5.6 – 6.0 ppm). The initial spectrum, taken in CD3CN 

with minimal precautions taken to eliminate water, showed an unexpectedly persistent, 

broad peak for H2O. A spectrum taken in glovebox-stored anhydrous CD3CN allowed 

a clear view of the internal CH2 and NMe2 groups (Hk, Hl and Hm respectively). The 

cage was characterized further by 2D NMR, including 2D DOSY, which showed all peaks 

corresponding to a diffusion constant D = 4.04 x 10−10 m2/s. 2D COSY, TOCSY, NOESY, 

ROESY, DEPT-HSQC and HMBC spectra were acquired (see Supporting Information). The 

2D experiments showed some unexpected characteristics. Figure 2b shows expansions of the 

2D COSY and 2D ROESY spectra of 1, and contain clear, unambiguous crosspeaks between 

the NMe2 groups (δ ~2.4 – 3.1 ppm, from the different isomeric groups in the three isomers 

of 1) and a broad set of mounds between δ ~6.8 – 7.2 ppm. ROESY crosspeaks between the 

NMe2 groups and a bound protic guest are unsurprising, but the COSY spectrum shows that 

the broad groups show scalar coupling to the NMe2 groups as well.

The nature of the internal species was identified by ESI-MS analysis, using an instrument 

with a nanoESI source and an orbitrap mass analyzer. As can be seen in Figure 2e (see 

Supporting Information for full spectra and expansions), a series of ions corresponding to 

protonated forms of cage 1 are seen. Cage 1 is defined here as the [Fe4L6]8+ assembly, 

and multiple 8+ ions can be seen with 3–8 accompanying HClO4 species. This explains 

the broad peaks in the NMR, as the internal NMe2 groups are protonated in solution. 

The 2D NMR data shows that the internal protons are tightly associated with the NMe2 

groups: the bound protons are persistent for long enough to show both scalar coupling and 

NOE crosspeaks. Attempts were made to grow X-ray quality crystals of the cage, but were 

unsuccessful as this is a highly sensitive system. The cartoon representation shown in Figure 

2d is most likely the prevailing structure: while the internal amines are “protonated”, the 

protons are exchangeable (hence the broad peaks in the 1H NMR), and the cavity occupied 

with ClO4
− anions that share the charge. The exact number of ClO4

− anions is unclear – 

Figure 2d shows a minimized structure of cage 1 with twelve HClO4 in the cavity, showing 

that multiple ClO4
− ions can certainly fit in the interior. The host:guest properties of the 

cage suggest that the cavity of 1 is blocked, presumably by ClO4
− ions: when a neutral 

guest (diethyl 2,2’-(2,7-dibromofluorene)-diacetate,[13a] see Figures S-52–55) was added to 

the cage, no binding was seen, whereas it shows strong affinity for acid cage 3 (Ka (3) = 6.9 

± 1.2 x 103 M−1).[13c]
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Further experiments were performed to determine how many acids (on average) are present 

in the solution of 1. When the sample is treated with D2O, the crosspeaks in the COSY/

ROESY disappear (see Figure S-31), indicating that the protons in proximity to the NMe2 

groups are exchangeable. To remove the protons, cage 1 was carefully titrated with CD3CN 

solutions of different bases with varying pKa,[21] from weak bases (N,N-dimethylaniline, 

pKa (CH3CN) = 11.4), to intermediate bases (DABCO, pKa (CH3CN) = 18.3) and strong 

bases (DBU, pKa (CH3CN) = 24.3 or KOtBu, pKa (CH3CN) = 30). Notably, DABCO was 

expected to have a very similar basicity to the cage amines (ignoring any cage effects), as 

its pKa is identical to that of Me2EtN (18.3[21]). As can be seen in Figure 3, cage 1 is 

highly tolerant to added base: even after addition of 40 mol.-eq. DABCO, the cage peaks 

are intact. The reason for the stability of cage to DABCO was immediately obvious (Figure 

3b): after 2 equivalents are added, the observed chemical shift DABCO was identical to 

that of protonated DABCO-H+ (δ = 3.12 ppm). This shift persisted even after addition 

of 10 eq. DABCO, indicating that not only is DABCO a far stronger base than the cage 

amines, but at least 10 protons are present in the cage. While the cage peaks also show shifts 

in the 1H NMR, the isomer ratio remains roughly constant, indicating the three isomers 

behave similarly. The changes in chemical shift were analyzed by a reservoir model (see 

Supporting Information) to determine the most likely number of protons on the interior. The 

DABCO-H+ peak shift is essentially unchanged up to 11 (±1) equivalents, and then falls in a 

manner that follows a 1:1 deprotonation equilibrium, suggesting that all the amines in 1 are 

fully protonated. The “first 11” are strong acids (compared to DABCO), and the last is closer 

in pKa to the added base.

To provide a more accurate picture, the titration was repeated and monitored by UV 

absorbance spectroscopy, with aliquots of DABCO (from 1 – 40 eq.) added to cage 1 in 

CH3CN. The absorbance changes at 320 and 370 nm (Figure 3c, Figure S-32) corroborate 

the NMR titration results, in that the first set of ammonium ions behave as strong acids, 

and the final one(s) were closer in acidity to DABCO. Obviously, fitting twelve individual 

equilibria is impractical, so we fit the datapoints after 11 equivalents of base had been added. 

This assumes that the first 11 H+ in the cage are strong acids (compared to DABCO), and 

focuses on the final deprotonation, to determine the pKa of the (1•H+) → 1 reaction. The 

calculated ΔpKa (1•H+) was −0.85 ± 0.08, i.e. pKa (1•H+) = 17.4 ± 0.1.

Obviously (1•12H+) is far more acidic than that, and titration with N,N-dimethylaniline 

provided a “lower limit” for the basicity: in this case, minimal protonation of the amines 

was seen (Δδ (NMe2) = 0.07 ppm after addition of 1 mol.-eq. DMA). The stronger bases 

were less suitable for this analysis: addition of up to 3 mol.-eq. of the DBU or KOtBu 

was possible (Figures S-34, 35), but further additions of base above 3 mol.-eq. caused 

decomposition, indicating that sequestration of the FeII centers was occurring.

The outcome of this unusual structural arrangement is that the amine cage 1 is acidic, 

and can catalyze the solvolysis of PhCH(OMe)2. This occurs with 5% cage 3 and 6 eq. 

water with an initial rate of 41 x 104 mM/min at 50 °C. This is substantially slower than 

the equivalent reaction catalyzed by acid cage 3 (2410 x 104 mM/min at 23 °C),[13a] but 

illustrates the acidic reactivity of the ostensibly “basic” cage 1, reminiscent of the reactivity 

profile of polyammonium macrocycles.[22] The cage is also capable of inhibiting base-
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catalyzed processes. When 5% cage 1 is added to a 5%-DABCO-catalyzed Knoevenagel 

reaction between malononitrile and benzaldehyde in CD3CN, no reaction is observed at all 

after 24h at 23 °C (Figure S-37), whereas in the absence of cage, 75% conversion occurs.

Finally, the relative acidity of the 12 protonated amines in cage 1 was illustrated by reaction 

with a series of tritylated amines. 12 mol.-eq. tritylated isoquinoline 4 was added to a 

solution of cage 1 in CD3CN and a small amount of water, and the reaction monitored by 
1H NMR: this amount of cage should contain enough protons to fully detritylate 4. The 

products formed are the ammonium salt 5•H+ (and triphenylmethanol) – even though a 

strongly basic amine is formed, no cage decomposition is seen (see Figure S-39), as the 

product is far more basic than the cage. As can be seen in Figure 4, the initial reaction 

was extremely rapid, with 20% conversion in ~3 min. However, after the first 3–4 H+ are 

removed from the cage, the overall charge lessens, as does the acidity. The reaction slows 

down rapidly, reaching 40 % conversion after 4h and only 45% after 24 h. After ~1/2 

of the protons are removed, the (1•6H+) cage is no longer sufficiently acidic enough to 

promote reaction. This process can be repeated with N-tritylbenzylamine (green line, Figure 

4), and follows much the same reaction profile as 4 with no cage decomposition, despite 

the reaction producing benzylamine, as the BnNH2 product is fully protonated. In contrast, 

if N-trityl-4-bromoaniline is used (see Figures S-43, 44), the product cannot be protonated 

by (1•xH+), the neutral aniline is formed, and over time, the cage is transiminated and 

destroyed. As such, the cage can protect itself against destruction by strong amines, but not 

weak ones.

Overall, the synthesis and properties of cage 1 are quite unusual. The only way that the 

cage can be synthesized effectively is in the presence of excess Fe(ClO4)2. Even though only 

ligand L1 and 2-formylpyridine are otherwise present in the anhydrous reaction, the amines 

in the product are fully protonated. Evidently, the protons come from the water formed 

upon iminopyridine formation, and the resulting “hydroxide” is removed as iron oxide salts, 

hence the need for excess iron. Interestingly, if the reaction is performed in the presence 

of activated molecular sieves, 1•12H+ is still formed, albeit less effectively than in their 

absence: the cage is an effective water trap. Attempts to replicate this effect using 0.66 eq. 

Fe(ClO4)2 and 0.66 eq. HClO4 only gave bis-imine ligand and no cage, suggesting that the 

multicomponent assembly process is delicately balanced, and addition of strong acid is not 

helpful. Other FeII salts were tested: Fe(NTf2)2, Fe(OTf)2 or FeSO4 yielded either no cage 

or an unstable assembly. Fe(BF4)2•6H2O was an effective surrogate for Fe(ClO4)2, however, 

yielding a cage with similar NMR spectra to the ClO4
− equivalent (Figures S-22, 23). This is 

to be expected, as we have previously shown that ClO4
− and BF4

− act similarly as templates 

in the formation of Fe4L6 tetrahedra with internal H-bond donors.[23]

The truly unusual observation is that this proton trapping occurs in a cationic cage 

environment: when all 12 amines are protonated, the 1•12H+ cage carries an overall charge 

of 20+. Even if 12 ClO4
− anions are in close proximity to the amines to moderate the 

charge, the 2D COSY data shows that the protons are interacting strongly enough with the 

amines to allow scalar coupling, so some positive charge must reside on the nitrogen centers. 

Despite the fact that the acid-trapping is required for assembly, the basicity of the internal 

amines is significantly lower than expected (as compared to a small molecule equivalent 
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in free solution). The 12 ammoniums display a “sliding scale” of acidity, whereby the 

“first” NMe2H+ ions can be removed by N,N’-dimethylaniline (pKa = 11.4). As protons are 

removed from the cage (and the overall charge lowers from 20+ towards 8+), the protons 

become correspondingly more difficult to remove, and the final proton shows a pKa of 

17.4. This is still a full pKa unit less than expected: the cationic superstructure of the cage 

makes internalized amines less basic than they should be in free solution. This moderation 

of side-chain basicity, by networked interactions in a controlled active site, is a hallmark of 

enzymatic catalysis, and illustrates the biomimetic potential of this synthetic system.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
a) Self-assembly of ligand L1 into an Fe4L6 tetrahedron 1 with internally oriented amine 

groups and trapped acids. b) Previous Fe4L6 tetrahedra from the 2,7-dianilinofluorenyl 

scaffold.[13a]

Ngai et al. Page 8

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2023 March 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
a) 1H NMR spectrum of 1; expansions of b) COSY, c) ROESY spectra (600 MHz, CD3CN, 

298K, 300 ms mixing time for ROESY); d) minimized structure of S4-1 + 12 HClO4; e) 

peaks observed in the ESI-MS spectrum for 4 different complexes of 1 and HClO4, (red dots 

indicate theoretical calculated isotope ratio).
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Figure 3. 
a) Downfield, and b) upfield regions of the 1H NMR spectra of sequential additions of 

DABCO to 0.8 mM cage 1 (400 MHz, CD3CN, 296 K); c) UV absorbance changes of 

cage 1 (1.5 µM) at 320 nm/370 nm (blue/grey dots) upon titration of DABCO in CH3CN. 

Red/yellow lines: fitting trace for the final (1•H+) → 1 equilibrium.
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Figure 4. 
Amine detritylation promoted by cage 1. Reaction progress over time monitored by 1H 

NMR (400 MHz, CD3CN/1% H2O, 296 K). [1] = 1.25 mM, [4] = 15 mM.
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