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Guest Exchange Mechanisms in Mono-Metallic Pd(II)/Pt(II)-Cages Based on a Tetra-Pyridyl Calix[4]pyrrole Ligand
Luis Escobar,[a][b] Eduardo C. Escudero-Adán[a] and Pablo Ballester*[a][c]
Abstract: Planar pyridyl N-oxides are encapsulated in mono-metallic Pd(II)/Pt(II)-cages based on a tetra-pyridyl calix[4]pyrrole ligand. The exchange dynamics of the cage complexes are slow on both the NMR chemical shift and EXSY timescales, but encapsulation of the guests by the cages is fast on the human timescale. A “french doors” mechanism, involving the rotation of the meso-phenyl walls of the cages, allows the passage of the planar guests. The encapsulation of quinuclidine N-oxide, a sterically more demanding guest, is slower than pyridyl N-oxides in the Pd(II)-cage, and does not take place in the Pt(II)-counterpart. A modification of the encapsulation mechanism for the quinuclidine N-oxide is postulated that requires the partial dissociation of the Pd(II)-cage. The substrate binding selectivity featured by the cages is related to their different guest uptake/release mechanisms.
One of the aims of metal-organic self-assembly is the design of molecular containers with tailored or external-stimuli controlled guest exchange dynamics.
,
,
,
 In this regard, understanding the exchange mechanisms that are operative in metallo-cages allows their tuning to improve specific functions. The features shown by metallo-cages are of wide interest for applications in binding selectivity, controlled drug delivery and modulation of reactivity of bound species, among others.
,
,
,
,
,
,

The thermodynamic and kinetic stability of metal coordination cages depends on both the ligands (L) and the metal ions used in their assembly. The properties of the included guests may also influence the stabilities of the corresponding cage complexes.
 Pd(II)/Pt(II)-cages based on pyridyl ligands are thermodynamically and kinetically stable. The pyridyl N-Pd(II) bond is labile, whereas the N-Pt(II) counterpart is more inert at ambient conditions.
,
 For example, the energy barrier for the dissociation of pyridyl ligands is ca. 22 kcal·mol-1 in a banana-shaped [L4•Pd2]4+ cage.
 In contrast, the octahedral [L4•Pt6]12+ cage does not show signs of dissociative processes at room temperature (r.t.).

Raymond and co-workers investigated the guest exchange mechanisms of a tetrahedral [L6•Ga4]12- cage. Small cationic guests, such as NEt4+, are bound reversibly to [L6•Ga4]12- via a slippage mechanism (i.e. deformation of a cage’s face) featuring exchange rate constants k = 10-3 to 10 s-1 at r.t. A sterically demanding guest, such as [CoCp*2]+, which likely requires partial ligand-metal dissociation, has a dramatically decreased exchange rate, but the larger guest can still be displaced from the cage’s cavity to the bulk solution.
,
 Related exchange pathways were found by other groups using self-assembled capsules and cages.
,
,
,

We became interested in exploring the guest inclusion and exchange pathways of a mono-metallic Pd(II)-cage, [1•Pd]2+ (Figure 1).
 [1•Pd]2+ features two converging polar binding sites, defined by four pyrrole NHs of the calix[4]pyrrole core
 and four inwardly-directed pyridyl α-CH protons.
 The latter is reinforced by Pd(II), which is keen to be involved in cation-dipole interactions. We showed that planar, mono- and di-topic pyridyl N-oxides were reversibly bound in [1•Pd]2+. The guest exchange in the cage complexes is slow on the NMR chemical shift and EXSY timescales, whereas complex formation is fast on the human timescale (< 30 s). Based on these findings, we postulated a “french doors” mechanism, involving the rotation of the four meso-phenyl substituents, for the inclusion and exchange of the planar guests.21,

[image: image1.png]VN ) ) )

IR
.,.\ﬁ, M.r O

I
) X M) @)
A ,\».“ol\aﬂ& .‘T.TAW,&W‘\WVU/NW o |
) / Z
+

[1-Pd]*

Pd(Il)
_O—Nq /

}

|

. O = |
3 ; Z

\ s y +

i 1 0 - < . - ¥ A\\.V’ -
\ 2 b \‘ 'w/\/u W, ) N
e % & / : N
2 = ., =10 R

N .
m\L/N.I —— v\,, Nm.\,..

’ ™
L N .UN...I G I
— —
O (@]

Hf

<
T
() () © (6]
i\N/ T T H\HM4
T

a)




Figure 1. a) Line-drawing structure of 1; b) self-assembly of [1•Pd]2+ (X-ray structures are shown) and c) N-oxides 2, 3 and 4 used in this work.
Herein, we study the inclusion and exchange mechanism of the Pd(II)-cage using a structurally more demanding guest, quinuclidine N-oxide, 2 (Figure 1). We show that an equimolar mixture of the two components at millimolar concentration, reaches equilibrium after several hours at r.t., producing a mixture of the cage [1•Pd]2+ and the 2([1•Pd]2+ cage complex in a ratio of ca. 30:70. This result contrasts with the quantitative and rapid formation of the cage complexes of the pyridyl N-oxides, 3 and 4, under identical conditions (Figure 1). Moreover, while the competitive displacement of bound 3 by 4 took place in seconds, the analogous displacement reaction of bound 2 required hours. These results are compatible with the proposed “french doors” mechanism. In fact, owing to its analogy with the constrictive binding model proposed by Cram, it is expected to be also sensitive to the guest’s size.26,

To elucidate a possible change of the mechanism in the inclusion/exchange processes of 2 and [1•Pd]2+, we prepared the platinum counterpart [1•Pt]2+. The partial dissociation of the metallo-cage should be energetically more expensive for [1•Pt]2+ than for [1•Pd]2+ in order to allow the passage of 2. Indeed, we demonstrate that the partial cage-dissociation mechanism is operative in the formation and exchange processes of 2([1•Pd]2+. We relate this change of mechanism to the observed substrate specificity of the metallo-cages; [1•Pd]2+ reversibly encapsulates both planar and the three-dimensional N-oxides, 3, 4 and 2. In contrast, [1•Pt]2+ is only efficient for the reversible encapsulation of the planar 3 and 4. The 2([1•Pt]2+ metallo-carceplex, leading to the irreversible inclusion of 2, was prepared “in situ” by coordination of Pt(II) to the parent 2(1 inclusion complex.
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Figure 2. Selected regions of the 1H NMR (400 MHz, 2:1 CDCl3:CD3CN, 298 K) spectra: (a) 1; addition of 2 to 1: (b) 0.5 and (c) 1 equiv.; addition of Pd(II) to 2(1: (d) ca. 1 equiv. after thermal equilibration. Doubly and triply primed letters and numbers correspond to signals of 2(1 and 2([1•Pd]2+, respectively. The small set of signals in (d) corresponds to free [1•Pd]2+. See Figure 1 for proton assignments. 1,3,5-Trimethoxybenzene (Internal Standard). *Residual CHCl3.
The 1H NMR spectrum of ligand 1 in 2:1 CDCl3:CD3CN solution shows sharp and well-defined proton signals in agreement with a C4v symmetry. 1 adopts the cone conformation by establishing four convergent hydrogen bonds between the pyrrole NHs and the nitrogen atom of an included CH3CN molecule.23 The addition of 0.5 equiv. of 2 produced a new set of separate proton signals for ligand 1. The new set of signals corresponded to bound 1 in the 2(1 inclusion complex. The observation of two separate sets of signals for free and bound 1 indicates slow chemical exchange on the chemical shift timescale.
 The pyrrole NHs of bound 1 experienced a large downfield shift, Δδ = +2.75 ppm, supporting the formation of hydrogen bonds with the oxygen atom of bound 2. On the other hand, all proton signals of 2 appeared highly upfield shifted compared to those of the free counterpart, with Δδ = -0.6 to -2.6 ppm. This observation supports the inclusion of 2 in the deep cavity of 1. The protons of 2 experienced the shielding effect of the four aromatic walls of 1. The addition of 1 equiv. of 2 induced the quantitative formation of 2(1 (Ka > 104 M-1) (Figure 2).
The subsequent addition of ca. 1 equiv. of [Pd(CH3CN)4](BF4)2 to the solution containing the 2(1 complex followed by thermal equilibration (24 h at 40°C), produced the disappearance of the original proton signals and the emergence of two new sets of signals for most of the protons of both binding partners. The two new sets of signals were of different intensity. For example, the pyridyl protons alpha to the nitrogen atom, Hh and Hi, in the 2(1 complex split into two sets of downfield shifted signals with a ca. 70:30 ratio. We assigned the new sets of signals to the protons of the 2([1•Pd]2+ cage complex and [1•Pd]2+ cage, respectively. Based on this result, we estimated a stability constant of ca. 5 x 103 M-1 for the 2([1•Pd]2+ cage complex.
Luckily, single crystals suitable for X-ray diffraction analysis grew from a 1,4-dichrobenzene solution containing an equimolar mixture of 1, 2 and the metal precursor [Pd(CH3CN)4](BF4)2 salt. The solution of the diffraction data revealed the presence of [2•BF4-]([1•Pd]2+ cage complex in the crystal lattice (Figure 3a). The structure featured the encapsulation of the quinuclidine N-oxide, 2, in the polar cavity of the [1•Pd]2+ cage that is defined by the calix[4]pyrrole unit. The oxygen atom of 2 is hydrogen-bonded to the four pyrrole NHs, d(N···O) ~ 2.95 Å. In addition, the hydrogen atoms of 2 establish multiple CH-π interactions with the aromatic walls of [1•Pd]2+.
 Remarkably, a co-included tetrafluoroborate anion occupied the binding site defined by the inner α-CH pyridyl protons. The BF4- anion must be involved in Columbic and hydrogen-bonding interactions with the Pd(II) cationic center and the α-pyridyl hydrogens, respectively.12,

Molecular modelling of the X-ray structure of [2•BF4-]([1•Pd]2+ suggested that the energy barrier for the entrance/exchange process of the sterically demanding three-dimensional N-oxide 2 should be significantly larger than that of the planar N-oxide 3, owing to the limited dimension of the cage’s portal provided by the “french doors” mechanism (see SI).
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Figure 3. X-ray crystal structures: (a) [2•BF4-]([1•Pd]2+ and (b) [CH3CN]2([1•Pt]2+. Cages are shown in ORTEP view with thermal ellipsoids set at 50% probability for non-hydrogen atoms. Bound molecules/ions are shown as CPK models. Hydrogens are shown as fixed-size spheres of 0.3 Å radius. Solvent molecules and disordered atoms are omitted for clarity.

We noted above that the chemical exchange process between free and bound pyridyl N-oxides in the encapsulation complexes, 3([1•Pd]2+ and 4([1•Pd]2+  was slow on the EXSY timescale.23 Based on these results, we can estimate that the dissociation rate constant, koff, must be smaller than 10-2 s-1 (kexch = k’ + koff ~ 10-2 s-1). This value assigns an energy barrier for complex dissociation of ca. 20 kcal∙mol-1 or more.
 On the other hand, the formation of 3([1•Pd]2+ and 4([1•Pd]2+ was fast on the human timescale (< 30 s). This fact does not allow the accurate assessment of the corresponding second order rate constant, kon, using kinetic 1H NMR studies. Considering that a sensible estimate for the stability constant value of the 3/4([1•Pd]2+ cage complexes is > 104 M-1, the kon value can be deduced as Ka × koff ~ 102 M-1∙s-1. The estimated kon indicates that the complex formation is not diffusion controlled and also serves to assign an energy barrier of ΔG‡ ~ 15 kcal∙mol-1 to the complex formation. Considering that the complex dissociation requires the breaking of stronger host-guest intermolecular interactions than its formation, it is expected to have an energy barrier that is ~5 kcal∙mol-1 larger. The energy barrier estimated for the complex formation must be associated with the process of rotation of the four meso-phenyl groups of the metallo-cage and the squeezing of the planar guest into its interior through the available portal a.k.a “french doors” mechanism inclusion process. 
In order to experimentally verify a putative change of mechanism for the encapsulation of 2 by [1•Pd]2+, we assembled the 2([1•Pd]2+ cage complex by adding ca. 1 equiv. of 2 to the pre-assembled [1•Pd]2+ cage. The initial 1H NMR spectrum (< 30 s) of the mixture revealed the exclusive presence of the proton signals of the two binding partners, 2 and [1•Pd]2+, free in solution. Next, we monitored the kinetics of the guest uptake by acquiring 1H NMR spectra of the mixture at regular intervals.
 The change in the concentrations of the [1•Pd]2+ cage and the 2([1•Pd]2+ cage complex was determined by integration of their corresponding proton signals (Figure 4). After ca. 4 h at r.t., 2([1•Pd]2+ was predominantly present in solution (~70%) and its concentration did not change further with time. We fit the kinetic data to a second order rate law considering the reversible formation of the cage complex (v = kon[H][G] – koff[HG]), for which we determined the thermodynamic stability above.
 The fit returned kon = 0.5 ± 0.1 M-1∙s-1 and koff = 1.5 ± 0.5 x 10-4 s-1. These values are translated into energy barriers of ca. 18 and 23 kcal·mol-1, respectively. We also studied the displacement of encapsulated 2 by the bis-N-oxide 4. Starting from the thermodynamic mixture of 2([1•Pd]2+ and [1•Pd]2+ (70:30), the addition of 1 equiv. of 4 induced the instantaneous appearance of the cage complexes 2([1•Pd]2+ and 4([1•Pd]2+ in a ca. 70:30 ratio. This result indicated that the bound CH3CN molecules in [1•Pd]2+ were immediately replaced by 4, however, all encapsulated 2 remained intact after the first 30 s. After 24 h, the analysis of the mixture showed the exclusive presence of 4([1•Pd]2+ in solution. Taken together, these results demonstrated that the uptake, release and exchange processes of the sterically demanding quinuclidine N-oxide 2 are energetically more costly than for the planar pyridyl N-oxides, 3 and 4.
[image: image4.png]0.6
=07
£ 06
0.5

Concentrat
© ©o o o
= N W

o

[1-Pd]* @
2c[1-Pd]* &

100

150

Time (min)

200

250




Figure 4. Concentration (mM) versus time (min) of free [1•Pd]2+ (circles) and 2([1•Pd]2+ cage complex (diamonds). Initial concentrations: [1•Pd]2+ = 0.8 mM and [2] = 0.8 mM. The lines show the fit of the kinetic data.
Nevertheless, the measured modification of the kinetics for the entrance/exchange processes of the quinuclidine N-oxide 2 is not enough to require a change of mechanism. A sterically demanding guest like 2 is expected to increase the energy barrier for the crossing of the passage provided by the rotated meso-phenyl groups. But the coincidence of energy between the barrier measured for the formation of 2([1•Pd]2+ and that described for the dissociation of pyridyl N-Pd(II) coordination bonds15 hinted at the partial dissociation of the Pd(II)-cage for guest entrance. 
In order to substantiate the change in mechanism for the uptake/release of 2, we prepared the kinetically and thermodynamically more inert [1•Pt]2+ cage. A “french doors” mechanism is viable in both cages, but a guest exchange mechanism involving the partial dissociation of the cage at r.t. can be ruled out for the [1•Pt]2+ cage.16 Using standard conditions, we assembled the [1•Pt]2+ cage to an extent larger than 60% in solution, and was fully characterized by a set of high-resolution spectra (see SI). The structure of [1•Pt]2+ was also confirmed in the solid state by X-ray diffraction of a single-crystal (Figure 3b). In the solid state, the four pyridyl substituents of ligand 1 are simultaneously coordinated to the Pt(II) metal center. Two opposite N-Pt(II) coordination bonds are shorter than the other two, d1(N···Pt) ~ 1.97 Å and d2(N···Pt) ~ 2.02 Å. In the case of [1•Pd]2+, the four N-Pd(II) bonds feature similar distances, d(N···Pd) ~ 2.02 Å.23 Two molecules of CH3CN are included in the polar cavity of [1•Pt]2+. One hydrogen bonds to the calix[4]pyrrole core and the other to the α-pyridyl protons.12 The X-ray structures of [1•Pt]2+ and [1•Pd]2+ are analogous. 
Next, we attempted the assembly of 2([1•Pt]2+ by adding ca. 1 equiv. of 2 to the pre-assembled [1•Pt]2+ cage. We used 1H NMR spectroscopy to monitor the process. The equimolar solution of 2 and [1•Pt]2+ did not produce the diagnostic proton signals expected for 2([1•Pt]2+, even after standing for 5 days at r.t. (see SI). In contrast, equimolar solutions of 3 or 4 and [1•Pt]2+ induced the rapid uptake of the guests and the quantitative formation of the corresponding cage complexes 3/4([1•Pt]2+ in seconds (see SI). The results obtained with the [1•Pt]2+ cage indicate that the “french doors” mechanism is associated with a very high energy barrier in the case of the in/out passage of 2, which makes it inoperative, at least at r.t. 
Consequently, an alternative, but energetically more costly mechanism, possibly involving the partial dissociation of the cage structure should be operative for the observed in/out processes of 2 with the [1•Pd]2+ cage. The different nature of the metal coordination bonds present in the two cages is responsible for their viable guest in/out mechanisms. Specifically, the high binding selectivity featured by the [1•Pt]2+ cage towards planar pyridyl N-oxides is related to the exclusive operation of the “french doors” mechanism for the in/out guest exchange processes (Figure 5).
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Figure 5. Proposed guest inclusion/exchange mechanisms for the [1•Pd]2+ cage: a) “french doors” and b) dissociation of N-Pd(II) coordination bond. For the [1•Pt]2+ cage, the dissociation mechanism becomes energetically unattainable at r.t. Encapsulated acetonitrile molecules are omitted for clarity. The models in brackets show the putative structures of the host in the transition state. The side and top views of the guests 2 and 3 as CPK models are shown below and above the equilibria arrows. 
The assembly of the metallo-carceplex 2([1•Pt]2+ required the initial preparation of the inclusion complex 2(1 followed by the addition of the Pt(II) salt, [Pt(CH3CN)4](BF4)2. Thus, an equimolar mixture of Pt(II) salt and the 2(1 inclusion complex afforded, after thermal equilibration (72 h at 50 ºC), a ca. 50:50 thermodynamic mixture of 2([1•Pt]2+ and [1•Pt]2+. The binding constant of 2([1•Pt]2+ is of the same order of magnitude than the analogous 2([1•Pd]2+, which is in agreement with the experimentally measured distances for the cavity dimensions. The addition of ca. 1 equiv. of the pyridyl bis-N-oxide 4 to the above 50:50 mixture of carceplex and carcerand induced the rapid formation of 4([1•Pt]2+ that was present in solution as 50:50 mixture with 2([1•Pt]2+, together with 0.5 equiv. of free 2. In this case, the composition of the mixture did not change with time at ambient conditions (see SI) indicating that the N-Pt(II) bonds do not dissociate and, more interestingly, that the sterically demanding 2 is effectively imprisoned in the [1•Pt]2+ cage.

In summary, we demonstrate that the [1•Pd]2+ cage features a switching from a “french doors” to a partial ligand-metal dissociation mechanism to accommodate the entrance/release of the sterically demanding quinuclidine N-oxide 2. On the contrary, the isostructural [1•Pt]2+ cage operates exclusively via a “french doors” mechanism avoiding the entrance and release of the bulky guest. The two mechanisms operating in [1•Pd]2+ feature remarkably different kinetics, allowing time-dependent uptake/release processes for 2. The obtained results highlight the importance of size-complementarity between guest dimensions and the metallo-cage portal. On the one hand, the reversible nature of the metal-ligand bonds present in the [1•Pd]2+ cage enables two available mechanisms for guest entrance/release. These are reflected by the lack of selectivity in N-oxides binding. In contrast, the relative inertness of the metal-ligand interactions featured by the [1•Pt]2+ cage provides high binding selectivity based on the premise of size-complementary requested by the “french door” mechanism.
Experimental Section
Experimental procedures, characterization data, NMR spectra, energy minimized and X-ray crystal structures. CCDC 1943204-1943205.
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� We proposed that the energy barrier of the chemical exchange process between free and bound “four-wall” calix[4]pyrroles involves a conformational change (cone to alternate) of the receptor.
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� In 2:1 CDCl3:CD3CN, 19F NMR spectra indicated that tetrafluoroborate anions are free in the solutions of the [1•Pd]2+ cage and its cage complexes.
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� Kinetic 1H NMR studies performed with different concentrations of 2 support the use of a second order rate law in the range of investigated concentrations ([2] < 2 mM; 0.5, 1 and 1.2 equiv. with respect to [1•Pd]2+).






