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1. Molecular Dynamics  
 

1.1 Square-planar Metal Model 

 

The square planar palladium dummy atom model originally presented by Fujita et al. was used 

for all MD simulations.1 This model is based on previous work on transition metal 

parameterization by Ȧqvist and Warshel.2 The model consists of four particles, each of them 

possessing a charge of +0.5, while the central particle possesses zero charge. The geometry of 

the dummy complex itself is kept rigid by the imposition of large force constants on the metal–

dummy bonds (Table S1). However, as there are no bonds between the dummy complex and 

the surrounding ligands, overall rotation is allowed, and no internal forces are associated with 

such rotation. This means that the system is free to exchange ligands on the relevant time scale.  

 

Table S1: Force Field Parameters for the Pd dummy model used in this work 

Van del Waals 
name  Mass / amu Charge / e σ / nm ε / kJ mol–1 
M      98.336 0.0 0.1718 2.89951 
Di/j 2.016 0.500 0.0 0.0 

 
Bond 

 R0 / nm Kb / kJ mol–1 
Di/j-M 0.09 669440 

 
Angle 

 θ / degrees Kθ / kJ mol–1 rad–2 
Di-M-Di 180 2092 
Di-M-Dj 90 2092 

 

The modified Fujita parameters a Pd(II) were initially tested in water, employing the three-

point transferable intermolecular potential (TIP3P).3 The system was simulated for 5 ns and 

the Pd–O distance obtained from analysis of the radial distribution function (RDF, Figure S1). 

The modal distance compared is somewhat shorter than the experimental value (1.85 Å cf. expt. 

2.01 Å4). 
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Figure S1. Pd–O radial distribution function [g(r)] for a Pd2+ ion in a cubic box balanced with two Cl- ions at 

298.15 K from a 5 ns MD trajectory. 
 

1.2 Metallocage MD Modelling  

 

Table S2 and Figure S2-4 outline the average Pd–N(donor), Pd–Pd and Pd–X distances (where 

X=C-H for C-1 and X=N for C-2) along with the variation quoted as one standard deviation 

from the mean. 
 

 

Figure S2. Temporal Pd–N(donor) distance variation. The solid line corresponds to a 20-step block average 

over 3 replicas and the shaded area the range of the block. 
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Figure S3. Temporal Pd–Pd distance variation. The solid line corresponds to a 20-step block average over 3 

replicas and the shaded area the range of the block. 

 

Figure S4 Temporal Pd–X distance variation, where X=CH, N for C-1 and C-2 respectively. The solid line 

corresponds to a 20-step block average over 3 replicas and the shaded area the range of the block. 
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Table S2. Average key distances for C-1, C-2, bq⊂C-1 and bq⊂C-2 calculated from MD simulations. Standard 

deviations in the block averages through the trajectory are given. 

Species Description Distance / Å Ref. distance / Å 

C-1 
Pd–N 1.954±0.002 2.02±0.01a 
Pd–Pd 12.111±0.029 11.85a 
Pd–X 8.067±0.007 7.99±0.11 a 

bq⊂C-1 
Pd–N 1.957±0.002 2.02±0.00b 
Pd–Pd 11.771±0.043 12.21b 
Pd–X 7.987±0.011 8.02±0.17b 

C-2 
Pd–N 1.952±0.002 2.02±0.01c 
Pd–Pd 11.738±0.032 11.50c 
Pd–X 7.991±0.007 7.96±0.17c 

bq⊂C-2 
Pd-N 1.961±0.001  
Pd–Pd 10.960±0.052 NA 
Pd–X 7.83±0.015  

a) OTf⊂C-1[OTf]. CCDC: 768969. Ref 5; b) [pentacenedione⊂C-1][OTf]4. CCDC: 1492902. Ref 6; c) [C-

2][SbF6−]2. CCDC: 853226. Ref 7 

 

To quantify the average distortion, as well as its temporal variation, several diagnostics are 

generated. First, the ‘squareness’ (∆l) of the four central X atoms (X = CH, N for C-1 and C-2) 

is quantified by considering the absolute deviation of the furthest X atom from its ideal √2 l 

distance (where l is the distance to either of the two nearest X atoms), shown in Figure S5. By 

this metric C-2 is, on average, slightly more distorted than C-1 (std. dev. ∆l = 0.05 Å vs 0.04 

Å respectively). 
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Figure S5. Temporal variation of the absolute value of ∆l. 
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Figure S6. Temporal variation of the absolute deviation of θ from 90 º. 

 

  
 

Figure S7. variation of the absolute deviation of θ from 90 º. 
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2. Rotational PES of LCH and LN 
 

Computing the unrelaxed potential energy surface for rotation about the abcd dihedral of LCH 

and LN we find a very small barrier at the M2 level. Performing a TS search ∆E‡ for rotation 

are 0.4 and 1.1 kcal mol-1 for LCH and LN at the same level. This very small barrier is retained 

at a different level of DFT theory (PBE0-D3BJ/def2-TZVP) with ∆E‡ = 2.1, 1.3 kcal mol-1 for 

LCH and LN respectively. Note that these barriers are smaller than that for rotation of ethane 

(∆E‡ = 2.7 kcal mol-1 calculated at the same M2 level, which compares well to the expt. value 

of 2.9 kcal mol-1)8.  

 

  

Figure S8. PES calculated at the M06-2X/def2-TZVP level of theory for rotation about the abcd dihedral of LCH 

(X=CH, orange) and LN (X=N, blue). 
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3. Methodology Selection 
 

3.1 Optimization Level 

Outlined here is the rationale behind choosing the DFT methods outlined in the manuscript 

1. M1: PBE0-D3BJ/def2-SVP 

2. SMD(DCM)-M2: SMD(DCM)-M06-2X/def2-TZVP 

 

Table S3 outlines the effect of utilizing different optimisation levels on ∆Ebind and ∆∆Ebind for 

C-1 and C-2 for bq and aq. For these systems, we performed optimizations at the MX level of 

theory (MX referring to different functionals). Here, the SMD(DCM)-M06-2X/def2-TZVP/ 

level of theory was chosen as reference. Across the eight optimization methods tested, while a 

large change in ∆Ebind(bq) is observed, there is a small variation for ∆∆Ebind(bq) and 

∆∆Ebind(aq); standard deviation 1.6 kcal mol-1 and 1.9 kcal mol-1, respectively. These results 

encouraged us to select the computationally efficient M1 (PBE0-D3BJ/def2-SVP) level of 

theory for optimizations. PBE0 has been found to be generally adequate for both geometries.9, 

10 Even though inclusion of dispersion seems to reduce accuracy compared to M2, it was 

included as it is expected to be relevant when larger (highly aromatic) quinones are considered  

 

Selection of the M2 method derives from both comparison to literature and comparison to 

higher level QM methods. In the literature, M2 has been shown to provide accurate association 

energies for the S30L data set, which includes 30 large supramolecular systems (mean absolute 

deviation, MAD = 2.5 kcal mol-1).11 Moreover, comparison to activation and reaction potential 

energy differences (∆E) for a set of ten DA reactions calculated with the DLPNO-CCSD(T) 

local coupled cluster method (§ 6), referred to as a ‘gold standard’ quantum chemical method. 

These two comparisons gave us confidence on the suitability of this approach. 
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Table S3. Effect of utilizing different optimization levels (MX) on ∆ ∆Ebind and ∆∆Ebind (kcal mol-1). All optimizations apart from PBE0-D3BJ/DZ were initialized from the 

PBE0-D3BJ/DZ-optimized geometries and single point energies calculated at SMD(DCM)-M06-2X/def2-TZVP where indicated. DZ = def2-SVP, TZ = def2-TZVP. 

Opt. Method 

(MX) 

B3LYP/DZ PBE/DZ PBE-D3BJ/ 

DZ 

PBE0/DZ PBE0-D3BJ/ 

DZ 

PBE-

D3BJ/TZ 

PBE0-

D3BJ/TZ 

M06-2X/TZ SMD(DCM) 

M06-2X/TZ 

∆Ebind(bq⊂C-1) -19.7 -23.0 -35.2 -27.1 -22.7 -35.5 -29.4 -25.4 -5.5 

∆Ebind (bq⊂C-2) -28.1 -31.1 -43.6 -34.1 -30.9 -43.8 -35.9 -29.5 -3.6 

∆∆Ebind(bq) -8.4 -8.1 -8.3 -7.1 -8.2 -8.3 -6.6 -4.0 2.0 

∆Ebind(aq⊂C-1) -20.4 -26.4 -52.4 -43.8 -26.7 -53.8 -47.1 -40.2 -16.8 

∆Ebind(aq⊂C-2) -21.5 -27.3 -52.6 -43.5 -26.9 -53.4 -45.6 -35.2 -13.1 

∆∆E(aq) -1.1 -0.9 -0.3 0.3 -0.2 0.4 1.5 5.1 3.7 

M SMD(DCM)-M06-2X/def2-TZVP//Opt. Method 

∆Ebind(bq⊂C-1) -4.7 -4.1 -3.3 -4.1 -4.0 -3.7 -4.7 -8.1 -5.5a 

∆Ebind (bq⊂C-2) -5.7 -4.9 -4.3 -5.3 -3.3 -4.4 -4.9 -3.8 -3.6 

∆∆Ebind(bq) -1.0 -0.8 -1.1 -1.2 0.6 -0.7 -0.2 4.2 1.9 

∆Ebind(aq⊂C-1) -8.6 -8.7 -10.3 -10.1 -9.5 -9.3 -11.9 -14.2 -16.8 a 

∆Ebind(aq⊂C-2) -7.6 -6.8 -7.7 -8.2 -6.8 -7.7 -9.2 -8.3 -13.1 

∆∆E(aq) 1.0 1.9 2.6 1.9 2.8 1.6 2.7 5.9 3.7 

a. Optimization of C-1 required loose optimization criteria and a quasi-Newton step method (rather than the default Rational function).  
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Table S4. Raw data used in Table S3 and Figure 3. 

Method B3LYP/DZ PBE/DZ PBE-D3BJ/DZ PBE0/DZ PBE0-D3BJ/DZ PBE-D3BJ/TZ 
PBE0-

D3BJ/TZ 
M06-2X/TZ 

SMD(DCM) 

M06-2X/TZ 

C-1 -3765.10728 -3763.045542 -3763.267184 -3767.009954 -3763.167009 -3763.370491 -3767.106979 -3769.497931 -3770.10331 

bq⊂C-1 -4146.103379 -4143.817359 -4144.070486 -4148.22424 -4143.944837 -4144.179095 -4148.328855 -4150.98385 -4151.572072 

C-2 -3829.180374 -3827.103551 -3827.319381 -3831.147032 -3827.193555 -3827.391576 -3831.214342 -3833.656144 -3834.253095 

bq⊂C-2 -4210.189817 -4207.888268 -4208.135948 -4212.37256 -4207.984491 -4208.213465 -4212.446665 -4215.148459 -4215.718736 

bq -380.9647101 -380.7351827 -380.7471543 -381.1711625 -380.7416536 -380.7520356 -381.1750929 -381.4453675 -381.4599501 

aq -687.8829736 -687.4651645 -687.4981738 -688.231716 -687.5011267 -687.5304034 -688.26228 -688.7561661 -688.7696903 

aq⊂C-1 -4453.022835 -4450.552852 -4450.848788 -4455.311496 -4450.710714 -4450.98656 -4455.444251 -4458.318229 -4458.899752 

aq⊂C-2 -4517.097635 -4514.612249 -4514.901432 -4519.448087 -4514.737546 -4515.007072 -4519.549238 -4522.468347 -4523.043702 

Method 

SMD(DCM) 

M06-2X/TZ 

//B3LYP/DZ 

SMD(DCM) 

M06-2X/TZ 

//PBE/DZ 

SMD(DCM) 

M06-2X/TZ 

//PBE-

D3BJ/DZ 

SMD(DCM) 

M06-2X/TZ 

//PBE0/DZ 

SMD(DCM) 

M06-2X/TZ //PBE0-

D3BJ/DZ 

SMD(DCM) 

M06-2X/TZ 

//PBE-

D3BJ/TZ 

SMD(DCM) 

M06-2X/TZ 

//PBE0-

D3BJ/TZ 

SMD(DCM) 

M06-2X/TZ 

//M06-2X/TZ 

 

C-1 -4151.556222 -4151.525086 -4151.525823 -4151.554597 -4151.561924 -3770.093879 -4151.566423 -4151.57114  

bq⊂C-1 -3770.089628 -3770.06192 -3770.06385 -3770.090176 -3770.095689 -4151.559835 -3770.09883 -3770.098447  

C-2 -4215.710082 -4215.678981 -4215.679839 -4215.706783 -4215.715528 -3834.248098 -4215.720209 -4215.720728  

bq⊂C-2 -3834.241898 -3834.2146 -3834.216185 -3834.241223 -3834.247424 -4215.713071 -3834.25236 -3834.254802  

bq -381.4591127 -381.4566436 -381.4567579 -381.4584842 -381.4596261 -381.4596547 -381.4601026 -381.4598113  

aq -688.7753883 -688.7714625 -688.7717379 -688.775192 -688.776353 -688.776601 -688.7771387 -688.7768858  

aq⊂C-1 -4458.878708 -4458.847236 -4458.852027 -4458.881471 -4458.886875 -4458.885669 -4458.894939 -4458.898035  

aq⊂C-2 -4523.029426 -4522.99688 -4523.000236 -4523.029459 -4523.037164 -4523.035497 -4523.044174 -4523.04494  
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3.2 PM7 and tight-binding DFT (GFN-xTB) geometries 

 

In addition to the DFT binding affinity calculations we also used the semi-empirical PM712 

methodology available in MOPAC2016.13 However, distorted geometries were obtained for 

both the C-1 and C-2 cages as well as cage–substrate complexes (Figure S9). However, quite 

surprisingly, a moderate correlation (r2 = 0.309) is obtained between the binding affinities 

obtained at the PM7 level and the experimental free energies of binding (Figure S10). The 

mean signed errors between the calculated and experimental binding affinities show there to 

be a general overestimation in binding strength (C-1: MSE = -3.46 kcal mol-1, MAD = 3.93 

kcal mol-1; C-2: MSE = -5.46 kcal mol-1, MAD = 5.46 kcal mol-1).  

Furthermore, when using the geometries obtained from the tight-binding DFT method (GFN-

XTB)14 to calculate binding at the SMD(DCM)-M06-2X/def2-TZVP//GFN-xTB level of 

theory, a poor correlation between experiment and calculated values was obtained (r2 = 0.173, 

Figure S11).   

 

Figure S9. PM7 optimized geometries of cages C-1, C-2, C-1⊂q1 and C-2⊂q2.  
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Figure S10. Correlation plots of (a) ∆Ebind and (b) ∆∆Ebind calculated at the PM7 level of theory. Orange and blue 

markers correspond to C-1 and C-2 cages, respectively. The different diagonals bracket the ±1 kcal mol-1 area of 

accuracy. 

 

Figure S11. Correlation plots of ∆Ebind calculated at the SMD(DCM)-M06-2X/def2-TZVP//tight-binding DFT 

(GFN-xTB) level of theory. Orange and blue markers correspond to C-1 and C-2 cages, respectively. The different 

diagonals bracket the ±1 kcal mol-1 area of accuracy. 

  

r2 = 0.173 
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3.3 Thermodynamic Contributions 

 

While thermodynamic contributions are required to obtain binding free energies (∆Gbind) and 

to compare to experiments directly, the accurate quantification remains challenging. 

Furthermore, the accuracy (in principle) gained by including these contributions comes with a 

much higher computational cost. For large systems, as the one considered here, the 

computational cost increase is from a few hours to a couple of days. i 

 

The free energy of binding qn in C-X is given by equation (1) 

∆#$%&'(qn⊂C-X) = ∆+$%&'(qn⊂C-X) + ∆#-.&/(qn⊂C-X)                       (1) 

and the relative free energy of binding qn is defined in equation (2). 

∆∆#$%&'(qn) = [∆+$%&'(qn⊂C-2) + ∆#-.&/(qn⊂C-2)] − [∆+$%&'(qn⊂C-1) + ∆#-.&/(qn⊂C-2)]     (2) 
																										= 	 ∆∆+$%&'(qn) + ∆∆#-.&/(qn) 

Where	∆#-.&/(qn⊂C-X) are the thermodynamic corrections to the potential energy difference 

(∆+$%&'(qn⊂C-X)) given by equation (3) 

∆#-.&/(qn⊂C-X) = ∆#$%&'(qn⊂C-X) − ∆+$%&'(qn⊂C-X)                      (2) 

These corrections include an enthalpic contribution (Hcont) containing the zero-point energy 

(ZPE), thermal energy plus kBT, and an entropic contribution (TScont), which contains 

contributions from translation, rotation, vibration and electronic degrees of freedom. Table S5 

outlines these components retrieved directly from frequency calculations from the ORCA 

package for C-1/C-2, bq and bq⊂C-1/bq⊂C-2. Note that the electronic entropy is zero. 

 

As can be seen in Table S5, the thermodynamic contributions to the binding energy (∆Gcont) 

of bq in C-1 and C-2 are large in magnitude but very similar (∆Gcont(bq⊂C-1) = 14.9 kcal mol-

1, ∆Gcont (bq⊂C-2) = 16.0 kcal mol-1) due to the almost identical enthalpic and entropic 

contributions. This explains why the calculated relative binding affinities (∆∆Ebind) closely 

match the experimental binding free energies (i.e. ∆∆Ebind ~ ∆∆Gbind). Secondly, the large 

positive free energy contribution (∆Gcorr) to the binding energy for both C-1 and C-2would 

                                                
i For example, the analytical hessian required to compute the vibrational frequencies for the zero-point energy and 

vibrational entropy components for bq⊂C-1 took 808 CPUh (M1) while the optimisation (M1) and single point 

(SMD(DCM)-M2) calculation took 36 CPUh. 
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suggest a very unfavorable binding process (i.e. ∆Gbind(bq⊂C-1) and ∆Gbind(bq⊂C-2) > 0), 

which is contrary to experimental observations. These results give rise to two possibilities, 

either (1) ∆Gcorr is incorrect (mostly due to entropic contributions) or (2) ∆Ebind is 

underestimated when calculated using the SMD(DCM)-M06-2X/def2-TZVP methodology. 

The following sections explain how the former, given the literature available, is the most 

plausible scenario. 

 

Table S5. Thermodynamic contributions (kcal mol-1) to the potential energy calculated at the PBE0-D3BJ/def2-

SVP level of theory obtained directly from ORCA. ∆Xbind = bq⊂C-X – (bq + C-X); X=H, S, G 

 Hcont TStrans TSrot TSvib TStot Gcont  

C-1 712.0 14.1 12.8 79.6 106.6 605.5 
bq⊂C-1 773.1 14.2 12.9 90.7 117.8 655.3 

C-2 681.6 14.1 12.8 79.1 106.0 575.6 
bq⊂C-2 742.9 14.2 12.8 89.4 116.5 626.4 

bq 58.4 11.9 8.3 3.4 23.5 34.8 
∆(bq⊂C-1) 2.6 -11.8 -8.3 7.8 -12.3 14.9 
∆(bq⊂C-2) 2.8 -11.8 -8.3 7.0 -13.1 16.0 

 ∆∆Hcont T∆∆Strans T∆∆Srot T∆∆Svib T∆∆Stot ∆∆Gcont  

 -0.2 0.0 0.0 0.8 0.8 -1.0 

 

To do so, we analyzed the entopic components (T∆Stot), which is the dominant contrition to 

∆Gcont). The partition function used to calculate the translational entropy derives from a particle 

in a box (PIB) treatment of the potential, within an ideal gas model of the system. In this 

scenario, at standard-state, the effective volume of a molecule is V = RT/p (p = 1 atm), which 

is an overestimation of the ‘real’ volume available, and therefore an overestimation of the 

translational entropy upon binding. A more appropriate effective volume can be obtained by 

moving to a 1 M ‘standard state’,15 which when calculated with equation (3) leads to a 

contribution of 1.9 kcal mol-1 at 298 K for each species considered. 

456	7/8	→6	: = ;4 ln >?@	ABC
⊖

?@	E
⊖ F                                                   (3) 

This correction reduces the translational entropy term; for a two to one change in molecularity 

(e.g. A+B à C) this reduction is 1.9 kcal mol-1. Using this correction, ∆Gcont(bq⊂C-1) = 13.1 

kcal mol-1 and ∆Gcont(bq⊂C-2) = 14.1 kcal mol-1 (Table S6).  

 

Table S6. Free energy contributions (kcal mol-1) calculated at the PBE0-D3BJ/def2-SVP level of theory using 

different treatments of the translational entropy and low frequency modes. ∆bind = bq⊂C-X – (bq + C-X).  
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 Gcont(1 atm, 
qRRHO) 

Gcont(1 M, 
qRRHO) Gcont(1 M, HO) Gcont(1 M, HO, 

real freqs) 
C-1 605.5 607.4 595.2 589.9 

bq⊂C-1 655.3 657.1 643.9 638.9 
C-2 575.6 577.5 562.0 559.8 

bq⊂C-2 626.4 628.3 612.0 609.6 
bq 34.8 36.7 37.5 37.5 

∆Gcorr(bq⊂C-1) 14.9 13.0 11.2 11.6 
∆Gcorr(bq⊂C-2) 16.0 14.1 12.5 12.3 

 

However, despite this correction, there is still an inconsistency in the treatment of the 

translational entropy. In solution the translation of bq and C-1 are treated as a particle in a box, 

while within C-1, the translation of bq is treated by an interpolation of a harmonic oscillator 

(HO) and rigid rotor (RR), this quasi-RRHO approximation is the default in the ORCA 

package. While Grimme’s quasi-RRHO approximation16 is suitable for treating low-frequency 

normal modes corresponding to rotations, obviously it is inappropriate for treating a 

translational mode such as those depicted in Figure S12, which are treated as >90% free rotors 

within the default weighting scheme used by Grimme and implemented in ORCA (Figure 

S13).  

 

Treating all the modes harmonically, partially removes the dampening of the low frequency 

modes contribution to the entropy and again reduces ∆Gcont. Using the harmonic approximation 

along with the 1 M standard stare correction within our otherm code 

(https://github.com/duartegroup/otherm)ii we obtain ∆Gcont(bq⊂C-1) = 11.2 kcal mol-1 and 

∆Gcont (bq⊂C-1) = 12.5 kcal mol-1 (Table S6). Of course, this then removes the more correct 

treatment of modes which correspond to rotations. 

                                                
ii otherm flags: -ss 1M -m igm 
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Figure S12. Normal modes of bq in C-1 dominated by x, y, z translation calculated at M1 annotated with scaled 

displacement vectors calculated in Chemcraft v. 1.8. 

 

 

Figure S13. Weighting utilized within the q-RRHO approximation to interpolate between the free rotor (w = 1) 

and harmonic oscillator expressions of the entropy as a function of normal mode frequency (ω).  

 

Furthermore, we note that with the exception of bq both cages and cage-substrate complexes 

contain small imaginary modes (all < 20i cm-1) due to one or more of (1) premature geometry 

convergence, (2) numerical errors in the Hessian, (3) the resolution of identity (RIJCOSX) 

approximation or (4) convergence to a saddle point. This observation is common in large 

supramolecular structures,17 and poses another issue when calculating the vibrational 

contribution to the free energy (both entropic and enthalpic). Harvey et al. proposed treating 

these modes as real rather than discarding them as both ORCA and Gaussian do by default. 

Doing so we have ∆Gcont(bq⊂C-1) = 11.6 kcal mol-1 and ∆Gcont(bq⊂C-1) = 12.3 kcal mol-1 

(Table S6). These differences are still very similar to the treatment without these modes, due 

to their being a fortuitous cancelation between the reactant (C-1 + bq, C-2 + bq) and product 
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(bq⊂C-1, bq⊂C-2) as both C-1 and bq⊂C-1 possessed two imaginary frequencies and C-2 

and bq⊂C-2 both contained a single imaginary frequency. 

 

These results show that, despite moving from an almost entirely RR approximation to the HO 

approximation for the low frequency modes and treating the imaginary modes as real, the 

difference in free energy contribution on binding is still large and positive (~ 10 kcal mol-1). 

New methods have been recently developed to improve the estimation of the effective volume 

based on the HO approximation.18, 19  

 

Finally, we note that from the molecular dynamics calculations the cavity is not empty prior to 

substrate binding, containing in average one solvent molecule in the cavity (Figure S14). Himo 

and Harvey have previously shown that consideration of solvent occupying the internal volume 

of supramolecular systems is important to reach quantitative results.17 In fact, considering the 

cage to be occupied by a single DCM solvent molecule, the binding process can be represented 

as: 

DCM⊂C-X + qn → qn⊂C-X + DCM 

In this case the translational entropy component of the free energy change quenches 

dramatically (T∆Strans(bq⊂C-1) = -0.2 kcal mol-1,Table S7). This in turn has the effect of 

reducing the free energy contribution difference by about 15 kcal mol-1 for both bq⊂C-1 and 

bq⊂C-2.  

 

 

Figure S14. Temporal variation of the number of DCM solvent atoms (n=5 for one molecule of DCM) within the 

cavity of C-1 defined by the distance from the Pd–Pd midpoint to the nearest H atom (minus the VdW radius of 

H). Dashed lines correspond to one and two solvent molecules respectively. 
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Table S7. Thermodynamic contributions (kcal mol-1) to the potential energy calculated at the PBE0-D3BJ/def2-

SVP level of theory. ∆bind = (bq⊂C-X + DCM) – (bq + DCM⊂C-X).a Energies calculated at the SMD(DCM) 

M2/M1level of theory. 

 Hcorr TStrans TSrot TSvib TStot Gcorr  Ebind Gbind 

DCM⊂C-1 734.9 14.2 12.9 87.4 114.4 620.5   
DCM⊂C-2 703.8 14.2 12.8 85.2 112.2 591.6   

DCM 21.3 11.7 7.3 0.7 19.6 1.7   

∆bind(bq⊂C-1) 1.1 -0.2 -1.0 0.7 -0.5 1.6 -3.0 -1.4 

∆bind (bq⊂C-2) 2.0 -0.2 -1.0 1.5 0.3 1.6 -4.8 -3.2 

∆∆bind(bq) -0.9 0.0 0.0 -0.9 -0.9 0.0 -1.8 -1.8 
a) Note that the geometry optimized structures of DCM⊂C-1 and DCM⊂C-2 contained two and three imaginary modes 

respectively (all < 20i cm-1).  

 

Form the proceeding discussion we have shown there to be differences with the treatment of 

the translational entropy and treatment of the low frequency modes, which dominate the free 

energy contribution. However, if the cage is considered to be occupied by a single solvent 

molecule, as confirmed by performing classical MD simulations in explicit DCM solvent, then 

the problematic treatment of the translational entropy is subject to a cancelation of errors, with 

no change in molecularity in the reaction: bq + DCM⊂C-X → bq⊂C-X + DCM.  
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4. Binding Affinity Data 
 

Using the SMD(DCM)-M06-2X/def2-TZVP//PBE0-D3BJ/def2-SVP DFT methodology the 

binding affinities for a set of 10 quinones (Figure S15) in C-1 and C-2 are calculated and the 

data presented in Table S7. Note that bq ≡ q1 and aq ≡ q3. Furthermore, for completeness the 

free energy and enthalpy of binding are presented for bq in C-1 and C-2 utilizing the default 

free energy calculation methodology in ORCA and balanced against DCM⊂C-1 and DCM⊂C-

2 respectively (Table S8). These values may be compared to the electronic energy differences 

used in the manuscript and quoted in Table S10. Note that the binding affinities quoted in 

Table S10 are not balanced against DCM bound in the cage and are subject to a cancelation of 

effects. 

 

Figure S15. Quinones utilized in the binding affinity study. 

 

Table S8. Calculated and experimental binding affinities for quinone substrates in cages C-1 and C-2. 

Experimental data from a. ref 6, b. ref 20 and c. this work. Absolute errors (AE) are calculated to experiment. All 

values in kcal mol-1. ∆Ebind = EM2/SMD(DCM)(qn⊂C-X) – [EM2/SMD(DCM)(C-X) + EM2/SMD(DCM)(qn)]. Absolute energies 

in Table S9 

Cage Quinone calcd. ∆Ebind expt. ∆Gbind AE 

C-1 

q1 -4.0 -5.3a 1.3 
q2 -7.5 -7.4a 0.1 
q3 -9.5 -10.5a 1.0 
q4 -14.6 -12.2a 2.4 
q5 -5.3 - - 
q6 -6.8 - - 
q7 -8.4 - - 
q8 8.1 - - 
q9 -8.6 -3.6a 5.0 

q10 -5.0 -3.6a 1.4 
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C-2 

q1 -3.3 -4.1b 0.8 
q2 -6.1 -4.7b 1.4 
q3 -6.8 -5.4b 1.4 
q4 -11.2 -8.3c 2.9 
q5 -5.3 -5.0b 0.3 
q6 -6.6 -6.3b 0.3 
q7 -6.4 -5.7b 0.7 
q8 5.1 ~0.0b 5.1 
q9 -7.1 - - 

q10 -3.4 - - 
MAD    1.7 

 

Table S9 Energy, enthalpy and free energy differences in kcal mol-1 on substrate binding calculated at 

SMD(DCM)-M06-2X/def2-TZVP//PBE0-D3BJ/def2-SVP level of theory. ∆bind = (bq⊂C-X + DCM) – (bq + 

DCM⊂C-X). Thermodynamic corrections calculated at 298 K obtained directly from ORCA.  

 ∆Ebind ∆Hbind ∆Gbind ∆Gexpt 

∆bind(bq⊂C-1) -10.2 -9.1 -8.6 -5.3 
∆bind(bq⊂C-2) -7.3 -5.4 -5.7 -4.1 

∆∆bind -2.8 -3.7 -2.9 -1.2 

 

Table S10. Final electronic energies. All values in electronic Hartrees. xyz files provided in zip folder. 

Cage Quinone PBE0-D3BJ/def2-SVP SMD(DCM)-M06-2X/def2-TZVP/ 

None 

q1 -380.7520356 -381.4596547 
q2 -534.1413448 -535.1184338 
q3 -687.5304034 -688.776601 
q4 -994.2667481 -996.0565345 
q5 -420.0020654 -420.7759382 
q6 -459.2517044 -460.0914184 
q7 -573.3915009 -574.434543 
q8 -537.7215505 -538.6980406 
q9 -458.0512350 -458.8919513 
q10 -549.0725649 -550.0767843 

C-1 None -3763.370491 -3770.093879 
DCM⊂C-1 None -4722.429554 -4729.7744214 

C-1 

q1 -4144.179095 -4151.559835 
q2 -4297.584276 -4305.224289 
q3 -4450.98656 -4458.885669 
q4 -4757.753013 -4766.173729 
q5 -4183.434876 -4190.878323 
q6 -4222.690697 -4230.196093 
q7 -4336.839103 -4344.541742 
q8 -4301.139614 -4308.778938 
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q9 -4221.486388 -4228.999572 
q10 -4312.507558 -4320.178647 

C-2 None -3827.391576 -3834.248098 
DCM⊂C-2 None -4786.4591752 -4793.932194 

C-2 

q1 -4208.213465 -4215.713071 
q2 -4361.608619 -4369.37624 
q3 -4515.007072 -4523.035497 
q4 -4821.770268 -4830.322527 
q5 -4247.463916 -4255.032425 
q6 -4286.720081 -4294.350038 
q7 -4400.863882 -4408.692918 
q8 -4365.176521 -4372.938031 
q9 -4285.511700 -4293.151352 
q10 -4376.530877 -4384.330281 
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5. O(quinone)⋯HC(cage) Interaction 
To investigate the interaction between the substrate and cage that drives binding we perform 

partial atomic charge and natural bond order (NBO) analysis on the minimum in the 

[Pd(pyridine)4]2+–bq and [(pyridine)4]2+–bq PESs (Figure S16).  

 

   

Figure S16. Comparison of atomic partial charges calculated using the Hirshfeld scheme and NBO second order 

perturbation decomposition calculated at the M06-2X/def2-TZVP level of theory. Charges are quoted in e and 

interaction energies in kcal mol-1.  
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6. Rotation of benzoquinone in a C-1/C-2 Model System 
 

In the model system of bq⊂C-1/C-2 generated by surrounding bq with 4 

benzene(X=CH)/pyridine(X=N) molecules respectively, where the X–bq centroid distance 

chosen to be identical to that in the full systems, there is significant charge donation at ϕ = 0 º 

where X=N (Figure S17). While for X=CH there is almost no benzene–bq electron density 

donation. 

 

  

Figure S17. Total partial atomic charge on bq relative to ϕ = -45 º (∆qtot) calculated with the Hirschfeld scheme 

at the M06-2X/def2-TZVP level of theory as a function of rotation around the z axis (ϕ). qtot = Σqi, where i ∈ 

quinone atoms. 

 

The interaction between X and bq is decomposed into attractive and repulsive components by 

considering a model system composed of just one benzene/pyridine moiety and plotting the 

energy as a function of rotation about the z axis (Figure S18). The energy is plotted relative to 

the isolated components. The basis set superposition error (BSSE) is expected to be small using 

the relatively large triple-zeta basis set. 

X  = CH

X  = N

X X

X

XO

O

H

H

H

H

φ



 S26 

 

Figure S18. Relative energy (in kcal mol-1), calculated at the M06-2X/def2-TZVP level of theory, as a 

function of ϕ for a bq⊂benzene (orange) and bq⊂pyridine (blue) system. 

 

Introducing implicit solvent considerably reduces the pyridine–bq interaction, producing a 

very flat PES (X=N, Figure S19). In contrast the Pauli repulsion is not modulated by the 

solvent, and retains a notable maximum at ϕ = 0 º. 

 

 
Figure S19. Relative energy (in kcal mol-1), calculated at the SMD(DCM)-M06-2X/def2-TZVP level of theory, 

as a function of ϕ for a bq⊂benzene (orange) and bq⊂pyridine (blue) system. 
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7. Uncatalyzed Diels–Alder Reactions 
 

For a representative set of 10 uncatalyzed Diels–Alder (DA) reactions reported in ref. 20 

(dienes, dienophiles shown in Figure S20) reaction and activation free energies are calculated 

(Table S11 and S12). Optimized geometries and thermal are calculated at the M1 level of 

theory with solvent corrections at SMD(DCM)-M1. Single point energies on the DFT surface 

are calculated using the linear-scaling coupled cluster implementation available in ORCA 

[DLPNO-CCSD(T)], which affords chemically accurate thermochemistry,21, 22 when paired 

with a triple-zeta basis set. Utilizing this methodology affords a mean absolute error (MAE) to 

experimental activation free energies of 1.3 kcal mol-1 and 0.9 kcal mol-1 when the solvent 

(DCM) is and is not included implicitly (Figure S21). 

 

In all cases the endo-DA reaction is preferred over the exo analogue (∆∆G⧧ ~ 6 kcal mol-1). 

Activation and reaction energies for exo-DA reactions are outlined in Table S15. Free energy 

differences accounting for solvent correction (∆Gsolv), modelled using the SMD(DCM) model, 

and in gas phase (∆G) are reported. 

 

 
 

  

Figure S20. Dienes and dienophiles analyzed in this work. 
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Figure S21. Correlation plot of the gas phase (∆G⧧, black) and solvated (∆G⧧solv, blue) activation energies for the 

uncatalyzed endo-DA reactions (data reported in Table S11). Correlation coefficients are identical for ∆G⧧, and 

∆G‡solv vs. experimental values. The grey diagonal area indicates the ±1 kcal mol–1 area of accuracy.  

 

 

 
Figure S22. Mean absolute deviations to DLPNO-CCSD(T)/ma-def2-TZVPP potential energy differences for 

reaction barriers (∆E⧧), and reaction energies (∆Er) for a set of 10 Diels Alder reactions outlined in Table S3. 

Error bars are std. error in the mean. 
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Table S11. Gas phase (∆G⧧) and solvated (∆G⧧solv) activation energies for the uncatalyzed endo-DA reactions 

calculated at the DLPNO-CCSD(T)/ma-def2-TZVPP//PBE0-D3BJ/def2-SVP level of theory with 

thermodynamic and solvation contributions calculated at PBE0-D3BJ/def2-SVP with the 1M standard state 

correction, and SMD(DCM)-PBE0-D3BJ/def2-SVP/ respectively.  

 

  calc. / kcal mol-1 expt.20/ kcal mol-1 

Diene Dienophile ∆E⧧ ∆H⧧ ∆G⧧ ∆G⧧solv ∆G⧧ 

d1 q1 11.0 11.9 24.0 22.9 24.0 

d1 q5 10.7 11.5 23.8 22.7 24.9 

d1 q8 9.8 10.6 23.0 22.0 24.9 

d2 q1 8.4 9.4 21.2 20.2 19.3 

d2 q2 7.2 8.2 20.3 19.2 20.5 

d2 q6 10.9 11.9 24.2 23.4 23.5 

d2 q7 10.2 11.2 23.6 23.1 23.9 

d3 q1 12.5 13.5 25.3 23.9 23.2 

d4 q5 9.8 10.6 23.4 22.4 23.8 

d5 q1 9.0 9.9 23.0 21.8 23.2 
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Table S12. As Table SX3 for reaction energies. 

 

   calc. / kcal mol-1 

Diene Dienophile ∆Er ∆Hr ∆Gr ∆Gr,solv 

d1 q1 -45.0 -41.1 -28.1 -27.3 
d1 q5 -45.1 -41.2 -28.1 -27.3 
d1 q8 -45.1 -41.2 -27.9 -27.1 
d2 q1 -27.5 -23.9 -11.2 -10.4 
d2 q2 -27.2 -23.6 -10.7 -10.1 
d2 q6 -25.1 -21.7 -8.4 -7.3 
d2 q7 -24.4 -21.0 -7.7 -6.4 
d3 q1 -34.4 -30.8 -17.8 -16.9 
d4 q5 -41.2 -37.3 -23.7 -22.7 
d5 q1 -41.0 -37.1 -23.4 -22.5 
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Table S13. Comparison of activation energies (∆E⧧ in kcal mol-1) for a set of 10 uncatalyzed endo-Diels Alder reactions, calculated using different functionals on the PBE0-

D3BJ/def2-SVP/def2-TZVP geometries, to reference DLPNO-CCSD(T)/ma-def2-TZVPP//PBE0-D3BJ/def2-SVP (DLPNO) values. 

Diene Dienophile ωB97XD-D3 TPSS PBE0 M06-2X PW6B95 PBE0-D3BJ DLPNO 
d1 q1 13.4 11.8 11.8 9.3 12.7 4.3 11.0 
d1 q5 13.3 12.3 12.2 9.2 12.9 4.0 10.7 
d1 q8 12.3 12.7 12.4 8.8 12.9 3.4 9.8 
d2 q1 12.5 11.1 10.4 8.0 11.6 3.4 8.4 
d2 q2 12.5 12.1 11.2 8.3 12.4 3.5 7.2 
d2 q6 16.8 16.2 15.7 12.2 16.3 7.3 10.9 
d2 q7 16.6 17.0 16.1 12.2 16.9 7.3 10.2 
d3 q1 15.8 14.2 14.2 11.4 15.0 6.3 12.5 
d4 q5 12.6 11.1 10.6 8.5 12.3 2.7 9.8 
d5 q1 11.7 10.5 10.2 7.9 11.4 1.3 9.0 

MAD  3.8 3.0 2.5 1.2 3.5 5.6 - 
 
Table S14. As Table SX6 for reaction energies. 

Diene Dienophile ωB97XD-D3 TPSS PBE0 M06-2X PW6B95 PBE0-D3BJ DLPNO 
d1 q1 -47.7 -30.8 -45.6 -46.5 -38.6 -50.9 -45.0 
d1 q5 -47.7 -30.8 -45.4 -46.2 -38.3 -50.8 -45.1 
d1 q8 -47.7 -30.5 -45.2 -46.0 -38.3 -50.8 -45.1 
d2 q1 -26.9 -11.6 -24.0 -25.8 -19.0 -29.9 -27.5 
d2 q2 -25.4 -9.7 -21.9 -24.2 -17.3 -28.4 -27.2 
d2 q6 -22.3 -5.7 -18.0 -21.4 -13.5 -25.0 -25.1 
d2 q7 -21.3 -4.1 -16.6 -20.3 -12.1 -23.8 -24.4 
d3 q1 -34.7 -18.1 -31.5 -33.8 -26.1 -38.0 -34.4 
d4 q5 -42.4 -23.8 -38.8 -41.5 -32.3 -45.0 -41.2 
d5 q1 -42.5 -24.2 -39.0 -41.4 -32.3 -45.5 -41.0 

MAD  1.9 16.7 3.2 1.7 8.8 3.3 - 



 S32 

Table S15 Gas phase (∆G⧧) and solvated (∆G‡solv) activation energies for the uncatalyzed exo-DA reactions 

calculated at the DLPNO-CCSD(T)/ma-def2-TZVPP//PBE0-D3BJ/def2-SVP level of theory with 

thermodynamic and solvation contributions calculated at PBE0-D3BJ/def2-SVP with the 1M standard state 

correction, and SMD(DCM)-PBE0-D3BJ/def2-SVP/ respectively. 

  calc. / kcal mol-1 

Diene Dienophile ∆G⧧ ∆G⧧solv ∆Gr ∆Gr, solv 

d1 q1 29.2 26.3 -25.2 -28.1 
d1 q5 29.4 26.2 -25.1 -28.1 
d1 q8 29.0 25.1 -25.1 -28.9 
d2 q1 27.2 24.2 -7.0 -9.4 
d2 q2 26.5 21.5 -6.2 -10.6 
d2 q6 30.1 27.0 -4.3 -6.9 
d2 q7 29.1 24.3 -3.4 -7.4 
d3 q1 32.4 29.2 -13.8 -16.7 
d4 q5 28.8 26.1 -23.1 -25.8 
d5 q1 28.2 23.7 -23.9 -28.2 

 

 

 

Figure S23. Transition state geometries calculated at PBE0-D3BJ/def2-SVP level of theory with forming bond 

distances (in Å) shown in red.  
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8. Catalyzed Diels–Alder Reactions 
 

7.1 Benzoquinone + Isoprene 

First, the most stable species or set of species available to the C-2, bq, isoprene in DCM system 

is found, from which the TS likely occurs. We assume that a pre-equilibrium is established 

quickly, with all energetic barriers being smaller than the for the DA reaction between isoprene 

and bq. 

 

Table S16. Energies of possible complexes relative to bq⊂C-2. xyz files provided in zip folder. 

 calc. / kcal mol-1 

Species ∆E ∆H ∆G 

bq⊂C-2 0.0 0.0 0.0 
d1⊂C-2a 3.7 2.3 1.3 

bq.d1⊂C-2 -6.4 -4.4 8.8 
a. Two imaginary frequencies (9.40i, 6.85i cm-1) present in the optimized structure. 

 

Table S17. Raw data used in Table S16. Energies are quoted in Hartrees. Enthalpy and free energies at 
SMD(DCM)-M06-2X/def2-TZVP are calculated using thermochemical contributions at PBE0-D3BJ/def2-SVP. 

 PBE0-D3BJ/def2-SVP SMD(DCM)-M06-2X/def2-TZVP 

Species E H G E H G 

C-2 -3827.3916 -3826.3041 -3826.4743 -3834.248098 -3833.160657 -3833.3278 

bq -380.75204 -380.65899 -380.69651 -381.4596547 -381.3666106 -381.40111 

d1 -194.9261 -194.80595 -194.84062 -195.2821358 -195.161981 -195.19364 

bq⊂C-2 -4208.2135 -4207.0296 -4207.2153 -4215.713071 -4214.52924 -4214.7118 

d1⊂C-2 -4022.3503 -4021.1416 -4021.326 -4029.529606 -4028.320963 -4028.5023 

d1.bq⊂C-2 -4403.1646 -4401.8597 -4402.0576 -4410.999455 -4409.694557 -4409.8894 

 

Due to the conformational flexibility of L-1/2, other arrangements of the reactants inside the 

cage, including binding of both the diene and dienophile is also possible. However, they were 

found to have higher energies both at the complex and TS stage.  

 

The increased electrophilicity of the quinone within the cage cam be quantified by the total 

effective charge of bq within C-1/C-2 (relative to its neutral form in solution). Within C-1/C-

2 bq has a slightly positive charge – indicating that the +4 cage removes some electron density 

from bq, thereby activating it as a dienophile. This effect is slightly more pronounce in C-1 

across the different decomposition schemes (Table S18). 
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Table S18. Effective charge of q1 within the cage calculated using different schemes at SMD(DCM)-M06-

2X/def2-TZVP. 

 Total q1 partial atomic charge / e 

Species Hirshfield Loewdin Mulliken 

bq⊂C-1 0.250 0.126 0.151 
bq⊂C-2 0.162 0.123 0.139 

 
Table S19: HOMO-LUMO gap between diene and (encapsulated)quinone calculated at the SMD(DCM)-M06-

2X/def2-TZVP//PBE0-D3BJ/def2-SVP level of theory at the transition state geometries.  
 

d1(HOMO) q1(LUMO) EGAP (eV) ∆EGAP (eV) 

uncat -7.21 -2.63 4.59   
C-1 -7.26 -4.17 3.09 -1.50 
C-2 -7.22 -4.26 2.96 -1.63 

 

To assess the effect the C-H⋯O interactions play in enhancing the electrophilic character an 

electron density difference map is generated (EDDM) between the electron density of bq⊂C-

2 and the electron density of bq (neutral) and C-2 (4+ charge) at the PBE0-D3BJ/def2-SVP 

level of theory). The resultant EDDM is shown in Figure S24 and shows how the C(2)–Hs 

present in the donor pyridines remove electron density away from the carbonyls. 

 

Figure S24. Electron density difference map for bq⊂C-2 showing regions depleted(red) and enhanced (green) in 

electron density. Figure generated in Chimera and the electron density difference plotted at an isovalue of 0.001. 
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Figure S25. Reaction profile for the C-1/C-2 (orange/blue) encapsulated DA reaction between benzoquinone and 

isoprene. Data in Table S20. 
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Figure S26. Partial atomic charges calculated at M06-2X/def2-TZVP using the Hirshfeld scheme. C-1/C-2 

encapsulated TSs are calculated with and without the cage. 

 

For the full catalytic cycle presented in the manuscript the corresponding enthalpy and free 

energies are presented in  

 

Table S20 and the corresponding structures in Figure S27. Note that the free energies are much 

too positive, as the resting state is taken to be an empty cage, rather than occupied by a solvent 

molecule, thus there is a change in molecularity and a dominant translational entropy 

component. Energy differences balanced against DCM⊂C-2 are presented in  
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Table S20. 
 

Table S20. Energetics for the full cycle for the uncatalyzed and catalyzed endo-reaction between benzoquinone 

and isoprene in the presence of C-1 and C-2. All calculated at the SMD(DCM)-M06-2X/def2-TZVP//PBE0-

D3BJ/def2-SVP level of theory. Free energies are in the 1 M standard state. **energies obtained from kcat values 

reported in ref 20. 

  Relative to the empty cage Relative to DCM⊂C-X  

Cage Species ∆E ∆H ∆G ∆E ∆H ∆G  

C-1 

INT0 0.0 0.0 0.0 0.0 0.0 0.0  

INT1 -4.0 -1.9 9.8 -10.2 -9.7 -7.9  

TS1 6.3 9.9 33.4 0.0 2.1 15.7  

INT2 -44.0 -37.9 -11.6 -50.2 -45.7 -29.3  

INT0 + product -45.7 -41.7 -28.7 -45.7 -41.7 -28.7  

C-2 

INT0 0.0 0.0 0.0 0.0 0.0 0.0  

INT1 -3.3 -0.5 10.7 -7.3 -5.4 -5.7  

TS1 1.1 4.9 29.6 -2.9 0.0 13.1  

INT2 -48.2 -41.4 -16.6 -52.2 -46.2 -33.0  

 INT0 + product -45.7 -41.7 -28.7 -45.7 -41.7 -28.7  

Cage Species ∆E ∆H ∆G ∆E⧧ ∆H⧧ ∆G⧧ ∆G⧧exp
** 

uncat TS1    9.9 10.7 23.5 24.0 

C-1 TS1    10.2 11.8 23.6 >24.0 

C-2 TS1    4.4 5.4 18.8 20.4 
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Figure S27. Optimized structures of the minima and TSs along the catalytic cycle. 
Geometries calculated at the PBE0-D3BJ/def2-SVP level of theory  
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Figure S28. Distortion interaction analysis, values in kcal mol-1 (Table 1).  
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Figure 29. a. Non-covalent interaction (NCI) isosurface (0.05 au) at the TS geometry for C-1 and C-

2. An identifiable CH···N interaction (purple circles) between the CH group of the diene and the catalyst 

nitrogen is observed in C-2. NCI calculated at the PBE0-D3BJ/def2-SVP level of theory. b. Potential 

energy as a function of distance from 2 rearmost X (C/N) atoms to Cαs on q1 calculated at the PBE0-

D3BJ/def2-SVP level of theory. Distance at the TS is indicated with a vertical grey line. 
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7.2 Transition State Analogues  

 

7.2.1 Transition state analogues (TSA) approach.  

Table S21 and details a comparison of the experimental and calculated catalytic activity 

(∆∆ECA = ∆E⧧uncat - ∆E⧧cat) and the absolute calculated energy of analogue activation (∆E’CA) 

values (absolute energies reported in Table S22). 

 

Table S21. Calculated and experimental catalytic activities for dienes and quinone dienophiles in cages C-1 and 

C-2. All values in kcal mol-1. Analogue activation energies are quoted as ∆E’CA = ESMD(DCM)/M2(AA) – 

[ESMD(DCM)/M2(qn) + ESMD(DCM)/M2(dn)]. Calcd. catalytic activities are quoted as ∆∆E’CA = ∆E’CA, uncat - ∆E’CA, cat 

and expt. ∆∆GCA = ∆G‡uncat - ∆G‡cat. * Experimental data from ref. 20; n.d: not determined, n.c.o: no catalysis 

observed. 

  

Cage entry Diene Dienophile calcd. ∆EA expt. ∆G‡(*) calcd. ∆∆ECA expt. ∆∆G‡(*) 

None 

1 d1 q1 9.9 24.0 - - 
2 d2 q1 9.4 19.3 - - 
3 d3 q1 13.0 23.2 - - 
4 d5 q1 9.2 23.3 - - 
5 d2 q2 10.0 24.9 - - 
6 d1 q5 9.9 23.8 - - 
7 d4 q5 9.5 20.5 - - 
8 d1 q8 9.5 24.9 - - 
9 d2 q6 13.4 23.5 - - 
10 d2 q7 14.3 23.9 - - 

Cage  Diene Dienophile calcd. ∆EAA expt. ∆G⧧ (a) calcd. ∆∆ECA expt. ∆∆G⧧ (a) 

C-1 

1 d1 q1 9.7 n.c.o 0.2 <0 
2 d2 q1 11.7 n.c.o -2.3 <0 
3 d3 q1 12.1 n.c.o 0.9 <0 
4 d5 q1 10.5 n.d -1.4 n.d 
5 d2 q2 11.8 n.d -1.8 n.d 
6 d1 q5 11.1 n.d -1.2 n.d 
7 d4 q5 7.1 n.d 2.4 n.d 
8 d1 q8 10.7 n.c.o -1.2 <0 
9 d2 q6 16.2 n.c.o -2.7 <0 
10 d2 q7 18.8 n.d -4.4 n.d 

O

O

O

O

O

O

O

O

O

O

O

O

q1 q2 q5 q6 q7 q8 d1 d2 d3 d4 d5
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C-2 

1 q1 d1 3.9 20.4 6.0 3.6 
2 q1 d2 6.8 15.8 2.6 3.5 
3 q1 d3 8.1 19.9 4.9 3.3 
4 q1 d5 7.5 21.1 1.6 2.2 
5 q2 d2 8.2 21.7 1.8 3.5 
6 q5 d1 8.6 19.9 1.3 3.2 
7 q5 d4 4.9 17 4.6 3.9 
8 q8 d1 5.8 n.c.o 3.7 ~0 
9 q6 d2 13.5 22 -0.1 1.5 
10 q7 d2 14.3 23.3 0.0 0.6 

 

Table S22. Final electronic energies of dienes and transition state analogues. All values in electronic Hartrees. 

xyz files provided in zip folder. 

Cage Diene Dienophile PBE0-D3BJ/def2-SVP SMD(DCM)-M06-2X/def2-TZVP/ 

none 

d1  -194.9261002 -195.2821358 
d2  -193.7354429 -194.0897928 
d3 none  -232.9796731 -233.4009163 
d4  -194.9269468 -195.2828250 
d5  -311.4606500 -312.0171247 

c-1 

d1 q1 -4339.121325 -4346.826477 
d2 q1 -4337.932549 -4345.630921 
d3 q1 -4377.176679 -4384.941519 
d5 q1 -4455.661846 -4463.560187 
d1 q5 -4378.375710 -4386.142728 
d4 q5 -4378.383685 -4386.149759 
d2 q2 -4491.333090 -4499.295346 
d1 q8 -4496.080315 -4504.044071 
d2 q6 -4416.427060 -4424.260138 

 d2 q7 -4530.574132 -4538.601643 

c-2 

d1 q1 -4403.159535 -4410.98903 
d2 q1 -4401.972240 -4409.792079 
d3 q1 -4441.214218 -4449.101053 
d5 q1 -4519.697328 -4527.718201 
d1 q5 -4442.413403 -4450.300797 
d4 q5 -4442.418537 -4450.307387 
d2 q2 -4555.366911 -4563.453042 
d1 q8 -4560.124403 -4568.210940 
d2 q6 -4480.472505 -4488.418280 
d2 q7 -4594.613857 -4602.759912 
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7.2.2 Comparison between full and transition state analogues 

 

Figure S30. Calculated catalytic activity (∆∆ECA = ∆E⧧uncat - ∆E⧧cat) using fully characterised transition states 

(∆∆ECA) and transition state analogies (∆∆E’CA). 

 

Table S23. Final electronic energies fully characterized transition states. All values in electronic Hartrees. xyz 

files provided in zip folder. 

Cage Diene Dienophile PBE0-D3BJ/def2-SVP SMD(DCM)-M06-2X/def2-TZVP/ 

C-1 
d1 q1 -4339.12120102 -4346.825651 
d4 q5 -4378.38400858 -4386.149732 

 d2 q7 -4530.57383995 -4538.600853 

C-2 
d1 q1 -4403.15911108 -4410.988096 
d4 q5 -4442.41937564 -4450.307702 
d2 q7 -4594.61373848 -4602.762667 
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9. Experimental Data 

9.1 Association constant determination  

 

Experimental details: All UV/Vis spectroscopy titration experiments were carried out on a 

JASCO V-670 Spectrophotometer running Spectra Manager II (Jasco). All measurements were 

made at room temperature using a fused silica cuvette with a 10 mm path length. Initial sample 

volumes were 2000 µL with 10–50 µM concentration of pentacenequinone. Solutions of the 

cage C-2 were 0.2–1 mM in the same stock solution of the pentacenequinone. UV-Vis spectra 

were recorded at 0–2.5 equivalents of pentacenequinone.  

 

Association constants were obtained by analysis of the resulting titration data using the 1:1 

host–guest stoichiometry equation23 using the Levenberg-Marquardt Nonlinear Least-Squares 

Algorithm24 implemented in the R25 software and the RStudio software interface.26 The error 

of the determined association constants is estimated to be less than 10%. 

 

Pentacenequinone (q4) with cage C-2 

 
 



 S45 

 

Figure S31. UV-Vis (CH2Cl2, rt) of the titration of pentacenequinone q4 (50 µM) with cage C-2 (0 to 2.5 equiv). 

 

Figure S32. UV-Vis (CH2Cl2, rt) titration curve of pentacenequinone q4 (50 µM) with cage C-2 (0 to 2.5 equiv). 

Curve obtained by monitoring the absorbance at 447 nm. The solid points represent experimental data and the 

continuous dashed line represents the fitted binding isotherm to the model host–guest 1:1. 
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9.2 Procedure for DA kinetic experiments using NMR 

 

The 1H NMR kinetic experiments were preformed using the following general procedure: 

To an NMR tube was introduced cage C-1 or C-2 as solid and CD2Cl2 (450 µL) for cage 

catalysed reactions, and just CD2Cl2 (450 µL) for the uncatalyzed reaction, quinone (20 µL of 

a stock solution 62.5 mM in CD2Cl2), and the internal standard tetrakis(trimethylsilyl)silane 

(10 µL of a stock solution 15.2 mM in CD2Cl2). The Diels–Alder reaction was then started by 

the addition of the trans-1,3-pentadiene (20 µL of a stock solution 1.25 M in CD2Cl2). All 

commercial material was used without further purification. Due to the low technical grade of 

trans-1,3-pentadiene available, actual concentration of trans-1,3-pentadiene was determined by 

NMR integration of the first kinetic NMR spectrum, rather than calculated from the amount 

that is added in the reaction. 1H NMR spectra were recorded at regular intervals until sufficient 

data was collected. In all cases the NMR reactions were kept at 298 K. Kinetic NMR data was 

processed using the MestreNova 11 software and the concentration of all chemical species were 

determined for each reaction time. Spectroscopic data match to the characterization data 

reported in the literature.27, 28 

 

 

Figure S33. Percentage conversion as determined by 1H NMR spectroscope for the reaction between Methyl-p-

benzoquinone q5 and trans-1,3-pentadiene d4: reaction with C-1 cage (red circle), reaction with C-2 cage (blue 

square), reaction without cage (green triangle). 
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Figure S34. 1H NMR spectra (500 MHz, CD2Cl2) for the reaction of Methyl-p-benzoquinone q5 (2.5 mM) and 

trans-1,3-pentadiene d4 (32.5 mM). 

 

 

 

Figure S35. 1H NMR spectra (500 MHz, CD2Cl2) for the reaction of Methyl-p-benzoquinone q5 (2.5 mM) and 

trans-1,3-pentadiene d4 (32.5 mM) in the presence of the cage C-1 (0.67 mM). 
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Figure S35. 1H NMR spectra (500 MHz, CD2Cl2) for the reaction of Methyl-p-benzoquinone q5 (2 mM) and 

trans-1,3-pentadiene d4 (26.0 mM) in the presence of the cage C-2 (0.5 mM).  
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