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Experimental details

Instrumentation used was as follows. NMR spectroscopy was performed at 298K with a
Bruker AV3-400 instrument. pH measurements were performed with a Hamilton Spintrode
pH combination electrode calibrated with standards at pH 7.00 and 10.01. UV/Vis spectra
were recorded using an IMPLEN NanoPhotometer C40; catalysed reactions monitored by
UV/Vis spectroscopy were performed using a BMG Labtech ClarioStar UV platereader at
303K. All chemicals were purchased from commercial sources and used as supplied unless
otherwise stated.

Preparations of materials and solutions

Cubic cage He(BF,;)16 was prepared according to the previously published methods.
was converted to the water-soluble chloride form according to the previously published
procedureS6 and the concentration of cage after ion-exchange was confirmed by the optical
density of the sample at the absorption maximum of 292 nm (g = 3.088 x 10° M™* cm™).

Tetrahedral cage Te¢(BF4)s was prepared and purified as described previously.S7 The
chloride salt T was prepared following the procedure for H and the concentration of cage
confirmed by the optical density of the sample at the absorption maximum of 244 nm (e =
1.390 x 10° M ecm™).

Buffered solutions of H and T (as chloride salts) for the catalysis studies were
prepared using appropriate quantities of solid boric acid and anhydrous borax. For example,
for 200 mM buffer (relative to boric acid) at pH 8.55 a 50:50 mixture of the acid and
conjugate base was added which was 100 mM of boric acid and 25 mM anhydrous borax.

51,52
It

Predicted binding constants for the guests 2,2-dichlorovinyl-dimethyl phosphate
(dichlorvos), di(isopropyl)chlorophosphate (DICP), and 2-nitrophenyl-dimethyl phosphate
(2NDP) in host H in water were determined using the molecular docking programme GOLD
with the previously published scoring function.>*** The binding constant for the 3P-.NMR
marker, dimethyl methyl phosphonate with the cage complex, has previously been
published.SS

ligand ligand part ligand
clash torsion buried  non polar flexibility
Weighting
factors -44803  0.02192 0.21624  -0.1024  -0.3599 Keaic
dichlorvos 0 0.2723 -4.963 -39.016 4 30.84
2NDP 0 0.464 -8.2939  -46.221 5 14.16
DICP 0 1.0301 -3.6939  -46.011 4 313.82

Table S1. Parameters used in the scoring function to determine calculated binding constants
of guests using GOLD.>***



Determination of binding constant by *H-NMR spectroscopy.

'H-NMR titrations to measure the binding constant of dichlorvos in cage H were performed
according to the previously published method.*® The guest was found to be in fast
exchange; the graphs of dA vs guest concentration could be fitted approximately to a 1:1
binding model but gradual hydrolysis of the dichlorvos during the course of the
measurements means this result is not accurate and therefore should only be determined
as an order-of-magnitude value (10 M™).
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Fig. S1. Binding isotherms from *H-NMR data (@ 40°C) to determine the binding
constant for H (0.2mM) with dichlorvos

Catalysed hydrolysis measurements monitored by 3p.NMR spectroscopy.

Stock solutions of H in D,0 were buffered using the boric acid / borate combination as
described above. For each experiment two NMR tubes were set up: 500 pL of buffered cage
stock solution was added to the first and 500 uL buffer solution (no cage) was added to the
second. Small amounts of NaOD (15 M) were added as required to adjust pD values. An
accurate reading from the pH probe was recorded for each tube. The substrates dichlorvos
or 2NDP were then added (typically 1 — 2 pL per experiment). 0.5 pL of DMMP (dimethyl-
methyl phosphonate) was also added as an internal 31p calibrant.

The two tubes were kept in identical conditions and 3P-.NMR spectra were
measured for each tube in turn and repeated around every 2 hrs. Progress of the reaction,
as shown by relative amounts of starting material and product, was determined by careful
integration of the 31p signals using deconvolution if necessary. MatLab was used to create
linear fits of the In (starting material concentration) vs. time to determine the first order
rate constants. Data are summarised on the next page.
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Fig. S2. Representative set of 1P NMR measurements showing the accumulation of
the product from the hydrolysis of 2NDP: a) pD 8.32, 2NDP (15.8 mM), no Cage; b) pD
8.32, 2NDP (15.8 mM), H (0.627 mM); c) pD 8.76, 2NDP (15.5 mM), H (0.123 mM);
These experiments are highlighted in Table S2 (entries labelled a, b, c respectively).
[llustrative calculations of the rate constants for the measurements in Fig. S2 (a) and
(b) are shown below in Fig S3 and Fig S4 respectively.
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Fig. S3. Graph of In[2NDP] vs. time for the un-catalysed (background) reaction shown
in Fig. S2(a): pD 8.32, 2NDP (15.8 mM) substrate, no cage catalyst. A least squares
linear fit was used to determine the 1* order rate constant for the reaction.
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Fig. S4. Graph of In[2NDP] vs. time for the cage-catalysed reaction shown in Fig. S2
(b): pD 8.32, 2NDP (15.8 mM) substrate, H (0.627 mM) as catalyst. A least squares
linear fit was used to determine the 1° order rate constant for the reaction.

In order to account for small variations in pD for experiments with and without cage H
catalyst present, the background reaction rate of hydrolysis with each substrate was
measured over a range of pD values. A plot of background rate constant vs. pD (Fig. S5)
gave a linear relationship from which a calculated background reaction rate could be
extracted for any pD value within the range tested, to be compared with the precise
catalysed reaction rates. These calculated values (Calc_Kyk) can be found in Table S2.
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Fig. S5. Plot of measured background hydrolysis rates (first order), Kyk, against pD for
dichlorvos (green circles) and 2NDP (purple squares). The displayed equations (top
left) from a linear fit to these data were used to obtain by interpolation an accurate
background hydrolysis rate to match each catalysed reaction for any pD value in the

range; see (Calc_Kpk) values in Table S2.

Additions of 28 mM cycloundecanone 31P-.NMR
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Fig. S6. Control Experiment 1: blocking the cage cavity of H with cycloundecanone.
Cage catalysed hydrolysis of dichlorvos (measured by **P NMR) with addition of the
strongly-binding guest cyclo-undecandone (CUD) at times highlighted by vertical line:
run 1, dark blue; run 2, light blue. Conditions: 19.9 mM dichlorvos; 0.5 mM H, pD
8.15; 10 mM DMMP as 31p NMR marker; 28 mM CUD added when indicated. See
Table 2 (lines f, g) for the numerical data. It is clear that addition of the CUD results
in no significant change to the progress of the hydrolysis of dichlorvos.
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Fig. S7. Control experiment 2: inhibition of the catalysed reactions using excess
chloride
Plot showing the consumption of starting material over time for catalysed hydrolysis
of 2NDP by H showing the weakly inhibiting effect of added chloride. Conditions: 0.5
mM 2NDP; 0.21 mM H, pH 8.55; 303 K) with different additions of NaCl.
Measurements were performed by monitoring the absorbance of the product 2-
nitrophenolate at 420 nm. The results show a slow but incomplete decrease in
reaction rate towards the background rate as more chloride is added. See Table S3
(linesm, n, o, p, q).
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Fig. S8. Control experiment 3: catalysis with a substrate that does not bind (4NDP).
Progress of hydrolysis of 4NDP with/without cage H catalyst, (17.5 mM 4DNP, 0.95
mM H, pD 8.55, 25 °C, followed by *'P NMR spectroscopy). See Table S2 (lines k, h)

for the numerical data.
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Fig. S9. Control experiment 4: catalysis with the non-binding cage T
Graph comparing the progress of reactions for hydrolysis of 2NDP without any type
of cage catalyst (blue line), catalysed by 0.21 mM H, and catalysed by 0.4 mM T
(purple), where the concentrations of the two different catalysts are adjusted to
provide the same concentration of metal ion / ligand components. Substrate was 0.5
mM 2DNP, pH 8.55, 30 °C. See Table S3 (entries m, g, r) for the numerical data.
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Substrate _ Cage
pH K?:s KObs_lek ¢ _Ifz 1 RMSE % error
Name Conc (mM) (s™) (s™) Name Conc(mM)| (M~ s")

1.0 1.742E-05 | 1.443E-05 1.519E-02 | 9.000E-04 0.03%

0.8 1.765E-05 | 1.466E-05 0.95 1.543E-02 | 1.100E-03 0.03%

0.5 1.794E-05 | 1.495E-05 1.574E-02 | 1.300E-03 0.03%

a 1.0 1.175E-05 | 8.759E-06 1.537E-02 | 6.000E-04 0.02%
2 0.8 1.186E-05 | 8.874E-06 0.57 1.557E-02 | 8.000E-04 0.02%
¥ 0.5 1.197E-05 | 8.984E-06 1.576E-02 | 9.000E-04 0.02%
1.0 7.306E-06 | 4.316E-06 1.514E-02 | 4.000E-04 0.01%

0.8 7.292E-06 | 4.302E-06 0.285 1.509E-02 | 5.000E-04 0.01%

0.5 '-fmﬂ 7.539E-06 | 4.548E-06 T 1.596E-02 | 6.000E-04 0.02%

1.0 o 2.493E-05 | 1.990E-05 2.095E-02 | 7.100E-03 0.21%

0.8 2.524E-05 | 2.021E-05 0.95 2.127E-02 | 6.900E-03 0.19%

0.5 2.590E-05 | 2.087E-05 2.197E-02 | 6.800E-03 0.18%

a 1.0 1.795E-05 | 1.292E-05 2.266E-02 | 2.900E-03 0.08%
2 0.8 1.785E-05 | 1.282E-05 0.57 2.249E-02 | 2.900E-03 0.08%
~ 0.5 1.817E-05 | 1.313E-05 2.304E-02 | 3.100E-03 0.08%
1.0 1.174E-05 | 6.705E-06 2.352E-02 | 1.100E-03 0.03%

0.8 1.235E-05 | 7.316E-06 0.285 2.567E-02 | 1.300E-03 0.04%

0.5 1.163E-05 | 6.597E-06 2.315E-02 | 1.500E-03 0.04%

Table S4. Data for hydrolysis of 2NDP and 4NDP in the presence of cage T determined
by observing the appearance of the nitrophenolate product by UV/Vis absorption.
Highlighted data: s, t (main text, Table 1).
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Table S5: Single Crystal X-ray studies — crystallographic and data collection details

Compound He(dichlorvos)ise HeDICP (4-nitrop'll’:enolate)3o
(4NDP);
Empirical formula C375.16H406.78B16Cl3.08C | C178.5H177.5B4ClsCo4F16 C202H188B7Cl1C04F28N41
08F64N72039.16P1.54 N36013Poss O315P2
Formula weight 8568.24 3810.75 4655.83
Temperature/K 150(1) 100(2) 100(1)
Crystal system monoclinic monoclinic monoclinic
Space group C2/c C2/c P21/n
a/A 32.9035(9) 32.814(3) 21.31825(7)
b/A 30.2026(9) 30.013(3) 24.92778(8)
c/A 40.2361(11) 39.972(4) 35.69156(10)
B/° 95.761(3) 96.460(2) 90.7884(3)
Volume/A3 39783(2) 39116(6) 18965.30(7)
Z 4 8 4
Pcalcg/cm3 1.431 1.294 1.631
p/mm-t 3.693 0.486 0.456
F(000) 17690 15752 9524

Crystal size/mm3

0.26 x 0.138 x 0.115

0.240 x 0.230 x 0.210

0.15x0.03 x 0.015

Radiation

CuKa (A = 1.54184)

MoKa (A =0.71073)

Synchrotron (A =
0.6889)

20 range for data
collection/°

5.398t0 101.07

1.844 to 50.234

1.932t0 65.126

Index ranges

-32<h<32,-30<k<
29,-39<1<40

-38<h<39,-35<k<
34,-47 <1<47

-33<h<31,-38<k<
38,-55<1<55

Reflections collected

76231

124461

378004

75612 [Rine = 0.0882,

Independent 20639 [Rinc = 0.0561, 34477 [Rinc = 0.1385,
reﬂeCtiOHS Rsigma = 0.0473] Rsigma = 0.1612] Rsigma = 0.0793]
Data/r‘j;gtae‘r“sts/pam 20639/7731/2219 34477/272/2266 75612/6157/2677
Goodness-of-fit on F2 1.041 1.103 1.084

Final R indexes

R1 = 0.1050, WRz =

R1 = 0.1098, WRz =

R1 = 0.0713, WRz =

[[>=20 (1)] 0.2909 0.3042 0.1973
Final R indexes [all R1=0.1224,wR; = R1=0.2107,wR; = R1=0.1172,wR; =
data] 0.3047 0.3684 0.2235
Largest diff.
peak/hole / e A 1.28/-0.89 2.19/-1.00 1.69/-0.92
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Data were collected at (i) the University of Warwick on a Rigaku / Oxford Diffraction
‘Supernova’ diffractometer; (ii) the University of Sheffield on a Bruker Apex Il
diffractometer; or (iii) at the UK Diamond Light Source Synchrotron facility. Crystals of
He(dichlorvos);s¢ and HeDICP were prepared using the ‘crystalline sponge’ method as
described in the main text; crystals of Te(4-nitrophenolate);*(4NDP), were grown by slow
evaporation of an NMR sample of T in the presence of excess 4NDP in D,0.

All structure determinations suffered from the usual weak scattering characteristic
of crystals of this type, associated with large unit cells and disorder of solvents / anions.
This necessitated extensive use of restraints during the refinements to achieve stable and
chemically reasonable models. Some anions / solvents were refined with fractional
occupancies over two sites when the disorder could be modelled. Large solvent-accessible
voids containing diffuse electron density that could not be satisfactorily modelled were
accounted for using the SQUEEZE command in PLATON. Full details of the treatments of the
three structures, including software used, are given in the individual CIFs. CCDC deposition
numbers: 1959405-1959407.
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