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Abstract: Hydrogenase enzymes are excellent proton reduction 
catalysts and therefore provide clear blueprints for the development 
of nature inspired synthetic analogs. Mimicking their catalytic center 
is straightforward but mimicking the protein matrix around the active 
site and all its functions remains challenging. Synthetic models lack 
this precisely controlled second coordination sphere that provides 
substrate preorganization and catalyst stability and, as a result, their 
performances are far from those of the natural enzyme. In this 
contribution we report a strategy to easily introduce a specific yet 
customizable second coordination sphere around synthetic 
hydrogenase models by encapsulation inside M12L24 cages and at the 
same time create a proton-rich nano-environment by co-
encapsulation of ammonium salts, effectively providing substrate 
preorganization and intermediates stabilization. We show that catalyst 
encapsulation in these nano-cages reduces the catalytic overpotential 
for proton reduction by 250 mV as compared to the uncaged catalyst 
while the proton-rich nano-environment created around the catalyst 
ensures that high catalytic rates are maintained.  

Hydrogenases are fascinating metalloenzymes that can 
reversibly convert protons into molecular hydrogen at high rates 
with virtually no overpotential.[1] This reversible interconversion is 
of great interest in view of the transition from our current fossil fuel 
based society to one that is powered by renewable energy 
sources. As such, hydrogenase enzymes provide a powerful 
blueprint for the development of catalysts inspired by nature.[2] 
Intensive studies on the iron-iron hydrogenases showed their 
detailed operational mechanism and the key features that render 
these enzymes superb catalysts,[3] revealing an important 
function for the internal proton relay,[4] i.e. the amine moiety in the 
azadithiolate bridge, and for the Fe4S4 cluster ligated to the 
proximal iron of the H-cluster, which functions as electron 
reservoir. In parallel, many groups around the world made 
synthetic analogues of the active site at which the actual proton 
reduction takes place.[5] Installment of proton relay moieties has 
been successfully achieved and demonstrated to improve the 
catalytic function of synthetic models.[6] Less attention has been 
given to the redox-active Fe4S4 cluster, nevertheless recent work 
on synthetic models with appended electron reservoirs 
demonstrated that such function also improves the catalytic 
properties.[7] Interestingly, despite all efforts, up to now, there are 
no synthetic mimics that can perform the proton reduction reaction 
at low overpotential. This suggests that the protein environment, 

i.e. the second coordination sphere around the active site, may 
play a more important role than initially anticipated.[8] Recent 
experiments, in which synthetic mimics of the active site are 
installed in the inactive apo-hydrogenase enzyme, show full 
competence enzymatic activity, hinting at the importance of the 
protein matrix or second coordination sphere around the H-
cluster.[9] Introduction of a synthetic second coordination sphere 
around the hydrogenase mimics has been attempted using 
diverse strategies, chief among which liposomes,[10] micelles,[11] 
cyclodextrins,[12] peptidic scaffolds[13] and polymeric matrices[14] 
yet information on catalysts activity and their overpotential 
remains rare. 
Supramolecular cages represent an alternative strategy to control 
the second coordination sphere, and have proven successful in 
inducing enhanced activity and selectivity to the encapsulated 
catalysts.[15] We recently showed that encapsulation of a single 
hydrogenase mimic into a tight supramolecular cage effectively 
provides a second coordination environment[16] and this strategy 
resulted in lower catalytic overpotentials.[17] In this work we report 
a self-assembly strategy to install multiple mimics of the 
hydrogenase active site into very spacious M12LInLII24-n nano-
spheres based on mixtures of different ditopic bis(pyridyl) building 
blocks.[18] With this strategy we can also create a specific proton-
rich nano-environment by generating M12LInLII24-n nano-spheres 
that contain ammonium salts as functional groups. We show that 
the hydrogenase models encapsulated in such cages are still 
electrocatalytically active for proton reduction. Most importantly, 
while we confirm that introducing a second coordination sphere 
around the synthetic catalyst is an effective strategy to lower the 
overpotential (about 250mV) but at the expense of rate, we also 
demonstrate that proton preorganization leads to faster catalytic 
rates (about two orders of magnitude higher than without). This 
strategy allows to perform proton reduction catalysis at 350 mV 
overpotential which is 290 mV milder overpotentials as compared 
to our previously reported caged catalyst yet maintaining very 
similar catalytic rates.[17] 
In order to create a nano-environment able to effectively 
preorganize protons around di-iron hydrogenase models, 
modified M12LInLII24-n Fujita-type cages are employed. Such cages 
provide sufficiently large space within their cavity that can be 
easily decorated with various customized functional groups,[18b] i.e. 
catalyst and acidic functions. The di-iron catalyst 
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Figure 1. Schematic representation of the formation of cage [Pd12(Fe2BB)5(BB)19]24+ where the di-iron catalyst is merely encapsulated within the cavity of the cage 
(left) and [Pd12(Fe2BB)5(BBNH+)19]43+ featuring di-iron catalyst confined in a proton-rich nano-environment (right). The cage structures are optimized at molecular 
mechanics level (MMFF) and shown in wire-style; carbon in grey, hydrogen in white, nitrogen in cyan, oxygen in red, metallic Pd corners as blue spheres. The di-
iron di-sulfur cores of the hydrogenase mimics are represented as orange spheres (iron) and yellow spheres (sulfur). The acidic protons on BBNH+ are represented 
as lilac spheres. 

 
functionalized building block Fe2BB features a short aliphatic 
linker that connects the ditopic bis(pyridyl) structure to a 
monocarboxylic acid benzenedithiolate di-iron complex through 
an amide bond as shown in Figure 1. Ammonium groups are 
installed on different building blocks, BBNH+, in order to provide 
a proton rich local environment. This synthon features a short 
aliphatic chain terminated with a tertiary amine moiety. This base 
is about five orders of magnitude stronger than the pyridyl 
moieties present on the building block itself,[19] allowing its 
selective protonation by just the addition of sub-stoichiometric 
amounts of pyridinium hexafluorophosphate as confirmed by 
single crystal X-ray diffraction (Figure S3). A third building block 
BB that doesn’t contain functional groups at the endohedral 
position of the ditopic bis(pyridyl) building block is also prepared 
as shown in Figure 1.  
Cages were prepared using self-assembly strategies as reported 
previously.[15h, 15i, 20] Stirring a 5:19 ratio of Fe2BB and BBNH+ (or 
BB) in the presence of a palladium source in MeCN at 60 °C 
overnight provided the two respective cages 
[Pd12(Fe2BB)5(BBNH+)19]43+ and [Pd12(Fe2BB)5(BB)19]24+.  
 

 
 
Figure 2. Overlay of 1H DOSY NMR in MeCN-d3 at 25 °C for a mixed cage of 
the type [Pd12(Fe2BB)5(BBNH+)19]43+ with logD of -9.3 m2s-1 (top, red band). The 
Fe2BB shows a logD value of -8.9 m2s-1 (middle, cyan band) and BBNH+ shows 
a logD value of 8.8 m2s-1 (bottom, yellow band). 

 

The formation of the large nano-cages is confirmed by 1H-NMR, 
DOSY and HR-CSI-MS analysis. The 1H-NMR shows a typical 
downfield shift of the pyridyl protons upon metal coordination 
(Figure S8 and S18). 1H-DOSY-NMR, a typical example shown in 
Figure 2, indicates the formation of a single diffusing species 
comprising signals belonging to both building blocks used and 
logD value of -9.3 m2s-1, typical for these M12L24 spheres[15h, 20] and 
diagnostic for the formation of the large well-defined assembly. 
CSI-MS data confirm the formation of the cage showing several 
signals belonging to cages of the type [Pd12(Fe2BB)n(BBNH+)24-

n(PF6)x(CF3SO3)y]z+ (n=0-6) with different numbers of counter 
anions (x and y) and different charges z (details are found in SI). 
These experiments show that we can prepare systems in which 
the hydrogenase model is effectively encapsulated into a nano-
confined space with multiple mimics in one cage. For cage 
[Pd12(Fe2BB)5(BBNH+)19]43+ containing acidic protons, the di-iron 
catalyst is in a proton-rich nano-environment where substrates 
are effectively preorganized around the catalyst within the cavity 
defined by the cage structure. 
Next the electrochemical proton reduction catalysis displayed by 
the caged catalysts was evaluated.[20] For the cage type 
[Pd12(Fe2BB)5(BB)19]24+, where BB is the standard ditopic 
bis(pyridine) cage building block featuring a non-acidic aromatic 
proton at the endo position, the voltammograms shows a 
reduction event around -1.3 V vs Fc0/+ consistent with the 
reduction of the di-iron moiety (Figure S24). Formation of the 
reduced catalyst is supported by IR-spectroelectrochemical 
measurements showing its clear signature in the carbonyl region, 
indication that the caged di-iron catalyst is stable under 
electrochemical conditions (Figure S35). Sequential additions of 
external weak acid, HNEt3PF6 not sufficiently strong to protonate 
the pyridyl groups or the non-reduced iron-iron bond, causes the 
appearance of a new peak at -1.7 V vs Fc0/+ (Figure S25). This 
peak increases in intensity with the amount of acid added, in line 
with proton reduction catalysis at this potential. The modest 
increase in peak current intensity suggests that this catalytic 
process is rather slow. The external acid is able to diffuse into the 
cage cavity, but this may be relatively slow due to electrostatic 
repulsion between the positively charged acid and the positively 
charged cage shell. Interestingly, comparison of this catalytic 
peak potential to that obtained for the uncaged free Fe2BB 
reveals an anodic potential shift of about 230 mV towards more 
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favorable potentials (Figure S26). The local environment around 
the catalyst lowers the overpotential for the catalytic proton 
reduction reaction probably due to stabilization of reduced 
reaction intermediates by the positive cage framework. So the 
positively charged cage results in more favorable overpotential for 
proton reduction catalysis and at the same time  

 
Figure 3. Cyclic voltammograms for cage [Pd12(Fe2BB)5(BBNH+)19]43+ in MeCN 
with 30 equivalents of external acid (red) and free Fe2BB in MeCN with 10 
equivalents of external acid (black). For proton preorganized cage system, 
proton reduction takes place at about 250 mV milder potential. Scan speed 0.1 
V/s; Fe2BB 1mM; cage [Pd12(Fe2BB)5(BBNH+)19]43+ 0.02mM thus Fe2BB 0.1mM 
due to solubility reasons (see FigureS28). 

 
reduces the catalytic activity; kcat is estimated by foot of the wave 
analysis[21] to be 7.42∙102 mol-1s-1 and TOFmax calculated to be 44 
s-1 a decrease of two order of magnitude compared to the 
uncaged catalyst (kcat Fe2BB 1.51∙105 mol-1s-1). 
We hypothesized that creation of a local acidic environment as 
designed for cage [Pd12(Fe2BB)5(BBNH+)19]43+ featuring acidic 
quaternary ammonium groups, would not show slow diffusion rate 
limitation because of the pre-organization. When this cage is 
subjected to electrochemical analysis, the voltammogram 
displays a reduction event -1.7 vs Fc0/+ as shown in Figure 3 and 
Figure S30. Addition of increasing equivalents of external acid to 
this same cage solution reveals a current increase of the peak at 
-1.7 vs Fc0/+, in line with a proton reduction event. The catalytic 
rate constant observed for the proton preorganized-encapsulated 
di-iron catalyst is estimated to be in the order of 1.03∙105 mol-1s-1; 
over two orders of magnitude faster than the nano-confined 
catalyst in cage [Pd12(Fe2BB)5(BB)19]24+ without proton 
preorganization and approaching the catalytic rate of the uncaged 
Fe2BB, yet at lower overpotential. Whereas this proton pre-
organization is important for the hydrogenase mimics 
encapsulated in these large nanospheres, this is not observed for 
the caged catalyst {[Fe4(ZnL)6][Fe2(F4bdt)(PPy3)(CO5)]}8+ recently 

reported[17], which works at similar rates regardless of cage 
encapsulation. This smaller cage can accommodate only one 
catalyst and there is no space for co-guests such as solvent 
molecules or electrolyte. The tight binding leads the catalyst to be 
in close contact with the cage walls, which may lead to 
stabilization of reaction intermediates (Figure S36). Because of 
the smaller size, the active site is closer to the bulk solution 
allowing a more rapid reaction with substrates. As such, substrate 
preorganization for this system is not needed for fast rates as 

substrate diffusion is not limiting catalysis. In contrast, the current 
M12L24 nano-cage is much larger with a diameter of 5 nm and a 
volume over 30 times bigger. It can accommodate several 
catalysts as shown by CSI-MS data and those are on average 
further away from the cage windows (Figure S36).  As such, the 
two systems are rather different and so are the rates of substrate 
diffusion towards the caged catalyst. More detailed experiments 
are required to confirm these hypotheses.  
 
Importantly, the voltammograms obtained for the uncaged Fe2BB 
catalyst in the presence of acid and those obtained for the cage 
sample [Pd12(Fe2BB)5(BBNH+)19]43+, reveals that the catalytic half 
wave potential (E½cat) is shifted anodically by 250 mV as shown in 
Figure 3. The cage effects are clear when plotting the properties 
for proton reduction catalysis in Tafel plots as shown in Figure 4. 
The encapsulation of the di-iron catalyst leads to a reduction of 
the overpotential, for both cages investigated to only about 350 
mV, which is among the lowest overpotential reported for this 
class of hydrogenase mimics. This suggests that the effect is 
unrelated to proton preorganization of the acidic moieties within 
the cage cavity but rather a cage effect possibly due to 
stabilization of negatively charged reaction intermediates by the 
positively charged cage framework. Instead, preorganization of 
proton substrates within the cavity of the supramolecular 
assembly has a beneficial effect as it allows for higher catalytic 
rates, stressing the importance of proton relays around the di-iron 
moiety. 
The previously reported {[Fe4(ZnL)6][Fe2(F4bdt)(PPy3)(CO5)]}8+ 
system was based on a ligand template approach[15l] to 
encapsulation, which requires the catalyst to have a coordinated 
phosphine ligand, whereas the current system has an  

 
Figure 4. Tafel plot for free Fe2BB (black), cage [Pd12(Fe2BB)5(BB)19]24+ (blue), 
cage [Pd12(Fe2BB)5(BBNH+)19]43+ (red) and cage 
{[Fe4(ZnL)6][Fe2(F4bdt)(PPy3)(CO5)]}8+ [17] extrapolated at 30mM external acid 
concentration, showing that catalyst encapsulation in proton-rich environment 
leads to a drop in catalytic overpotential of 250 mV with respect to free diffusing 
Fe2BB while increasing the turnover frequency by two orders of magnitude 
compared to catalyst encapsulation in proton-poor environment lacking 
substrate preorganization. Cage [Pd12(Fe2BB)5(BBNH+)19]43+ catalyses proton 
reduction at 290mV milder overpotential as compared to previously reported 
cage [(Fe4(ZnL)6)(Fe2(F4bdt)(PPy3)(CO5)]8+ yet at similar rates. 

hexacarbonyl di-iron derivative. Such a coordinated phosphine 
ligand increases the electron density at the di-iron core and this 
typically results in faster catalytic rates but at the expense of 
higher overpotentials.[6k] As shown in Figure 4, 
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{[Fe4(ZnL)6][Fe2(F4bdt)(PPy3)(CO5)]}8+ features the highest rate 
but also the largest overpotential while the combination of the 
more electron deficient hexacarbonyl catalyst and cage effect 
enables catalysis at 350 mV overpotential which represents a 290 
mV reduction of catalytic overpotential as compared to the 
previously reported system. At the same time, substrate 
preorganization provided by the modified M12L24 cage allows for 
maintaining high proton reduction rates and in fact very 
comparable to those obtained by the electron richer 
monophoshine catalyst encapsulated in the smaller cage. 
The strategy presented in this work allows to create a special 
environment around synthetic hydrogenase mimics, leading to 
improved performance in electrocatalytic proton reduction 
catalysis. The M12L24 cages provided a flexible platform to achieve 
a better understanding of second coordination sphere effects in 
catalysis and clear insights for future developments. Whereas we 
here demonstrate the effect of the cage and local concentration 
of protons (substrate), further modification to closely mimic the 
essential amino acid residues found around the structure of the 
natural H-cluster may be possible. Introduction of synthetic 
mimics into nano-environments such as the cavity of preferably 
precious-metal-free supramolecular cages decorated with such 
residues could further lower the overpotential of synthetic models, 
finally approaching enzymatic rates and efficiencies, a strategy 
that is currently explored in our laboratories. 

Acknowledgements  

Dr. Wojciech Dzik is thanked for X-ray data acquisition and 
structure refinement and dr. Jarl Ivar van der Vlugt for discussions. 
This work is financially supported by the Foundation for 
Fundamental Research on Matter (FOM), which is part of the 
Netherlands Organisation for Scientific Research (NWO). I.I.B. 
and N.O. acknowledge the support by “Solar Technologies go 
Hybrid”, an initiative of the Bavarian State Ministry for Science, 
Research and Art. 

Keywords: supramolecular cages • catalysis • proton reduction • 
hydrogenases • substrate preorganization 

[1] W. Lubitz, H. Ogata, O. Rudiger, E. Reijerse, Chem. Rev. 
2014, 114, 4081-4148. 

[2] a) N. S. Lewis, D. G. Nocera, Proc. Natl. Acad. Sci. U.S.A. 
2006, 103, 15729-15735; b) F. A. Armstrong, N. A. Belsey, J. 
A. Cracknell, G. Goldet, A. Parkin, E. Reisner, K. A. Vincent, 
A. F. Wait, Chem. Soc. Rev. 2009, 38, 36-51; c) M. Wang, L. 
Chen, L. C. Sun, Energy Environ. Sci. 2012, 5, 6763-6778; d) 
F. A. Armstrong, Curr. Opin. Chem. Biol. 2004, 8, 133-140. 

[3] a) E. M. Shepard, F. Mus, J. N. Betz, A. S. Byer, B. R. Duffus, 
J. W. Peters, J. B. Broderick, Biochemistry 2014, 53, 4090-
4104; b) J. W. Peters, G. J. Schut, E. S. Boyd, D. W. Mulder, 
E. M. Shepard, J. B. Broderick, P. W. King, M. W. Adams, 
Biochim. Biophys. Acta 2015, 1853, 1350-1369. 

[4] C. Sommer, A. Adamska-Venkatesh, K. Pawlak, J. A. Birrell, 
O. Rudiger, E. J. Reijerse, W. Lubitz, J. Am. Chem. Soc. 2017, 
139, 1440-1443. 

[5] a) D. Schilter, J. M. Camara, M. T. Huynh, S. Hammes-
Schiffer, T. B. Rauchfuss, Chem. Rev. 2016, 116, 8693-8749; 
b) Y. Li, T. B. Rauchfuss, Chem. Rev. 2016, 116, 7043-7077. 

[6] a) T. Liu, M. Wang, Z. Shi, H. Cui, W. Dong, J. Chen, B. 
Åkermark, L. Sun, Chem. Eur. J. 2004, 10, 4474-4479; b) Z. 
Wang, J.-H. Liu, C.-J. He, S. Jiang, B. Åkermark, L.-C. Sun, J. 
Organomet. Chem. 2007, 692, 5501-5507; c) J.-F. Capon, S. 

Ezzaher, F. Gloaguen, F. Y. Pétillon, P. Schollhammer, J. 
Talarmin, Chem. Eur. J. 2008, 14, 1954-1964; d) S. Ezzaher, 
P. Y. Orain, J. F. Capon, F. Gloaguen, F. Y. Petillon, T. 
Roisnel, P. Schollhammer, J. Talarmin, Chem. Commun. 
2008, 2547-2549; e) S. Ezzaher, J.-F. Capon, F. Gloaguen, F. 
Y. Pétillon, P. Schollhammer, J. Talarmin, N. Kervarec, Inorg. 
Chem. 2009, 48, 2-4; f) S. Ezzaher, A. Gogoll, C. Bruhn, S. 
Ott, Chem. Commun. 2010, 46, 5775-5777; g) D. Schilter, T. 
B. Rauchfuss, Angew. Chem. Int. Ed. 2013, 52, 13518-13520; 
h) N. Wang, M. Wang, T. Zhang, P. Li, J. Liu, L. Sun, Chem. 
Commun. 2008, 5800-5802; i) T. B. Rauchfuss, Acc. Chem. 
Res. 2015, 48, 2107-2116; j) M. E. Carroll, B. E. Barton, T. B. 
Rauchfuss, P. J. Carroll, J. Am. Chem. Soc. 2012, 134, 18843-
18852; k) R. Zaffaroni, W. I. Dzik, R. J. Detz, J. I. van der 
Vlugt, J. N. H. Reek, Eur. J. Inorg. Chem. 2019, 2019, 2498-
2509. 

[7] a) C. Tard, X. Liu, S. K. Ibrahim, M. Bruschi, L. D. Gioia, S. C. 
Davies, X. Yang, L.-S. Wang, G. Sawers, C. J. Pickett, Nature 
2005, 433, 610-613; b) J. M. Camara, T. B. Rauchfuss, Nat. 
Chem. 2012, 4, 26-30; c) J. C. Lansing, J. M. Camara, D. E. 
Gray, T. B. Rauchfuss, Organometallics 2014, 33, 5897-5906; 
d) R. Becker, S. Amirjalayer, P. Li, S. Woutersen, J. N. Reek, 
Sci. Adv. 2016, 2, e1501014. 

[8] P. Knorzer, A. Silakov, C. E. Foster, F. A. Armstrong, W. 
Lubitz, T. Happe, J. Biol. Chem. 2012, 287, 1489-1499. 

[9] G. Berggren, A. Adamska, C. Lambertz, T. R. Simmons, J. 
Esselborn, M. Atta, S. Gambarelli, J. M. Mouesca, E. Reijerse, 
W. Lubitz, T. Happe, V. Artero, M. Fontecave, Nature 2013, 
499, 66-69. 

[10] S. Troppmann, E. Brandes, H. Motschmann, F. Li, M. Wang, 
L. Sun, B. König, Eur. J. Inorg. Chem. 2016, 2016, 554-560. 

[11] a) H.-Y. Wang, W.-G. Wang, G. Si, F. Wang, C.-H. Tung, L.-Z. 
Wu, Langmuir 2010, 26, 9766-9771; b) F. Quentel, G. 
Passard, F. Gloaguen, Energy Environ. Sci. 2012, 5, 7757-
7761; c) F. Wang, M. Wen, K. Feng, W.-J. Liang, X.-B. Li, B. 
Chen, C.-H. Tung, L.-Z. Wu, Chem. Commun. 2016, 52, 457-
460. 

[12] a) M. L. Singleton, J. H. Reibenspies, M. Y. Darensbourg, J. 
Am. Chem. Soc. 2010, 132, 8870-8871; b) X. Li, M. Wang, D. 
Zheng, K. Han, J. Dong, L. Sun, Energy Environ. Sci. 2012, 5, 
8220-8224. 

[13] a) A. Roy, C. Madden, G. Ghirlanda, Chem. Commun. 2012, 
48, 9816-9818; b) T. R. Simmons, G. Berggren, M. Bacchi, M. 
Fontecave, V. Artero, Coord. Chem. Rev. 2014, 270-271, 127-
150. 

[14] a) J.-X. Jian, Q. Liu, Z.-J. Li, F. Wang, X.-B. Li, C.-B. Li, B. Liu, 
Q.-Y. Meng, B. Chen, K. Feng, C.-H. Tung, L.-Z. Wu, Nature 
Communications 2013, 4, 2695; b) F. Wang, W.-J. Liang, J.-X. 
Jian, C.-B. Li, B. Chen, C.-H. Tung, L.-Z. Wu, Angew. Chem. 
Int. Ed. 2013, 52, 8134-8138. 

[15] a) C. J. Brown, F. D. Toste, R. G. Bergman, K. N. Raymond, 
Chem. Rev. 2015, 115, 3012-3035; b) S. H. A. M. Leenders, 
R. Gramage-Doria, B. de Bruin, J. N. H. Reek, Chem. Soc. 
Rev. 2015, 44, 433-448; c) B. Pablo, Angew. Chem. Int. Ed. 
2017, 56, 7713-7714; d) M. Yoshizawa, J. K. Klosterman, M. 
Fujita, Angew. Chem. Int. Ed. 2009, 48, 3418-3438; e) M. 
Raynal, P. Ballester, A. Vidal-Ferran, P. W. N. M. van 
Leeuwen, Chem. Soc. Rev. 2014, 43, 1660-1733; f) V. 
Mouarrawis, R. Plessius, J. I. van der Vlugt, J. N. H. Reek, 
Frontiers in Chemistry 2018, 6; g) R. Gramage-Doria, J. 
Hessels, S. H. A. M. Leenders, O. Tröppner, M. Dürr, I. 
Ivanović-Burmazović, J. N. H. Reek, Angew. Chem. Int. Ed. 
2014, 53, 13380-13384; h) Q.-Q. Wang, S. Gonell, S. H. A. M. 
Leenders, M. Dürr, I. Ivanović-Burmazović, J. N. H. Reek, Nat. 
Chem. 2016, 8, 225-230; i) F. Yu, D. Poole III, S. Mathew, N. 
Yan, J. Hessels, N. Orth, I. Ivanović-Burmazović, J. N. H. 
Reek, Angew. Chem. Int. Ed. 2018, 57, 11247-11251; j) S. 
Zarra, D. M. Wood, D. A. Roberts, J. R. Nitschke, Chem. Soc. 
Rev. 2015, 44, 419-432; k) D. M. Vriezema, M. Comellas 
Aragonès, J. A. A. W. Elemans, J. J. L. M. Cornelissen, A. E. 
Rowan, R. J. M. Nolte, Chem. Rev. 2005, 105, 1445-1490; l) 
L. J. Jongkind, X. Caumes, A. P. T. Hartendorp, J. N. H. Reek, 
Acc. Chem. Res. 2018, 51, 2115-2128. 

10.1002/anie.202008298

A
cc

ep
te

d 
M

an
us

cr
ip

t

Angewandte Chemie International Edition

This article is protected by copyright. All rights reserved.



COMMUNICATION    

5 
 

[16] A. M. Kluwer, R. Kapre, F. Hartl, M. Lutz, A. L. Spek, A. M. 
Brouwer, P. W. N. M. van Leeuwen, J. N. H. Reek, Proc. Natl. 
Acad. Sci. U.S.A. 2009, 106, 10460-10465. 

[17] S. S. Nurttila, R. Zaffaroni, S. Mathew, J. N. H. Reek, Chem. 
Commun. 2019, 55, 3081-3084. 

[18] a) M. Tominaga, K. Suzuki, M. Kawano, T. Kusukawa, T. 
Ozeki, S. Sakamoto, K. Yamaguchi, M. Fujita, Angew. Chem. 
Int. Ed. 2004, 43, 5621-5625; b) M. Tominaga, K. Suzuki, T. 
Murase, M. Fujita, J. Am. Chem. Soc. 2005, 127, 11950-
11951. 

[19] B. D. McCarthy, D. J. Martin, E. S. Rountree, A. C. Ullman, J. 
L. Dempsey, Inorg. Chem. 2014, 53, 8350-8361. 

[20] R. Zaffaroni, E. O. Bobylev, R. Plessius, J. I. van der Vlugt, J. 
N. H. Reek, J. Am. Chem. Soc. 2020, 142, 8837-8847. 

[21] a) C. Costentin, S. Drouet, M. Robert, J. M. Saveant, J. Am. 
Chem. Soc. 2012, 134, 11235-11242; b) N. Elgrishi, M. B. 
Chambers, M. Fontecave, Chem Sci 2015, 6, 2522-2531. 

 

10.1002/anie.202008298

A
cc

ep
te

d 
M

an
us

cr
ip

t

Angewandte Chemie International Edition

This article is protected by copyright. All rights reserved.



COMMUNICATION    

6 
 

 
Entry for the Table of Contents 

 

 

 
 
 

Hydrogenase encapsulation in M12L24 nano-spheres allows to create a special environment around synthetic mimics leading to a 
reduction of proton reduction overpotential by 250 mV at the expenses of catalytic rates while the creation of a proton-rich 
environment leads to catalytic rates that are two orders of magnitude higher than without substrate preorganization. 
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