


varying structural features provide support for the critical role of the dual cofactors in achieving 

on/off catalysis with substrates containing strongly donating functional groups that might 

otherwise interfere with switchable catalysts. 

 

 

Introduction 

In biological systems, catalytic reactions are often modulated by “gating” mechanisms that 

regulate substrate access to active sites, based on allosteric interactions between enzymes and 

small molecule or ion cofactors.1–5 Synthetic chemists have long sought to replicate allosteric 

gating to achieve controlled or switchable catalysis in artificial systems.5–8 The most common 

gating mechanisms involve physical blocking groups, such as supramolecular constructs with 

switchable steric bulk or supramolecular cages with switchable access, catalyst solubility, and 

configurational changes like cis/trans isomerization or metal-ligand bond-breaking reactions.5,9–13 

These designs have enabled breakthroughs in copolymer synthesis, established methods for 

switching product selectivity in small molecule synthesis without needing to synthetically modify 

the catalyst, and enhanced capabilities for multi-catalyst cascades.5,9 

One important gating mechanism employed by enzymes is tunable hydrogen bonding (H-

bonding) networks.14 For example, ß-carbonic anhydrase is proposed to regulate the hydration of 

CO2 using a complex network of hydrogen bonds (Figure 1A).15,16 In one state, carbonate engages 

in hydrogen bonding in one part of the enzyme while aspartate binds to a Zn2+ ion, inhibiting the 

catalytic reaction. When the bicarbonate cofactor is released (by change in pH or surrounding 

carbonate concentration), the H-bonding network near the active site rearranges. This 



reorganization enables a water molecule critical for catalysis to bind to the Zn2+ ion and initiate 

catalysis. 

  

Figure 1. (A) Proposed hydrogen bonding gate in ß-carbonic anhydrase for controlled bicarbonate 

formation. (B) New approach to switchable catalysis using hydrogen bonding gate in pincer-crown 

ether complexes. 

 

Although H-bonding networks in the secondary coordination sphere have been explored in 

bio-inspired synthetic chemistry for stabilizing and fine-tuning reactive species,17–19 examples 

where H-bonding networks are used to control substrate access in the context of allosteric model 

systems or switchable catalysis remain surprisingly rare.5,20–23 Most examples involve 

organocatalysts in which the H-bond donor is also the active site; to our knowledge, the only 

examples involving transition metal active sites utilize H-bonded DNA hybrids that change 

conformation upon interaction with complementary strands to enable access to the active site or 

bring two synergistic catalysts into proximity.24,25 Considering the key role of H-bonding networks 

in regulating the conformational dynamics and allosteric interactions of enzymes, we saw an 
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opportunity to similarly utilize H-bonding networks in switchable catalysis of first-row 

organometallic complexes.  

Our group has developed cation-responsive pincer-crown ether complexes that use ion-

tunable hemilability as a gating mechanism for switchable reactivity.26,27 These complexes feature 

an aza-crown-ether macrocycle incorporated into a pincer ligand, allowing for ether oxygen 

interactions with either the metal center or specific cations added to solution. In the closed state, 

the ether binds to the metal center and prevents substrate coordination. Cation cofactors open the 

gate, because the combined free energies of cation-dipole interactions and substrate binding to the 

metal center are thermodynamically favorable. Reactions of alkenes have been a focus of catalysis 

studies with pincer-crown ether complexes, with iridium systems in particular exhibiting excellent 

control over the rate, stereoselectivity, and regioselectivity of positional isomerization of 

olefins.28–30 

One drawback of this system is that controlled catalysis is only possible with substrates 

that bind relatively weakly to the metal center. Strongly donating ligands can displace the 

hemilabile crown-ether donors even in the absence of cationic additives, leading to the breakdown 

of the gating mechanism: the rate is the same with or without cations, so no control over catalysis 

is possible. This is apparent in prior efforts to develop pincer-crown ether nickel-catalyzed 

reactions. The insertion of aldehydes into a C–H bond of acetonitrile proceeded even in the absence 

of alkali metal salts, due to acetonitrile displacing the hemilabile ether oxygen, preventing 

predictable control over nickel catalysis with our current systems.31 Thus, new strategies are 

required to expand the scope of controlled nickel catalysis.  

Inspiration for a new strategy for improved catalyst control came from the unexpected 

observation that adding water enhanced the activity of iridium pincer-crown ether catalysts for the 



transposition of alkenes containing donor groups.29 Crystallographic studies of iridium aquo 

complexes revealed an intriguing H-bonding network between the water ligand hydrogen atoms 

and the aza-crown-ether macrocycle.29 We hypothesized that the right hydrogen-bond-donor small 

molecule could act as a secondary cofactor in nickel complexes to modulate the ability of 

substrates to bind the active site to access catalytic reactions featuring strong donors. This would 

solve a challenge in switchable catalysis involving tunable hemilability, and also provide 

fundamental insight into design strategies in switchable catalysis. It is rare for synthetic catalysts 

to employ multiple cofactors for switchable catalysis,22,32 providing an opportunity for 

understanding how cation-dipole and H-bonding interactions with crown ethers can influence and 

control substrate access to active sites (Figure 1B). 

In this work, we show how pendent crown ethers can establish H-bonding networks within 

organometallic complexes as part of a dual cofactor approach to controlled catalysis. When both 

ammonia and sodium ions are used as cofactors, balancing H-bonding and cation-dipole 

interactions enables a robust gating mechanism for switchable substrate binding and catalysis. The 

thermodynamics of these interactions are investigated and reveal insights into the switchable 

gating process. The importance of both H-bonding and cation-dipole interactions for switchable 

reactivity is examined through a series of comparison complexes, including a complex analogous 

to previously reported nickel pincer-crown ether complexes lacking the ammonia cofactor. The 

dual cofactor approach is leveraged to demonstrate switchable ligand substitution reactivity and 

catalytic alkene hydroamination reactions.  

 

Results and Discussion 

Synthesis of nickel complexes and characterization of H-bonding networks 









Hz), typical of ammine complexes (SI Figure 16).41,42 To disrupt the H-bonding, 1 equiv NaBArF
4 

was added to 18c6Ni15NH3 in dichloromethane solvent (Scheme 1), resulting in the immediate 

formation of a new nickel species assigned as the Na+ adduct Na+@18c6NiNH3. The 15N resonance 

shifts downfield by 0.5 ppm and additional coupling to phosphorus is observed (–399.7 ppm, qd, 

1JNH = 67 Hz, 2JNP = 2.5 Hz). Significant shifts and changes in multiplicity are also observed for 

the crown ether proton resonances in the 1H NMR spectrum, consistent with Na+ localization in 

the macrocycle (SI Figure 62). Additionally, the NH3 proton resonances shift from 2.3 to 1.3 ppm 

for Na+@18c6NiNH3. Spectroscopic parameters of the complex without a crown ether, EtNi15NH3, 

which is not capable of H-bonding, are very similar to those of Na+@18c6NiNH3, providing further 

evidence that Na+ disrupts the H-bonding network.  

 

Switchable ligand substitution of nickel ammine complexes  

With a better understanding of the H-bonding present in the crown-containing complexes, we 

set out to examine how dual cofactors with distinct noncovalent interactions influence ligand 

substitution reactions. No reaction was observed upon treating the H-bonded ammine complex 

18c6NiNH3 with 63 equiv of acetonitrile (Scheme 2). Similar behavior was observed when 

18c6NiNH3 was treated with other neutral donor ligands such as pyridine. Yet, when 7 equiv of 

NaBArF
4 was added to the reaction solution, rapid substitution of ammonia with nitrile was 

observed to generate [Na@(3-18c6NCOP)Ni(NCCH3)]2+ (Na+@18c6NiMeCN) with the Na+ cation 

in the crown ether (Scheme 2). This formulation of the Ni complex was confirmed by comparison 

to an authentic sample from an alternative synthesis, which was fully characterized by multinuclear 

NMR spectroscopy and elemental analysis (SI Figures 40-42). 



The nitrile binding event can be reversed with a chemical stimulus. Previous studies have 

shown that free crown ethers bind alkali metal cations with higher affinity than analogous pincer-

crown ether complexes.34 Accordingly, the addition of 14 equiv free organic macrocycle 15-

crown-5 ether (15c5) to Na+@18c6NiMeCN led to ejection of the nitrile ligand and ammonia 

recapture to reform starting complex 18c6NiNH3 (Scheme 2). 

Scheme 2. 

 

 
 

The ability of 18c6NiNH3 to capture ammonia in solution through the use of a chemical stimulus 

is noteworthy; here, the crown ether enhances ammonia’s binding affinity to the nickel complex 

by H-bonding. These results demonstrate cation-switchable ligand substitution controlled by H-

bonding networks with the pendent crown ether, providing an analogy to how some enzymes use 

H-bonding networks and ion cofactors to gate substrate access (Figure 1A above). 

To better understand the origin of the cation-switchable ligand substitution, exchange 

equilibria were studied with several different complexes of varying structure. The switchable 

pincer-crown ether complex featuring ammonia H-bonding, 18c6NiNH3, is noteworthy for resisting 

acetonitrile coordination. An equilibrium constant (Keq in Scheme 3A) could only be quantified in 

conditions approaching neat acetonitrile solvent. 
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A complex without NH3 present, the 4-bound complex 18c6Ni, was examined next. This 

complex lacks a H-bonding network and instead has a weak Ni–O bond with one of the crown 

ether oxygen atoms. Titration of acetonitrile to 18c6Ni led to broadening and shifting of the chemical 

shifts, consistent with a rapid exchange process attributed to competitive binding between the 

acetonitrile and the crown ether oxygen ligands (Keq = 320 M–1, Scheme 3B and SI Figures 61-

62).31 This occurs without any Na+ added, showing that the crown ether alone is not sufficient to 

regulate nitrile coordination to the metal center; the ammine ligand is an essential component for 

controlled nitrile binding.  

A complex that retains the ammonia ligand, but that lacks a pendent crown ether, was examined 

next. In the absence of any interactions with a crown ether, substitution of ammonia by acetonitrile 

is facile. Addition of acetonitrile to EtNiNH3 resulted in partial conversion to the cationic nickel 

acetonitrile complex, [(3-EtNCOP)Ni(NCCH3)]+ (EtNiMeCN) (Scheme 3C). These two species 

are in slow exchange, with relative integration indicating a Keq of 0.6 for substitution of ammonia 

to form EtNiMeCN. Thus, ammonia alone cannot prevent nitrile binding and the pendent crown is 

essential for switchable reactivity. 

Scheme 3. 

 



   

 

Finally, the importance of intramolecular H-bonding with a pendent crown ether was probed 

by comparisons to an intermolecular adduct with free crown ethers. In an attempt to form an 

intermolecular crown ether adduct, 1 equiv of free 18-crown-6-ether was added to EtNiNH3 in 

dichloromethane solvent. This crown ether, which has the same total macrocycle size as the pincer-

crown ether ligand but one more oxygen donor available for H-bonding, reacted to form a new 

species assigned as [(3-EtNCOP)Ni(NH3)•18c6]+ (EtNiNH3•18c6) based on mass spectrometry 

and NMR spectroscopy (SI Figures 50-52). Notably, the NH3 proton resonances shift downfield 

by 0.53 ppm and additional shifts are observed for the aromatic resonances. This adduct is similar 

to previously reported 1:1 adducts of transition metal ammine complexes.38 Subsequent addition 

of MeCN resulted in formation of substantial amounts of EtNiMeCN (Scheme 3D). The 

equilibrium constant, Keq = 0.037, suggests that the intermolecular crown adduct would not prevent 
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nitrile binding under catalytically relevant conditions (e.g., 50 equivalents of nitrile-containing 

substrate), in contrast to the excellent protection from nitrile binding afforded by the 

intramolecular interactions of the pincer-crown ether complex. The reactivity of EtNiNH3 with the 

smaller 15-crown-5 ether, which matches the O-donor count in 18c6NiNH3, is very similar (SI 

Figure 48-49). 

The various equilibrium constants can be combined to provide a comprehensive 

thermodynamic view of the interactions relevant to switchable catalysis. Scheme 4 illustrates a 

free energy landscape for switchable acetonitrile/ammonia ligand substitution. Without cations 

present, ligand substitution to bind acetonitrile is unfavorable (∆Gº1 = 5.7 kcal) (Scheme 4, black 

trace). Given that the NH3 in EtNiNH3, which lacks any H-bonding network, is readily displaced 

by MeCN, the unfavorable substitution of NH3 in 18c6NiNH3 can be largely ascribed to an 

energetically stabilizing effect of the intramolecular H-bonding network. The H-bonding strength 

(i.e. the free energy required to break all of the H-bonds) is estimated to be ca. 5.4 kcal/mol (see 

the SI for a detailed thermodynamic analysis).  

Scheme 4. Free energy landscape describing switchable ligand substitution. △G◦
3 is estimated 

based on Scheme 3C. 



 

 When Na+ is added, substitution of NH3 by MeCN becomes possible with only a slight 

excess of nitrile (Scheme 4, green trace). The switch in reactivity is attributed to an alteration in 

crown ether bonding, from H-bonding to cation-dipole interactions. The cation-crown interactions 

(∆Gº2) were directly probed by NMR spectroscopy. Changes in chemical shift were observed up 

to 1 equiv of NaBArF
4 added, and the addition of more than 1 equiv of NaBArF

4 to 18c6NiNH3 did 

not result in any further changes detected by NMR. Thus, the cation binding energy is beyond the 

upper limit of quantification by NMR spectroscopy, Ka >105 M–1 (∆Gº2 < –7 kcal/mol) in 

dichloromethane.43,44 This behavior is strikingly distinct from the reactivity of nickel complexes 

lacking ammine ligands that feature direct binding of an ether oxygen to nickel, which show no 

measurable interaction with alkali metal cations in dichloromethane (Ka < 0.1 M–1).33 In order to 

achieve switchable reactivity according to the reaction profile of Scheme 4, the cation-crown 

interaction must be stronger than the H-bonding energy, as was observed.   
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Switchable hydroamination catalysis by nickel ammine complexes 

 

The ability to regulate ligand binding in 18c6NiNH3 provides an opportunity for switchable 

catalysis. The hydroamination of crotononitrile was selected as a proof-of-principle test reaction 

involving nitrile binding to nickel as a key substrate activation step.45–47  Alkenyl nitriles are good 

candidates for multi-catalyst sequences that sequentially react with the olefin and nitrile 

functionalities, where a switchable catalyst could address compatibility challenges, or a tunable 

catalyst could enable rate-matching to maximize kinetics.48,49 The strong donor nitrile group, 

however, normally disrupts switchable catalysis in pincer-crown ether systems.  

The hydroamination of crotononitrile by morpholine in C6H5Cl, catalyzed by 18c6NiNH3, 

was monitored by 1H NMR spectroscopy (Figure 4). In the absence of NaBArF
4, the yield of 3-

morpholinobutanenitrile was 2.7% after 48 h. Under the same conditions but with 1 equiv of 

NaBArF
4 present, the reaction proceeded cleanly to generate 53% yield of morpholinobutanenitrile 

after 48 h. A control reaction with NaBArF
4 present but no nickel catalyst showed no reaction even 

after 48 hours (SI Figure 67). The reaction is noteworthy for being almost completely “off” in the 

H-bonding-protected state and having a difference of more than 50-fold in activity between the 

two states (Table 1), an ideal situation for switchable catalysis.5 



 

Figure 4. Hydroamination of crotononitrile with morpholine catalyzed by 18c6NiNH3, with no salt 

additive (red squares) and with NaBArF
4 (green circles). Conditions: 6 mM Ni (5 mol%), 0 or 6 

mM NaBArF
4, 120 mM morpholine, and 240 mM crotononitrile, with 10 mM 

hexamethyldisolaxane (HMDSO) as an internal standard, in chlorobenzene solvent at 25°C.  

 

Switchable catalytic activity was demonstrated with 18c6NiNH3 by toggling between on and 

off states in situ using chemical additives (Figure 5). In its native state with strong H-bonding, the 

Ni catalyst is off (1% yield after 18 hours). Addition of Na+ to the same flask initiated the reaction 

by disrupting the H-bonding, switching on reactivity to generate 13% yield of product after several 

hours. Addition of 15-crown-5 ether halted the reaction, reverting the catalyst back to the off state. 

Catalytic activity can be restored to the initial levels by adding two more equivalents of Na+. These 

results highlight the reversible nature of this organometallic catalyst through the dual cofactors. 
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Figure 5. Cation-controlled hydroamination of crotononitrile with morpholine catalyzed by 
18c6NiNH3. Conditions: 6 mM Ni (5 mol%), 120 mM morpholine, and 240 mM crotononitrile, with 

mesitylene as an internal standard, in chlorobenzene-d5 at 25°C. The vertical lines mark the time 

at which amounts (relative to catalyst concentration) of NaBArF
4 or 15-crown-5 were added to 

start or stop the reaction. 

 

The crown ether moiety and the dual cofactors NH3 and Na+ are all needed to achieve 

switchable catalysis of crotononitrile hydroamination. To systematically study the roles of each 

component, the reactivity of three other catalysts were compared: the ammine complex supported 

by a macrocycle-free diethylamine-based ligand, EtNiNH3; the crown-containing aquo complex, 

18c6NiOH2, an analogue of 18c6NiNH3 that replaces ammonia with water as the H-bonding donor; 

and the complex without a monodentate ligand and only intramolecular crown ether binding to 

nickel, 18c6Ni.  

When diethylamino-substituted complex EtNiNH3 was subjected to the standard catalytic 

conditions, 3-morpholinobutanenitrile formed in 73% yield after 48 hours, even without Na+. 

Under the same conditions but with 1 equiv NaBArF
4, the yield was effectively unchanged. Thus, 

there is no off state for this catalyst and it is not suitable for switchable reactivity. The comparison 

also provides mechanistic insight. Because the EtNiNH3 complex exhibits similar hydroamination 

activity to 18c6NiNH3 activated with Na+, the primary role of the Na+ can be ascribed to disruption 

of the H–bonding between the crown and the ammine ligand, enabling substrate binding. This 

comparison also suggests that the proximal Na+ ion does not induce significant inductive or 

electrostatic effects, or else the rate of EtNiNH3 with and without Na+ would differ (SI Figure 81-

82). Using EtNiNH3 as the catalyst in the presence of 18-crown-6 ether, which forms an 

intermolecular H-bonding adduct as described above, did not significantly influence the product 

yields. This comparison shows that the intramolecular H-bonding afforded by the pendent crown 

ether is essential for switchable catalysis.  



Table 1. Yields (from NMR spectroscopy) of hydroamination of crotononitrile with morpholine 

catalyzed by nickel complexes, with and without NaBArF
4 after 48 hours. Conditions: 6 mM Ni (5 

mol%), 6 mM NaBArF
4, 120 mM morpholine, and 240 mM crotononitrile, with HMDSO internal 

standard, in chlorobenzene at 25°C. Uncertainty is reported as the standard deviation of triplicate 

runs.  

 

 18c6NiNH3
 

EtNiNH3  

(+ 18-crown-6) 

18c6Ni 18c6NiOH2 

final % yield, 

no Na+ 

2.7 ± 0.2 73 ± 5 (66 ± 0.8) 67 ± 0.6 64 ± 3 

final % yield, 

with Na+ 

53 ± 2 68 ± 3 (70 ± 1) 88 ± 0.8b  84 ± 2 

initial reactivity 

ratioa 

59 1.0 1.7 3.8 

a ratio of the initial rate without salt and with NaBArF
4. b isolated yield 69%. 

 

Comparisons were also carried out with 18c6NiOH2, which features water instead of 

ammonia as a H-bonding cofactor. When 18c6NiOH2 was subjected to standard conditions in the 

absence of NaBArF
4, a yield of 64% for 3-morpholinobutanenitrile was obtained. The aquo ligand 

is therefore not a suitable secondary cofactor because it does not adequately gate access of the 

substrate to the active site (stoichiometric reactions with MeCN are consistent with this, SI Figures 

67-68). When NaBArF
4 is present, the yield increased to 86%, but because catalysis proceeds even 

without the Na+ cofactor present, switchable reactivity is not possible. We attribute this to facile 

aquo ligand displacement, based on our observation that 18c6NiOH2 reacts with 1 equiv NH3 to 

give full conversion to nickel ammine 18c6NiNH3 (Figure 2A). 

Similar behavior was observed for complex 18c6Ni, in which a crown ether oxygen atom is 

bound directly to nickel. This catalyst lacking a H-bonding network produces 3-

morpholinobutanenitrile in 67% yield, increasing to 89% in the presence of NaBArF
4. This is 



consistent with the model studies above that show nitriles can readily displace the crown ether 

oxygen, again showing that the ammonia ligand is a crucial cofactor enabling switchable catalysis. 

Only 18c6NiNH3 demonstrates on/off switchable behavior. These results emphasize the importance 

of the ammonia cofactor and the macrocycle working together to produce a gate that prevents 

nitrile and amine binding to the active site — yet this gate can still be opened using Na+ cofactors 

to give good catalytic activity. 

Scheme 5. Proposed mechanism of hydroamination reactions catalyzed by 18c6NiNH3. 

 

Scheme 5 proposes a mechanism for switchable hydroamination of crotononitrile by 

18c6NiNH3. Switchable hydroamination is possible with this system because the key step in the 

mechanism is proposed to be substrate binding to the metal center.30 When there is no Na+ present, 

the nickel system is in the off state and minimal catalysis takes place because the nitrile substrate 

cannot readily access the Ni center. Addition of Na+ turns the system on, breaking the H-bonding 

network to open the gate and allow for the nitrile substrate to displace the ammonia ligand to 

initiate catalysis. Evidence for distinct on/off states can be found in 31P{1H} NMR spectra obtained 

during catalysis. In the off state, only one resonance for 18c6NiNH3 is observed. In contrast, both 

18c6NiNH3 and a new species assigned as the nickel crotononitrile adduct (on state) are observed 
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upon 5 mol% Na+ addition (SI Figure 90). The speciation shifts to favor the substrate-bound on 

state when up to 20% NaBArF
4 is added, resulting in higher yields (ca. 65%, SI Figure 89). 

Increasing NaBArF
4 concentration beyond 20 mol% resulted in decreased yields, however, which 

we hypothesize to be the result of Na+ binding to morpholine and dampening its nucleophilicity. 

The mechanism is further supported by comparative catalysis studies that establish the NH3 

cofactor, crown ether, and Na+ salt as all being essential for switchable catalysis behavior. Access 

to switchable reactivity does incur a slight decrease in yield relative to the catalysts without an 

NH3 ligand, which we attribute to modest inhibition of substrate binding by the ammonia ligand. 

One significant challenge in switchable catalysis is the development of systems that can 

perform reactions with a wider range of substrates.5 The difficulty arises from substrates that are 

often incompatible with reaction conditions and/or catalyst. For instance, with previous nickel 

pincer-crown ether systems, switchable catalysis was not possible with neutral strongly donating 

ligands like nitriles.31 These substrates were able to displace the hemilabile crown-ether donors 

without cofactors present, leading to the breakdown of the gating mechanism, so no controlled 

catalysis was possible. The control of H-bonding networks using dual cofactors provides a solution 

to this challenge, enabling switchable activity with a greater substrate scope. 

Another notable challenge is that many (though certainly not all) systems exhibit only 

modest differences in on and off states of catalysis.5 In comparison to previous pincer-crown ether 

systems, the dual cofactor enables a high degree of difference between two states of catalytic 

activity (Table 1). Ultimately, the ability to control H-bonding networks to regulate substrate 

access to a transition metal active site is a promising strategy that can improve reactivity ratios and 

may engender new forms of reactivity. Such a switchable catalyst could facilitate catalyst 

recovery/recycling by switching between a high activity state and a low activity state that is 



sufficiently robust to survive workup and product removal, or could enhance multi-catalyst 

reactions through cation-tuned rate-matching or by on/off switching to avoid catalyst 

incompatibility.50 

Conclusion 

 Pincer-crown ether nickel complexes can be regulated by two cofactors: an ammonia 

molecule that enables a H-bonding network between the primary and secondary coordination 

sphere and Na+ ion that is able to break the network to form cation-dipole interactions in the 

secondary coordination sphere. These interactions have been leveraged to design a system capable 

of switchable ligand substitution and catalysis. Thermodynamic studies of pincer-crown ether 

complexes and non-macrocyclic variants confirm the essential role of both cofactors in achieving 

on and off switching. The dual cofactor approach achieves an on/off system that is compatible 

even with substrates containing strongly donating functional groups that often interfere with gates. 

The structural and mechanistic insights here, with inspiration drawn from enzymatic systems that 

often use multiple cofactors or regulate catalytic activity through H-bonding networks, provide 

guidance for developing artificial catalysts with similar degrees of control. 
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