
ligand undergoes reductive coupling

with the incoming substrates to form

ring-closedmanganabicyclodecane com-

plexes with high-spin S = 5/2 spin states.

This ligand-based reactivity is consistent

with the high degree of spin localization

within the dvtms p* orbitals, which is

in line with the authors’ calculations

and the suggestion that substantial elec-

tron density is present on the olefin

ligands. Similarly, ligand-based reactions

involving the dvtms double bonds are

observed in the presence of H2. Under

an atmosphere of H2, one hydrogen

atom is added to each of the terminal car-

bonatomsof thedvtmsarms,whereas the

internal carbon atomof each arm remains

coordinated toMn as an alkyl ligand. This

latter reaction is a particularly exciting

development, especially if dissymmetric

hydrogenation, where one H2 molecule

is cleaved over two distinct olefins, can

be developed in a general fashion.

With a constant push for new transition-

metal complexes to catalyze difficult

transformations, Deng and co-workers
2736 Chem 4, 2730–2747, December 13, 2018 ª 20
present a unique class of low-coordi-

nate Mn complexes capable of per-

forming intriguing partial hydrogena-

tions as well as unusual ring-formation

reactions. As with many important dis-

coveries, this reactivity was enabled by

the quest to answer a simple ques-

tion—what are the nature and proper-

ties of Mn centers in low-coordinate,

low-valent environments? With this

article by Deng and co-workers in

Chem, some answers to this question

are revealed and potentially open new

avenues for the efficient synthesis of

other complex molecules.
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Metalloenzyme
Mimicry at the Nodes
of Metal-Organic Frameworks
Qi Sun,1 Briana Aguila,1 and Shengqian Ma1,*
In this issue of Chem, Dinc�a and co-workers show that the node of the metal-

organic framework MFU-4l can be modified by anion exchange to serve as a bio-

mimetic model of carbonic anhydrase given the similarity in their ligand fields.

The resulting material, which has reactivity characteristics of the enzyme, gives

great promise for CO2-related applications.
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Enzymes, nature’s creation of catalysts,

show extreme activity and selectivity for

a range of chemical conversions. How-

ever, even when an enzyme is identified
as being useful for a given reaction,

its extensive application is often

hampered by its lack of long-term oper-

ational stability and also by difficulties
in recovery and recycling.1 Advances

have been made in biotechnology

to allow for enzyme production at

commercially acceptable prices and

manipulation of them such that they

exhibit the desired properties with re-

gard to substrate specificity, activity,

selectivity, and stability. Nevertheless,

only a handful of successful paradigms

that function properly have been syn-

thesized. To overcome this ambiguity,

biomimicry provides rational solutions

through the incorporation of active-

site synthetic analogs of enzymes in
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Figure 1. Structure Comparasion between Carbonic Anhydrase and the SBU in MFU-4l-(OH), as

well as the Peripheral Zinc Structure in MFU-4l-(OH) before and after CO2 Adsorption

(A and B) Structure of (A) the active site in CA and (B) MFU-4l-(OH).

(C) Proposed scheme of reversible CO2 hydrolysis reaction catalyzed by MFU-4l-(OH) (orange, Zn;

blue, N; gray, C; red, O; hydrogen is omitted for clarity).
suitable matrices by taking advantage

of the versatility of synthetic chemstry.2

Metal-organic frameworks (MOFs) are

envisioned as the most promising

candidate for this purpose.3–5 MOFs

are highly tunable nanoporous network

compounds composed of inorganic no-

des connected by organic linkers, and

they offer tremendous potential for

rational material design.6 Their crystal-

line structures trace out topological

backbones onto which desired func-

tionalities can be introduced, either as

functional moieties on the organic

linkers or through the choice of metal

nodes. The molecular-level structural

control and modularity possible with

MOFs allow for a hydrophobic or hydro-

philic confined environment akin to nat-

ural enzymes, as well as offer an or-

dered distribution of highly dense

substrate-accessible active catalytic

sites throughout the architecture. In
addition, the higher stability of MOFs

than of enzymes potentially leads to

the broader use of biomimetic chemis-

try in industrially relevant applications.

Carbonic anhydrase (CA) is a ubiqui-

tous zinc metalloenzyme that catalyzes

the reversible hydration of CO2 with an

exceptional turnover rate of 106 per

second, one of the fastest rates in

enzyme catalysis.7 To expand their uti-

lization, researchers have therefore

employed a large variety of tridentate

ligands in efforts to obtain synthetic

analogs of CA. Among them, the

hydroxide complex TptBu,MeZnOH

(Tp = tris(pyrazolyl)hydroborate) has

also been shown to be a functional

analog of CA. Unfortunately, these

systems lack heterogeneous analogs

with similar activities, significantly

hindering their industrial use. Given

the similar ligand fields, the nodes
of MOFs are attractive sites for

mimicking metalloenzymes. In this

issue of Chem, Dinc�a and co-workers

took the lessons learned from these

homogeneous systems and targeted

the material MFU-4l (Zn5Cl4(BTDD)3,

where H2BTDD = bis(1H-1,2,3-triazolo

[4,5-b],[4’,50-i ])dibenzo[1,4]dioxin).8

The secondary building unit (SBU) of

this triazole-based MOF features facial

coordination of Zn2+ by three nitrogen

atoms and is a scorpionate unit shown

to structurally and functionally emulate

the Tp-like environments within this

MOF (Figures 1A and 1B).

In this paper, the benefits of using

MOFs as a biomimetic platform are at

the forefront: pore environments and

structural tunability, site isolation, high

surface area, and periodicity are all

highly sought-after attributes for any

efficient heterogeneous catalyst. The

crystalline nature of MOFs offers op-

portunities to use their nodes as struc-

turally characterizable active sites

where mechanistic details of a catalytic

process can be teased out, allowing

for rational design and thereby

improved overall efficiency. Herein,

the structure of MFU-4l lends itself

perfectly as the platform for mimicking

CA for two primary reasons: (1) the

SBUs in this material feature four pe-

ripheral zinc chloride sites that are

coordinated by three triazoles in C3

symmetry analogous to the Tp ligand

and, accordingly, CA, and (2) the

metal node of MFU-4l can be further

modified by anion exchange to serve

as a biomimetic model of CA. The

original terminal N3Zn–Cl centers are

quantitatively transformed to terminal

N3Zn–OH units by treatment with tetra-

butylammonium hydroxide to yield

MFU-4l-(OH) with a conserved frame-

work structure.

After confirming the structure, Dinc�a

and co-workers proceeded to probe

the enzymatic reactivity of MFU-4l-

(OH). Considering that the essential

function of CA is to catalyze the
Chem 4, 2730–2747, December 13, 2018 2737



reversible hydration of carbon dioxide

and a critical step in this process is

CO2 insertion into the Zn–OH bond,

the authors thus studied its CO2 sorp-

tion behavior by collecting CO2 sorp-

tion isotherms. To gain more insight

into the framework-adsorbate interac-

tion, they calculated the isosteric heat

of adsorption (Qst) as a function of the

amount of CO2 adsorbed on the basis

of the adsorption isotherms measured

at three different temperatures (288,

298, and 308 K). Calculated with the

virial equation, the Qst at zero CO2

coverage was 81 kJ mol�1, reflecting a

strong chemisorption mechanism and

agreeing with the reaction enthalpies

determined for CO2 fixation by transi-

tion-metal hydroxide complexes (49–

61 kJ mol�1). With increasing coverage,

the Qst stayed relatively constant up to

0.5 equiv of CO2 per SBU and then

steadily decreased from 62 to 35 kJ

mol�1 for the second CO2 equivalent

and from 35 to 20 kJ mol�1 for the third

CO2 equivalent. To reveal the underly-

ing mechanism, the authors carried

out quantum density functional theory

computations to understand the en-

thalpies required for CO2 insertion

into different Zn–OH units. The trend

of decreasing binding enthalpy along

with the CO2 adsorption is consistent

with the experimental data. These re-

sults suggest that with the conversion

of the highly basic –OH to weakly basic

–OCO2H (Figure 1C), the nucleophi-

licity of the remaining Zn–OH sites

within a given metal node are weak-

ened, thereby resulting in decreased

Qst values. Given the significant

uptake capacity (3.41 mmol g�1 at

298 K) and limited energy cost required

for regeneration, this material gives
2738 Chem 4, 2730–2747, December 13, 2018
great promise for CO2 capture and

sequestration.

To further prove the ability of MFU-4l-

(OH) to perform CA-like reactivity, the

authors investigated the reversible

hydration of CO2 by studying the ex-

change of 18O-labeled H2O with

gaseous CO2. The time to reach an

equilibrium mixture of the three

possible CO2 isotopologues (C16O2,

C16,18O2, and C18O2) was significantly

reduced from 10 to 5 hr after MFU-4l-

(OH) was introduced. Also, MFU-4l-

(OH) exhibited activity in the hydrolysis

of 4-nitrophenyl acetate (4-NPA) with a

15% G 2% conversion after 24 hr, in

contrast with 1.7% G 0.2% conversion

of the blank control. These results

thereby prove that the metal nodes of

MFU-4l can be functionalized to serve

as a high-fidelity biomimetic model of

the CA active site.

This contribution demonstrates an

elegant example of functionalizing a

MOF metal node to mimic the activity

of an enzyme. Facilitated by the modu-

larity of MOFs and the diverse toolbox

of synthetic modification techniques

that they offer, it is conceivable

that MOF-based materials show great

potential in the field of biomimetic

chemistry.9,10 Taking inspiration from

enzymes, it will be intriguing to see

the advantages that MOFs can offer

in advanced material design. As this

paper shows, MOFs with enzyme-like

active sites afford great opportunities

to push the boundaries of numerous

challenges faced nowadays, such as

CO2 capture and sequestration. With

high structural fidelity and reactivity,

MOFs hold potential for future under-
standing of enzyme chemistry and

also the potential to perform enzyme-

inspired reactions in stable frameworks.

As more and more stable MOFs are

discovered, researchers are beginning

to tap into the potential of this

class of material for industrially viable

applications.
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