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The naturally engineered pockets that bind the catalytic centers
of metalloenzymes impart stability to unusual molecular structures
that are poised to facilitate molecular transformations. This is readily
seen in the protein environment that surrounds the active site of
diiron hydrogenase, [FeFe]-H,ase, Figure 1, an enzyme that

produces H, at an efficiency comparable to that of the noble metal
1-3

platinum in fuel cells.
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Figure 1. Structure of the hydrogen producing H-cluster of [FeFe]-H,ase
in the protein environment* (left) and as a Chemdraw figure (right) showing
selected first and second coordination sphere interactions.

While strong donation into the [FeFe] unit by the CN~ and
thiolate ligands contributes to the reactivity of the active site, a
number of secondary interactions® stabilize a unique geometry in
the organoiron motif that allows formation of a reactive terminal
hydride.” In addition to an appropriately sized, largely hydrophobic
cavity, dipole/hydrogen bonding interactions between nearby pep-
tide residues and the cyanides and semibridging carbonyl result in
the conservation of an open site in both the Fe'Fe"" and Fe'Fe' states.®
This important feature has been obtained in mixed valent Fe'Fel!
synthetic analogues of the oxidized enzyme active site; however,
reduction back to Fe'Fe! results in rearrangement to the all terminal
CO conformation and loss of the open site.”

Thus a major goal for modeling the active site should be to
identify and evaluate supramolecular constructs that might enforce
constraints mimicing the natural binding cavity of the [FeFe]-H,ase
active site. While this has been explored both computationally and
synthetically,®'° inclusion of a diiron model system inside of a
discrete supramolecular host has not yet been reported.

Cyclodextrins (CyD) have properties long recognized as
potential scaffolds for biomimetics.'" Their hydrophobic cavities
have in fact been demonstrated to serve as hosts for organome-
tallics,'? and the hydrophilic hydroxyl rims provide hydrogen
bonding sites. In this report we describe an approach to the
inclusion of a small molecule model of the [FeFe]-H,ase active
site, (‘Lt-SCHzNH(C(,H48037)Cst)[FCI(CO)2]2 (1), within ﬂ-CyD
and the X-ray crystal structure of the sodium salt of the 1-2
B-CyD-28 H,0 clathrate.

The incorporation of charged functional groups into the guest
molecules of cyclodextrin host/guest systems has been reported to
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provide a degree of stability to the inclusion complex.'® For the
diiron guest in our system, an aryl sulfonate group was incorporated
into the S-to-S linker, as shown in Scheme 1. On addition of 3-CyD
to an aqueous slurry of Na™1, the latter completely dissolved. ESI
mass spectral data indicated a peak bundle at m/z = 1671
representative of a 1:1 adduct in this solution. Infrared spectral
monitoring also found a shift in the »(CO) bands of 1 to higher
wave numbers, as the 5-CyD ratio was increased, Figure S1.

Scheme 1. Syntheses of Complex 1 and 1-CyD
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Crystals of X-ray diffraction quality were obtained by carefully
layering a concentrated aqueous solution of 1-CyD with a dilute
aqueous solution of [PhsP=N=PPh;]"Cl". While the latter was
necessary for crystal growth, the red needles that resulted on
standing for two weeks were of the Na™ salt only.'** The structure
of 1-CyD shows two 5-CyD molecules serve as hosts to one [FeFe]-
model complex guest, Figure 2. As anticipated, the aryl group of
1 is entirely encapsulated and the sulfonate projects through
the primary hydroxyl rim of the 8-CyD. The apical CO ligand of
the Fe(CO); unit on the same side is also enclosed within the
cyclodextrin cavity while the basal CO’s are close to the secondary
hydroxyl rim. The Fe(CO); group distal to the aryl sulfonate is
encapsulated by the second 3-CyD. The two 3-CyD units interact
with one another through hydrogen bonds that form between the
secondary hydroxyl groups on the rim and also through ion—dipole
interactions with the Na® counterion. This Na' links the two
B-CyD’s together and also interacts with neighboring units in the
extended two-dimensional crystalline array, Figure 2. A total of
28 water molecules per Nat 1+2 -CyD unit are also in the crystal
lattice, with four located near, or closing off, the end of the
cyclodextrin nanocapsule opposite the sulfonate, Figure S5. No
water molecules are located in the inner part of the cyclodextrin
construct. The hydrophobic character of the 2 5-CyD cavity is
emphasized by comparison of the electrostatic potential plots of
1-CyD and that of the FeFe-H,ase active site cavity which includes
an ~22 A amino acid sphere, Figure S9.
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While the Fe—Fe bond distance of the included complex is not
significantly altered from that of the free complex, 2.502(2) vs
2.499(1) A, respectively, there are some minor structural differences
between the structures of 1'*" and of 1 as found in 1-CyD. Most
important is a ca. 20° increase in the torsion angle between the
apical CO groups of the Fe(CO); subunits in 1 vs 1-CyD indicating
destabilization of the more eclipsed conformation.

Figure 2. Extended structure (left) and unit cell (right) of 1 -CyD. Protons
and water molecules have been removed for clarity.

Evidence for inclusion complex formation in solution comes from
the 'H NMR studies in D,O. As the mole fraction of 5-CyD is
increased, there is a significant upfield shift in the aromatic protons
of 1, with a concomitant downfield shift for the methylene protons
in the S to S linker. Similarly, '*C NMR spectra show a 1.0 ppm
shift in the CO resonance at 206.9 ppm. For the cyclodextrin, the
"H NMR spectra exhibit only minor shifts with variation in [1]
(A0 of £0.02) for most of the 'H resonances. However the C3 and
C5 protons shift by 0.10 and 0.19 ppm respectively. The large
change for these intracavity protons is reported to be indicative of
inclusion within the 8-CyD cavity.'> Averaged Job plots based on
these changes have maxima near 0.5 indicating a 1:1 5-CyD/[1]
ratio in solution, Figure S15.'® However the accuracy of Job plots
is highly dependent on the nature of the binding constant of the
first and second S-CyD units, making this assignment tentative.

While the changes in the chemical shift provide good evidence
that the inclusion complex is forming in solution, at no point were
separate signals observed for the free and encapsulated 1 indicating
that the rate of exchange in and out of the cyclodextrin cavity is
faster than can be observed by NMR. Even upon cooling to 5 °C
in the presence of 10 equiv of cyclodextrin only a single broad
signal in the '*C NMR spectrum is observed for all six CO ligands.
These results are consistent with not only the fact that the complex
is exchanging rapidly in and out of the cyclodextrin but also, and
likely due to this exchange, that the cyclodextrin architecture does
not prevent the well studied intramolecular dynamic processes
observed in similar diiron systems.'” Despite the apparent instability
of 1-CyD, the formation of the inclusion complex still produces
interesting changes in the electrochemical properties of 1.

Similar to most (4-SRS)[Fe(CO);], models, 1 acts as an electro-
catalyst for H, production from weak acid. In CH;CN solution, 1 has
very similar redox properties to (u-S(CH,):S)[Fe(CO)s],,'® showing
a response (increase in current) to added increments of HOAc at a
more negative potential than the initial Fe'Fe/Fe'Fe’ reduction. In 10
mM aqueous NaCl solution the electrochemical behavior is quite
different. For free 1 the response is observed at the first reductive

feature, the Fe'Fe' — Fe'Fe? couple at —1.2 V vs the Ag/AgCl (sat’d
KClI) couple. In the presence of cyclodextrin however, the Fe'Fe!/Fe'Fe’
reduction is shifted ~80 mV more negative and two reductive events
are observed upon addition of HOAc. The first, based on control
experiments without catalyst, is attributed to the reduction of HOAc
by glassy carbon while the second event, assigned to proton reduction
by 1-CyD, occurs more negative (—1.4 V) reflecting the hydrophobic
environment of the cavity, Figures S21 and S22.

In summary, we have used 3-CyD to provide a first generation
artificial protein environment for a small molecule model of the
[FeFe]-hydrogenase enzyme active site. Inclusion in the cyclodextrin
not only produces structural distortions in the diiron motif, as
observed in the X-ray structure of 1-CyD, but also affects change
in the redox and electrocatalytic properties of 1. Through synthetic
modification of the host and guest components of the system, a
model with intermolecular interactions that facilitate H reduction
or H, oxidation could be realized.
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