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ABSTRACT: Natural metalloenzymes stabilize reactive intermediates through specific metal-substrate interactions in pro-
tein confinement. Using the structural blueprint of enzyme pockets it is possible to trap elusive intermediates inside molec-
ular cavities. Here we demonstrate room temperature trapping of a rare yet stable Fe(IV)-superoxo ([Fe'V(O2)-bTAML] or
1-Oz) intermediate subsequent to dioxygen binding at the Fe(l11) site of a (EtsN),[Fe"'(Cl)(bTAML)] (1-Cl [Et,N],) catalyst
confined inside the hydrophobic interior of a water-soluble PdsL4*?* nanocage.

Iron-based oxygenase family of enzymes activates dioxygen (O-) gas to carry out chemoselective catalytic oxidation of
diverse organic substrates.® After binding O, gas, the Fe-atom in the active site can traverse through multiple oxidation states
thereby generating activated O-O species like superoxo, peroxo, and hydroperoxo while also forming high-valent Iron-Oxo
species.™1"" Therefore oxygenases provide the necessary inspiration to carry out green catalytic transformations under
ambient conditions.9%2 Although extensive work is being carried out to probe and decipher the mechanistic pathways of
these enzymes, 11913 direct detection of dioxygen-bound intermediates during catalytic turnover, especially at room tem-
perature remains a challenge.

/ ye, \
H'@%%o ;
d, M pe

y [ ’

Enzyme Catalyst — Cage

xt= [Et,N],*, from 1-CI[Et,N],*

x*= [Ph,P]*, from 1-H,O[Ph P]*
=

e

Figure 1. Biomimetic host-encapsulation of Fe(IV)-superoxo species at room temperature. The dioxygen adducts of
[Fe"'(Cl)-bTAML][Et,N],(1-CI[Et,N],), and [Fe""(OH)bTAML][Ph,P] (1-H,O[Ph,P]) were trapped inside an octahe-
dral water-soluble PdsL,*?* nanocage; where L= 2,4,6-tri(4-pyridinyl)-1,3,5-triazine, and ethylenediamine holds the Pd?*
ion.
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Classically bioinorganic chemists have sought to overcome this problem by synthesizing active site mimics that can
prove the existence of putative reaction intermediates, and also provide vital insights into the energetics of the catalytic cycle
one-step-at-a-time. 22422914 |n g variety of oxygenases, the O, binding step at the Fe(ll) site usually leads to the formation
of Fe(111)-O;" species.'®1¢191m Ingpired by the natural enzymes, Collins and coworkers developed a family of Fe(l11)-based
tera-amido macrocyclic ligand (TAML) catalysts capable of activating O, ,and oxidizing organic hydrocarbons.?45 .8
SenGupta and co-workers have developed novel biuret tetra-amido macrocyclic ligand (bTAML) catalysts that can stabilize
Fe(V)-Oxo intermediate at room temperature while capable of carrying out catalytic water oxidation as well as difficult
oxidative organic transformations.” In such catalytic schemes involving O, the Fe-TAML catalyst dimerizes to generate
bridging p-oxo complexes which are important “on-pathway” intermediates..*>'* However single site activation of O; gas
that occurs prominently in many monomeric Fe-enzymes can only be mimicked by preventing dimerization which protein
active sites successfully manage by building a confinement.
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Figure 2. (a) The encapsulation reaction of catalyst 1-Cl [Et,N],, inside PdsL,*** nanocage ; (b) Comparitive absorption
spectrum of the cage in water, free 1-Cl [Et,N], in water, 1-O> — Cage in water after 12 h of reaction, and 1-O2 — Cage in
water after 6 days of reaction. Inset: comparison of 1-O2 — Cage in water, and 1-O2 — Cage in acetonitrile after KPFg
treatment of water sample; (c) *H-NMR spectrum of 1-O2 — Cage recorded in DO at 298 K. Cage features are shown as
black peaks while from counter ion of 1-Cl [Et,N],, tetraethyl ammonium [EtsN]* is shown in pink and blue; (d) EPR
spectrum of 1-O2 — Cage in water recorded at 93 K. Inset shows EPR spectrum zoomed in the region around g = 2 with the
S= % simulated spectrum (in red). The simulated spectrum has been vertically offset for visual clarity.

Inspired by protein active sites, supramolecular cavities have been synthesized to host variety of Fe-dioxygen bound
intermediates for catalysis.?"?® Molecular cages and metal-organic frameworks have shown promise to trap metal-catalysts
within their pores thereby protecting them from bimolecular degradation or other side-reactions.?#*° |solated nanocages
with size homogeneity can stabilize guest molecules through weak interactions thereby leading to novel chemistry arising
from confinement.®>%1% Here we employ an octahedral water-soluble PdsL4*?* nanocage,** (see Figure 1) to actively trap an
O, bound adduct with a fifth-generation [Fe''(Cl)-bTAML] [Et,N], catalyst (1-Cl [Et,N],) and characterize an elusive yet
stable Fe(1V)-O,~ ([Fe'V(02)-bTAML] or 1-O2) complex inside the nanocage for the first time at room temperature.

The PdsL4*?* nanocage with nitrate (NO3") as counter-anion was synthesized using the previously published synthetic
route (supporting information, Figure S1).2%!! Incarceration of the water soluble catalyst 1-Cl [Et,N],, that comprises of
negatively charged catalyst species [Fe'"'(Cl)-bTAML]? (1-Cl) having a counter-cation tetraethylammonium (Et;N*), inside
the water-soluble PdsL4!?* nanocage was carried out at room temperature by stirring in an equimolar concentration of the



nanocage in H,O for 12 h (see Figure 2a and Sl sections 2-4).%9¢10¢.10¢ The 1H-.NMR spectrum of the resulting black color
host-guest complex shows broadening of the cage features arising due to the paramagnetic nature of 1-CI (S=3/2). The sharp
features of the protons at 8 1.21 and 3.21 ppm corresponds to counter-cation Et;N*, arises due to its independent solvation
in water (Figure 2b and Sl Figures S1 and S2).

The black color of 1-O, < Cage solution indicated that the host-guest complex absorbs in the entire visible range, see
Figure 2c. Absorption spectra of free 1-Cl in water has characteristic features at 352 nm corresponding to n—7* transition
which is overlapping with MLCT feature on the red edge extending upto ~ 530 nm (Figure 2c).? The complex, 1-O.
Cage, on the other hand has an absorption spectrum extended beyond 1100 nm. Interestingly, if the incarceration is carried
out under argon atmosphere, the absorption of the complex can simply be explained as a summation of absorption features
from the cage and catalyst. The NIR feature seen in regular ambient incarceration does not exist clearly indicating that the
chemical form of the catalyst inside the cage under argon is different (S, Figure S3). A stark difference can also be observed
when the samples were prepared in presence of 1-atm of O, as compared to ambient O, at 1 h (SI, Figure S4). These results
unequivocally indicate active participation of O in forming species with NIR absorption, and therefore motivated us to
explore the role of molecular oxygen in forming the chemical species trapped inside the cage.

To check if the 1-Cl indeed went inside the cavity and not trivially solvated in water, we precipitated the host-guest
complex by exchanging the nitrate with PFe¢” counter-anion. The 1-O, — Cage.PFs complex was soluble in acetonitrile, and
indeed retained the incarcerated Fe-catalyst confirmed by recording the steady state absorption spectrum (Figure 2b inset).
In addition, we incarcerated a water-insoluble version of the catalyst, compound (PhP)[Fe"'(OH2)(oTAML)] (or 1-H.O
(Ph4P)) having a bulkier tetraphenyl-phosphine ligand as counter-cation although with the same catalytic anionic unit. When
solid powder of 1-H20 (Ph4P) was stirred with the aqueous solution of the nanocage, the rate of 1-H-O incarceration slowed
down as expected due to unavailability of the soluble catalyst but in a period of days we observed the expected black color
(blue curve Figure 2b and in SI Figures S5 and S6). Incarceration of 1-H2O was again confirmed by broadening of the NMR
features of the host, and the presence of the proton peaks for the counter cation of 1-H20, i.e. tetraphenyl phosphonium ion
(see Sl, Figure S7). Based on the stoichiometry of incarceration, retention of structural symmetry of the cage in both salts,
and broadening of the cage feature, we conclude that there is one catalytic unit inside every nanocage (Figure S2 and S7).
In fact a displacement assay with excess 9-methyl-anthracene (Me-An) added to aqueous solution of 1-O2 < Cage was used
to confirm the stoichiometry of incarceration (see Sl, Figures S8 and S9 for protocol and Figure S10 for UV-Vis character-
ization). Although Me-An is insoluble in water, it has high affinity for the nanocage®**® due to host-guest CT interactions,
and therefore displaces the catalyst from the cage. Using steady state absorption measurements, we observed slow disap-
pearance of the NIR feature associated with 1-O. < Cage with a concomitant increase in the blue-region near 350-400 nm
corresponding to Me-An absorption feature® '3 (see Sl Figures S8-10). We further separated 1-Cl from this reaction mixture
by precipitating Me-An c Cage by treatment of the reaction mixture with KPFs. The supernatant which had free compound
1-Cl was characterized by absorption measurement to confirm that one catalyst per cage was incarcerated (see Sl, Figure
S8-10). It should be noted that the dioxygen reversibly disengages from the catalyst when forced out of the cavity by Me-
An (see Sl Figure S10). Such cavity dependent O, binding has been previously observed for few Fe(I1)-compounds?-81 as
part of host-guest complexes but for the first time this propensity is observed for an Fe(l11) catalyst.

To understand the spin state of 1-O. — Cage, we further carried out steady-state EPR measurements at ~93 K (SI Figure
S11). The 1-O2 < Cage spectrum was obtained after subtracting the host-guest EPR signal from the empty cage control
(Figure 2d, SI Figure S11). The difference spectrum is characterized by an axial g-tensor with features at gx=gyy= 2.102 and
g,=1.985 as obtained by simulating the EPR spectrum corresponding to S = %2 species (Figure 2d, and Sl Figure S12). This
spectrum is in direct contrast to the S = 3/2 spin state spectrum (SI Figure S11) reported for the free catalyst 1-Cl in both
solid state and a derivative of catalyst 1-CI[Et,N], in acetonitrile.”®*2 However, Fe(111)-bTAML can be S = ¥ species if we
imply an O, bound adduct leading to formation of Fe(IV)-O,". To chemically test this hypothesis, Fe(IV)-bTAML salt was
prepared by chemically oxidizing the Fe(l11)-version with (NH4),Ce(NOs)s (SI Figure S13).7° Upon reacting it with KO, at
-40 °C, we obtain an S = % EPR signal mirroring what was obtained for 1-O, — Cage (Figure S14 in Sl). Therefore based
on our results, we have assigned the cage entrapped species as a monomeric Fe(I1V)-O2 superoxide species stabilized inside
the water-soluble cationic PdsL4** host. The obtained spin state S = % combined with the clear signature of an NIR absorp-
tion feature and reversibility in O, binding strongly support the assignment. To the best of our knowledge Fe(I\VV)-O2" super-
oxide species has never been detected in any catalytic cycle involving O; activation.

Collins and coworkers recently reported that paramagnetic Fe-TAML complexes inside reverse micelles can react with
0,, and thus form an absorption band extended to NIR region indicative of Fe(IV)-based MLCT transitions.®® Due to a large
distribution in the micelle size ranging from 1-5 nanometers®®, they observed multiple species ranging from unreacted Fe(l11)
catalyst, Fe(111)-Fe(1V), and Fe(IV)-Fe(IV) p-oxo dimers.®® The dimers were formed upon an irreversible reaction with O,
and could only revert back to Fe(l11) state after one-electron reduction.® The Fe(I11)-Fe(IV) p-oxo dimer was found to be S
= % while the [{(0TAML)Fe'V},-u-Ox0]? species was EPR-silent. SenGupta and coworkers showed that the diamagnetic
dimer formed by 1-CI[Et,N], after getting oxidized by on-electron oxidant also shows the NIR absorption feature indicative
of Fe(IV) state.”»® In summary, our observations of reversible aerial oxidation of the Fe(Ill) catalyst yielding a S = %



species inside a ~2 nm nanocage is a novel observation, and indicates homogenous population of monomeric Fe(IV)-
superoxo species trapped inside a cavity at room temperature.
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Figure 3. Resonance Raman spectra of 1-O2  Cage prepared in H2®0 (in black), 1-O2 < Cage prepared in H2'#0 (in red) and the
normalized difference spectra. The asterisks depict cosmic artifacts during data collection.

The unique reactivity of the cavity-trapped Fe(IV)-superoxo species with solvent water was used to determine its exist-
ence. The rapid *0/**0-exchange equilibrium driven by water attack through protonation of the distal O-atom in superoxide
leads to 180-isotopic enrichment in the O-O bond from H,*0 (Figure 3). The fast isomerization of the end-on peroxo with
its side-on binding configuration allows for both O-atoms to be enriched in a facile fashion. We recorded the vibrational
resonance Raman spectrum of 1-O2 < Cage in both H,*O and H,'O to unequivocally assign the incarcerated Fe(IV)-
superoxo species. The Raman vibrations of the catalyst are enunciated in the range of 250 to 1200 cm™* (SI Figure S15). We
observe low frequency vibrational features corresponding to Fe(IV)-O; stretch (side-on) at ~ 433 cm™ and Fe-OO bend (end-
on) at ~ 370 cm™ in H,®0 (Figure 3) which are slightly shifted compared to reported Fe(l11)-superoxo species.'® Interestingly
these vibrational features are red-shifted further by 7-8 cm™ for the spectrum recorded in H,'®0 as illustrated by the differ-
ence spectra in blue (Figure 3, SI Figure S15, Table ST1). It is important to note that sharp cage features at 1042 and 1062
cm? assigned to nitrate N-O stretch and NH, wagging of the ethyelenediamine moeity* respectively, is resonantly affected
by solvent exchange thereby indicating altered H-bonding in H,0. These features however mask the weak O-O stretch
feature at 1086 cm™ although the isotope sensitivity can be uncovered by subtracting the dominant cage peaks carefully (SI
Figure S15).1 We also see the side-on O-O stretch feature coupled to ligand vibrations at 697 cm™ disappear with 2O-
isotope enrichment similar to that observed for Fe(l11)-superoxo complex for TPP.16¢We see isotope shifts in all these fea-
tures and other weaker signals between 600-900 cm™ under the constraint of the signal to noise, clearly enunciating the
presence of an Fe(lV)-superoxo species. Indeed to confirm separately this exchange, we also carried out **0, and 20, la-
belling experiments, which did not show any shifts as expected since the label got washed away in the background of 55 M
H,'%0 (SI Figure S16). Overall our Raman measurements unequivocally prove that indeed a labile O-O bond is present
which highlights the superoxide state of O, bound to the Fe(IV) core.

In conclusion, we have used host-guest complexation as a facile methodology to isolate and characterize a novel yet
stable Fe(IVV)-O; species at room temperature for the first time. We believe that the Fe(I\V)-superoxo species is a precursor
to the previously reported Fe(lll)-Fe(IV) p-oxo dimers commonly observed during catalytic oxidation of substrates with
Fe(l11)-TAML catalysts that activate O, gas.®**® The hydrophobic confinement of the water soluble nanocage highlights the
importance of the host structure and specific water interactions'®®*® to stabilize extra charge on oxygen thereby allowing
detection of a high-valent intermediate. The cavity size also becomes important to tune for ensuring a homogenous popula-
tion of high-valent Fe-oxy adducts while preventing dimerization reactions. We therefore envision that trapping



intermediates in molecular confinement by choosing optimal size and electronic nature of the host® should allow for a
universal scheme of probing reactive intermediates without compromising the catalytic efficiency.
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Details of synthesis, characterization and additional data are provided. This material is available free of charge via the Internet at
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1. Materials and Methods:

Solvents and reagents were purchased from TCI Co., Ltd., S.D. Fine Chemicals and Sigma-Aldrich Co.

D70 was acquired from Sigma-Aldrich Co, Inc. and used as supplied for the reactions and NMR

measurements.

NMR Measurements:

'H spectra were recorded on Bruker (500 MHz) and Varian (600 MHz) spectrometer.

Steady State Absorption Measurements:

Steady state absorption was recorded on JASCO V-670 spectrophotometer

Steady state Electron Paramagnetic Resonance (EPR) spectroscopy

Steady state EPR measurements were carried out on a BRUKER EMX Micro X-band spectrometer.
These measurements were carried out at ~ 90 K. Temperature of the EPR cavity was maintained by
flushing liquid nitrogen from a reservoir to an insert in the cavity. The insert has a thermocouple as a
temperature sensor and the EPR measurements were performed inside the same insert. The operating
frequency of the spectrometer is 9.32 GHz. Operating microwave power of the spectrometer is 0.2
mW, with modulation amplitude of 1 Gauss and modulation frequency of 100 kHz. Simulations of
EPR spectra of 1 < Cage performed for a single spin S = % using commercially available software

WIN-EPR SimFonia.

Resonance Raman spectroscopy

Raman measurements were performed on an Alpha 300R confocal Raman microscope, WITec
Gmbh, Ulm (Germany). These measurements were performed using a 532 nm laser as the excitation
source generated from solid state frequency-doubled DPSS Nd:YAG laser (WITec). The backscat-
tered light was channeled by a lens-based ultrahigh throughput spectrometer (UHTS300) through
a 100 pm optical fiber onto a grating of 1800 grooves/mm coupled to a back-illuminated CCD



camera. Spectral resolution of the spectrograph was ~ 2 cm™. Laser was focused into the sample
using a 10X objective. The sample was flowed to prevent from photobleaching through a quartz

cuvette of 0.5 mm thickness.



2. Synthesis of the cationic (PdsL4) cage:

Cage 1 was prepared according to M. Fujita et al. Nature 1995, 378, 469 to get PdsL4 (NO3) 2 complex.
To a solution of Pd(en)(ONO,)> (2.5 g, 8.62 mmol) in H,0, we added 1.8 g (5.75 mmol) of 2,4,6-tri(4-
pyridyl)-1,3,5-triazine was added. The obtained suspension was refluxed at 80 °C for 6 hours. Insol-
uble material was filtered using Whatman filter paper, and the clear solution was evaporated to give
1.07 g (70%) of 1 as a pale white powder: 'H NMR (600MHz, D-0, 298 K): § 9.00 (d, 24H, pyridine-
a), 8.51 (d, 24H, pyridine-f3), 2.85 (s, 24H).
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Figure S1. '"H NMR spectra (600 MHz, 298 K) of Cage.



3. Synthesis of the inclusion complex 1-0; c cage:

1.4 mg of 1-Cl[Et4N], catalyst was stirred for 12 h in a 1 ml solution of 2 mM Cage so as to maintain
1:1 catalyst:cage ratio in D,0. The colorless cage solution changes to black overtime. The solution
was filtered through a 0.45 p filter. Characterization of the reaction mixture was done through NMR
and UV visible absorption. Samples were taken for further measurements only when characterized
through proton NMR and steady state absorption. '"H NMR (500 MHz, D,0, 298 K): § 9.08 (d, pyr-
idine-a, Cage), 8.56 (d, pyridine-f3, Cage), d 3.21 (q, -CHa-, EtuN*), & 2.94 (s, N-CH2CH2-N, Cage), &
1.21 (t, CHs-, Et4N™).
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Figure S2. 'H NMR of inclusion complex 1-0; = Cage (600 MHz, 298 K). The features from catalyst
were absent, counter cation of the catalyst appeared at 6 3.21 ppm as quartet (in red) and 6 1.21
ppm as triplet (in blue). 2,4,6-trispyridyltriazine feature in the Cage 1 at 6 9.08 ppm and & 8.56

ppm are broadened along with the features from ethylenediamine at § 2.94 ppm.
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Figure S3. Steady state absorption spectra of pure empty cage (80 uM), the free 1-Cl[Et4N], complex
in water and the host-guest complex (200 uM in water) in both ambient conditions and under Argon
atmosphere. The color traces are indeed as follows: Cage (in cyan), 1-Cl[Et4N], (in black), 1-02 —

Cage under ambient conditions (in red) and 1 — Cage under argon atmosphere (in blue).
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Figure S4. Comparative steady state absorption spectra for incarceration of complex 1-Cl[Et4N], in-

side Cage (200 uM) at different times, and also under varying oxygen pressures.



4. Insertion with water insoluble catalyst to form 1-0; c Cage complex

Water insoluble iron catalyst 1-H20 has tetraphenylphosphonium as the counter cation instead of
tetraethylammonium in 1. Water insoluble catalyst was stirred overnight in a 1 ml solution of 2.5
mM cage so as to maintain 1:1 catalyst:cage ratio in DO for 6 days, Figure S5. The colorless cage
solution changes to black overtime. The solution was filtered through a 0.45 p filter. Characterization

of the reaction mixture was done through NMR and UV visible absorption.
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Figure S5. Representation of the insertion reaction of Fe (III)-biuret catalyst with a counter cation
tetraphenyl phosphonium (1-H,0[Ph4P]) in a solution containing dissolved Pd-cage. Tetraphenyl
phosphonium cation makes the catalyst water insoluble, and generates 1-02 — Cage in cage solu-

tion.
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Figure S6. Solution state absorption spectra of 1-02cCage from 1-CI[Et4N]; (~100 uM in H»0, in
red), 1-02cCage from 1-H,O0[Ph4P] after 12 h (25 uM in H-0, black), 1-02cCage from 1-H20[Ph4P]
after 6 days (25 uM in H,0, blue).
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Figure S7. 'H NMR of inclusion complex 1-02cCage from 1-H,O[Ph4P] (600 MHz, 298 K).



5. Displacement and anion exchange of 1-0; c Cage complex

2 mM of 1-0; — Cage solution was treated with 20 mM 9-Methylanthracene (MeAn) for 12 h. Figure
4 present a schematic representation of the displacement reaction. Post reaction the solution was

characterized by steady state UV-Visible absorption measurements.

Above reaction mixture was treated with excess Potassiumhexafluorophosphate (KPFs). The nitrate
counter anion for the palladium nanocage is replaced with hexafluorophosphate anion (PFs’) and the
cage complex along with its guest precipitate out of the solution. The turbid solution is centrifuged,
catalyst being water soluble stays in the solution the precipitate is separated from supernatant and

taken for absorption spectrum. Anion exchange can be better visualized with help of Figure 5.
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Figure S8: Representation of displacement reaction. MeAn is water insoluble and it displaces wa-

ter soluble catalyst out once it moves inside the cavity.
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Figure S9: Anion exchange reaction represents, PF¢ replaces the NOs  anion of the nanocage lead-
ing to precipitation along with guest. Catalyst being water soluble stays in the solution and can be

separated by centrifugation.
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Figure S11. Comparative EPR spectra of the free catalyst 1-Cl[Et4N], (black) in water, empty EPR
tube, Cage (blue), 1-02 — Cage (2 mM in H,0, red), and difference spectrum (1-02 — Cage — Cage).
All spectra were recorded at 93 K with modulation amplitude of 1 G and at 0.2 mW MW power on
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Figure S12. EPR spectrum of 1-0, — Cage and its simulation is plotted. The g values obtained from
simulation is gy = gyy = 2.102, g, = 1.985 corresponds to S = %2 species. The simulation is vertically

offset from the raw data for clarity.



6. Chemical synthesis of Fe'V-superoxo complex

To a solution of [EtsN][(bTAML)Fe(CI)] (1-Cl[Et4N];) (20 mg) in DCM, was added excess (~10
equivalent) of ceric ammonium nitrate (CAN) and the solution was stirred for 5 min. The resulting
violet color solution was filtered, and UV-Vis spectrum was recorded. Absorbance at wavelength 543
(e = ~ 5000 cm™ M) nm and 857 nm (broad) (shown in FigureS13) confirm the formation of
[FeV(C1)-bTAMLY]. (Singh, K. K.; Sen Gupta, S. Chem. Commun. 2017, 53, 5914-5917). Further,
complex [(bTAML)FeV(Cl)]" (X-band EPR silent) upon reaction with potassium superoxide (KO,) in
DCM at -40 C, showed a S=1/2 spin EPR signal (gx = g, = 2.12 and g, = 1.996) (Figure S14).

0.4

5413 MM bTAML)Fe(CI)]”

Absorbance
o
i

0.0

T ; T 4 T S T

400 600 800 1000
Wavelength/ nm

Figure S13. UV-Vis spectrum of complex [(bTAML)Fe!V(CI)] in dichloromethane.
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Figure S14: The X-band EPR of resulting solution after reaction between Fe'V-Cl and KO»; and
the corresponding simulation. The axial g-tensor has principal values of gx = gy = 2.12 and g;

= 1.996 representing Fe(IV)-superoxo species.



7. Resonance Raman spectroscopy of the inclusion complex 1-0; — Cage in isotopically la-

beled water (H>!20 and H,'°0):

1-0,cCage was prepared in two different isotopically labeled water solutions of H,'®0 and H,'°0
from 1-CI[Et4N],. Due to small volume the Raman spectrum of H,'80 sample was measured in static
condition while sample in H,'°0 was measured in flowing condition. These measurements were
performed using a 532 nm laser as the excitation source and acquisition was averaged over 10
scans with total acquisition time of 120s. The power at the sample was measured to be 2.5 mW
for both samples. Apart from the shift in low frequency shift in the samples prepared in differently
labeled water, different features in the spectrum were also found to be sensitive. The feature
though poor to signal to noise make it harder to confirm the shift observed thus different normal-
ization ratio has to be implemented to observe dispersive feature in different regions of the spec-
trum as shown in the Figure S15. Based on previous work of Nakamoto and coworkers, and other
groups the features sensitive to isotopic labeling were assigned. The feature at 1086 cm™! is assigned
to vO-0 which in H,'®0 sample is partly hidden in 1063 cm™ feature of the cage. The feature at 697
cm’! is part of oxygen isotope sensitive bands in the region of 600-800 cm™ is assigned to the side

on isomer v(Fe-0) stretching mode coupled to vibrations of ligand around Fe center.
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Figure S15. Top: Resonance Raman of Cage (in green), 1-02cCage prepared in H,'°0 (in black), 1-
0,cCage prepared in H>'%0 (in red) and different ratio of normalizations to see isotopically sensi-
tive features; Bottom: Resonance Raman spectrum of 1-0,cCage prepared in H,'°0 (in black), 1-
0,cCage prepared in H»'®0 (in red) and difference spectrum spectra (H»'80 spectrum — H,'®0 spec-

trum, in blue) in different regions, * depict cosmic rays
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8. Synthesis of the inclusion complex 1-0.cCage in different isotopes molecular oxygen envi-

ronment:

A three neck flask was attached with a Schlenk line that is connected to argon and vacuum, a balloon
to perform maintain reaction under a particular gaseous environment, and septa to inject sample.
The set up was purged with argon and vacuumed thrice and kept under argon atmosphere. 1 ml of
2mM cage solution was injected through the septa. The three neck flask was put into liquid nitrogen
bath to freeze the solution and the gas from the top of the solution was evacuated with the help of
vacuum. Vacuum was stopped and argon was reintroduced in the reaction vessel and the vessel was
brought to room temperature. This process of freeze, vacuum, argon purging and thaw was performed
3 times to remove dissolved oxygen in the solution. Under constant flow of argon 1.4 mg of catalyst
1-Cl[Et4N], was added to the reaction vessel and then sealed off still under argon atmosphere. The
freeze, vacuum, argon purging and thaw cycle was performed again 2 times. The third time after
vacuum step the vessel was purged with '®0, and the atmosphere was maintained for the reaction
vessel because of the balloon attached. The insertion reaction was carried out for 12 h similar to the
reaction under ambient conditions. After the reaction is over the sealed vessel was moved into a
glove bag that has been purged with argon and vacuum thrice. The reaction vessel was opened and
filtered, put in cuvette for Raman measurements attached to a sealed stock container. The measured
Raman spectrum for sample prepared in 80, and '°0, (ambient conditions) and their difference, is

shown in Figure S16.
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Figure S16. Resonance Raman of 1-0; — Cage prepared in '°0; (in red), 1-0; — Cage prepared in
80, (in blue), difference spectra (0.8*'80, spectrum — 0, spectrum, in black) (* depict cosmic

rays). We observe no changes in the modes associated with 180-isotope enrichment. The label

was washed away by 55 M H,'¢0 as expected.



