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ABSTRACT: A heterometallic octanuclear coordination cage [Os,Zn,(L"*?),,]X;4
(denoted OseZn; X = perchlorate or chloride) has been prepared (L** is a bis-
bidentate bridging ligand containing two pyrazolyl—pyridine chelating units separated
by a 1,5-naphthalenediyl spacer group). The {Os(NN);}** units located at four of the
eight vertices of the cube have a long-lived, phosphorescent *MLCT excited state
which is a stronger electron donor than [Ru(bipy);]**. The chloride form of OseZn is
water-soluble and binds in its central cavity the hydrophobic electron-accepting
organic guests 1,2,4,5-tetracyanobenzene, 1,4-naphthoquinone and 1-nitronaphthalene,
with binding constants in the range 10°—10* M, resulting in quenching of the
phosphorescence arising from the Os(II) units. A crystal structure of an isostructural
Cog cage containing one molecule of 1,2,4,5-tetracyanobenzene as a guest inside the
cavity has been determined. Ultrafast transient absorption measurements show
formation of a charge-separated Os(III)/guest®” state arising from cage-to-guest
photoinduced electron transfer; this state is formed within 13—21 ps, and decays on a time scale of ca. 200 ps. In the presence of
a competing guest with a large binding constant (cycloundecanone) which displaces each electron-accepting quencher from the
cage cavity, the charge-separated state is no longer observed. Further, a combination of mononuclear {Os(NN);}** model
complexes with the same electron-accepting species showed no evidence for formation of charge-separated Os(III)/guest®~
states. These two control experiments indicate that the {Os(NN);}*" chromophores need to be assembled into the cage
structure to bind the electron-accepting guests, and for PET to occur. These results help to pave the way for use of photoactive
coordination cages as hosts for photoredox catalysis reactions on bound guests.

B INTRODUCTION

Coordination cages, in which a combination of metal ions and
bridging ligands self-assemble into a hollow three-dimensional
array with a well-defined central cavity, have been of particular
interest for functions associated with binding of small molecule
guests in the cavity.' In many cases, this function relies simply
on the structure of the host container molecule with the
precise chemical nature of the component parts of the cage
being of secondary importance: the cage is simply an inert box
of given dimensions, solubility, and charge. Examples of such
systems are provided by the occurrence of many kinds of
catalyzed reactions of bound guests” or the transport of drug
molecules in cage cavities across cell membranes.” Both of
these functions depend on the cavity characteristics of the host
molecule but are generally independent of the specific
chemical properties of the metal ions at the cage vertices,
which play a purely structural role.

cages in which the components of the cage—either metal ions
or bridging ligands—play a more active role in the functional
behavior, with the most obvious example being cage/guest
systems that are photophysically active (i.e., they display
luminescence, or there is an excited-state interaction such as
photoinduced energy or electron transfer between host and
guest).4 Luminescent cages may have their emission properties
modulated by guest binding, providing shape- and size-
selective sensors for substrates as diverse as nitroaromatic
compounds,5 chemical warfare agent simulants,® or nucleo-
sides.” The array of chromophores in a cage superstructure
may also participate in photoinduced electron transfer with
bound guests, leading to a range of photocatalyzed trans-
formations in which the cage not only recognizes and binds the
substrate in the cavity, but acts as a photochemical reaction
partner.*>® This process offers a particularly appealing way to

In contrast to this well-established approach, there has been
recent interest in the host/guest chemistry of coordination
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exploit the properties of coordination cages: the large number
of chromophores provided by the metal ions or ligand array in
the cage superstructure, in close proximity to and surrounding
a bound guest, generates a far higher local concentration of
chromophores around the substrate than could be achieved
simply by diffusion of separate chromophore and substrate
units in solution. As such there has been considerable recent
interest in development of strategies to incorporate photo-
physically active metal complex units or organic units into
coordination cage superstructures.4_

We reported recently how the octanuclear, approximately
cubic coordination cage [Cdg(L"*"),,]'®*, which is lumines-
cent by virtue of the array of 12 naphthyl chromophores in the
ligands around the cage periphery, could effect photoinduced
electron transfer from a naphthyl group in its excited state to
an electron-deficient guest such as 1,4-naphthoquinone (NQ)
or 1,2,4,5-tetracyanobenzene (TCNB).” This coordination
cage was an attractive target for this type of photophysical
study on cage/guest complexes as it has exceptionally well-
understood host—guest chemistry."' ™'* Binding of the guests
in this cage cavity in water, which is driven by the hydrophobic
effect,'” resulted in quenching of the cage fluorescence and (in
one case) the appearance of a detectable signal for a short-lived
radical anion of the guest in UV/vis transient absorption
spectra, indicative of cage-to-guest photoinduced electron
transfer which resulted in a short-lived (naphthyl)®*/
(TCNB)®~ charge-separated state in the host/guest complex.”

More versatile photosensitizers to use in this context
however are those based on phosphorescent complexes of d*
transition metals such as Ru(II), Os(Il) and Ir(III). These
complexes have very well-established and beneficial photo-
physical properties, in terms of long-lived excited states which
are able to participate in PET to or from a nearby quencher,
and also the chemical stability of both redox partners; these
desirable properties account for the extensive popularity of d°
complexes in photoredox catalysis."* Their kinetic inertness
however makes self-assembly of coordination cages containing
these units difficult. A common strategy to form a cage is
therefore a stepwise one, in which a preformed metal complex
fragment bearing pendant binding sites (a “complex ligand”) is
combined with a labile ion in a second step, resulting in
assembly of a heteronuclear cage which incorporates an array
of phosphorescent metal complex units.*”*"'** Using this
strategy, we described recently the two-step formation of
another member of our cubic cage family, [Os,Cd (L") ,]
(BF,);s in which four Os(Il) complex units bound by three
pyrazolyl—pyridine chelating ligands form four of the eight
vertices of the cube, in a strictly alternating arrangement with
the Cd(II) ions (Scheme 1).'° These Os(II) units were
shown to have photophysical characteristics which are
potentially useful for light-related applications, in particular a
phosphorescent MLCT excited state with a lifetime of
hundreds of nanoseconds, and an excited-state oxidation
potential which is sufficiently low to make them PET donors
that are comparable to the well-known sensitizer [Ru-
(bipy)3]2+.loa

In this paper, we report the preparation of the related
photoactive cubic cage [Os,Zn,(L"*),](ClOy4)4 its con-
version to the water-soluble chloride salt (water-solubility is
essential to allow strong binding of hydrophobic guests), and
the photophysical consequences of binding a range of electron-
deficient guests in the cage cavity in water. In particular, we
show by UV/vis transient absorption spectroscopy that PET
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Scheme 1. Stepwise Synthesis of Heterometallic Cubic
Cages”
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“Combination of four pre-formed, kinetically inert [(M®*)(L"*¥),]**
units (M® = Ru, Os; 1:3 mix of fac and mer isomers) with four labile
ions (M*)** (M® = Co, Zn, Cd) to give [(M%),(M®),(L™F);,]"¢".
Reproduced with permission from ref 10a. Copyright 2015 Royal
Society of Chemistry.

occurs from the array of Os(II) sensitizers in the cage array to
the bound guest molecules, and describe the dynamic behavior
of the cage/guest assemblies in their excited states. The long-
term goal is to use the cages as photoredox catalysts, to effect
catalytic transformations of bound guests: evaluating the ability
of the cages to perform PET to bound guests, and
characterizing the nature and dynamic behavior of the resulting
charge-separated states, is the essential first step.

B RESULTS AND DISCUSSION

Synthesis, Characterization, and Properties of the
host cage OseZn. We have previously reported group of
mixed-metal [(M?),(M®),(L™%),,]1X4 cages, which contain
Ru(II) and Os(II) metal centers as the four kinetically inert
vertices (M?).'" These cages were prepared (Scheme 1) by
initial formation of the mononuclear complex ligands
[M?*(L™),]*" in which the three ditopic ligands, L™¥, are
coordinated to M® via one terminus only, leaving three pendant
binding sites at which the cage assembly could be propagated
by reaction of four equivalents of [M*(L"*),]** with four
equivalents of a labile metal ion M® [Co(II) or Cd(II)].
Importantly, formation of the initial Ru(II) or Os(II)
complexes [M?*(L"P);]** with three pyrazolyl—pyridine
chelates around each M® center occurs to give an
approximately statistical fac:mer ratio of 1:3,'" but these do
not need separating for the next step as this family of
octanuclear cubic cages contains two fac and six mer metal
centers, so the 1:3 fac:mer ratio of [M*(L"),]** metal complex
units is precisely correct to be used as isolated for the final step
to complete cage assembly.'”

The new cage [Os,Zn,(L"*®),]Cl;¢ (abbreviated hereafter
as OseZn) has two significant dlfferences from the previously
reported heterometallic cubic cages.'” First, replacement of the
traditional counterions (BF,”, PF¢~; used to confer solubility
in polar organic solvents) by chloride provides the necessary
water-solubility that enables hydrophoblc guests to bind.'®
Second, Cd(II) as the labile metal ion M has been replaced by
Zn(II). In both cases, the labile ion is d'° and therefore
photophysically innocent, not causing any quenching of the
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excited state of the Os(II) vertices: however we found that,
following conversion of the cages to the chloride form by ion-
exchange, the Os,Zn, cage showed better long-term stability
than the Os,Cd, analogue, possibly because of the high affinity
of chloride for Cd(II).

OseZn (as its perchlorate salt) was prepared by combina-
tion of [Os(L"P),](PFy), with excess Zn(ClO,), in nitro-
methane followed by slow crystallization from nitromethane/
diisopropyl ether to afford deep red X-ray quality crystals. The
identity of the complex was confirmed by ES mass
spectrometry, with the spectrum showing a characteristic
sequence of signals {Os,Zn,(L"?),,(ClO,) c..}"" (n =4, S, 6)
due to sequential loss of anions from the intact complex cage
cation. The low symmetry of the complex (four independent
ligands with no internal symmetry generates 88 independent
proton environments, mostly in the aromatic region)'
precludes assignment of the "H NMR spectrum, but a DOSY
spectrum of the chloride salt (see Supporting Information,
Figure S1) showed that all signals had the same diffusion
coefficient [log D (m* s™") = —9.8] which is characteristic of
an assembled cage and quite different from the less negative
values associated with mononuclear complex fragments {e.g.
log D (m?s™") = =9.1 for [Os(L"*);] (PFy),}."°

The X-ray crystal structure (Figure 1) shows that this cage
has the same, approximately cubic, structure that we have

Figure 1. Three views of the crystal structure of the complex cation of
OseZn as its perchlorate salt: (a) a view of the whole complex cation
(in wireframe) showing the six surface-bound 6 ClO,” anions in
space-filling mode, (b) a wireframe view of the whole cage
emphasizing the alternating disposition of two metal ion types in
the metal superstructure (red/yellow), and (c) a space-filling view of
the complete assembly emphasizing the cubic structure and the
windows allowing guest access to the central cavity.

observed for many other [Mg(L"®),]X;¢ cages with other
metal ions, with a metal ion at each vertex of the 8 vertices of
the cube and a bridging ligand connecting two metal ions along
every one of the 12 ed%es. This structural type has been
described in detail before;”'* the key structural features such
as the (noncrystallographic) S symmetry arising from the
arrangement of two fac and six mer tris-chelate sites (Scheme
1), the extensive interligand 7-stacking between electron-rich
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and electron-deficient fragments of different ligands around the
periphery, and the presence of an anion in each of the portals
on the centers of the six faces, are typical. The metal—metal
separations along the edges of the cubic array of metal ions are
11.2—11.3 A. In this structure, as in some of the previously
reported heterometallic cages [(M®*),(M®),(L™®),,]X;s (M* =
Ru or Os, M? = Co; M?* = Os, M = Cd),loa the two metal sites
are indistinguishable crystallographically as the cage is
disordered over two orientations such that each metal atom
site is refined as a 50/50 mixture of Zn and Os.

To make the cage water-soluble, Os®Zn was converted from
a perchlorate salt to a chloride salt, by stirring a suspension of
[0s,Zn,(L"*),,](Cl0O,) ¢ in water with an excess of Dowex
ion-exchange resin to afford an aqueous solution of OseZn as
the chloride salt. The electrochemical and photophysical
properties of OseZn in water were investigated by UV/vis
absorption and luminescence spectroscopy, and cyclic
voltammetry (Table 1; Supporting Information, Figure S2).
The properties of OseZn are virtually identical to those of the
mononuclear component complex [Os(L"*),]Cl,, with only
small changes arising from assembly with Zn(II) ions to form
the cage (e.g,, the Os(1I)/Os(1II) redox potential for OseZn is
10 mV more positive than for mononuclear [Os(L"*),]CL,).
The four Os(1I)/Os(III) couples are coincident, with a single
wave in the cyclic voltammogram that showed no signs of
broadening or being split into four closely spaced components,
and fully chemically reversible. The chemical reversibility of
the Os(I1)/Os(III) redox process—i.e. the stability of both the
Os(II) and Os(III) forms of the complex units—is an essential
prerequisite for any possible use of OseZn to effect
photoredox catalysis on cavity-bound guests.

We also prepared the simpler mononuclear Os(II) model
complex [Os(L™);]Cl, (Scheme 2) in order to be able to
eliminate any substituent effects arising from the naphthyl
units on the redox and luminescence properties of the Os(II)
components in OseZn. Compared to both OseZn and
[Os(L"*),]Cl,, the Os(I11)/Os(II) redox potential is ca. 100
mV less positive; and the emission maximum is slightly red-
shifted to 655 nm. [Os(L™);]Cl,, like [Os(L**®);]Cl, is also
formed as a statistical mixture of fac and mer isomers
(Supporting Information, Figure S3). UV/vis spectra are
collected in Figure 2. The phosphorescence of the MLCT
state, for both mononuclear complexes [Os(L™*);]Cl, and
[Os(L™);]Cl,, decays with two distinct lifetime components
with the ratio of the amplitudes (Figure S4) corresponding
approximately to the statistical 3:1 mixture of mer:fac isomers.
In contrast, the luminescence decay of the assembled cage
OseZn follows a monoexponential decay (Table 1); using two
components did not improve the quality of the fit. The time-
resolved luminescence decay data with overlaid best fits are
given in Supporting Information (Figure $4).

It is clear from the data in Table 1 that the desirable
photophysical properties of mononuclear [Os(L"*),]CL, in
particular the long-lived *MLCT excited state which is capable
of acting as a good photoelectron donor,'™ are preserved in
the cage assembly OseZn. Importantly, no naphthalene-based
emission was observed even when excitation was at 290 nm
into the naphthalene-based absorption maximum of the
OseZn cage, confirming that any ligand-based excited states
that may be initially formed undergo fast intramolecular
energy-transfer to the Os(II)—diimine units at the cage vertices
from which the characteristic °"MLCT phosphorescence occurs.

DOI: 10.1021/acs.inorgchem.8b02860
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Table 1. Summary of Redox and Photophysical Properties of [0s,Zn,(L"?),,]Cl,s, [Os(L"*);]Cl,, and [Os(L™);]Cl,
Obtained in an Aerated Aqueous Solution at Room Temperature

absorption 4,,,,/nm (107%¢/L mol™ cm™)
400 (sh), 428 (23.5), 512 (7.2), 559 (sh)
398 (sh), 424 (9.3), 513 (2.6), 561 (sh)
395 (sh), 430 (5.7), 515 (1.5), 565 (sh)

[Os4Zn,(L™?),,]Cly4
[Os(L™);]CL,
[Os(L™);]CL

emission 4,,,,/nm“

emission 7/ns (esd)” E,,(0s**/0s*)/V vs SCE®

638 337(24) 0.75 (60 mV)“
636 183(12), 354(17)¢ 0.74 (80 mV)
655 97(2), 206(2)° 0.63 (60 mV)

“Excitation at 550 nm. “Obtained using 410 nm, ca. 100 ps pulsed excitation. “Measured vs Ag/AgCl reference electrode, calculated using E, ,,(Ag/
AgCl) = +0.045 V vs SCE. 9Anodic/cathodic peak separation. “Two components consistent with presence of mixture of fac and mer isomers, see

main text and Figures S3 and S4.

Scheme 2. Structural Formulae of the Mononuclear
Complexes [Os(L");](PF), and [Os(LM®);](PFy), (1:3
Mix of fac and mer Isomers)

(PFe)2
3 LMR=H)
LMe (R = CH3)
251 5
©
>
- 20 3
£ §
o =
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> \
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500 600
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Figure 2. UV/vis absorption spectra of OseZn (black), [Os(L"*¥),]-
Cl, (red), and [Os(L™);]Cl, (blue), in H,O. Inset: luminescence
spectra of isoabsorbing solutions of OseZn (black), [Os(L"*);]Cl,
(red), and [Os(L™);]Cl, (blue), in H,O, with 550 nm excitation.

Guest Binding. To explore the ability of the Os(Il)
chromophore in Os®Zn to act as an electron-donor from its
*MLCT excited state, three electron-accepting guests (Scheme
3) have been studied which are all of an appropriate size to fit
in the cage cavity and are sufficiently hydrophobic to ensure
reasonable binding in water.'”* Two of these guests (TCNB
and NQ) were also shown in a recent study to bind in the
cavity of the isostructural cage [Cdg(L™*"),](NO3),, causing
quenching of the naphthalene-based cage fluorescence.” 1-
Nitronaphthalene (NN) has not been used as a guest before.

Scheme 3. Structural Formulae of Guests Used in This
Work [1,2,4,5-Tetracyanobenzene (TCNB), 1,4-
Naphthoquinone (NQ), and 1-Nitronaphthalene (NN)]

NO,

NCI;[CN O‘ OO

NC CN

o)

TCNB NQ NN
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All three guests (G) are sufficiently good electron acceptors to
quench the Os-based MLCT excited state to give Os(III)/G*~
charge-separated states: the "MLCT excited-state energy of the
Os units is 16100 cm™ (ca. 2 eV),'®™ and the potential
required to oxidize Os(II) to Os(IIl) is ca. 0.7 V vs SCE
(Table 1), which means that any guest that can be reduced at a
potential significantly less negative than —1.3 V vs SCE should
be able to quench the Os-based *MLCT excited state by PET.

Binding of these guests in the cavity of OseZn in water was
examined by luminescence titrations. During addition of
increasing amounts of guest to an aqueous solution of
OseZn, the luminescence intensity steadily diminished as
binding of the electron-accepting guest quenched the Os-based
emission (Figure 3a). In all cases the curve of emission
intensity vs guest concentration fitted well to a 1:1 binding
isotherm (see inset to Figure 3a), giving binding constants for
all three guests in the range 10° M~ — 10* M™" (Table 2). The
values obtained for NQ and TCNB are slightly smaller than
were observed for binding in the cavity of

5 (@)

©

B

k7]

o

)

£
o 1 2 3
Guest concentration

/ mM

Luminescence intensity / a.u.

700
Wavelength / nm

600

80
3/ ppm

Figure 3. (a) Luminescence titration of [Os,Zn,(L"?),,]Cl;s (0.02S
mM) with 1,4-naphthoquinone as guest in H,O, using excitation at
550 nm, up to the point at which cage is ca. 90% occupied by guest.
(b) NMR titration of the isostructural cage [Cog(L"?),]Cl;4 (0.15
mM) with increasing NQ_guest concentration (up to 16 equiv), in
D,O0.

DOI: 10.1021/acs.inorgchem.8b02860
Inorg. Chem. 2019, 58, 2386—2396


http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b02860/suppl_file/ic8b02860_si_001.pdf
http://dx.doi.org/10.1021/acs.inorgchem.8b02860

Inorganic Chemistry

Table 2. Redox and Photophysical Properties of the Three Guest Molecules, TCNB, NQ, and NN, and Their Binding
Constants Inside the Cage Cavity

Ea/a./V vs SCE K(lum)?/M™" K(NMR)°/M~' A,./nm (neutral guest)  Ap,/nm (radical anion)  grow-in and decay for Os**/G*~ state/ps’

TCNB —0.66" 4% 10° 3% 10° 300, 330¢ 462 (436, 414, 375, 354)° 21 + 14 (grow-in)
205 + 60 (decay)

NQ -0.71° 2 x 10° 2 x 10° 340, 440° 390, 550" 13 + 4 (grow-in)
185 + 95 (decay)

NN —0.99¢ 8 x 10° 3% 10° 340 465, 272¢ 18 + S (grow-in)

185 + 75 (decay)

“Reference 18 “Reference 19 “This work (see Figure S12). 9Obtained by luminescence titration with OseZn in water. “Obtained by NMR titration
with [Cog(L*®),,]Cl,s in D,O. The data presented here are averaged over multiple independent fits obtained from analyses of several samples.
The spectra presented in the Supporting Information are for one individual experiment only.

[Cdg(L™*Y) ,](NO;) 6 (both >10* M™!),” which we ascribe complexes with this system.ﬁ’“'12b Figure 4 shows the crystal

to the presence of chloride as the counterion for OseZn; we structure of this cage/guest assembly in which one molecule of
have noticed before that use of chloride as counterions— TCNB is centrally positioned in the cage cavity, astride the
excellent though it is for conferring water-solubility on the inversion center, with an opposed pair of cyano groups
cages—reduces binding constants of guests, possibly due to directed into the two H-bond donor pockets associated with
competition from the chloride anion for guest binding in the the two fac tris-chelate metal vertices located at either end of
cavity in aqueous solution.'® Time-resolved measurements the long diagonal of the cage. This allows the lone pairs on
taken during the titrations of the guests into OseZn showed each of those two N atoms to participate in a network of weak
only a reduction in magnitude of the long-lived phosphor- CH-N interactions with a set of convergent CH protons that
escence component as the amount of free cage decreased, with lie close to the cationic metal centers, which collectively form
no short-lived emission components appearing associated with an H-bond donor site comparable in strength to phenol.'**
guest binding, which indicates that guest binding results in These CH:--N interactions—principally involving atom N-
complete (within the sensitivity of our instruments) quenching (15G) but also involving atom N(17G) — result in nonbonded
of the Os-based emission from each cage. C--N separations in the range 3.38—3.40 A, with the CN---HC
Attempts to measure binding of these guests in the cavity of distances in the range 2.48—2.75 A.

OseZn using 'H NMR spectroscopy were unsuccessful due to The position of the nitrile N atom—N(15G) and its
substantial overlap of the "H NMR signals of the cage and the symmetry equivalent—in this H-bonding pocket results in an
guests, and the presence of a large number of signals for the N(15G)--Co(4) separation of 5.33 A, comparable to what we
cage in a small chemical shift region which made it difficult to observe with a range of other guests whose electron-rich
monitor small changes. However, we could measure the regions occupy this hydrogen-bond donor pocket. This type of
binding constants of these three guests in the cavity of the H-bonding interaction occurs in all cage/guest complexes that
isostructural Co(1I) cage [Cog(L™®),,]Cls'® by 'H NMR we have structurally characterized and anchors the guests in
titrations for comparison purposes: the paramagnetism of the place.""'*> What is interesting here is that the dimensions of
high-spin Co(II) ions disperses the 'H signals from the cage TCNB are fortuitously ideal to allow the guest to span the
over a range of nearly 200 ppm, enabling the changes in cage cavity and be anchored at both ends, suggesting interesting
'H signals associated with guest binding to be detected easily possibilities for future work on guest binding based on multiple

and used to calculate binding constants (Figure 3b).'**" The H-bonding interactions.
values of the binding constants obtained from 'H NMR Transient Absorption Studies. The excited-state behav-
titrations of the three guests in [Cog(L"*),,]Cl;¢ (Table 2) are ior of the OseZn cage and its cage/guest assemblies were
reassuringly comparable to the values obtained by lumines- investigated using ultrafast UV/vis transient absorption (TA)
cence quenching of isostructural OseZn by the same guests. At spectroscopy, with the aim to detect differences between the
the end of these titrations we could observe new signals in the excited state behavior of OseZn in the absence and presence of
"H NMR spectra for these cage/guest assemblies in the region a guest. The TA spectra were recorded in aqueous solutions,
—1to —S ppm (Supporting Information, Figure S5), associated using excitation with ~40 fs pulses at 400 nm [into the
with a guest being bound inside a cavity in slow exchange on 1I\/ILC’]:‘ absorption manifold associated with the OS(H) units].
the NMR time scale, surrounded by eight paramagnetic ions The TA spectrum of mononuclear [Os(L™);]Cl, (Scheme
which cause the substantial change in the guest’s chemical 2)—prepared as a model for the Os(II) units in the cage, and
shift. We have previously confirmed that new signals in this isolated as a 1:3 statistical mixture of fac and mer isomers,"’
region of the NMR spectrum when cage/guest complexes form reflecting the proportions in the OseZn cage—immediately
are associated specifically with bound guests.13 after excitation shows bleaches at 425 and across the 520—560
Guest binding inside the cage cavity was finally confirmed by nm region relating to loss of the ground-state absorption,
the crystal structure of the cage/guest adduct using exactly mirroring the shape of the UV/vis absorption spectrum
[Cog(L™?)},]1(BF,),¢ which provides a cage environment in this region (Figure Sa). The bleaching of the ground state is
isostructural with that of OseZn. The adduct of accompanied by formation of new transient absorption bands
[Cos(L™®)1,](BF,) s with TCNB was prepared using the at around 610 and 350 nm. The new absorption band at 610
same “crystalline sponge” method—treating preformed crystals nm is assigned to transient oxidation of the Os(II) vertex to
of the empty host [Cog(L"®),,](BE,),s with a concentrated Os(III) in the MLCT excited state: previous spectro-
solution of the guest in MeOH—that we have successfully electrochemical studies confirm that the broad region of
used before to prepare X-ray quality crystals of cage/guest absorption between 600 and 700 nm is associated with
2390 DOI: 10.1021/acs.inorgchem.8b02860
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Figure 4. Two views of the crystal structure of the cage/guest adduct [Cog(L™"),,](BF,),0.66(TCNB) showing the presence of the bound guest
in the cavity of the cage cation [Cog(L™*),]'%*, which is isostructural with the cage cation of OseZn. Top: view of the complete cage (H atoms not
included) showing the position and orientation of the guest. Bottom: a view showing the guest and only the two opposed fac-tris(chelate) metal
complex vertices that form the hydrogen bond donor pockets, with the collection of inwardly directed H atoms that participate in CH---N H-
bonding interactions with N(15G) and N(17G) shown in yellow. A short intermolecular distance 2.90(1) A is apparent between cage-encapsulated
methanol oxygen atom O(11S) and the guest cyano carbon atom C14G. The distance and angle [O(11s)--C(14G)—N(15G), 101.6(3)°] are
consistent with the Burgi—Dunitz angle describing the approach of a nucleophile to an unsaturated carbon atom (see Supporting Information).

formation of Os(III) vertices (see Supporting Information,
Figure S6).'"" The increased absorption at ca. 350 nm can
reasonably be assigned to the (pypz)*~ radical anion that is
also formed in the >MLCT excited state; we do not have
confirmation of this assignment by spectro-electrochemistry as
the ligand-based reductions of these pypz complexes are
irreversible, but changes in the 7—7z* absorption manifold
associated with ligands in the UV region are to be expected
when a ligand is transiently reduced to its radical anion.
These transient features in the absorption spectrum of
[Os(L™);]Cl, decay synchronously with the bleach recovery.
The transient spectrum does not decay completely by the
instrument-determined limit of 7.5 ns, suggesting the presence
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of a much longer-lived decay component (in agreement with
the luminescence measurements, Table 1). The kinetic data
were modeled using global analysis in a 4-component model
where the two long lifetimes (206 and 97 ns) were fixed to
match the luminescence decay data, and additional fast
processes with time constants of 1.6 ps (likely vibrational
cooling)'” and 140 ps were identified (the latter, low-
amplitude, component is too slow for vibrational cooling,
and implies a more substantial structural rearrangement,
perhaps associated with a distortion of the metal coordination
sphere in the excited state). Overall the transient absorption
spectra and dynamic behavior observed for [Os(L™);]Cl, are
consistent with typical formation and decay of a *MLCT state.
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Figure S. Transient absorption spectra at a series of time delays from
1 ps to S ns in H,O, following 400 nm, 40 fs pulse excitation for (a)
[Os(L™),]ClL, and (b) OseZn, illustrating the similarity of their
excited-state behaviors.

The assembled cage OseZn demonstrated transient
absorption behavior (Figure Sb) which was very similar to
that of the monomer, confirming what was apparent from the
redox and luminescence data, viz. that coordination of the
pendant pyrazolyl—pyridine units of [Os(L"*),;]Cl, to Zn(II)
ions to complete the cage assembly has very little effect on the
properties of the Os(II) units. Again we observe, following 400
nm/40 fs pulse excitation, bleaches of the UV/vis absorption
bands associated with the '"MLCT absorptions and appearance
of new transient signals associated with formation of a *MLCT
state (Figure Sb) as described above for [Os(L™);]CL,.

The transient features in the absorption spectrum of OseZn
decay synchronously with the bleach recovery. The kinetic data
modeled using global analysis, with a fixed time constant of
>50 ns (to match luminescence data, although on the time
scale of the experiment, this lifetime can be considered as a
constant background level), revealed two fast processes with
the time constants of subpicoseconds (likely due to vibrational
cooling)'” and ~1 ns, most likely due to a distortion of the
metal coordination sphere in the excited state which occurs on
a somewhat longer time scale than in the mononuclear
complex due to the rigidity of the cage. Decay-associated
spectra obtained by global analysis of the TA data (sequential
model), corresponding to the species decaying with each of the
different time constants, are shown in Figure S7.

The TA experiments were then conducted on solutions of
OseZn cage (0.15 mM) in the presence of a sufficient excess of
guest (0.4—1.5 mM) to ensure that a substantial proportion
(>70%) of the cage contained bound guest, based on the
binding constants in Table 2. Any differences in the transient
absorption spectral features and kinetic behavior between free
OseZn and the Ose®Zn/guest assemblies, will be indicative of
photoinduced electron transfer between cage and guest. The
results of the global analyses of the TA data for each cage/
guest assembly (see Supporting Information for details, Figures
S8—S11) are summarized in Table 2. In each case, in the
presence of the guest, we require two additional kinetic
components in order to satisfactorily fit the data using global
analysis. The shorter of these (time scale 13—21 ps) is
associated with the grow-in of new features in the TA spectrum
and can therefore be tentatively ascribed to a forward PET
process, from the MLCT excited state of one of the Os(II)
units in the cage to the bound guest, generating an Os®*/
guest®™ charge-separated state. When TCNB is used as the
guest, the grow-in of this charge-separated state is particularly
prominent due to the narrow and intense absorption feature of
its radical anion at 460 nm; the grow-in for the radical anions
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of the other two guests is less pronounced in the TA data, but
is nonetheless clearly evident in the global analysis. The second
additional kinetic component is for the decay of the features
associated with this excited state, with a lifetime of ca. 200 ps
in every case: this is consistent with “geminate recombination”
of the short-lived charge-separated state which has formed
following PET. The time constants of this new decay process
(Table 2) are similar for all three OseZn/guest combinations,
within 1 standard deviation of each other. We note that decay
of the (naphthyl)**/(TCNB)*~ charge-separated state based
on [Cdg(L"*"),](NO;);s as host and TCNB as guest
occurred on broadly comparable time scales with decay
components of 32(+11) and 1130(£150) ps.”

Further analysis of the TA data was performed on each of
the OseZn/guest assemblies through spectral subtractions, to
reveal the transient spectral features associated only with these
short-lived charge-separated states in the cage/guest structures;
this was performed by subtraction of the longest time delay
spectrum (S ns after excitation) from a series of spectra
obtained after shorter time delays from S ps to 1 ns. This
subtraction was necessary to account for the transient
absorption signals arising from ca. 30% of the unoccupied
cage present in the equilibrium mixture. The resulting spectra
(Figure 6) reveal new transient absorption features which are

675
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Figure 6. Transient absorption spectra (400 nm, ~40 fs excitation, in
water) obtained by subtracting a spectrum with a time delay of S ns
from spectra at selected shorter time delays (S ps to 1 ns), for the
complexes of OseZn with the three different guests: TCNB, NN, and

NQ.

associated with the two short-lived kinetic components (grow-
in and decay), and which match those of the guest radical
anions, by comparison with the published spectra of TCNB®~
(maximum at 462 nm),'®* NQ*~ (maximum at 550 nm),"” and
NN°*~ (maximum at 465 nm; recorded in this work in a
spectro-electrochemical experiment, see Supporting Informa-
tion, Figure S12). The main absorption spectral features
associated with these radical anions are collected in Table 2.
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The broad transient feature in the 600—700 nm region in all
three transient spectra is associated with the Os(III) center of
the *MLCT excited state, as mentioned earlier (Supporting
Information, Figure S6).

Decay-associated spectra obtained from the global analysis
of the OseZn/TCNB system are shown in Figure 7a for two of
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Figure 7. Transient absorption spectroscopy data obtained under 400
nm, ~40 fs excitation, in water. (a) Decay associated spectra of the
OseZn/TCNB complex, with the red line corresponding to the
transient spectral features that have a decay constant of 205 + 60 ps,
and brown line corresponding to the transient spectral features of
OseZn only with a decay constant of 50 ns (long time constant). The
asterisk () indicates the most prominent spectral feature in the short-
lived excited state of OseZn/TCNB that is not present in the longer-
lived excited state of OseZn, and corresponds to the main absorption
feature of TCNB*~. (b) Excited-state spectra of each of the three
OseZn/guest complex assemblies, obtained by subtracting the
spectrum associated with the long decay constant (arising from the
free, unquenched OseZn that is present in the equilibrium) from the
spectrum associated with short decay constant (arising from the
OseZn/guest complexes in each case; see Figure S8) to emphasize
the short-lived components (TCNB, purple; NN, red; NQ, green).

the lifetime components: the brown spectrum is associated
with the long-lived component (empty OseZn cage present in
the equilibrium, > SO ns) and the red spectrum is associated
with the short-lived component from the OseZn/TCNB
charge-separated excited state (ca. 200 ps). The transient
absorption spectral features of the cage are present in both
spectra, however when these spectra are subtracted from one
another to remove the long-lived contribution from empty
OseZn cage, the spectrum in Figure 7b (purple) is obtained
which corresponds to the Os’*/TCNB®” charge-separated
component alone, and matches well with the combined
absorption spectra of the (TCNB)*~ anion (460 nm, sharp
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feature) and the Os** unit (broad absorption around 650 nm).
Thus, the short-lived (ca. 200 ps) species is indeed the charge-
separated Os**/TCNB®~ state arising from PET in the cage/
guest assembly. Similar analyses are also shown in Figure 7b
and S8, providing comparable confirmation of the nature of the
transient species for the OseZn complexes with NQ and NN
(NQ, 550 nm, broad absorption; NN, 465 nm, sharp
absorption). Detailed kinetic analyses are given in the
Supporting Information (Figure S10 and S11).

Finally, we needed to confirm that this PET process is
happening within the cage cavity, and is not just associated
with interaction of the guest with the external surface of the
cage or simply by collision between chromophore and
quencher in solution without guest binding in the cage cavity.
Two types of control experiment have been performed. First,
we added to each OseZn/guest complex an excess of
cycloundecanone, a competing guest that binds much more
strongly in the cage cavity than TCNB, NQ, or NN, but is
photophysically innocent. This resulted (Figure 8) in loss of

Os<Zn / TCNB + C11

M

Os+*Zn / TCNB

AOD / a.u.

2000 3000 4000 5000

time / ps

0 1000

Figure 8. Excited state decay kinetics obtained from transient
absorption spectroscopy data from the OseZn/TCNB complex in
water, at 460 nm (averaged over S nm). The traces correspond to free
OseZn (black); the OseZn/TCNB complex [blue, with the obvious
appearance of the short-lived transients corresponding to (i)
formation and (ii) decay of the charge-separated state (see Table 2
for lifetimes of these, and detailed kinetic data in the Supporting
Information)]; and OseZn/TCNB/cycloundecanone (green). The
green trace shows the loss of the short-lived grow-in and decay
components when the guest, though still present in the mixture, is
displaced from the cage cavity by stronger-binding cycloundecanone
(C11). At 460 nm, both the grow-in and decay of the charge-
separated state are particularly clear as this is the absorption
maximum of TCNB®™.

the short-lived grow-in and decay components associated with
the cage/guest charge-separated state, and restoration of the
long-lived decay associated with the empty cage—or, in this
case, the cage occupied by an inert guest that has no effect on
the excited-state behavior. Thus, having confirmed from the
decay-associated spectra that the ca. 200 ps component in each
case is associated with a charge-separated state generated by
cage-to-guest PET, we have also confirmed that this is
associated with the guest being inside the cage cavity and
does not form when the guest is displaced.

Second, we compared the TA experiments on the OseZn/
TCNB adduct (which shows the presence of the transient
signal associated with formation of the TCNB*™ radical anion:
see Figure 6, top panel) with the results of an identical TA
experiment in which the cage OseZn was replaced by 4 equiv
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of [Os(L™),]Cl, to give the same number of Os(II)
chromophores, with the same optical density at the excitation
wavelength, in the solution. In this experiment (Supporting
Information, Figure S13), there is no detectable absorption
feature associated with formation of TCNB*®”, confirming that
it is not just the presence of the Os(I) chromophores that is
essential for the PET to occur but also their assembly into a
cage that can bind the guests in its central cavity.

B CONCLUSION

In conclusion, we have prepared a water-soluble octanuclear
cubic host cage OseZn, which contains [Os(pyrazolyl-
pyridine);]** units at four of the eight vertices, by a stepwise
“complexes as ligands” strategy. These Os(II) complex units
have a longlived *MLCT excited state which is a good
photoelectron donor and is capable of effecting photoinduced
electron-transfer (time scale 10—20 ps) to any of three
different electron-deficient aromatic guests which bind in the
cage cavity, giving in each case a cage®"/guest®” charge-
separated state with a lifetime of ca. 200 ps. Transient
absorption spectra clearly identified spectral features associated
with the guest radical anion in each case, specifically associated
with the short-lived charge-separated species; and addition of a
competing (photophysically innocent) guest removed the
short-lived spectral features associated with formation cage®*/
guest®™ confirming that this requires the guest to be cavity-
bound. The ability of these photoactive cages to both bind a
guest in a cavity surrounded by multiple luminophores, and
then to be involved in photophysical processes with bound
guests, offers interesting possibilities in areas such as
photoredox catalysis'* of bound guests, and even multiple
accumulative electron transfer from two or more strongly
electron-donating chromophores to a single electron-deficient
bound guest™® if the redox potentials are appropriate and the
guest is trapped in the cavity for long enough. Such studies are
in progress.

B EXPERIMENTAL SECTION

[Cog(L™),,)]ClL,s (used for the 'H NMR titrations),"® 3-(2-
pyridyl)pyrazole,”’ and [Os(L™*);](PF¢), (mix of fac and mer
isomers)'* were prepared as reported previously. Single crystals of
[Cog(L™?);,)](BE,) used for determination of the structure of the
[Cog(L™?),)](BE,) s TCNB adduct were also prepared as described
previously.'”” The three guests and other organic reagents/metal salts
were purchased from Alfa or Sigma-Aldrich and used as received.
Instruments used for routine NMR spectroscopic and mass
spectrometric measurements have been reported in a previous
publication.'® Details of X-ray crystallographic measurements are
given in Supporting Information.

'"H NMR titrations to evaluate guest binding in the cavity of
[Cog(L"™®),,)]Cl;s in D,O were performed as previously reported.””
All binding experiments were performed in triplicate; the values for
binding constants quoted are the average of the three measurements
rounded to 1 significant figure. For the fast exchange cases, the
changes in chemical shift were plotted and fitted to a 1:1 host:guest
binding model. For the slow exchange cases, where separate sets of
signals for free cage and cage/guest peaks are observed, binding
constants were determined by deconvolution and integration of the
signals.

Luminescence titrations were performed by preparing a stock
solution of [Os,Zn,(L"*),,]Cl;s (0.025 mM) in deionized water.
Guest solutions (0.5—3 mM) were made up using this stock host
solution (S mL) and added in small portions to the quartz cuvette
containing the host solution, with a luminescence spectrum measured
after each addition. Luminescence spectra were recorded on a Horiba
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Jobin Yvon Fluoromax 4 spectrophotometer, with excitation at 550
nm and an emission window of 570—8S50 nm. Changes in
luminescence intensity with added guest concentration were fitted
to a 1:1 host:guest binding model. Luminescence lifetimes were
measured using an Edinburgh Instruments “Mini-z” instrument, using
a 405 nm, ~ 75 ps pulsed diode laser excitation source, with lifetimes
calculated using the supplied software.

Cyclic voltammetry was performed in water using 0.1 M NaCl as
base electrolyte. The potential was controlled with an Emstat®
Potentiostat using PSTrace software. A solvent-saturated atmosphere
of nitrogen was used to degas the sample and all measurements were
performed under an inert atmosphere of nitrogen. The electrodes
used were a glassy carbon working electrode, a platinum strip counter
electrode and an Ag/AgCl reference electrode. All potentials are
quoted versus SCE; scan rates used were 10—100 mV s™".

UV /vis spectroelectrochemical measurements were performed, in dry
acetonitrile at 253 K on a Cary 5000 spectrophotometer using a
home-built OTTLE cell as previously reported,” with a Pt mesh
working electrode, a Pt wire counter electrode and Ag wire
pseudoreference electrode.

Transient Absorption Spectroscopy. The ultrafast transient
absorption setup used consists of a commercial detection instrument
(Helios, Ultrafast Systems) and the following laser system: a
Ti:sapphire regenerative amplifier (Spitfire ACE PA-40, Spectra-
Physics) providing 800 nm pulses (40 fs fwhm, 10 kHz, 1.2 m]).
Sample excitation was provided by doubling a portion of the 800 nm
output, in a f-barium borate crystal within a commercially available
doubler/tripler (TimePlate, Photop Technologies), yielding 400 nm
pulses. White light supercontinuum probe pulses were generated in
situ using a portion of the Ti:sapphire amplifier output, focused onto a
CaF, crystal, allowing for the generation of light spanning 340—720
nm. Detection was performed with a CMOS sensor for UV/vis
spectra. The pump and probe polarizations were set to a magic angle
geometry. The data processing was performed using Origin 2017>*
and Glotaran 1.5.1.>

Synthesis of [0s,Zn, (L");,](ClO,);¢. CAUTION! Perchlorate
salts are potentially explosive and should be handled with care and
only in small quantities. [Os(L"*);](PF), (0.032 g, 0.018 mmol)
and Zn(ClO,),-6H,0 (0.067 g 0.18 mmol) were stirred in
nitromethane (15 mL) overnight. The mixture was filtered and
then crystallized by slow diffusion of diisopropyl ether into the
MeNO, solution. The pure crystalline product was collected by
filtration and washed with diisopropyl ether, methanol, and diethyl
ether. Yield: 0.050 g, 0.00S mmol, 21%. ESMS: m/z 1220.4 (M —
6ClO,)%"; 14822 (M — 5ClO,)%"; 1881.3 (M — 4ClO,)*" (most
intense component of isotope cluster given in each case). UV/vis in
MeCN [4,,./nm (1072 &/M™" cm™")]: 555 (sh), 510 (sh), 426 (48),
400 (sh), 287 (310), 227 (560). For conversion to the water-soluble
chloride salt OseZn, [Os,Zn,(L™),,](ClO,),s (26 mg, 0.004 mmol)
was mixed with 1X2 Dowex, in distilled water (15 mL) and left to stir
at room temperature for 4 h, until the complex had completely
dissolved. The sample was filtered through a microporous filter before
use. Crystallographic details for the structure determination of
[Os,Zn, (L"*),](ClO,),4 are in the Supporting Information.

Synthesis of [Os(L");1(PFs), (Mixture of fac and mer
Isomers). 3-(2-Pyridyl)pyrazole (0.166 g, 1.14 mmol), OsCl;-6H,0
(0.106 g, 0.30 mmol), and ethylene glycol (7 mL) were combined in a
10 mL microwave tube, which was then heated in a microwave
synthesizer (Discovery S, CEM Microwave Technology) to 200 °C
for 3 h. The solution was allowed to cool, and an aqueous solution of
KPF, (30 mL) was added. The resulting suspension was then filtered
over Celite to yield a brown precipitate and a red solution. The
solution was then extracted with several portions of DCM, and the
solvent was removed in vacuo. The resultant precipitate was next
purified using column chromatography on silica by elution with
MeCN/water/saturated aqueous KNO, (100:5:1, v/v/v), and the first
red band was collected and the solvent removed in vacuo. The product
was dissolved in water, and aqueous KPF4 and DCM were added to
perform a solvent extraction of the hexafluorophosphate salt of the
complex into DCM. The solvent was removed by evaporation, and
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the pure product was then dried in vacuo. Yield: 0.185 g, 0.20 mmol,
67%. The 'H NMR spectrum is broadened by hydrogen-bonding
aggregation in solution, but the number of signals is consistent with
the 1:3 ratio of fac:mer isomers which results in four distinct ligand
environments with equal likelihood."* '"H NMR (400 MHz, CD,CN):
5 8.12 (m, 4H), 7.75 (m, 4H), 7.72 (m, 4H), 7.59—7.50 (m, 2H),
742 (m, 2H), 7.21-7.04 (m, 8H). ESMS: m/z 626.1 (M — 2PF, —
H*)*, 313.6 (M — 2PF¢)*.

Synthesis of [Os(L™);](PF¢), [Os(L™),](PFs), (0.185 g 0.2
mmol) was dissolved in MeCN (50 mL), to which Cs,CO; (0.470 g,
1.4 mmol) and methyl iodide (0.67 mL, 10.8 mmol) were added, and
the solution was left to reflux for 18 h. The mixture was left to cool,
excess Cs,CO; was filtered off, and then the solvent was removed in
vacuo. The resultant precipitate was then purified using column
chromatography on silica by elution with MeCN/water/saturated
aqueous KNO; (100:10:2, v/v/v). The main red band was collected
and dissolved in water; addition of aqueous KPF4 and DCM allowed
solvent extraction of the hexafluorophosphate salt into DCM to be
performed. Evaporation of the solvent afforded a pure red precipitate.
Yield: 0.184 g, 0.19 mmol, 96%. 'H NMR (400 MHz, CD,CN): &
8.14 (m, 4H), 7.86—7.70 (m, 4H), 7.68 (m, 4H), 7.66 (d, 1H), 7.57
(d, 1H), 7.36 (d, 1H), 7.31 (d, 1H), 7.24—7.10 (m, 8H), 3.21 (s,
3H), 3.16 (s, 3H), 3.11 (s, 3H), 3.06 (s, 3H) ESMS: m/z 334.6 (M —
2PF)**. [0s(L™);](PFg), could be converted to its water-soluble
chloride salt by ion-exchange with Dowex 1X2 resin, as described
above for the OseZn cage.
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