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ABSTRACT

The ability of inorganic cyanometallate polymers to form interest-
ing and useful complexes is well-known. This Account summarizes
work, especially in our laboratories, aimed at replicating aspects
of this inorganic chemistry in homogeneous solution using orga-
nometallic building blocks. A library of molecular organometallic
cyanides and Lewis acids, with varying charges and labilities, are
shown to give families of neutral and charged cages. Neutral
and anionic cages, often molecular boxes, bind larger alkali
metals tightly. Cubic frameworks show an unparalleled affinity
for cesium cations over potassium cations. Noncubic cages are
described including tetrahedranes, defect boxes, trigonal prisms,
and hexagonal prisms.

Introduction

There is currently much interest in metal—organic frame-
works, that is, multimetallic ensembles that are held
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together through coordination bonds.!? Such hybrid
materials have potential as catalysts,® molecular sieves,*
sensors,® and in cavity-directed synthesis.® Perhaps more
importantly, these new materials provide the conceptual
foundations for the development of supramolecules that
rival those available through organic and bio-organic
chemistry.”®

We entered this field through studies on cyanometal-
lates, classical inorganic systems that have a rich history
of host-guest behavior. The extensive host-guest behavior
of cyanometallates is due in part to their rigid polar
framework, which imparts molecular sieving and ion-
exchange properties. The host-guest chemistry of poly-
meric cyanometallates began with the use of the Hofmann
clathrates ([Ni(NHj3),] [Ni(CN)4]) (C¢Hg),, for the purification
of benzene® and continues with the application of Prussian
Blue (PB, nominally Fe;(CN)g(H,0),) analogues as se-
questrants for Cs* and TI*.1° Also relevant are the min-
eralomimetic cyanometallates wherein M—CN—M groups
afford structures resembling silicates in their connectiv-
ity.!! Cyanometallates have shown promise as materials
for gas storage and separations.'? PB analogues have been
recently reported as H, storage materials.!® Cobalticya-
nides reversibly bind O,, a property applicable to the
separation of O, from air.!* These successes, which build
upon accelerating advances in microporous coordination
solids,'® raise the prospect for studying analogous behavior
in solution using the exquisite analytical and synthetic
tools of solution-phase chemistry to explore and elucidate
host—guest behavior in molecular cyanometallate cages.

Cyanide frameworks were brought into the molecular
regime by the replacement of divergent metal hexa- and
tetracyanides with convergent cyanometallate building
blocks L,M(CN),?. Examples of cyanometallate rings have
long been known starting with [AuPr,(CN)],, crystallo-
graphically determined in 1939.1 The size of cyanomet-
allate rings ranges from 9 in [(CO)3;(NO)W(CN)]; to 24 in
a Mn—NC-Fe Schiff base complex.!” Discrete three-
dimensional architectures, however, remained unknown
until Braunstein’s report of [(OC)Pd(u-CN)Mn(CsHs;Me)-
(CO)2l4, with a still unique structure featuring both bridg-
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Scheme 1. Timeline lllustrating the Progression from Polymeric Molecular Sieves to Organometallic lonophores?
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@ The first column indicates major advances in inorganic polymeric cyanide solids, the second column is highlights that portended the area of
supramolecular cyanometallate cages, the third and fourth columns indicate landmarks in the work summarized in this Account (the cyanide ligands in

CMe4Cd(CN), and {Li[Mo4(CN)(CO)2]}5~ are disordered).

ing cyanides and metal—metal bonds.'® Fehlhammer’s star
clusters represent another class of three-dimensional
molecular aggregrates known previous to our work.!® A
1997 review of cyanometallate ensembles® stated that “the
construction of cages requires trifunctional building blocks
and a lot of luck... One cannot say at the moment how to
design the right building blocks for cyanometal cages, but
Mother Nature helps sometimes with self-assembly.” This
Account summarizes our “lucky” experiments on how
nature helps with self-assembly (Scheme 1).

I. Cationic Cyanometallate Boxes and Defect
Boxes

I.A. Cyanometallate Boxes Form Readily. We began our
investigations in 1998 with the synthesis of the molecular
box {[CpCo(CN);3]4[Cp*Rh],}*" (Scheme 2).2! This spe-
cies, abbreviated CosRh4**, arises from the condensation
of equimolar amounts of [CpCo(CN)s]- and [Cp*Rh-
(NCMe)s]**. When the reaction is monitored by 'H nuclear
magnetic resonance (NMR) spectroscopy, several inter-
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Scheme 2. Cage-Assemhly Reactions for the [CpCo(CN);]~/
[Cp*Rh])2+ System
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mediates are apparent but after days at room temperature,
the exclusive product is the box. Crystallographic analysis
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confirmed that eight metal centers are octahedral. IR
and 3C NMR spectroscopy demonstrated that the CN
linkers are ordered, that is, no Co—C bonds are broken
in the condensation. The metal—-ligand distances and
angles indicate an unstrained species, consistent with
the stability of the product. The volume of a cube with5.1
A edges is ~132 A3; we calculate a van der Waals volume
of ~50 A3,

The box can also be prepared via a two-step reaction
involving the coupling of cyanometallate squares { [CpCo-
(u-CN),(CN)],[Cp*RhCl],} (Scheme 2).2! The Rh,Co, square
in turn arises via treatment of two equiv of [CpCo(CN)3]~
with [Cp*RhCl],, and this method of assembling squares
was extended to include { [Cp*Rh(u-CN),(CN)]»[(cymene)-
RuCll;} and {[Cp*Rh(u-CN),(CN)],[Cp*RhCl],}. The box
Co,Rh,*" can be degraded back to the square using excess
chloride.

Long has prepared related cyanometallate boxes using
metals coordinated by triazacyclononane (TACN).?2 More
so than Cs;Rs~, TACN is compatible with paramagnetic
metal centers, and thus Long’s boxes are promising
sources of single molecular magnets. Related magnetic
cages have been prepared using tripodal phosphines and
trispyrazolylborates.?* The low charges and diamagnetism
of our C;Rs~-derived boxes are, however, particularly ideal
for the characterization of solution properties.

L.B. Defect Box Cations: {[Cp*Rh(CN);3]4[Cp*Rh]s}?"
and { [CpCo(CN)s]4[Cp*Rh]z}%*. Whereas the condensation
of equimolar amounts of [CpCo(CN)s]- and [Cp*Rh-
(NCMe);]?* affords a box, the corresponding reaction of
[CpCo(CN)3]~ with <1 equiv of [Cp*Rh(NCMe);]?t gives
the seven-vertex cage { [CpCo(CN);]4[Cp*Rh]3}* (CosRhs2,
Scheme 2). An additional equivalent of [Cp*Rh(NCMe)3]**
converts CosRh3*" into CosRh,**, but this reaction is slow,
consistent with a pathway that entails substantial disas-
sembly of Co,Rh3?>* followed by reassembly.?* Obviously,
reaction stoichiometry significantly influences the product
of cage assembly.

The steric properties of the building blocks can pre-
clude formation of eight-vertex boxes. Thus, condensation
of Et4N[Cp*Rh(CN);] and [Cp*Rh(NCMe)s](PFs), exclu-
sively affords {[Cp*Rh(CN)s]4[Cp*Rh]5}?>" (Rh;?*").?> Mo-
lecular models show that close Cp*—Cp* interactions
would inhibit the formation of the all-Cp* box { [Cp*Rh-
(CN)3]4[Cp*Rh],}*". The exo orientation of the three
terminal cyanides in Rh;*" generates a closed cavity with
the Cp* groups on the terminal Rh subunits forming a
“lid” for the cage (Figure 1).

The M-(u-CN)y cages are described as “defect boxes”
to emphasize their structural relationship to the com-
pleted eight-vertex species. As in CosRh4*", the seven
metal centers in CosRhs*" and Rh;*" are connected by
ordered CN ligands. Unlike the Mg(CN);, boxes, however,
three CN ligands of the defect boxes are terminal (CN(
and the orientation of the terminal cyanides can generate
four different isomers (Scheme 3).

I.C. Defect Boxes with Cluster Vertices. Our approach
to cyanometallate cages requires electrophiles with three
mutually adjacent sites. The potential breadth of this

FIGURE 1. Molecular structure of Rh;%" with an encapsulated
acetonitrile guest; the hydrogen atoms are omitted and only the rim
Cp* ligands are shown for clarity. Atom coloring scheme: Rh
(yellow), N (blue), C (gray).

Scheme 3. Possihle Isomers of M;(CN);, Defect Boxes
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approach is illustrated by the use of a metal cluster
bearing a single L;M(NCMe)s* site. In particular,
[(cymene),Ru;S,(NCMe)s]*" was found to efficiently con-
dense with the usual tricyanides [(CsRs)M(CN)s]~. The
exclusive products are the defect boxes {[(CsR5)M(CN);]4-
[RusS;(cymene),]s}?* (R =H, M = Co; R = Me, M = Rh).*¢
In terms of their M;(u-CN)y cores, these M,;3-containing
species are quite analogous to Co;Rh3?>" and Rh7?".

Il. Anionic and Charge-Neutral Cyanometallate
Boxes and Defect Boxes

With their considerable internal volumes, cyanometallate
boxes should be capable of host—guest chemistry. Al-
though the cationic cyanometallate boxes exhibit no
interesting host—guest reactivity, the related neutral and
anionic cages proved more fruitful.

II.A. Cyanometallate Boxes with Mo(CO); Vertices.
Particularly instructive were experiments involving the
condensation of sources of “Mo(CO);”. Thus, the 1:1
reaction of Et,;N[Cp*Rh(CN);] and Mo(CO);(NCMe); was
expected to generate { [Cp*Rh(u-CN)3]4[Mo(CO)s]4}*". From
such reactions, we were able to obtain only one or two
crystals, the structure of which proved to be of (Et;N)s-
{KcICp*Rh(u-CN)3]4[Mo(CO)sl4}, (EtuN)3[KCRhsMo,], that
is, the expected box but containing an encapsulated K*.
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Scheme 4. Synthesis of the lonophilic Cage CosRu, and Its Complex
[MeNH; CoqRug]™
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Scrutiny of the reagents revealed that our samples of Et,;N-
[Cp*Rh(CN)3] were slightly contaminated with its precur-
sor K[Cp*Rh(CN)3]. Subsequent experiments established
that (Et,N)s{ Kc[Cp*Rh(u-CN)3]4[Mo(CO)s],} forms quickly
and efficiently when the condensation of Et;N[Cp*Rh-
(CN);] and Mo(CO);3(NCMe)s is conducted in the presence
of K™.2” An analogous experiment provides the corre-
sponding Cs*-containing box.

Crystallographic analysis confirmed that the cation is
bound within the cubic framework. One striking difference
between K*- and Cs*-containing cyanometallate boxes is
that the Cs* is located at the center of the cage whereas
the K* is disordered over two off-centered sites. The off-
center location of K* within the cyanometallate box
suggests that the Rh;Mo4(CN);, cavity might be too large
for K™ and, indeed, *3Cs NMR experiments demonstrate
that Cs* fully displaces K* from the box. A relative binding
constant of Kgs/Kx > 3800 was determined from competi-
tion experiments.

ILB. Cation Binding by {[CpCo(CN)3]4[Cp*Rul,}. The
affinity of the Rh;Mo, box for alkali metal cations encour-
aged us to examine charge-neutral boxes, which we
expected would be more conveniently soluble than the
anionic Mo—Rh cages. This aspect of the work, that is,
the variation of the charge properties of the cages,
highlights the versatility of the organometallic approach,
since many fac-[LM(NCMe)s]** and fac-[LM(CN);]"~ build-
ing blocks are available. Thus, we began this effort
examining the condensation of [CpCo(CN)s]~ and [Cp*Ru-
(NCMe)s]*, completely analogous to the condensation of
[CpCo(CN)s]~ and [Cp*Rh(NCMe);]?t. We could only
obtain consistently soluble cage species when this reaction
was conducted in the presence of Cs*™ as a templating
cation.?® Attempted synthesis of a neutral Co,Ru, cage in
the absence of alkali metal salts affords insoluble, appar-
ently polymeric products. Subsequent studies showed that
in the presence of EtNH3*, [CpCo(CN)s]~, and [Cp*Ru-
(NCMe);]* condense to afford the neutral, empty box
{[CpCo(CN);3]4[Cp*Ruls} (CosRuy). The EtNH;" assists in
organizing the cyanometallate cage, but it is too large to
be contained within it (Scheme 4).%

Many ions insert into Co,Ruy: Cs*, K, Rb*, TI*, NH,™,
MeNH;*, and N,H5" to give the corresponding complexes
{McCI[CpCo(CN);]4[Cp*Ru]4} ", MCCosRu,*. The high af-
finity of the alkali metals for this cage is attributed to the
attractive interactions between the sr-bonds of the cyanide
ligands with the alkali metal cation.®® Even cationic boxes
form stable complexes with Cs*, as discussed below. In
no case, however, has Na* or Li* or any di- or trivalent
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ion been found to bind; it is apparent that smaller cations
(Nat = 4.4 A3, Li* = 1.8 A3) are a poor fit for these ~50 A3
cages.

Studies on the ammonium-containing box [NH;CCo,.
Ru,]* provide insights into the degree to which the box
framework shields guest ions from external reagents.
Solutions of this species are unreactive toward DO,
whereas, of course, NH,;* and D,0 exchange protons at
diffusion-controlled rates. Furthermore, the encapsulated
NH," (pK, = 16.46 in MeCN) is unaffected by strong bases
such as quinuclidine (pK, = 19.56 in MeCN). Clearly,
confinement within the cage inhibits proton transfer from
the stronger acid (NH4") to the base.

II.C. Cation-Binding in Boxes Containing Cb*Co
Subunits. The library of neutral cubic frameworks was
further extended using the cyclobutadiene-containing
building block [Cb*Co(NCMe)s]PFs (Cb* = 5*-Me,Cy).3!
The condensation of [Cb*Co(NCMe)s]PF with KCpCo-
(CN); affords { Kc[CpCo(CN);]4[Cb*Co] 4} PFg, [KCCog] PF,
the only cage of this Account exclusively constructed from
first-row transition-metal vertices. The analogous hetero-
metallic cage { KC[Cp*Rh(CN);]4[Cb*Co]4} PFs, [KCRh4Coyl-
PFs, was prepared similarly via the condensation of
K[Cp*Rh(CN)3] and [Cb*Co(NCMe)s]PFs. As was seen in
the other neutral or anionic cages, the K™ serves as an
essential template for cage formation.

The steric properties of KCCog', however, differ from
previously explored boxes which had contained only
octahedral metals with Cp, Cp*, or carbonyl coligands. The
Cb*Co™* subunit stabilizes larger N—Co—N angles. These
slightly obtuse N—Co—N angles destabilize the empty
cages: treatment of PPNCpCo(CN); and EtNH;O0Tf with
[Cb*Co(NCMe)s]* yields only polymers. The crystallo-
graphic analysis of [KCCog]PFs showed a rather distorted
compressed cube, because of this non-octahedral subunit
and the shortening of the M—NC—M distance from the
employment of smaller first-row transition-metal vertices.
The McCos* cages are more labile than the previous
CosRu, cage, as demonstrated by the rapid proton ex-
change between D,0 and NH,CCos*.

I1.D. Cs-Centered Defect Boxes { MC[(C5R5)M’(CN)sl4-
[Cp*Ruls}. The condensation of [CpCo(CN);]~ and [Cp*Ru-
(NCMe)s] " in the presence of Cs* affords either boxes or
defect boxes, depending on the Co/Ru ratio.?® In this way,
we efficiently prepared the violet-colored defect box { CsC-
[CpCo(CN)3]4[Cp*Ruls}, CsCcCo4Rus. The corresponding
condensation of [Cp*Rh(CN);]~ and [Cp*Ru(NCMe)s]* in
the presence of Cs™ or NH,* proceeds analogously.®? In
this case, the presence of seven bulky Cp* groups pre-
cludes the formation of boxes.

In solution, CscCo4Ru3 consists of a pair of equilibrat-
ing Ci-isomers that differ in stereochemistry of the Cp and
CN; (terminal) ligands on the upper “rim” of the cage
(Scheme 3). Each isomer displays a similar 'H NMR
spectrum consisting of singlets with the expected relative
intensities of 5:10:5:30:15 (Figure 2). '33Cs NMR spectrum
also confirms the presence of two isomers and, using an
empirical chemical shift correlation, allows the major
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FIGURE 2. "H NMR spectrum of CsCcCo4Rugz in THF solution (red
circles = endojexo, isomer; blue squares = endo,exo; isomer).

isomer to be assigned as (exo),(endo), isomer, with two
CoCN ligands 7-bonded to the soft Cs™ center.3? Although
solutions of CscCosRu; feature two isomers, only the
endo,exo; isomer crystallizes. The crystallographic analysis
shows a defect box framework with the average CN; endo
C—Cs and N—Cs distances (3.67 and 3.56 A) being nearly
equal to the average C—Cs and N—Cs distances of the nine
Co—CN-Ru bridges (3.66 and 3.61 A). The all-Cp* cages
NH;CRhsRuz and CsCRhsRuj only feature the (exo),-
(endo); isomer. The Cs—C and Cs—N distances for the
terminal endo cyanide in CsCcRh4Ru3 are 3.40 and 3.25
A respectively. For comparison, Cs* binds the nine Rh—
CN—Ru bridges with an average C—Cs distance of 3.67 A
and an average N—Cs distance of 3.59 A. Thus, the
inwardly tilting terminal (endo) cyanide appears to be a
strongly bound ligand.

Of all the cages described in this review, NH;CRh,Ru;
is the most distorted. The relatively smaller ionic radius
of NHy™ (Fionic = 1.75 A vs Cs* Fionie = 1.81 A) forces the
unique endo CN; to tilt toward the cage interior, more so
than in CscRh4Ru; (Figure 3). Structural analyses of the
three Mcdefect boxes—CscCosRuz, NH,CRh Ruz, and
CscRhy4Rus—reveal that cage distortion increases as the
cationic guest becomes smaller or the fac-coligand (Cp
vs Cp*) becomes larger.

The IR spectrum of NH,;CRhsRu; also indicates that
NH," is bound in an unsymmetrical environment, giving
rise to three vyy bands (3196, 3246, and 3270 cm™Y). In
contrast, the IR spectrum of the box NH,;cCosRu,"
features a single peak at 3250 cm™!. Only one IR-active
mode, T,, is predicted for NH," in a totally symmetric
environment, reflecting the cubic interior of a Mg(u-CN) ;2
box. NMR studies further demonstrate that the NH,* is
tumbling rapidly inside of the cage, as only one NH signal
is observed. Furthermore, it exchanges rapidly with D0,
whereas [NH;CCo4Ru,] " is inert toward D,0.

ILE. {CsC[CpCo(CN)3]4[Cp*Ru]s} as a Tridentate
Ligand. The defect box CsCCo4Ru;s is an excellent triden-
tate ligand,?® related to other face-capping ligands such
as 1,4,7-triazacyclonane® and tris(pyrazolyl)borate.3* It
reacts according to the stoichiometry CsCCo4Rus + M*
— [CscCo4RuzM]J% which we call the box completion

process (Scheme 5). Thus, VCI3(NCMe)s, [Cp*Rh(NCMe);]?,
and [(cymene),Ru,S;Ru(NCMe)3]>" form the correspond-
ing [CscCosRuzMLg)? boxes, where MLg* = VCls, [Cp*Rh]?T,
and [(cymene),Ru,S,Rul?*.

The reactivity of CscCosRu; toward labile octahedral
metal centers can depend on the order of addition. The
compound {Fe[CsCCosRus),}*" with idealized D5, sym-
metry, arises when [Fe(MeCN)g]?* was added to a solution
of CscCo4Rus. In this double box, two { CsC[CpCo(CN);]s-
[Cp*Ruls} cages are conjoined at Fe?*" (Scheme 5). The
double boxes can be generated from MeCN solvates of
Na™, Co?*, Fe?*, and Ni?*.283> When the order of addition
is reversed, one obtains the single boxes CsCc CosRuzM-
(NCMe)s** (M = Fe, Ni).%® Treatment of CscCo4sRus with
tetrahedral electrophiles (Cu(NCMe)4PFs or AgPF) affords
[CscCosRuzsM(NCMe)]PFs. The MeCN ligands in these
Lewis acidic boxes are labile, and thus such cages repre-
sent potential catalysts as well as precursors to oligo-cages.

ILF. Insights into Cage Assembly. As mentioned above,
addition of 1 equiv of [Cp*Rh(NCMe)s] (PFe), to CsCcCo4Ru3
efficiently affords the completed box CscCosRusRh?*. In
this conversion, the CN; ligands in CscCo4Ru; must
rearrange from exo to endo orientations. The efficiency
of this box completion precludes extensive cage fragmen-
tation followed by reassembly.?® Labeling studies do show,
however, that the three [CpCo(CN)s]~ groups in CsCCosRus
exchange readily with [Cp’Co(CN);]~ (Cp’ = MeCsH,).®®

It is instructive to contrast the box completion reactions
of CscCo4Ru; + [Cp*Ru(NCMe)s]™ with complementary
reactions involving CosRhs?**, which lacks a centrally
“gluing” Cs* center.3® The Co4Rh3?* + [Cp*Ru(NCMe)s]*
reaction affords a mixture of CosRh4**, CosRhsRu®*, and
CosRh,Ru,?*". These products, especially Co,Rh4**, indi-
cate a pathway whereby the starting CosRhs?* disas-
sembles followed by reformation in a nearly statistical
manner. In contrast, CsCCosRus appears to remain intact
upon complexation to [Cp*Rh(NCMe);]?* to produce
CscCo4Ru3Rh?" quantitatively. Slightly different products
are obtained when the CosRh3*" + [Cp*Ru(NCMe)s]*
reaction is conducted in the presence of Cs*. Again, the
main products are Co,Rhs*" and CosRhsRu", but we al-
so obtained small amounts of CscCosRh,Ru.3™ and
CscCosRhzRu*t. These latter two species are unprec-
edented examples of Cs*™ bound to cationic receptors.

The preceding box completion reactions were analyzed
by assaying the products (by ESI-MS) after the reaction.
Using the all-Cp* precursors, we were able to monitor the
assembly pathway of CsCcRhs;Rus cage in homogeneous
solution by ESI-MS (eq 1).%?

3[Cp*Ru(NCMe),] " + 4[Cp*Rh(CN),] " + M" —
Mc [Cp*Rh(CN),],[Cp*Rul,

McRh,Ru; M = Cs, NH,) @))
The results indicate the intermediacy of CsCRh,Ru,",

which supports the important role for the templating ion
in the growth of the cage.
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FIGURE 3. The view is approximately parallel to two of the M;Ru,(CN), faces highlighting the outward or inward bending of the terminal
cyanide (M = Co, Rh). Left to right: CscCosRuz, CscRh4Rusz, NH;CRh4Rus. Atom coloring scheme: Co (purple), Ru (light blue), Rh

(yellow), Cs and H (green), C (gray), N (blue).

Scheme 5. Double Boxes, Completed Boxes, and Lewis Acidic Boxes Formed from Metalation of CsCCo,Ru; (Gray Sphere = Cs™)
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Cyanometallate Boxes and Defect Boxes

ITL.A. Ion-Exchange Properties of Cyanometallate Boxes.
The availability of the ionophilic box CosRus enabled
relatively detailed studies of the ion-binding tendencies
of the cages. The kinetic and thermodynamic selectivities
are high: when a solution of CosRu, is treated with a 1:1
mixture of K* and Cs*, one obtains almost exclusively
KcCo4Rus™. Over the course of one week, this kinetic
species converts to CsCcCo4Ru,™ (Figure 4). Kinetic studies
reveal that the Cs*-for-K* ion exchange process occurs
via an initial, rate-determining loss of K* followed by the
rapid uptake of Cs*. The rate data allowed us to estimate
the binding affinity, K, for Cs* to be 10'°.

III.B. Rh4Ru; Defect Boxes are Kinetically Robust,
Rapid, and Highly Selective Complexants for Cs*. The
aforementioned neutral and anionic cages exhibit high
affinities for larger monocations, with a marked preference
for Cs*, but the exchange rates for the boxes is slow. We
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attribute the sluggishness of this reaction to the inhibiting
influence of the Co—CN—Ru connectors that encase the
alkali metal ion. These findings guided us to the prepara-
tion of ionophilic defect boxes, which retain the high
affinity for Cs* but have more open structures. The cage
NH;CcRh4Ru; is ideal for this purpose. In contrast to
NH,;CCo4Ru,",? the ammonium guest in NH;CRhyRu; is

100 @ <~ KCCo,sRu,"
% CSCCO4RU4+
0 W
100
(b)
%

0 T T T T T T = m/z
1760 1780 1800 1820 1840 1860 1880 1900
FIGURE 4. ESI-MS for 0.0057 M MeCN solution of Co4Ru4 upon
treatment with 2 equiv each of K™ and Cs™ after 10 min (a) and
after 7 days (b).
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FIGURE 5. 76 MHz '3Cs NMR spectrum of [Cs(BCB6)]* (MeCN solution) before (A) and after (B) treatment with 1 equiv of NH4CRh4Ru3

after 30 min. The 688 signal corresponds to CsCRhsRus.

rapidly displaced by Cs*. This result demonstrates the
enhanced rate of guest exchange for the defect boxes
versus the boxes. The affinity of the host RhyRu;~, which
is never directly observed, for Cs* was examined in a
competition experiment. For the Cs* source, we used
calix[4]arene-bis(benzocrown-6) (BC6B), a high-affinity
(Keq = 10%) Cs*-selective ligand.3” The reaction of a MeCN
(or THF) solution of [Cs(BC6B)]* (133Cs NMR: —017) and
1 equiv of NHsCRh,Ru; quantitatively converted to
CscRhyRu3z within the time required for NMR analysis,
approximately 30 min (Figure 5). The ion exchange of
NH,;CRh4Ru3 for Cs* in presence of 10 equiv K* yields
similar results: an ethereal solution of NH;CRhsRu;
extracted Cs™ into an aqueous solution in air.

II1.C. Electroactive Cages Containing Cb*Co Are Re-
generatable Receptors with Facile Ion Exchange. The
lability of the Cb*Co containing cages is demonstrated by
the rapid conversion of KcCog* and KcRh,Co,4* into the
corresponding Cs*-containing cages.3! The facile ion
exchange reflects the lability of the McCog* framework,
as evidenced by vertex-labeling studies. The reaction Cs-
Cp’'Co(CN); + KcCog" results in both alkali ion and vertex
exchange { CsC[CpCo(CN)3]4—[Cp’Co(CN);][Cb*Co]4} PF.

The redox addressable Cb*Co(I) subunits of McCog*
cage enable the tuning of cyanometallate framework’s
charge. Upon oxidation of the McCog* with 4 equiv of
FcPFs, the encapsulated cation is expelled forming the
empty [Cog]*" cage. The MCCos* can be regenerated via
the reduction of [Cog]*" in the presence of alkali metal
cations. Reduction in the absence of alkali metal cation
generates polymers.

The Cog and Rh,Co, cages “recognize” the cations in
the sense that the encapsulated cations have distinguish-
able redox properties. The 80 mV difference in half-cell
potential between the [KcCog]*™ and [CscCog]™ is com-
parable to the largest effects reported for K™ versus Cs*t
response.®® This effect is slightly obscured by the broad-

Scheme 6. Interconversion of Cyanometallate Cages Composed of
Mo(CO0); Vertices
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multielectron nature of the redox wave, and further studies
are underway to address this issue.

IV. Noncubic Cyanometallate Cages

IV.A. Assembly with Kinetically Labile Cyanometal-
lates: The Cube Is Not Thermodynamically Favored.
Kinetically inert octahedral tricyanometallates force the
formation of cages with an even number of vertices on
each face, squares and hexagons. When the octahedral
tritopic building blocks are kinetically labile, as are the
cyanides of Mo(0), the resulting cages are free to adopt a
larger variety of structures. An enlightening experiment
entailed treatment of Mo(CO)3(NCMe); with 1.5 equiv of
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FIGURE 6. Molecular structure of the metal cyanide core of the
cation in {THFC[PhB(CN)sls[Cp*Rhlg} (OTf)s with the Cp* and Ph
ligands and encapsulated THF omitted for clarity. Atom coloring
scheme: Rh (yellow), B (black), N (blue), C (gray).

(Et4N)CN in the presence of alkali metal cations (M™). The
resulting cages have the formula Mc[Mo(CO);
(CN),51,4715m) where n = 4 for tetrahedrane and 6 for a
trigonal prism. Cubic cages were not observed. The tetra-
hedral and trigonal prismatic cages were similarly pre-
pared by the treatment of the square [Mo(CO)3;(CN)-
(NCMe)], with 2 equiv CN™ and the templating alkali metal
cation (Scheme 6).

These negatively charged cages bind cations at their
interiors. The identity of which dictates the structure of
the cage.3®%° Thus, K™ and Cs* induce the formation of
trigonal prismatic cages { MC[Mo(CO);]s(u-CN)g}®~ (Scheme
6). With the smaller Na*™ or Li* as the templating ions,
the Mo(CO)3;(NCMe)s + 1.5(Et;N)CN reaction affords the
four-vertex tetrahedrane {Mc[Mo(CO)3]4(u-CN)g}°~. The
13C NMR spectrum of this tetrahedrane features seven CN
signals, which demonstrates that the cage exists as a mix-
ture of four isosteric linkage isomers. By monitoring with
7Li and ?®Na NMR spectroscopy,* we showed that {Lic-
[Mo(CO)s]4(u-CN)e}®~ reacts quantitatively with Na* to
give {Nac[Mo(CO)sl4(u-CN)g}°~. Treatment of these tetra-
hedral cages with K* and Cs* gave the trigonal prismatic
cages containing the larger cations. Ion exchange of Cs™*
into {KC[Mo(CO)s]s(u-CN)g} ™ is not observed, suggesting
that the trigonal prism strongly incarcerates the K*.

A final illustration of the importance of kinetically well-
behaved building blocks is provided by the synthesis of
the trigonal prismatic [Cp*sRhs(CN)]3*.4! This cage, the
framework of which closely resembles that for {Mc[Mo-
(CO)sl6(u-CN)o}8, forms efficiently upon the addition of
1.5 equiv EtyNCN to a solution of [Cp*Rh(NCMe)3]>*. The
course of this reaction contrasts with the building block
approach of [Cp*Rh(CN)3]~ + [Cp*Rh(NCMe);]?*, which
efficiently affords the defect box { [Cp*Rh(CN)s]4[Cp*Rhls} 2.

IV.B. Tetrahedral Building Blocks Favor Noncubic
Cages. In previous examples, the formation of boxlike
cages is a natural consequence of the ~90° NC—M—CN
angles in these precursors, at least for the kinetically
robust tricyanides. Efforts to extend the range of structures
to new geometries depend on employing non-octahedral
cyanometallates where the NC—M—CN angles are >90°.
Our attention was drawn to the organoboron tricyanides,
such as K[PhB(CN)s]. The recently characterized coordina-
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tion solid { Ag[FB(CN)s]}, despite its serendipitous prepa-
ration, encouraged us further.*?

The reaction of [PhB(CN);]- and labile sources of
“Cp*Rh?"” affords a single product {[PhB(CN)s]e-
[Cp*Rh]e}¢t.4% X-ray crystallographic analysis established
that this species is a 12-vertex hexagonal prism (Figure
6). Two six-membered Rh;B;(CN)g rings are intercon-
nected by six cyanide ligands to give a cage with idealized
D;, symmetry. The edge dimension (B—C—N—Rh) of the
hexagonal prism is 4.8 A yielding a volume of 287 A3,
whereas the van der Waals’ volume of the hexagonal prism
is calculated to be 173 A3, considerably larger than the
~50 A for the molecular boxes.

Summary

Our organometallic approach to cyanometallates power-
fully combines the best of both the organometallic and
inorganic realms, that is, solubility, control of charge,
tunable inertness, and rigidity. The present work has
demonstrated certain design rules: favored geometries,
the roles of templates, and key building blocks. The scope
for expanding this class of compounds is large because
many (CsRs)M vertices and analogues are known. Certain
cages display very high affinities for alkali metal cations
with selectivities that are unachievable with purely organic
ligands.

The development of still larger cages as reaction
chambers and receptors is an emerging area,'” and we
anticipate that the organometallic approach is likely to
again be applicable to this challenging but exciting area.
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