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Condensation of cyanometalates and cluster building blocks leads to the formation of hybrid molecular cyanometalate
cages. Specifically, the reaction of { CsC[CpCo(CN)s]4[Cp*Ru]s} and [(cymene),RusS,(NCMe)s]PFs produced { Csc-
[CpCo(CN)s]4[(cymene),Ru3S,][Cp*Ruls} (PFe),, CsCCosRUS,%. Single-crystal X-ray diffraction, NMR spectroscopy,
and ESI-MS measurements show that CsCCo4RUgS,%" consists of a RusCos(CN);, box fused with a RusS; cluster
via a common Ru atom. The reaction of PPN[CpCo(CN)s] and 0.75 equiv of [(cymene),(MeCN)sRu3S,](PFe), in
MeCN solution produced { [CpCo(CN)3]4[(cymene),RusS;]s} (PFs)2, CosRUsSe>™. Crystallographic analysis, together
with NMR and ESI-MS measurements, shows that CosRusSe?* consists of a RuzCo4(CN)g “defect box” core, wherein
each Ru is fused to a RusS; clusters. The analogous condensation using [Cp*Rh(CN)s]~ in place of [CpCo(CN)s]~
produced the related cluster-cage RhsRuoS¢?*. Electrochemical analyses of both CosRusSe*™ and RhsRugSg>"
can be rationalized in the context of reduction at the cluster and the Co" subunits, the latter being affected by the
presence of alkali metal cations.

Introduction densation of cyanide-substituted Chevrel clusters and metal
cations, M", to afford expanded Prussian blue frameworks,
which exhibit host-guest behavior (Figure 2P Fedin and
co-workers condensed cyanide-substituted cubane clusters
and MF™ to generate cubic frameworks possessing cavities
with void volumes of 1664 A(Figure 1)1 Condensation
of incomplete cubanes has resulted in high-nuclearity cage-
clusters, some of which exhibit catalytic activigy!’

In view of these promising precedents, we initiated a
project aimed at generating cyanometalate cages using
grganometallic clusters as building blocks. To avoid three-

Cyanometalates have been widely employed as building
blocks for the construction of multimetallic arrays, with
recent emphasis on magnetic solidsd molecular cages
exhibiting host-guest behaviot. We have studied the
reaction of [CpCo(CNj~ with CpM"" sources to generate
boxes, defect boxes, and double boxXeBhese condensations
are highly efficient, and the flexibility of the syntheses allows
one to fine-tune the associated hegtiest behavio#>

The idea of using metal clusters as building blocks in the
condensation-syntheses of metal cyanide cages and solid
has been developed by Fedofo\,ong, Fedin and their co- (8) Beauvais, L. G.; Shores, M. P.; Long, J. Ghem. Mater199§ 10,

) 3783-3786.
workers. For example, Long et al. demonstrated the con (9) Beauvais, L. G.: Shores, M. P.: Long, J.RAm. Chem. S0200Q
122, 2763-2772.
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Figure 1. (A) Expanded Prussian blue framework from cyanide substituted
Chevrel clusters, [RS&(CN)g]*~, and Fé" (®). (B) Expanded cubic
framework from cyanide substituted cubane clusters,TRMCN).2]®~, and
Cc?" (@). The cyanide ligands are represented by bold lines, arctcBbane
cluster. The selenium atoms for the Chevrel clusters and.&lHolecules
have been omitted for clarity.

dimensional solids, clusters consisting of only one labile
vertex were utilized. We anticipated that incorporation of
metal sulfido clusters within a cyanometalate cage may
ultimately confer unique redox activity (associated with the
cluster vertices) that in turn could allow us to control hest

guest behavior. One can envision two basic approaches t

cyano-cluster-cage hybrids depending on whether the cluste

Scheme 1

been isolated, and in fact appears to be unstable, it forms
stable derivatives with PRland 9-ane-S3?

This paper describes two approaches to cluster cages.
First, we describe the interaction of the Reluster with
{Csc[CpCo(CN}]4Cp*Ruls}. We had previously demon-
strated that this cyanometalate cage functions as a facial (tri-
dentate) metalloligand, evidenced by its formation of strong
complexes with metal cations such as Cp*Rand Fé&* to
give box-like and double-box-like cages, respectively.
the second approach, [(cymesR)eS(NCMe)]?" was sim-
ply employed as the equivalent to [Cp*Rh(NCME&J in its
condensation with [(§Rs)M(CN)z]~. The latter reaction is
precedented by the condensation routes to give the “defect
boxes” [Cp¥Rh(CN).j]?" and [CACp*3sCoRhs(CN)5]2*.319

Results and Discussion

Synthesis and Characterization of Csc[CpCo(CN)s]4-
[(cymene)}RusS;][Cp*Ru] 3}2". The photochemical synthesis
of [(cymene)RwsS,(NCMe)]?" in the presence of Csc-
[CpCo(CN}]4Cp*Ruls} produced a good vyield of the
targeted cluster-cadeCsc[CpCo(CN}]{Cp*Ruls(cymene)-

ORu;Sz]}H, CscCosRUsS>T(Scheme 2). The IR spectrum of
the cluster-cage featuregy at 2154 cm?, is shifted to a

is the Lewis acid (cyanometalate acceptor) or Lewis basehigher energy relative to thecy band (2124 crm?) for

(cyanometalate). The two routes are (AJNEL ] [M(CN)3]

+ fac[LsM(NCMe)s]"* and (B)fac-LsM(CN)s + [ML ] .Ex-
[M(NCMe)3] (Scheme 1, where E is a main group linker
atom).

One basic problem with the cluster condensation ap-

CscCoqsRus (Figure 2). The'H NMR and ESI-MS spectra

confirmed the symmetry and stoichiometry of the cation.
Single-crystal X-ray crystallography confirmed the general

structure of the hybrid cluster-box with, symmetry (Figure

3). The bond distances and angles of the box resemble those

proaches, at least when the targets are molecular productsfor the parent{ Csc[CpCo(CN)]4Cp*Ruls}® The cluster

is the scarcity of site-differentiated clusters with the ap-
propriate tritopic sites. The recently described [(cym&tgp,-
(NCMe)]?" represents a rare example of such a site-

subunit also closely resembles the structures for isolated [(cy-
mene)}RS;]2+ and [(cymeneRusS;(NCMe),(PPh)]2+.18.20

differentiated cluster. This species arises from the photolysis (18) Eckermann, A. L.; Fenske, D.; Rauchfuss, Tlrarg. Chem2001,

of MeCN solutions of [(cymengRusS;]?", which is easily
prepared. Although [(cymen®uS,(NCMe)]?" has never

40, 1459-1465.
(19) Contakes, S. M.; Klausmeyer, K. K.; Milberg, R. M.; Wilson, S. R.;
Rauchfuss, T. BOrganometallics1998 17, 3633-3635.
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Figure 2. IR spectra (MeCN) in thecy region for CscCosRus (A),

CscCosRUeSAT (B), and CosRUgS:>(C).

The lowered symmetry for the cluster environment is
manifested in the distortion of the Rframework such that
one Ru-Ru bond is 0.1 A shorter than the other two (Tables
1 and 2). Visual inspection of a space-filling model suggests
that the cymene ligands are not sterically prevented from
free rotation by adjacent Cp ligands.

(20) Lockemeyer, J. R.; Rauchfuss, T. B.; Rheingold, AJLAm. Chem.
Soc.1989 111, 5733-5738.
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Figure 3. Structure of the dicationic cluster-cage{i6sc[CpCo(CN}]4-
[Cp*Ruls[(cymene)RusS;]} (PFs)2. Thermal ellipsoids are drawn at the 50%
level.

The Cs atom is unsymmetrically situated with respect to
the eight vertexes of the box: Cp*ReCs= 4.429 A (av),
(cympRWS,Ru+*Cs= 4.594 A, CpCe-Cs= 4.401 A (av),
and CpCahique*Cs= 4.326 A. The Cs atom is repelled from
the dicationic (cymyS;Rus?" cluster toward the unique
CpCo(CN)~ fragment trans to the cluster. The fact that Cs
remains bound within the receptor’'s cationic framework
demonstrate the strength of GOsiteraction with the cyanide
st electron density.

Synthesis and Characterization of [CpCo(CNjs-
[(cymene}RusS;]s(PFs)2. The synthesis oE sc CosRUsS?"
demonstrated that [(cymenBLS(NCMe)]?" can serve as
a tritopic Lewis acid. To extend this concept, we treated
[(cymene)RwS,(NCMe))?+ with 1.33 equivof [CpCo(CN} .
NMR analysis showed that this reaction produced the
symmetric triple cluster derivatiigCpCo(CN}]4(cymene)-
RwS;]3} 2", CosRUeSs?T (Scheme 2)TheH NMR spectrum
of CosRUSs?" consists of a 1:3 pattern in the Cp region,
consistent withCz, symmetry. The'H NMR spectrum also
confirmed the ratio of six cymene ligands to four Cp ligands
with the cymene ligands being chemically equivalent. The
reaction stoichiometry is not critical: with increased amounts
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Table 1. Crystallographic Data for

{Csc[CpCo(CN}4Cp*Ruls[(cymenelRusS;]} (PFs)2

empirical formula
fw

space group
crystal size (mr)
temp (K)

(A

a(R)

b (A)

c(d)

o (deg)

B (deg)

v (deg)

V(A9

Z

Pcalc mg/m3

u(Mo Ka, mm™1)

min and max transmn
reflns measd/indep
data/restraints/params
F(000)

GOF

Rint

R1[l > 20] (all data}
WR2 [I| > 20] (all datap
max peak/hole (@A3)

G2H106CuCshoN17PR WS,

2781.06

P1

0.24x 0.07 x 0.02

193(2)

0.71073

15.586(4)

26.955(8)

28.378(8)

111.742(6)

91.535(7)

93.373(p

11039(5)

4

1.673

1.841
0.7666/0.9646
45846/15947
13345/894/777

5504

0.827

0.0680

0.0821 (0.2138)

0.1596 (0.1944)

0.743/-0.748

AR1=3|[Fol — [Fell/ZIFol. "WR2= {3 [W(Fo* — FA)Z/ S [W(Fo?)7} 2

Table 2. Selected Bond Distances (A) and Angles (deg) for
{Csc[CpCo(CN}J4Cp*Ruls[(cymene)RusSy]}H{ PR} 2

Ru(4)-Ru(5) 2.831 Ru(5yRu(4)-Ru(6) 57.75
Ru(4)-Ru(6) 2.823 Ru(4yRu(6)-Ru(5) 61.27
Ru(5)-Ru(6) 2.731 Ru(6}Ru(5)-Ru(4) 60.98
Ru(4)-N(5) 2.126 N(5)-Ru(4)-N(8) 91.03
Ru(4)-N(8) 2.088 N(8)-Ru(4)-N(12) 84.65
Ru(4)-N(12) 2.122 N(5%-Ru(4)-N(12) 85.80
Ru(4)-S(1) 2.231 S(LYRu(4)y-S(2) 89.02
Ru(5)-S(1) 2.234 S(1YRu(5)-S(2) 88.83
Ru(6)-S(1) 2.257 S(1YRu(6)-S(2) 87.90
Co(1)-C(1) 1.900 C(1}Co(5)-C(2) 90.78
Co(1)-C(2) 1.816

Ru(1)-N(2) 2.122 N(2)-Ru(7)-N(7) 88.87
Ru(1)-N(7) 2.068

C(1)-N(1) 1.179 N(L}-C(1)-Co(1) 169.82
Cs(1)-N(1) 3.543

Cs(1)-C(1) 3.682

of RusS;, one observes only the defect box and unreacted

RusS,. Similarly, at low RuszS;J/[CpCo(CN)]~ one still
observeo,RUS?" together with unreacted [CpCo(CjY)
(Figure 4).

The IR spectrum o€o,RusSs?" featuresvcy at 2156 and
2124 cn?, with the higher energy band assigned:{p cny.
This band is shifted by 35 cmto higher frequency relative
to [K-18-crown-6][CpCo(CNy].?* The band at 2124 cm
is assigned tacn;, as seen fo€CscCosRus (Figure 2). The
formula forCosRUeSs?>" was also confirmed by ESI-MS with
M2+ at m/z = 1358. X-ray crystallography confirmed the
structure of the cage, which has idealiz€¢, symmetry

(Figure 5). The three terminal cyanide ligands are oriented
away from the open vertex, as seen in other cationic defect.

boxes®® Although the X-ray data allowed us to determine

the metal framework, the data was not sufficient to support

further refinement.

C.A A—J |
| JJ L

6.0 5.8 5.6 54 52

'HNMR (PPM)

Figure 4. 500 MHzH NMR spectra for the reaction of [CpCo(Cjl)
and [(cymeneRwS(MeCN)]2+ at various ratios. The reactions were
performed in sealed NMR tubes in @ON solution, which were irradiated
for 3 h and then immediately analyzed: (A) 4:5 ratio of [CpCo(gN)
[(cymene)RusS;(MeCN)]2*, (B) 4:4 ratio of [CpCo(CNy~:[(cymene)-
RuwS(MeCN)]2t, (C) 4:3 ratio of [CpCo(CNJ~:[(cymene}RwsS(Me-
CN)3)%*, (D) 7:3 ratio of [CpCo(CNg]~:[(cymene)RusS(MeCN)]2*.
B = Cp for unique CpCo o€04RUsS?". O = aromatic cymene region for
[(cymene)RusS(MeCN)]2". ® = aromatic cymene region f@o,RusSs?.

A = Cp for three equiv CpCo d€0sRUsSs?+. O = Cp for [CpCo(CN}]~.

* = impurity.

Figure 5. Structure of the dicationic cluster-cage {fCpCo(CN}]4-
[(cymene)RusS;] 3} (PFs)2; the hydrocarbon ligands are omitted for clarity.
Thermal ellipsoids are drawn at the 25% level.

Synthesis and Characterization of [Cp*Rh(CNY]s-
[(cymene}RusS;]3(PFe).. The Cp*Rh-containing analogue
of CosRuUeSs?t was synthesized from [(cymenBWsS,-
(NCMe))?" and 1.33 equiv of [Cp*Rh(CN) . The IR
spectrum of this species featunes, at 2155 and 2118 cm,
vs 2123 and 2118 cm for Et4N[Cp*Rh(CN)].??> The
formula{[Cp*Rh(CN)]4[(cymene)RusS;]s} 2", RhyRuUoS:>",
was also confirmed by ESI-MS with ™M at m/z = 1587.
TheH NMR spectrum oRhsRusSs** revealed a 1:3 pattern
in the Cp* region, consistent wit@s, symmetry. The same
spectrum also confirmed (i) the cymene/Cp* ratio of 6/4 and
(i) the chemical equivalency of the six cymene ligands.

(21) Dineen, J. A.; Pauson, P. [l. Organomet. Cheml972 43, 209—
212.

(22) Klausmeyer, K. K.; Rauchfuss, T. B.; Wilson, S. Agew. Chem.,
Int. Ed. 1998 37, 1694-1696.
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Figure 6. Overlay of the tritopic Lewis acids: (cymenBL,SRW#™ and
Cp*Rut with coordinates taken from the crystallographically determined
structure of { Csc[CpCo(CN)]4[Cp*Ruls[(cymenelRusS;]} (PRs)2. The
metal atoms are superimposed.

Figure 7. Cyclic voltammograms 0€04RuUsSs>" and RhyRugSe?".

As in the previous case @0o4RuUsS?" the stoichiometry

Kuhlman and Rauchfuss

Figure 8. Cyclic voltammograms o€osRusSs*" upon treatment with 0,
1, 2, and 3 equiv of Cs(scan rate of 50 mV/s on 18 M MeCN solutions
in 0.01 M BuNPFs). Equivalents of Cswere added as a 0.005 M CsOTf
solution.

probably via binding to the terminal cyanide ligands.
Titration of Co;RUsSe>™ with Cs' revealed that redox couples
shift for <3 equiv of cation but not with additional

equivalents (Figure 8).

Conclusions

Molecular cyanometalate cages are generally prepared by
the condensation of tritopic Lewis acids and facial tricya-
nometalates. In this study we demonstrate that Lewis acidic
clusters also participate in the condensation. In this way we

of reaction is not critical. In both the CpCo and Cp*Rh cases, generated some relatively high nuclearity molecular species,
we were unable to generate completed cluster boxes. Previouse., those with CgRuy and RhRuy frameworks. The steric
worked has shown that the steric hindrance imposed by largebulk of the (cymengRwS, vertex precludes, however,

facially capping ligands such as Cp* can prevent box

completion!® In terms of steric-profile, the “ligand”
(cymene)Rw,S; is larger than Cp* as indicated by visual

inspection although the orientational asymmetry of the

cymene ligand complicates the comparison (Figure 6).
Electrochemical Analysis of CaRusS*" and RhyRusS2+.

Cyclic voltammetry provided insights into the redox respon-

formation of completed boxes JRusS;].

Fujita and co-workers have encapsulated an ion-pair within
a cationic receptot whereas we have encapsulated a cation
in a cationic receptolCsCc CosRUsS?" is a rare structurally
characterized cationic receptor bearing a cationic guest
molecule. Ordinarily one would expect that cationic receptors
would repel other cations. The stability of this species

siveness of the various subunits of the cluster-cagesindicates the ability of the cluster to localize the positive

Co4RUeSe*" andRhsRuUgSs?t. Both undergo an irreversible
reduction at ca—1.2 V, which is assigned to the reduction
of the RuS; subunits. At more extreme potentiap,RuySs>"
undergoes two reversible reductions, assigned t¢"'Cadn
contrastRh;RuSs?" shows only the~—1.2 V reductions,
the Cp*RH'(CN); units apparently being more difficult to
reduce than [CpCo(CN)) (Figure 7). BothCosRueSs*+ and
RhsRUsSe?" undergo two irreversible oxidations at ca. 0.7
and 0.9 V, assigned to the oxidation of thesBusubunits.

charge, thereby reducing Coulombic repulsions between the
cationic cage vertices and C£fforts to extend the inclusion
chemistry of alkali metals were unsuccessful. Reduction of
the cluster-cag€o4RusSs*t in the presence of alkali metal
cations did not lead to inclusion complexes.

Aside from [(cym}RusS;(NCMe))?*, few metal clusters
with triple Lewis acid sites are known. The absence of site-
differentiated cluster compounds remains an important gap
in the palette of metal cluster chemistry.

Other aspects of the redox properties are presented in th%\/laterials and Methods

Experimental Section.

In the presence of Csthe two Co-centered reductions
of CosRUsSs? shift positively by 400 and 100 mV. The same
effect was also observed upon addition of &d Na salts.

General. Standard Schlenck techniques were used in all syn-
theses. The precursors sBfCp*Rh(CNs)],2? [(cymene)RusS,]-
(PR)2,2° and{ Cs[CpCo(CN)]4[Cp*Ru]s}* were prepared according

The fact that all three cations elicited the same effect suggests(23) Bourgeois, J.-P. Fujita, M.; Kawano, M.: Sakamoto, S.. Yamaguchi

that these cations interact similarly with the cluster-cage,

434 Inorganic Chemistry, Vol. 43, No. 2, 2004
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to published procedures. An immersion reactor (150 mL) with a of 150 mL of EO to the red solution precipitated a red powder,
water-cooled quartz sheath was used for photolyses. The UV light which was collected by filtration and washed with 60 mL of@&:t
source was a high-pressure mercury-vapor lamp (Hanovia, 450 W). Yield: 260 mg (92%). IR (MeCN, cm): vcy = 2156, 21241H
13C andH NMR spectra were acquired on Unity Varian 400 and NMR (MeCN): 1.365 (d, 36H), 2.367 (s, 18H), 2.753 (sept, 6H),
500 spectrometers. Electrochemical experiments were done on &.420 (s, 15H), 5.549 (s, 24H), 6.053 (s, 5H). ESI-M&/z =
BAS-100 electrochemical analyzer. Cyclic voltammograms were 1358.0 ([M¢f]). Anal. Calcd for GyHoaN12CosCsRP.RUsS,
measured at a scan rate of 50 mV/s on3l®l MeCN solutions (found): C, 36.76 (36.68); H, 3.49 (3.50); N, 5.59 (5.82). Crystals
using 0.01 M ByYNPF; as a supporting electrolyte and referenced of { CosRusSs} (PFs)2 grew over the course of 2 weeks by vapor
to internal CpFe™°. A platinum wire counter electrode, a glassy diffusion of EtO into a solution of 25 mg of Co,RUSs} (PFs) in
carbon working electrode, and a Ag/AgCl reference electrode were 3 mL of MeCN over the course of 2 weeks.
used. Elemental analyses were done by the Microanalytical Labora-  {[Cp*Rh(CN) 3]4[(cymeneyRusS;]s} (PFe).. A solution of 126
tory in the School of Chemical Sciences. mg (0.119 mmol) of [(cymeneRusS,](PFs), in 20 mL of MeCN
Improved Synthesis of NH[CpCo(CN)]. A slurry of 8.0 g was added to a solution of 74 mg (0.159 mmol) ofNE€p*Rh-
(19.7 mmol) of CpCo(CO}lin 50 mL of MeOH was added to a  (CN);] in 30 mL of MeCN. The red solution was irradiated with
solution of 4.0 g (61 mmol) of KCN in 100 mL of MeOH, and the UV light within the immersion reactor and stirred for 3 h. The
resulting solution was heated at reflux for 48 h. The reaction mixture resulting brown solution was evaporated to dryness, and the
was allowed to cool and then filtered in air. The brown-colored resumng brown residue was redissolved in 15 mL of MeCN. The
filtrate was evaporated to dryness, and the residue was washed twiceyddition of 80 mL of E4O to the brown solution precipitated a
with 50 mL of MeCN to remove a dark brown impurity. The  brown powder, which was collected and washed with 30 mL of
remaining yellow powder was dissolved 1 L of hot MeCN to Et,0. Yield: 110 mg (80%). IR (MeCN, cm): vcy = 2155, 2118.
give a clear yellow solution. A solutionf® g (30 mmol) of NH- IH NMR (MeCN): 1.339 (d, 36H), 1.977 (s, 45H), 2.377 (s, 18H),
PFs in 50 mL of MeCN was then added to the yellow solution to 2,539 (s, 15H), 2.693 (sept, 6H), 5.469 (s, 24H). ESI-M8z =
precipitate yellow NE[CpCo(CN}]. Yield: 2.5 g (58%). A solution 1587.2 ([MP]). Anal. Calcd for GiHiadN1-RhF1P.RUS,
of 0.5 g (2.28 mmol) of NE{CpCo(CN}] in 20 mL of H,O was (found): C, 38.86 (38.55); H, 4.19 (4.03); N, 4.86 (4.87).
added to a solution of 1.4 g (2.44 mmol) of PPNCI in 500 mL of  crystallography. Crystals were mounted on thin glass fibers
H0. Yellow-orange microcrystals of PPN[CpCo(GN}H20 im- using Paratone-N oil (Exxon) before being transferred to a Siemens
mediately precipitated. This crude product was purified by extrac- pjattorm/CCD automated diffractometer for data collection. Data
tion into 20 mL of MeCN followed by the addition of 100 mL of processing was performed with SAINT PLUS version 6.22.
EtO. The prod_uct was collected bY filtration, washed with 20 ML gyr;ctyres were solved using direct methods and refined using full
of EO, and dried under vacuum. Yield: 1.62 g (96%). Anal. Calcd atrix least squares OF? using the program Bruker SHELXTL
for CasHzN4CoOR, (found): C, 69.66 (69.31); H, 4.92 (4.64); N, yersion 6.10. Hydrogen atoms were fixed in idealized positions with

7.38 (7.88). thermal parameters 1.5 times those of the attached carbon atoms.
~ {Cs[CpCo(CN)l4[Cp*Ru] s[(cymene}RusS,|} (PFe)2. A solu- The data were corrected for absorption on the basi¥ afcans.

tion of 174 mg (0.164 mmol) of [(cymengusSy|(PFe)2 in 10 mL Specific details for each crystal are given in Table 2. Full
of MeCN was added to a solution of 271 mg (0.164 mmol) ©8- crystallographic details have been deposited with the Cambridge

[CPCO(CN}l4[Cp*Ru]} in 130 mL of THF. The red solution was  crystallographic Data Center as supplementary publication numbers
irradiated with UV light within the immersion reactor and stirred  ccpc-xXXXX.

for 3 h. The solution was evaporated to dryness and then redissolved
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