J. Am. Chem. S0d.999,121,2705-2711 2705

Alkali Metal-Templated Assembly of Cyanometalate “Boxes”
(NEL)s{ M[Cp*Rh(CN)3]s[Mo(CO)3]s} (M = K, Cs). Selective
Binding of Cs

Kevin K. Klausmeyer, Scott R. Wilson, and Thomas B. Rauchfuss*

Contribution from the School of Chemical Sciences and the Frederick Seitz Materials Research
Laboratory, Unbersity of lllinois at Urbana-Champaign, Urbana, lllinois 61801

Receied July 6, 1998

Abstract: The box-like cage§M[Cp*Rh(CN)3]4[Mo(CO)3]4} 3~ form as the sole metal-containing products

of the reaction of [Cp*Rh(CN]~ and ¢%-CsHsMe3)Mo(CO); in the presence of Kand Cg. Well-defined
species could not be identified in solutions of Cp*Rh(gNand §;°-CsHsMez)Mo(CO) in the absence of
alkali metal cations. The new cages were isolated as thgW'Ealts, M= K* (1), Cs" (2). Crystallographic
characterization ofl and 2 reveals box-like M(u-CN);» cages containing alkali metal cations. The cages
feature 12 external CO and 4 externgMes ligands. In1, the K is disordered over two off-center positions,
whereas in the case &f the Cg is centered in the cage with a formal coordination number of 24. Otherwise,
the structures of the two compounds are virtually indistinguishable. The persistence of the solid-state structures
in solution was established throu8i€ NMR spectroscopy and electrospray mass spectrometric measurements.
133Cs NMR spectroscopy, which readily distinguishes free from included e®ws that the boxes preferentially
bind Cs' relative to K.

Introduction The cyanometalatéd;!2 such as Prussian bldéare coor-
dination polymers that are well-known to exhibit ion-exchange
properties. lon exchange in these materials is facilitated by the
relatively large M(CN); windows (25 A?), which allow
transport of guest ions into the cavitisin some cases it is
clear that the alkali metals occupy the interior of the cubie M

Alkali metal binding to inorganic frameworksg.g., zeolites
and clays, is not only technically interesting but is also useful.
For example, ion exchange by zeolites is used for water
softening, the removal of radionuclidésnd the modification

of the catalytic propertie3.Relative to traditional organic .
complexants such as polyamines and polyethers, inorganic ion-(CN)12 box-like cages. As related by Dunbaand more recently

exchange materials are often more selective due to theirDavis,9 Prussian blue analogues are of interest as sequestering
- . L - i i i 19 37
rigidity. 5 In contrast, flexible organic ligands tend to favor small  2gents for Cs. Cs-selectivity IS of intere§t"° because*"Cs

ions with large charge/radius ratios. It is true, however, that IS & dangerous radionuclide g = 30y, 5~ emission) that is a
through ingenious synthesis, organic ligands have been preparedn@or product of uranium and plutonium fission. In fact,

that preferentially bind to larger alkali met&< The ability of cyanolr;etalatefs hqvellbeen_ administered orally in cases of
rigid ligands to confer selectivity is illustrated by the behavior acute'*'Cs" poisoning:* In this paper, we describe a soluble
of the inorganic inclusion complex [NaAsBe;]3~, which is cubic cyanometalate framework that, like the solid-state materi-
synthesized by the hydrothermal reaction of Au angSéal® als, binds alkali metal cations with a particular affinity for
The Kt analogue of this complex cannot be prepared becauseCS-
the larger K (rc+ = 1.38 A vsrya = 1.02 A) is incompatible The present contribution extends our recent synthesis of
with the cavity in the Ag.Se; cage. “molecular boxes,” cages consisting of metals situated at the
- - corners of a cube, all linked by CN bridg&sThe connectivit
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of the box{[CpCou-CN)s]4[Cp*Rh]4}**, by the coupling of
[CpCo-CN)(CN)][Cp*RNCI]; (the eight-component reaction
of [CpCo(CN}]~ and [Cp*Rh(MeCNj]2" works as well, eq
1). The M—CN linkages, which remain intact throughout the
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assembly process, displace labile MeCN ligands. In related work,

Long and co-workers have employed triazacyclononane (TACN)
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Figure 1. 500 MHz'H NMR measurements showing the influence of
CsOTf on the reaction (E4)[Cp*Rh(CN)] + (#°-CsHsMe3)Mo(CO).
Spectrum A is that of a stock MeCN solution that is equimolar in the
two metal complexes (this spectrum remains unchanged over 72 h).
Spectrum B is the same stock solution 20 min after it was treated with
0.25 equiv CsOTf. Spectrum C is the same solution (i.e., that used for
spectrum B) after 48 h. Note the simplification of the Cp* region. For
spectrum D, the sample was prepared by adding MeCN to a solid
mixture of (EtN)[Cp*Rh(CN)], (75-CeHsMesz)Mo(CO);, and 1 equiv

as face-capping ligands in the assembly of related but more CsOTf in a 4:4:1 molar ratio after 24 h. The signabat.86 is due to

highly cationic caged!
Given their considerable interior volume 135 A3), as well

Cp*Rh(CN)s.

as the aforementioned precedents in the chemistry of solidimpurity in the starting (EN)[Cp*Rh(CN)] (prepared by

cyanometalates, thed{CN).» cages have the potential to exhibit
inclusion properties. Initial indications of cation binding in these

reaction of KCN and [Cp*Rh@],, followed by cation exchange
with E4NCI). The fact thatl formed in the presence of low

molecular boxes came from an attempted preparation of the concentrations of K indicates that the cyanometalate cage has

charge-neutral species [Cp@eCN)s]4[Cp*Ru]s. The mass

a high affinity for the alkali metal cation. SubsequéiHtNMR

spectrum of the soluble products of this reaction gave peaksmeasurements showed tiaorms efficiently when the reaction

corresponding to K[CpCo(CNu[Cp*Ru]s" (eq 2)22 We ten-

K+

_ " +
4 CpCo(CN)~ + 4 Cp*Ru(MeCN)" ——-——-
{K[CPCo(CN),[Cp*Rul}" (2)

tatively interpreted this result as indicating the formation of a
cage with K" at its interior. Rationalizing that alkali metal
cations would bind still more strongly tanionic cages, we
turned to the preparation of cages derived from [Cp*Rh(LN)
and ®-CegHzMe3)Mo(CO)s, a source of the Mo(CQ)frag-
ment23.24

Results

Synthesis and Spectroscopic Characterizatiorl.he reaction
of (Et4N)[Cp*Rh(CN)s] and 75-CsHsMe3)Mo(CO); was found

of (Et4N)[Cp*Rh(CN)] and ¢;%-CeHsMe3)Mo(CO); is con-
ducted in the presence of 0.25 equiv of KBKz-4-Cl)4, a
MeCN-soluble source of K Similarly, we obtained a related
Cs"-containing produc® when the reaction was conducted in
the presence of CsOTf (eq 3). These salts were purified by

+ K+ or Cst

4 Cp*Rh(CN); + 4 (CH,Mez)Mo(CO); —, =

{M[Cp*Rh(CN);],[Mo(CO)]],}*" (3)
M =K* (1), M =Cs"(2)

fractional crystallization from MeCNEt,O solutions to remove
the coproduct (EN)OTHT.

The new compounds were obtained as crystals that proved
extremely sensitive to desolvation. Air-drying of these samples
afforded solvent-free materials that were subjected to mi-

to proceed at room temperature in minutes. Complete displace-croanalysis. In the case 8f vacuum-dried, desolvated samples
ment of mesitylene was indicated Bl NMR analysis; the  gaye good results upon conventional combustion analysis. We
resulting solutions were stable, provided that they are protectedyere unable to obtain high quality combustion analytical results
from the atmosphere. Because the arene is displaced, Wepr 1. this finding is consistent with the fact that even
conclude _that the Mo centers achieve _6-coord|nat|_on via recrystallized samples contain some Cp*Rh(€Ns indicated
complexation to the N termini of the coordinated CN ligands by IH and13C NMR analysis. We interpret these findings as

as well as to the solvent MeCRH NMR measurements indicate
that the reaction mixture consists of one principal Cp*-
containing species~ 75%), but other species are evident
including Cp*Rh(CN}~ (6 1.86, see Figure 1). Similarly3C
NMR analysis showed a complex mixture of Cp*Rh-containing
species including Cp*Rh(CH).

A low yield of well-formed crystals could be obtained by
addition of EO to the reaction mixture described above. The
crystals proved to consist of (NB{ K[Cp*Rh(u-CN)s]s[Mo-
(COX)4} (1), together with various molecules of solvation (vide
infra). The low yield can be attributed to the fact that thg, K
which is required for crystal growth, was present as a trace

(21) Heinrich, J. L.; Berseth, P. A; Long, J. Rhem. Commuril998
1231.

(22) Contakes, S. M. unpublished results.

(23) Pidcock, A.; Smith, J. D.; Taylor, B. W.. Chem. Socl967, 872.

(24) Zingales, F.; Chiesa, A.; Basolo, .. Am. Chem. Sod.966 88,
2707.

indicating thatl is slightly labile with respect to loss of K in
accord with the relative stability of the €vs K* derivatives
(vide infra). Both1l and 2 were also analyzed for their metal
content by electron microprobe analysis (EDX). This technique,
which has precision of5%, established that the metal ratios
corresponded to MRMo,, for M = K, Cs. Additionally, the
EDX technique allowed us to establish the homogeneity of the
new materials through the analysis of several parts of a given
sample on a electron microscope stage.

Electrospray mass spectrometric (ESI-MS) measurements
show that these molecular cages exist in solution. Spectra of
MeCN solutions ofl and2 showed peak envelopes for the ion
pair { (EuN)K[Cp*Rh(u-CN)3]4[Mo(CO)3]4} >~ (m'z= 1077.6)
and the parent clustéCs[Cp*Rh{-CN)3]4[Mo(CO)s]4} 3~ (m/z
= 705.8), respectively. The mass distribution of molecular ion
peak envelope matched that calculated from the isotopic
abundances. The ESI-MS of all samples, including those lacking
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in alkali metal cations, showed intense peaks for [Cp*RhEN)
and Cp*Rh(CNj[Mo(CO)s]~ (the latter is not the octametallic
tetraanion as judged by tma'z spacing) The nature of the latter
species is not known; one speculative suggestion is that the
binding of the Mo(COj unit to the Cp*Rh(CNy~ moiety
resembles the binding of Nao CpFe(CN)(CO)~.%°

NMR measurements proved very useful in assessing the
purity, structure, and stability of the new cyanometalate cages.
IH NMR measurements on MeCN solutions readily distinguish

the predominant species formed in the absence of alkali metals

(6 1.966) from1 (6 1.994) and2 (6 1.988). In the case d1,

the same cage species is formed regardless of the order of

mixing, thus the components of the mixture equilibrate readily.
IH NMR measurements also allowed us to verify the integrity
of solutions of2 prepared from desolvated samples used for
microanalysis. The only difference between tHENMR spectra

of these purified samples and crude reaction solutior&sveds

the Cp*/E4N™ ratio. The 13C NMR spectrum of2-(13C);,
consists of a doublet in the CN regioa 129.1,J = 51 Hz),
similar to that seen fof[CpCou-CN)3]4[Cp*Rh]4} 4T (6 132.4,

no 13C-+-103Rh coupling because the Co is bound to the carbon
of CN) and (EiN)[Cp*Rh(CN)] (6 128.9,J = 51 Hz). The
doublet splitting, due t8°Rh coupling, confirms the integrity
of the Rh-CN linkages.

The IR spectra of the cyanometalate cages confirmed the
connectivity (terminal vs bridging) of the CN ligands. Solutions
of (EyN)[Cp*Rh(CN)] (in MeCN or CHCI,) show IR bands
at 2120 and 2114 cnd; the presence of two bands is consistent
with the C3, geometry, while the band positions indicate terminal
CN ligands. IR spectra ofl and 2 differ from that for
Cp*Rh(CN)~ as only a singlercy band is observed at 2147
cm1, consistent withi-CN groups. A signal at 2147 crhalso
dominates the spectrum for a MeCN solution equimolar in
(E4N)[Cp*Rh(CN)] and (75-CsHaMe3)Mo(CO); (but lacking
M™). It appears that CN is bridging in the alkali metal-free case
although theH and 3C NMR data, as well as the ESI-MS
results (vide supra), argue against box formation.

Under idealizedly symmetry assumed fdrand2, the basis
set of 12u-CN ligands gives rise for five normal vibrational
modes of A, E, T1, and T, (2) symmetry. The two Fmodes
are IR active. While we do not observe two bandsX@nd2,
the 2147 cm?® band is broad. Furthermore, the previously
reported{ [CpCo(u-CN)3]4[Cp*Rh],} 4" also exhibits only one
broadvcy band?° A single vy band was also reported for the
cubic solid-state polymers [M(CH) (M = Ga, In) (2206~
2215 cnh),26 and the molecular boxes reported by Long et al.
[(TACN)Colg(u-CN)12[OTf]12 (2200 cntt) and [(TACN)Co-
(u-CN)3]4[(TACN)Cr]4[OTs)i2 (2177 cnrt).2t

A two-band vco pattern is observed for both and 2,
consistent withfac-M(CO); subunits.

Crystallographic Characterization of (EtsN)s{ M[Cp*Rh-
(#-CN)3]4[M0o(CO) 3]s} (MT = Cs, K). Both 1 and 2 readily
crystallize as yellow-orange blocks upon diffusion of&into
MeCN solutions of these compounds. The compounds are
isostructural as indicated by very similar values for the cell

J. Am. Chem. Soc., Vol. 121, No. 12, 12997

Figure 2. SHELXTL plot of { Cs[Cp*Rhf-CN)3]4[M0o(CO)s] 4} 3~ (35%
probability ellipsoids except for Cp* groups).

Table 1. Selected Structural Features (A) for the
{K[Rh(u-CN)3]sMo4}3~ Core in1

5.3570 (0.0007) RhiMol  7.3613 (0.0006) RhiRh4
5.3497 (0.0007) RhiMo2  7.7251(0.0007) MotMo2
5.3695 (0.0007) RhiMo3  7.7102(0.0006)  MotMo3
9.2484 (0.0007) RhiMo4  7.7218 (0.0007) MotMo4
7.3886 (0.0006) RhiRh2  9.2511(0.0006)  MoiRh4
7.3922 (0.0007)  RhiRh3

7.1125 (0.0075) CiC12 7.1190 (0.0069)  NiN12
7.4277 (0.0082)  C2C9 7.4351(0.0070)  N2N9
7.4852 (0.0075) C3C6 7.6279 (0.0067)  N3N6
7.4903 (0.0075)  C4Cl1 7.6316 (0.0068)  N4N11
7.0204 (0.0072)  C5CS8 6.9725 (0.0066)  N5N8
7.4593 (0.0083) C7C10 7.4743(0.0070)  N?7N10
3.6581 (0.01) K:-Cl 3.5148 (0.0097)  KEN1
4.0312(0.011)  KC2 4.0549 (0.011)  KZN2
4.0346 (0.011)  KiC3 4.1098 (0.011)  K%N3
3.5422 (0.010)  KiC4 3.5849 (0.010)  KiN4
3.4755(0.0086)  KiC5 3.5955(0.0085)  KiN5
3.5539 (0.010) K% C6 3.6259 (0.010)  KiN6
3.4828 (0.011)  KiC7 3.4153 (0.010)  KIN7
3.5626 (0.0090)  K*C8 3.6022 (0.0088)  KiN8
3.5206 (0.011)  K%C9 3.4750 (0.011)  KZN9
41017 (0.011)  K+C10  4.1380(0.010)  KZN10
4.0751(0.011)  K&C1l  4.1234(0.010)  K%N11l
3.7408 (0.010)  K+Cl12  3.6092(0.0099) KiN12

C—N and Mo—N—C links are 180+ 11°. Similarly the (N)C-
Rh—C(N) and (C)N-Mo—N(C) angles are~90 + 10°. The
Mo—N distances range from 2.2 to 2.241 A. Comparable
distances 0f2.23 A are seen in other nitrile adducts, e.g.,Mo
(SPh}(CO)(NCMe),?" although the compounds Mo(C§)-
(NCR), have not been crystallographically characterized. Ex-
terior to the M@Rhy(CN);, core are 12 terminal CO and 4 Cp*
groups. The CO ligands are linear, and the@distances are

constants; this was expected because the packing in the crystaynremarkable.

should be unaffected by the contents of the cage. Due to their
similarities, the structures dfand2 will be discussed together.
As indicated by the internal consistency parameRat, the
reflection data forl are better than that faz.

The box-like cages are highly regular (see Figure 2); the Rh

(25) Darensbourg, D. J.; Reibenspies, J. H.; Lai, C.-H.; Lee, W.-Z.;
Darensbourg, M. YJ. Am. Chem. S0d.997, 119 7903.

(26) Williams, D.; Kouvetakis, J.; O’Keefe, Mnorg. Chem1998 37,
4617.

The MaRhy cores inl and2 are virtually indistinguishable
and are highly symmetrical. Across the faces of the cage, the
Rh:-:Rh and Mo--Mo distances are 7.38 and 7.72 A, respec-
tively for both 1 and 2 (see Tables 1 and 2). IfCpCofu-
CN)sl4[Cp*Rh]4}4*, the Rh--Rh distance was 7.3676(1) A. The
body diagonal distance, e.g., for MeRh4, is 9.25 A; the

(27) Eremenko, I. L.; Pasynskii, A. A.; Abdulaev, A. S.; Aliev, A. S;
Orazsakjatov, B.; Sleptsova, S. A.; Nekhaev, A. I.; Shklover, V. E;
Struchkov, Y. T.J. Organomet. Chenl989 365 297.
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Table 2. Selected Structural Features (A) for the
{Cs[Rh{-CN)s]sMog4} 3~ Core in22

9.2631 (0.0011) RhtMolA 7.3682(0.0015) RhiRhl1lA
9.2529 (0.0011) Rh2Mo3 7.3649 (0.0009) RhiRh2
9.3379 (0.0015) Rh3Mo2 7.4348 (0.0012) RhiRh3
5.3712 (0.0015) RhtMol 7.7300 ((0.0018) MoxtMolA
5.3643 (0.0010) RhiRh2 7.7874 (0.0012) MoiMo2
5.3746 (0.0010) RhiMo3 7.7033 (0.0010) MoxMo3

7.2748 (0.015) NEN1A 7.0296 (0.018) CzC1A

3.6606 (0.0092) CsiCl 3.6731(0.0075)  CsiN1
3.7604 (0.0090) CsiC2 3.8106 (0.0074)  CsiN2
3.7307 (0.0081) CsiC3 3.7935(0.0067)  CsiN3
3.8207 (0.0076) CsiC4 3.8567 (0.0067)  CsiN4
3.6102 (0.0096) CsiC5 3.6067 (0.0089)  CsiN5
3.7661 (0.0088) CsiC6 3.6915(0.0081)  CsiN6
3.6462 (0.011)  CsiC7 3.5995 (0.0095)  CsiN7

aThis cage is subject to a crystallographically imposed symmetry
plane that contains Cs, Rh2, Rh3, Mo2, Mo3.

Figure 4. SHELXTL plot of the{ Cs[Rhg-CN)s]4[Mo(CO)]4} %~ core
in 2 (35% probability ellipsoids).

0 A ; i 100 ‘ 50 ik h i ‘“ 10 o 1 N

Figure 3. SHELXTL plot of the{ K[Rh(x-CN)s]s[Mo(CO)s]4} 3>~ core . .

in 1 (35% probability ellipsoids). Two potassium atoms are distributed F19ure 5. 65.5 MHz3Cs N"SA_R_ spectra of a MeCN solution gCs-
over the two sites with almost equal probabilit#2.5%). [CP*RN(u-CN)g][Mo(CO)q]4}*" in the presence of added CsOTH.

distance calculated using the Pythagorean theorem is 9.10 A.six molecules of MeCN are situated near the square-Mo
The MajRhy(CN)y2 cage is larger than the §(CN); cages for ~ RhpCsN4 faces of the box, as is also seer{ [€pCo(u-CN)s]s-
first-row transition metals due to the larger sizes of the second- [Cp*Rh]4} (PFs)4.2°
row metals, which is reflected in@10% increase in both the 133Cs NMR Measurements.The binding of the alkali metal
Rh—C and the Me-N distances vs analogous cages based on at the cage interior was examined BCs NMR studies on
first-row transition metal centers. For example, in Prussian blue pmeCN solutions 0£.28 13Cs has the following nuclear magnetic
the Fe--Fe edges are 5.08 A lont. _ resonance characteristics: 100% natural abundance with a
The only significant difference betwedrand?2 involves the resonant frequency at 13.116 MHz (vs 100 MHz ¥sl). The
location of the alkali met_a! cation: ifh the K" is situated in nucleus is quadrupolat & 7/5) but with only a small quadrupole
one of two off-center positions, with almost equal populations o ment of—3 x 1025 m2 comparable to that féH but opposite
(Figure 3). In2, the Cs is I_ocated at the center of the cage in sign2® MeCN solutions of CsOTf display a sharp signabat
.(Flgu.re 4). Thus} has idealized,, symmetrylwhereanghas 32. In contrast, MeCN solutions @ show a single resonance
idealizedTy symmetry. The degree of centering of the'Gs ato —5.0. The addition of free CsOTf to a solution dgave

2 is indicated by the fact that the M&Cs—Mo and Rh-Cs— - o
Rh angles are 102 1°. The Cs:-C and Cs-N distances range anew peak at the fr_ee C_$>03|t|on 0 3_2)’ thus vern‘yl_ng slow

. exchange between interior and exteriort@enters (Figure 5).
from 3.6 to 3.85 A; the average of the €8 and CSN o ing yigih at half-height for free Gs(o 32) is 7.1 Hz
distances are the same at 3.71 Alithe K:--C/N distances while for Cs in the box, the line width is 4.0 Hz for natural

span a broader range of 3.475.12 A. These K:+C/N contacts .
: . - - bundance species. For sample girepared froni3CN, the
fall into four relatively distinct sets, as dictated by the symmetry 2 ) P ) ) . . .
y y y y 13%Cs line width is 6.6 Hz, an increase in the line width attributed

and as is obvious from visual inspection. At one end of the 13508 3G .

box, the K' is bound in a pocket of 12 C/N atoms withK to unresolved)(***Cs;=C) coupling.

CIN distances of 3.4153(10B.6092(99) A. (28) Mei, E.; Popov, A. I.; Dye, J. L. Am. Chem. S0d977, 99, 6532.
In both1 and2, nine molecules of .MeC.N and one molecule (29) Brevard, C.; Granger, FHandbook of High-Resolution NMR

of Et,O are located in the asymmetric unit. The £d#oups of Wiley: New York, 1981.
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The addition of X excess KB(@Hs-4-Cl)4 to a solution of
2 resulted in no change in the spectrum, indicative of either the
preferential binding of Csvs K or the slow approach to
equilibrium. In a separate experiment, 1 equiv CsOTf was added
to a solution consisting of and 9 equiv of KB(GH4-4-Cl),.
Within the time needed to acquire the spectruni (h), the
only 133Cs NMR resonance observed was 2aait — 5.0. This
experiment demonstrates two facts: the cyanometalate cage
prefers to bind Csvs K*, and alkali metal exchange is facile.
The relative binding affinity for Cs vs Kt can be expressed
as eq 4

= [2][K V[ 1][Cs"] @)

We estimate the detection limit of the NMR measurement to
be 5%, leading to the assumption that at least 95% wfas
converted to2. In the presence of an initial 9-fold excess of
K*, eq 4 can be expressed as eq 5, recognizing that{[Cs'],

= (9K,

Keq = (0.95[1],)(9.95[1])/(0.05[1])* ®)
which can be solved knowing that]}, = 0.00347 M, which
gives a lower limit forKeq of 3780.

Discussion

The ability of the cyano ligands to serve as a bridging ligand
has long been known and many multimetallic complexes have
been prepared by capitalizing on this propéftyMolecular
squares with M(u-CN), cores are well precedented, and more
complex structures are known, e.g., Cr[CNCr(g)¢¥y and Cr-
[CNNi(amine)]¢*+.3132The preparation ofagesbased on CN
bridges is an ancient art, as demonstrated by the long tradition
of Prussian blue and its many analog&&ghe innovation
described in this and related papers is the preparation of
molecularcages based on MCN—M' linkages2®21:34 Previ-
ously we prepared cationic cyanometalate cages by the reactior
of Cp*M2* and Cp*M(CN)~ species. In this work we found
that related anionic cages could only be obtained in the presence
of alkali metal cations. The stability conferred by the alkali metal
is unusual because, in contrast to traditional complexes, the
interaction between the alkali metal and the surrounding
polycyanide framework is ionic.

Competition experiments show that the cage has a higher =
affinity for Cs™ than K (eq 6). The structures of and 2

. §

i
(CO)sMo——N=C—fnCp" 3. (CO)gMo——N==C—RnCp" 3- -
3/| / /| 7/

// N//C R /// / i Figure 6. Structures of Cs[Cp*Rh{-CN)z]J[Mo(CO)s]4} 3~ (top) and
N . T . {K[Cp*Rh(u-CN)3]4[Mo(CO)s]4} = (bottom) using the following ra-
K ——Mo(CO)5 © dii: fc = 0.77, fcs = 2.40,I’K = 2.06,I'Mo = 1.31,TN = 0.74, I'rh =
e 121 A
(C%MZ_N Z C_E{:, (C%MLN é"c_l!mp, indicated by the fact that it is disordered over two sites. The

rigidity of the Mg(CN);2 framework prevents this inorganic
ligand from collapsing around the smaller"Kthus ensuring
ion selectivity. The rigidity of the MgRhy(CN)i» cage is
indicated by the very similar structures of the cage$ and2.
Although the systems discussed in this paper are not practical,
(30) Vahrenkamp, H.; Geiss, A.; Richardson, GJNChem. Soc., Dalton our results demonstrate promising hegtiest behavior of
Tr?giﬁgﬁ;ﬁfiiegen D Ba E. Beck, G.. Fuchs, J. Holzmann, G, Molecularcyanometalate cages. The mechanism of alkali metal
Fehlhammer, W. Pinorg. Chim. Actal992 198 513. exchange is of continuing interest. At present, it remains unclear
(32) Mallah, T.; Auberger, C.; Verdaguer, M.; Veillet, R.Chem. Soc., if the box disassembles prior to alkali metal exchange; alter-
Chg‘;)- hcﬂgrg‘qmugﬁgéafct 4. R. Science (Francay’s2 2, &7. natively, the entering alkali metal could associate with one face,
(34) Contakes, S. E.: Klausmeyer, K. K.; Milberg, R. M.; Wilson, 5. followed by an interchange process. Further experiments are
R.; Rauchfuss, T. BOrganometallics1998 19, 3633. planned to explore this point.

indicate that the preferential binding of larger alkali metal cations
by solid cyanometalates is due to a better fit of @sthe Ms-
(CN)12 cage (Figure 6). The poorer fit of Kin the cage is
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Experimental Section ranging from 1.38 to 25.08 23502 were independent witRy, =
. ) ) 0.0683, after SADABS absorption correcti$nDetails of the crystal
General Protocols. Most operations were conducted in an inert  gata and refinement are given in Table 3.
atmosphere box. The following reagents were purchased from Aldrich The structure was solved by direct methods (SHEEXSwhich
or were prepared according to literature method3i, (;°CeH- showed the position of all of the atoms of the box and on&Et

35 i
Me5Mo(COJ,™ [Cp"RhCL],, CSOT (gift of S. Holmes and G. S. Subsequent least-squares refinements (SHELXL ¥yi@cated the

G'réllam')’ KOTH, and KB(GH.Cl)s. ded drupol positions of the remaining atoms in the electron difference map. All
ectrospray mass spectra were recorded on a Quattro quadrupole ;. 1y atoms were refined anisotropically except for disordered solvent

hexapole-quadrupole (QHQ) mass spectrometéfCs NMR spectra molecules and one acetonitrile. Final refinement cycles were performed

were recorded on a Varian Unity 500 wide bore spectrometer equipped usin
. . . g SHELXH 97-% due to the large number of parameters. Four
. 3 ; 3 ) ) .
with a broad-band probé**Cs chemical shifts are referenced to 0.05 reflections were omitted in the final structure calculation, (1 1 2), (0 2

M aqueous Csl¢ 0). 'H and**C NMR spectra were obtained with a 5" 5 1) and (0 0 4); these reflections were truncated by the beamstop.
Varian Unity 500 instrument. EDX measurements were performed on g largest residual peak (2.008/&3) was located at 0.85 A from
a Zeiss DSM 960 scanning electron microscope. Rh2
Synthesis of (EiN)[Cp*Rh(CN) 3]. A slurry of 0.30 g (0.485 mmol) '
of [Cp*RhCl]z in 50 mL of H;O was treated with 0.329 g (1.94 mmol)
of AgNQs. After 40 min, the yellow solution was separated from the
AgCI by filtration through Celite. The filtered solution was treated with " . ,
. (51.4 and 48.6 for the other) per position. Equivalent U’s of the K
0.284 g (4.5 equiv/Rh, 4.36 mmol) of KCN. After 12 h, the colorless . . e " ; .
. ' ion were restrained to be similar within 0.005 due to high correlation.
solution was treated with 0.161 g (0.970 mmol) ofLEl. The solvent The Cp* rings were refined as variable metric rigid groups. The
was evaporated, leaving a pale yellow solid. The yellow solid was p* ring gid groups.

The K ion is disordered over two positions parallel to the-Q\1,
C5—N5, C8-N8, and C12-N12 cyanide ligands. The site occupancy
was restrained to sum to unity and refined to a value of nearly 50%

extracted into 30 mL of CkCl, which was filtered to remove KCI, ~ CP” rings bound to Rh3 and Rh4 were found to be disordered. For
KCN, and KNQ. The product, (EN)[Cp*Rh(CN)J-H:O, precipitated each, two orientations were found; the Cp* bound to Rh3 consists of
upon the addition of hexane. Yield 0.401 g (93%).NMR (CDCl;) a 64/36 disorder, and the Cp* bc_)und to Rh4 cc_)nsists of an 8_3/_17
6 3.40 (q, 8H), 1.93 (s, 15H), and 1.36 (t, 12MC{*H} NMR (CDCl) dlsord_er_. Carbon atoms of each ring were restrained to have similar
6 129.1, 128.7CN Je_rn = 51 Hz), 100.61, 100.57 (MEs Je_rn = U’s within 0.01.

4.6 Hz), 52.7 ((CHCH.)4N), 9.9 ((CH3)sCs) 7.7 ((CH3CH.)4N). FAB Only one of the EN' counterions was ordered; for this cation, no

MS mVz 316.0 (M). IR vey (KBr) 2110, 2122 cmt. Anal. Calcd for restraints were imposed. The other twaNEt cations were disordered
CziH3sN4Rh-H,0 C, 54.31; H, 8.03; N, 12.06. Found C, 53.96; H, 8.20; over two positions, which refined to occupancies of 68/32 for N14

N, 11.97. and 73/27 for N15. For the disordered cations, theQ\distances were
(EtaN)s{ M *[Cp*Rh(-CN)3]4[Mo(CO) 3]s} . In air, 0.050 g (0.168 restrained to 1.51(1) A and the<C distances were restrained to 1.53-
mmol) of (CHsMes)Mo(COY, 0.075 g (0.168 mmol) of (EN)[Cp*Rh- (1) A. The 1-3 N—C distances were restrained to 2.52(1) A. All non-H

(CN)], and 0.021 g (0.042 mmol) of KB{EI.Cl), (for 1) or 0.011 g atoms of the counterions were refined anisotropically. For the two
(0.042 mmol) of CsOTf (fo2) were placed in a 50-mL round-bottom  disordered cations, the anisotropic displacement parameters were
flask, which was then transferred into a glovebox. The mixture was restrained to have similar U’s within 0.01.

dissolved in 10 mL of MeCN. After 2 h, the color had darkened from Nine molecules of acetonitrile are present in the asymmetric unit;
a pale yellow to orange. The solution was diluted with 35 mL &t six are associated with the faces of the box. Disorder was found for

resulting in the precipitation of an orange solid. two of acetonitrile molecules (N20 and N24); the N20 acetonitrile is
For1: Yield 0.065 g (64% based on (BH[Cp*Rh(CN)]). IR vy disordered over two positions of occupancy of 77/23. The N24

= 2147,vco = 1893(s) and 1768(vs) crh 'H NMR (CDsCN) 6 3.15 acetonitrile is disordered over three positions with occupancies of 31,

(9, 24H, N(GH2CHza)s), 1.994 (s, 60H, Cp*), 1.19 (t, 36H, N(GBH3)4). 31, and 38%. Equivalent atoms of the individual disordered molecules

13C NMR (CDsCN) 6 128.3 (d, fwhh= 2.8 Hz, CN,Jc—rn = 51 Hz). of acetonitrile were restrained to have the same isotropic displacement

ESI MS 1077.8 {(NEty).K[Cp*Rh(CN)3]4[M0o(CO)3]s} "), 496 parameters and refined as rigid groups. The N22 acetonitrile was refined

([Cp*Rh(CN)][Mo(CO)3] 7). EDX analysis (atom % relative to KMo isotropically as a rigid group.

Rhy), theory K, 11.11; Mo, 44.44; Rh, 44.44. Found K, 10; Mo, 45; One molecule of diethyl ether is disordered over two positions of

Rh, 44. 58 and 42% occupancy. The intermolecular distances were restrained
For2: Yield 0.077 g (73% based on @&)[Cp*Rh(CN)]). IR vcn to 1.42(1) A for the O-C bonds and 1.53(1) A for the-€C bonds.

= 2147 cn1?, veo = 1893(s), 1768(vs) cnt. *H NMR (CDsCN) 6 The 1-3 O—C distances were restrained to 2.319(1) A. The isotropic

3.15 (g, 24H, N(Gi,.CHs)4), 1.988 (s, 60H, Cp*), 1.19 (t, 36H, displacement parameters of the ether atoms were restrained to be the

N(CH2CHs)4). *3C NMR (CDsCN) 6 129.1 (d, fwhh= 9.3 Hz,CN, same.

Je-rn = 51 Hz).13*Cs NMR (vs Csl in RO) —0 5. ESI MS 705.8 Crystallographic Analysis of 2. The data crystal, an orange needle,

({ CS[Cp*Rh(CN)][Mo(CO)]4}*"), 496 {[Cp*Rh(CN)|[Mo(CO)3]} ). was mounted using a CryoLoop fiber with the (+Q) scattering planes

Anal. Calcd for (EfN)s{ Cs[Mo(CO}|4[Cp*Rh(CN)]4} C, 42.14; H, roughly normal to the spindle axis. The rapid desolvation of these

4.82; N, 8.38. Found C, 42.54; H, 4.81; N, 8.07. EDX analysis (atom crystals severely inhibited crystal selection. Data were also collected
% relative to CsMgRhy), theory Cs, 11.11; Mo, 44.44; Rh, 44.44.  on a Siemens Smart CCD detector using &/2& scan width and 20
Found Cs, 10; Mo, 45; Rh, 44. s scan timé® Of 73 903 reflections collected fdt ranging from 1.55
For the NMR tube experiments, 0.010 g (0.033 mmoly&fCsHs- to 25.02, 12 454 were independent wiRy, = 0.1144 after SADABS
Me3)Mo(CO)s, 0.015 g (0.033 mmol) of (EN)[Cp*Rh(CN)], and absorption correctioff. Details of the crystal data and refinement are
0.002 g (0.0075 mmol) of CsOTf were dissolved in 1 mL of MeCN- given in Table 3.
ds. The solution_ was mixed for 5 min and then transferred to an NMR The structure was solved by direct methods (SHE#Swhich
tube for analysis. showed the position of one-half of the framework atoms of the box
Crystallographic Analysis of 1. The data crystal, an orange block  and one-half of the ordered &L". Subsequent least-squares refinements
was mounted using oil (Paratone-N Exxon) to a thin glass fiber with (SHELXL 97-27) located the positions of the remaining atoms in the
the (1 0—1) scattering planes roughly normal to the spindle axis. Data electron difference map. The structure features a mirror plane passing
were collected on a Siemens Smart CCD detector using/8.25%can through the box on a diagonal containing the metals Cs1, Rh2, Rh3,
width and 20 s scan tim&.Of 145 519 reflections collected faf Mo2, and Mo3. Three reflections were omitted in the final structure
(35) Girolami, G. S.; Rauchfuss, T. B.: Angelici, R. Synthesis and calculation, (0 2 2), (02 1), and (1 1 1); these reflections were truncated

Technique in Inorganic Chemistryniversity Science Books: Mill Valley, by the beamstop. The largest residual peak was 1.8%at 0.92 A
CA, 1999. from Rh2.

(36) Sheldrick, G. M., SAINT v5 and SHELXTL v5, Bruker AXS,
Madison WI, 1998. (37) Sheldrick, G. M., SHELXL-97, University of Giingen, 1997.
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Table 3. Crystal Data and Structure Refinement for,8&{ M[Cp*Rh(CN)s]s[Mo(CO)s]4} «(CHsCN)g-Et,O for M = K, (1), Cs @)

empirical formula
formula weight
temperature
wavelength
crystal system
space group

GioH15KM04N24013Rhy
2858.10
198(2) K
0.710 73 A
orthorhombic
Pbca

unit cell dimensions from 8192 reflns with<4 0 = 28

a(A)

b (A)
c(A)

o (deg)
B (deg)
v (deg)
V (A3
Z

density (calculated)
absorption coefficient

crystal size

theta range for data collection
index ranges

collection method
reflections collected
independent reflections
absorption correction

max. and min. transmission
refinement (shift/er= —0.001)
data/restraints/parameters
goodness-of-fiton F2

final Rindices (obsd dat&y
Rindices (all data)*

largest diff. peak and hole

17.8255(2)
30.4826(4)
50.0321(7)

27185.8(6)
8

1.397 mgfm
0.920 mrh
0.58 0.48x 0.20 mm
1:385.08
—20=h=20
—36<k=<35
—59=<1=59
0.25w scans for 0.333 min/scan
145 51Rf;; = 0.0683]
23502 [15 103 obisd, 4a(1)]
SADABS
0.978 and 0.641
full-matrix least-squares &%
23502/642/1588
1.256
R1=0.0511, wR2= 0.1020
R%* 0.0857, wR2=0.1092
1.540 ard®.575 e/A -3

C11H15xCSMaN24015Rhy
2951.91
198(2) K
0.710 73 A
orthorhombic

Cmca

17.7795(5)
30.585(2)
50.1116(4)
90

90
90
27250(2)

8

1.439 mg/m
1.151 mnt
3.0x 0.14 x 0.14 mm
1.55-25.02
—-19=<h=<21
—36<k=<35
—59<1<59
0.2b scans for 0.333 min/scan
73 903 Rt = 0.1144]
12 454 [7349 obsd, > 40(1)]
SADABS
0.978 and 0.248
full-matrix least-squares of?
12454/257/768
1.120
R1=0.0716, wR2=0.1789
R1=0.1215, wR2= 0.1965
1.865 and-1.031 e/A—3

aThe weighting of the structures was adjusted to provide a GOF of approximately 1.00 at a data cutofTbis3vas 0.90 A resolution for
1and 1.05 A resolution fo2. P R1= Y ||Fo| — |Fe/|/3|Fol. WR2= Y [W(Fo2 — F2)%/TW(Fo2)4¥2. ¢ w = 1/[03(F,?) + (0.0100P)?], whereP = (F?
+ 2FA)/3.

All Cp* ligands were refined as fixed groups. The Cp* ligands for distances were restrained to 2.52(1) A. For the disordergdtHons
Rh2 and Rh3 were modeled as a 50/50 disorder about the mirror planeonly the N atoms were refined anisotropically.
passing through the box. Carbon atoms of each ring were restrained to  One molecule of diethyl ether is present, the intermolecular distances
have similar U’s within 0.01. were restrained to 1.42(1) A for the-&C bonds and 1.53(1) A for the
Nine molecules of acetonitrile are present in the symmetric unit, C—C bonds. The +3 O—C distances were restrained to 2.319(1) A.
and six are associated with the faces of the box. Those molecules withThe isotropic displacement parameters of the ether atoms were
N11, N12, N13, and N14 were located near the faces of the cage, while restrained to be the same.
two other such molecules were generated by symmetry, all of these

were refined anisotropically. Those molecules of acetonitrile containing Acknowledgment. This research was supported by the

N13 and N14 were disordered and modeled at 50% site OCCUpanCy'Department of Energy under contract DEFG02-90ER14146

The N15 acetonitrile was refined at 50% site occupancy due to lect . ic ch terizati f d at th
symmetry; because of high thermal parameters, these atoms were refine(]j:‘ ectron microscopic characterizalions were periormed at the

isotropically. The N16 acetonitrile was well behaved and refined Center for Microanalysis of Materials, supported by the DOE
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