J. Am. Chem. S0d.996,118,4603-4616 4603

A Solid-State Route to Molecular Clusters: Access to the
Solution Chemistry of [R&gs]?" (Q = S, Se) Core-Containing
Clusters via Dimensional Reduction

Jeffrey R. Long, Logan S. McCarty, and R. H. Holm*

Contribution from the Department of Chemistry, Hard University,
Cambridge, Massachusetts 02138

Receied January 22, 1996

Abstract: A general method for accessing the solution chemistry of cluster constituents of solid phases exhibiting
extended cluster frameworks is demonstrated. The approach is described in terms of simplamieiaiM—X)
frameworks and involves the formal incorporation of AX into a parent structure, resulting in termination of the X
bridges between M centers while balancing the charge of the resulting framework with external cations A. The new
structures obtained display frameworks of reduced connectedness and dimensionality. By replacing single metal
centers with multinuclear cluster cores, this dimensional reduction approach is extended to cluster-containing
frameworks. Its utility is demonstrated via application to the phase®4d, (Q = S, Se), exhibiting three- and
two-dimensional arrays of face-capped octahedra$(fReQ)s]?t cluster cores covalently linked through extremely

tight ReQ, rhombic interactions of the type common to many intractable cluster frameworks (including the Chevrel
phases). Stoichiometric solid-state reactions incorporating TICI supplement the cores with additional terminal ligands,
producing less connected frameworks: two-dimensionad$BEIls]1~ sheets, one-dimensional [iR&Cl4]%~ chains,

and ultimately, isolated [R@sClg]* clusters. The connectivities for such §] frameworks are enumerated; of

the 28 possibilities, three previously unknown frameworks are achieved in the structures gb&0%g CsRe-

Sail3, and CsRe;SeBr,, described herein. Alternatively, employing cesium halide as a dimensional reduction agent
directly provides the unprecedented molecular clusters in water-soluble form as the ph#aS&Rs (X = Cl,

Br), CsResSsls, and CsResSesls. The species [R&sXg]*~ (X = Cl, Br, 1) are precipitated from aqueous base upon
addition of (BuN)X to give the soluble molecular products (Bl)4[ResSsClg], (BusN)4[ResSBre]-H20, and (BuN)s-
[ResSgle]*H20. Treatment of yellow acetonitrile solutions of these compounds with anhydrous acid induces an
immediate color change to red owing to the formation of the protonated clustefS;(Rid)Xs]3~. Reversible uptake

of a single proton is confirmed by the single-crystal X-ray structure determinations aNJBResS;(SH)Ck],
(BusN)3[ResS7(SH)Brs]-2Me,CO, and (BuN)s[ResS;(SH)lg]:2MexCO, as well as spectrophotometric titrations and
elemental analyses. Th&pof [ResS/SH)Brg]3~ in acetonitrile is estimated at 20. An analogous workup of red
CsRe;Seils affords (BuN)s[ResSe(SeH)k]-2Me,CO.

Introduction capped octahedral [R8eCl]*" cores with four Re apices
linked to neighboring cores via chloride bridges and the
remaining twatransRe apices terminated by chloride ligarids.
When RegSeCls is stirred in a refluxing acetonitrile solution

of (RyN)CI (R = Et, Pr), the Cf ions displace the bridges

Large classes of transition metal clusters are produced either
exclusively or most reliably by means of high-temperature solid-
state reaction? Typically, these clusters occur within the

confines of an extended covalent framework, requiring that a between cores, breaking up the extended sheetlike framework
rtain extent of intercluster bond cleav r their ’
certain extent of intercluster bond cleavage precede the to afford a soluble molecular cluster, [&&Clg]>~.* One-

(potential) liberation from parent solids as discrete molecular ;. : S
units. Over the years, the pursuit of soluble cluster species hasdlmensmnal Re5eCle, exhibiting a structure composed of [Re

resulted in development of an arsenal of low-temperature SeClg]*" cores linked through just twtvanschlorid(_a bridges_
techniques for excising clusters from such envirénghe (the rem5a|n|ng four apices are capped by terminal fh!‘OI‘Ide
methods employed generally involve a heterogeneous reactionlc'?g:\?;)ielrea;ﬁtes tl;]r:gg_r dﬁ?gﬁ;ﬁ:ﬁ“ﬁgi;&:d [\ﬁ%;el?n the
between the cluster-containing solid and a solution of some [ResS CI]X; cores are each Iinkeg 0 six ne4i' hbors throuah
appropriate bridge-displacing ligand; however, success is largely Coo€ 9 9

contingent upon the accessibility of the clusters within the solid f:éﬁg?eugsn'dg?iu:]nzzsblprci)':'/se?i Iﬂtelrt- tgcie\:jar'[lﬁ:gec—)gi?rf:rzssl%mal
framework. As an instructive example, consider the series of ques, p y gntly-p

n-dimensional phases §#8nClio_an (N = 1-3). The two- ;r_amlew_ork Ir_endﬁrgs the structure impervious to attack by bridge-

dimensional structure of B8eCls (Figure 1) consists of face- ISP acmg 'ganas. i . . L
Conspicuously absent in the foregoing discussion is the phase

Re;SeCly, formulated by extending the series fromgReCly

with one further substitution of an Befor two CI~ atoms. Its

structure (Figure 2) consists of [8&]2" cores, each with two
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Figure 1. Local cluster environment in the R8aCls (=[ResSés-
CI;]CI%CIx3,,) structure; its sheetlike cluster framework extends within
the plane of the page. Black, white, and cross-hatched spheres represe

Long et al.

[R€5S4+nCls—n] €+ (n = 1—3) have been achieved in soluble
molecular forn® while [Re;Sg]>t has not. The purbinary cores
[ResQg]2" (Q = S, Se) thus present an attractive but unrealized
target for study in solution, particularly in view of the complex
substitution chemistry associated with the chlorides in the mixed
core specie$®® Such cores are encountered in the phases
Re;QgX2 (X = ClI, Br),81%as well as other framework solids,
none of which offer a soluble molecular cluster4ResS;;, M's-
ResQi2 (M' = K, Tl), CssR&sQ13, M'10R&:S14 (M = Rb, Cs),
ReSeTe;, and CsRe;Sqq, inter aliall

Rhombic intercore linkages of the type observed ig3e
Cl, occur in most of the currently intractable cluster framewbrks
(many containing clusters with no molecular analogues), includ-
ing the Chevrel phases wherein they link [MQsn+2]> (n =
2—6, 8, 10; Q= S, Se) cores into three-dimensional frame-
works1? In order to gain access to this realm of cluster
chemistry which lies beyond the scope of low-temperature
excision techniques or solution synthesis, our recent efforts have
focused on the development of a general high-temperature
method, termedimensional reductiorfor deconstructing solid
r1‘{ameworksl.3 Herein, the concept of dimensional reduction is

Re, Se, and Cl atoms, respectively. Core Se and Cl atoms are€laborated and exemplified as an effective means of producing

statistically disordered; the positions shown have been arbitrarily

soluble [RgQg]?* core-containing clusters; initial investigations

designated. Selected mean interatomic distances (A) and angles (deginto the solution properties of these species are also reported.

are as follows: ReRe 2.614(3), ReQ (Q = Se, Cl) 2.506(9),
bridging Re-Cl 2.465(7), terminal ReCl 2.360, intercore ReCl—
Re 132.7#

F{e6SegCI2

Figure 2. Local cluster environment in the structure of¢B&Cl;
(=[ResSe4Se2,5)Sery,Cl%); the cluster framework extends within the
plane of the page. Selected mean interatomic distances (A) and angle
(deg) are as follows: ReRe 2.64(2), non-rhomb ReSe 2.52(1), Re

Cl 2.38(1), Re-Re—Re 60.0(5); within RgSe rhombs Re-Se 2.62-

(1), Re--Re 3.43(2F.

attendant terminal chlorides &tans Re apices, directly linked

in two dimensions via rhombic R8e interactions These
rigid, compact corecore linkages bestow B8eCl, with a
tightly-bound framework that is completely intractable, despite
its two-dimensional nature. As a result of the described
differences in framework dimensionality and connectivity, low-
temperature excision methods have provided access to th
solution chemistry of molecular species containing ke
Cl3)®" and [RgSeCly]*" cores? but an analogous chemistry
has failed to develop around the [f8&Cl]*" and [ReSe)]?"
cluster cores. Similarly, the mixed sulfurchlorine cores

(6) Leduc, P. L.; Perrin, A.; Sergent, Mccta Crystallogr 1983 C39,
1503.

Dimensional Reduction

We begin with a development of the concept of dimensional
reduction which is more general and detailed than our prior brief
introduction to the subjed® Thereafter, experimental applica-
tions of the concept to certain rheniviohalcogenide halide
phases are described.

(a) Metal—Anion Frameworks. The general premise un-
derlying the approach is exemplified in Figure 3, which
illustrates the stepwise deconstruction of a rudimentary three-
dimensional metatanion framework. The initial structure
consists of octahedral metal centers, M, covalently linked in
three dimensions by bridging anions, X. Successive incorpora-
tion of additional equivalents of X reduces the connectivity of

(7) There are only three reports of cluster excision from three-dimensional
solids: (a) Stollmaier, F.; Simon, Anorg. Chem 1985 24, 168. (b) Rogel,
F.; Corbett, J. DJ. Am Chem Soc 199Q 112, 8198. (c) Runyan, C. E;
Hughbanks, TJ. Am Chem Soc 1994 116, 7909.

(8) (a) Gabriel, J.-C.; Boubekeur, K.; Betail, IRorg. Chem 1993 32,
2894. (b) Uriel, S.; Boubekeur, K.; Batail, P.; Orduna, J.; Canadell, E.
Inorg. Chem 1995 34, 5307.

(9) Perrin, A.New J Chem 199Q 14, 561.

(10) (a) Speziali, N. L.; Berger, H.; Leicht, G.; SarjmeR.; Chapuis,
G.; Lévy, F. Mater. Res Bull. 1988 23, 1597. (e) Fischer, C.; Fiechter,
S.; Tributsch, H.; Reck, G.; Schultz, Ber. Bunsenges?hys Chem 1992
96, 1652. (c) Fischer, C.; Alonso-Vante, N.; Fiechter, S.; Tributsch].H.
Alloys Compd1992 178 305.

(11) (a) Bronger, W.; Miessen, H.-J.;' Mer, R.; Neugischel, RJ. Less-
Common Met1985 105, 303. (b) Bronger, W.; Spangenberg, JMLess-
Common Met198Q 76, 73. (c) Bronger, W.; Miessen, H.-J.; Nelgobel,
R.; Schmitz, D.; Spangenberg, M. Anorg Allg. Chem 1985 525 41.
(d) Huan, G.; Greaney, M.; Tsai, P. P.; Greenblatt,livbrg. Chem 1989
28, 2448. (e) Bronger, W.; Loevenich, M.; Schmitz, D.; SchusterZT.
Anorg Allg. Chem 199Q 587, 91. (f) Bronger, W.; Kanert, M.; Loevenich,
M.; Schmitz, D.Z. Anorg Allg. Chem 1993 619, 2015. (g) Harbrecht,
B.; Selmer, A.Z. Anorg Allg. Chem 1994 620, 1861. (h) Bronger, W.;
Schuster, TZ. Anorg Allg. Chem 199Q 587, 74.

(12) Selected references: (a) Chevrel, R.; Sergent, M.; Prigehdlid
State Chem1971, 3, 515. (b) Gougeon, P.; Padiou, J.; Le Marouille, J.

€y ; Potel, M.; Sergent, MJ. Solid State Cheni984 54, 218. (c) Gougeon,

P.; Potel, M.; Padiou, J.; Sergent, Mater. Res Bull. 1987, 22, 453. (d)
Chevrel, R.; Gougeon, P.; Potel, M.; Sergent,JVSolid State Cheni985
57, 25. (e) Gougeon, P.; Padiou, J.; Potel, M.; Sergent, M.; Couach, M.
Ann Chim (Paris) 1984 9, 1083. (f) Gougeon, P.; PanO.; Potel, M.;
Sergent, M.; Brusetti, RAnn Chim (Paris) 1984 9, 1079. (g) Gougeon,
P.; Potel, M.; Sergent, MActa Crystallogr 1989 C45 182.

(13) Long, J. R.; Williamson, A. S.; Holm, R. FAngew Chem, Int.
Ed. Engl. 1995 34, 226.



Accessing the Solution Chemistry of [Rg]2"
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Figure 3. Dimensional reduction of MX(M = metal, X= bridging
anion). By incorporating additional X atoms, the bridges between

J. Am. Chem. Soc., Vol. 118, No. 19, 199%05

the connectedness of the framework by exactly two, permitting
formulation of a mean general descriptor

01(1672n)_zo[MX 3+n] " (1)

for any product, AMX . Such general descriptors will often
correspond to a vast number of possible isomeric structures,
any one of which might be adopted. For example, the chain
01(12)—1[MX g% in Figure 3 consists of MX octahedra
sharingtransapices. If, instead, the octahedra shasapices,

0<n<3

metals are terminated. Each equivalent added reduces the dimensiodn€n an isomer with the exact same PCP descriptor emerges, as
of the structure by one, and is accompanied by a charge-compensatingshown inl. From the perspective of the M and X atoms, the

cation, A. These cations (not shown) reside in the voids between the
resulting sheets, chains, and molecules.

the framework by terminating intermetal bridges, producing

structures containing sheets, chains, and, finally, discrete
molecular units. To preserve the electronic configuration (and
subsequently the ligand geometry) of its metal centers, each X

added to the structure is accompanied by a charge-compensating

cation, A!* These cations reside external to the negatively-
charged M-X framework {.e., between anionic sheets, chains,
or isolated molecules), and are not depicted in Figure 3. With
each equivalent of AX incorporated in the MXtructure, the
overall dimensionality of the ensuing framework is reduced by
one—hence the term dimensional reduction. The scheme
presented in Figure 3 is not necessarily intended to imply a
specific reaction pathway (although it may do so in certain
cases), but rather to embody a formalism with which lower-
dimensional compounds are readily extrapolated from existing
structures.

It is important to emphasize that this formalism does not
predict explicit structures. Instead, it utilizes a mode of
framework connectivity based upon that of a parent structure,
MXy, to predict the connectedness of a new phas® 8.
Theconnectedness a framework shall be defined as the mean
degree of connectivity of its metal centerg.( the mean number
of neighboring metals directly connected to a metal center
through M—X—M linkages). Consider the Mxframework at
the far left in Figure 3, in which each Mpoctahedron shares
all six of its corners with neighboring MxXoctahedra. This
structure is efficiently described by the polyhedra connectivity
partitioning nomenclature recently introducéd® The ap-
propriate descriptor is Qle)—f;an, where the subscript 6
indicates its connectedness. The framework should be viewed
as the parent solid whence all possible dimensionally reduced
products are derived. Thus, extending our methodology of
cluster enumeratiot?, an infinite number of potential substruc-
ture$ may be envisioned, including the three depicted in Figure
30 O(l)—2MX 7, Oyl)—iMXJ*, and O(%)-

[MX ¢]3 (A = AZ"). Each equivalent of X incorporated reduces

(14) In general, A will be considerably more electropositive than M.

(15) Long, J. R.; Holm, R. HJ. Am Chem Soc 1994 116, 9987.

(16) A brief summation of the PCP notation pertaining only to extended
solids follows. Note that the definition for the partitioning has been slightly
revised from that previously propos&d.Consider a general descriptor with
the following formula.

P,(N - aMeX,

The descriptor indicates that the structure of the soligXicontains M
centers, with a polyhedral coordination geometry R« for octahedral,

T for tetrahedral, and so on, as designated in ref 15), connected to
neighboring M centers through linkages consisting dfidging X atoms.

The numbern is obtained from the sum of the crystallographic site
occupancy factors for any M centers connected in this fashion to exactly
neighboring M centers; alh are scaled by their greatest common
denominator to ensure integral values. Finatlf=1, 2, or 3) specifies

the overall dimensionality of the infinitely extended framework.

X X
et A
R x4

X X X X X X
X—,hLiX—,l\Illﬁ-x x—,nlnix?nln/—x
v )

differences between the two structures are rather subtle and at
long range, and the role of the cation A in crystal packing is
likely to be a deciding factor in structural preference. So, while
dimensional reduction predicts that the connectedness of a phase
containing [MXg]%~ should be two, it does not distinguish
between any of the many possible isomeric structures. As
mentioned, the connectedness of a framework is actually the
meandegree of connectivity of its metal centers. For instance,
another possible [M¥?~ isomer has the @13)—L[MX %

chain structure depicted i@ This structure contains two
nonequivalent octahedral M sites (in equal proportions), one of
degree three and the other of degree one, resulting in a mean
degree, or connectedness, of two. As indicated in eq 1, the
dimensionality of a given phase is structure dependent, and does
not necessarily follow from its connectedness (although, obvi-
ously, there is an inexact correlation between the two). A zero-
dimensional structure, {4,)—[M 4X20]&~, with empirical for-
mula [MXs]%~ and a connectedness of two is shown3in
Finally, it is worth noting that the value of in descriptor 1 is

not restricted to integers, but may take on any rational number
between 0 and 3. In other words, the steps in Figure 3 are not
discrete, but represent a numerically (and structurally) conve-
nient sampling from a virtual continuum of empirical formulae.
Eradicating a square lattice consisting of one fourth of the total
MX octahedra from the two-dimensional sheet in Figure 3
results in a new sheet,1(142,)—2[M ;X ,,]**, with the struc-

ture shown in4. This is just one of the possible structures
corresponding to a value of = %3 in eq 1; examination of
confirms that it does indeed have the predicted connectedness
of 6 — 2(%/3) = ¥ (for every one MX octahedron of degree
four, there are two of degree two).

Y- nA/X V.
e e S e e
15 | "
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When applied to a known parent structure, the dimensional Table 1. Selected Examples of Solids with MetaAnion

reduction formalism may serve both as a means of formulating

new synthetic targets of altered connectedness/dimensionality mode

and as a means of relatingstablishedframework solids
throughout chemistry. As an instance of the latter, all four of
the structures illustrated in Figure 3 have been demonstrated
for the phases KeR+n (n = 0, 1, 2, 3)'7 In addition, the
surprisingly diverse crystal chemistry of the ternary ferric
fluorides furnishes examples of framewofks4, as encountered

in SrFeks, BaFek, PyFeF» (=Plu[FesF2q]-2PbF), and Na-
FesF14, respectivelyl® Some further examples are collected in
Table 191931 These include a selection of metal oxide,
chalcogenide, and halide frameworks featuring a variety of
different polyhedra-based connectivity modes. With hundreds
of different frameworks based on corner-sharing.3&frahedra,

Long et al.
Frameworks Related by Dimensional Reduction

3-D 2-D 1-D 0-D ref
Pds KPS, KoPdS 19
T: SiO, BaSiOs N&:SiO; K4SiOy 20
T, P205 NaPQ N&«;PQ 21
T, GaSe CsGaSeo 22
T: HgS KHG:S:  KeHgS 23
2 MnS KoMn3sSy KoMnS, KeMnS, 24
T, CwQP KCuQ@ 25
T ZnS NaZnzS, Na&ZnS NasZn& 26
SPys 1 V205 KVO3 27
O, WO;3 BaWOs  BagWOs 28
O FeR KFeF, KoFeks KsFeks 17
2.1 Pto, LigPtOs 29
> CdCb K4CdCk 30

the silicates represent by far the most thoroughly explored
dimensional reduction syste#. The incorporation of AO in

an appropriate Si@parent structure invokes a mean general
descriptor

2 Principal framework connectivity mode in PCP notati®iQ = S,
e.

Table 2. Structurally Proven Examples of Solids with Cluster
Frameworks Related by Dimensional Reduction

Ti(ly o) —2lSi0 " 0<n<2 @)
encompassing these many phases.
(b) Cluster Frameworks. The basic tenets of dimensional

reduction apply equally to frameworks built up from multi-

modé 3-D 2-D 1-D 0-D ref
Claa R(—:;CI9 A3R%C|12b 33
ClF2  KyZreBClis CsZreBClig BapZrsBCli; RbsZreBClig 34
Claa Nb5C|14 K4Nb6C|13 35
Claa MogCl1o NaMosCli3 PbMasClia 36
Claa Re&SsClg RbR&SsClg 8
S LisResSn AResSiP 37

(17) (a) Hepworth, M. A.; Jack, K. H.; Peacock, R. D.; Westland, G. J.
Acta Crystallogr 1957, 63. (b) Heger, G.; Geller, R.; Babel, Bolid State
Commun1971 9, 335. (c) Vlasse, M.; Matejka, G.; Tressaud, A.; Wanklyn,
B. M. Acta Crystallogr 1977, B33 3377. (d) Bode, V. H.; Voss, EZ.
Anorg Allg. Chem 1957, 290, 1.

(18) (a) von der Muehll, R.; Daut, F.; Ravez,J.Solid State Chem
1973 8, 206. (b) von der Muehll, R.; Andersson, S.; Galy, Acta
Crystallogr. 1971, B27, 2345. (c) Decap, G.; Retoux, R.; Calage, Z.
Anorg Allg. Chem 1993 619, 1850. (d) Vlasse, M.; Menil, F.; Moriliere,
C.; Dance, J. M.; Tressaud, A.; PortierJJSolid State Chem1976 17,
291.

(19) (a) Brese, N. E.; Squattrito, P. J.; Ibers, JA&ta Crystallogr 1985
C41, 1829. (b) Huster, J.; Bronger, W. Solid State Cheml974 11,
254. (c) Bronger, W.; Iger, S.; Rennau, R.; Schmitz, D.Less-Common
Met 1989 154 261.

(20) (a) Wyckoff, R. W. G.Z. Kristallogr. 1927, 63, 507. (b) Hesse,
K.-F.; Liebau, F.Z. Kristallogr. 198Q 153 3. (c) McDonald, W. S;
Cruickshank, D. W.J. Acta Crystallogr 1967, 22, 37. (d) Bernet, K;
Hoppe, R.Z. Anorg Allg. Chem 199Q 589, 129.

(21) (a) MacGillavry, C. H.; de Decker, H. C. J.; Nijland, L. Mature
1949 164, 448. (b) McAdam, A.; Jost, K. H.; Beagley, Bcta Crystallogr
1968 B24, 1621. (c) Wiench, D. M.; Jansen, M. Anorg Allg. Chem
1980 461, 101.

(22) (a) Libbers, D.; Leute, VJ. Solid State Chen1982 43, 399. (b)
Deiseroth, H. JZ. Kristallogr. 1984 166, 283.

(23) (a) Huang, T.; Ruoff, A. LJ. Appl. Phys 1983 54, 5459. (b)
Kanatzidis, M. G.; Park, YChem Mater. 1990 2, 99. (c) Sommer, H.;
Hoppe, R.Z. Anorg Allg. Chem 1978 443 201.

(24) (a) Furuseth, S.; Kjekshus, Acta ChemScand 1965 19, 1405.
(b) Bronger, W.Angew Chem 1966 78, 113. (c) Bronger, W.; Balk-
Hardtdegen, H.; Schmitz, Z. Anorg Allg. Chem 1989 574, 99. (d)
Bronger, W.; Balk-Hardtdegen, HZ. Anorg Chem 1989 574, 99. (d)
Bronger, W.; Balk-Hardtdegen, H.. Anorg Allg. Chem 1989 574, 89.

(25) (a) Oliveria, M.; McMullan, R. K.; Wuensch, B. Solid State lonics
1988 28, 1332. (b) Savelsberg, G.; Sdbg H.Z. Naturforsch 1978 33B,
370, 711.

(26) (a) Kisi, E. H.; Elcombe, M. MActa Crystallogr 1989 C45 1867.
(b) Bronger, W.; Hendriks, U.; Mier, P.Z. Anorg Allg. Chem 1988 559,
95. (c) Klepp, K. O.; Bronger, WZ. Kristallogr. 1983 162, 134.

(27) (a) Bachmann, H. G.; Ahmed, F. R.; Barnes, W ZHKristallogr.
1961 115 110. (b) Hawthorne, F. C.; Calvo, C. d.Solid State Chem
1977, 157.

(28) (a) Salje, EActa Crystallogr 1977, B33 574. (b) Kovba, L. M.;
Lykova, L. N.; Balashov, V. L.; Kharlanov, A. LKoord. Khim. 1985 11,
1426. (c) Balashov, V. L.; Kharlanov, A. A.; Kondratov, O. I.; Fomichev,
V. V. Zh. Neorg Khim. 1991, 36, 456.

(29) (a) Siegel, S.; Hoekstra, H. R.; Tani, B. B.Inorg. Nucl. Chem
1969 31, 3803. (b) Krwschell, P.; Wolf, R.; Hoppe, RZ. Anorg Allg.
Chem 1986 536, 81.

(30) (a) Pauling, L.; Hoard, J. LZ. Kristallogr. 193Q 74, 546. (b)
Bergerhoff, G.; Schmitz-DuMont, Naturwissenschafteh954 41, 280.

a Principal cluster framework connectivity modeA = Rb, Cs.

nuclear cluster cores. Replacing the single metal centers M in
Figure 3 with cluster cores of general formula @] (where

Q represents an anionic ligand or atom intimately bonded with
multiple intracluster metals, M) leads to the analogous decon-
struction of an [MiQqgX 3 parent cluster framework. A similar
replacement extends the other facets of the formalism (as
detailed above for the simpler metanion frameworks) to
cluster frameworks. Over the years, a number of cluster phases
have been structured featuring frameworks readily related by
dimensional reduction. These phases, which were not previ-
ously correlated by the dimensional reduction argument, are
collected in Table 2:33-37 With the exception of LiRe;S; 1,

all of the parent phases (those of maximal dimensionality) have
proven amenable to cluster excisi®ff;8arendering the dimen-
sionally reduced products extraneous for purposes of cluster
solubilization.

Most of the more intractable cluster frameworks are partially
or entirely linked by bonding interactions directly between cores,

(31) The correlation between cation/anion incorporation and dimensional-
ity has been specifically recognized in the structures of certain metal
chalcogenides: (a) Kanatzidis, M. G.; Park,Ghem Mater. 199Q 2, 99.
(b) Axtell, E. A,; Liao, J.-H.; Pikramenou, Z.; Park, Y.; Kanatzidis, M. G.
J. Am Chem Soc 1993 115 12191. (c) Lu, Y.-J.; Ibers, J. omments
Inorg. Chem 1993 14. 229.

(32) Liebau, FStructural Chemistry of SilicateSpringer-Verlag: Berlin,
1985.
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Figure 5. A piece of the Rg5sCl; structure clearly displaying the two
different types of intercluster linkages. The various ligand designations
present in its cluster connectivity notation are as indicated.

“a-i” or “a-a”, respectively, while those which do neither are
labeled “a”.

Figure 4. Local cluster environment in the three-dimensionaiJge
Cly (=[ResS6S,5)S2,,Cl23,,) parent structure. Black, white, and
cross-hatched spheres represent Re, S, and Cl atoms, respectively.
Selected mean interatomic distances (A) and angles (deg) are as
follows: Re-Re 2.59(1), non-rhomb ReS 2.39(1), Re-Cl 2.46(1), Examples of some of these types of ligands are indicated on a
Re—Re—Re 60.0(4); within Rg5; rhombs Re-S 2.50(2)1% smaller piece of the R&Cl; structure in Figure 5 (the core on
the lower right is considered the central cluster). Finally,
rather than through some intermediate bridging atom, as in denominators corresponding to the number of distinct cores to
Re;SeCls (Figure 1) and all of the phases listed in Tablé 2. which each type of ligand is bonded are added to the formula
The three-dimensional framework of §&Cl, provides such (denominators of 1 are omitted).
an example. Its structu¥® is built up from electron-precise

[Reeg Gg s Sa_iZCIa_a4 4)

face-capped octahedral [F8]2" cluster cores, each linked to [R€;S(S2,,1S",,CIP%, (5)
six neighboring cores via two rhombic & interactions
(situated atrans apices of the Reoctahedron) and four,-Cl Note that summing the atoms in a correct formulation will

atoms. Thus, a total of eight bonds astrict each cluster, makingalways result in the proper stoichiometry.

the compound impervious to excision. By focusing on the local  Like their metat-anion brethren, cluster frameworks can
environment of a single cluster, Figure 4 attempts to convey exhibit structural isomerism. The B&Cl; structure is also
the connectivity of the framework; however, due to its tightly- assumed by the isotypic phasess&8r. and RgSeBr,;°
packed three-dimensional nature, the drawing is crowded andhowever, for reasons which are not entirely clearsSCl>
difficult to penetrate. adopts a different structure. The latter structfégure 2) is

A notation specific to cluster frameworks has been developed built up from analogous [R&e]*" cores, each with two
as an aid in both visualizing structures and unambiguously attendant terminal chlorides (§lat trans rhenium apices and
communicating connectivitie®. It is now advantageous to  four rhombic ReSe interactions directly linking neighboring
provide a brief explanation of this notation, which will be €ores. The ensuing connectivity notation for this rigid two-
generously employed hereafter. To begin, attention should bedimensional framework is [RE€4S€7%/2Se42CI%.  Signifi-
directed at asingle cluster within the frameworf? Utilizing cantly, the connectedness of both isomeric frameworks is €ight.
the ReSeCl, structure as an example, consider the central cluster In general, the excision techniques currently available are only

in Figure 4. Square brackets are used to designate the clustefffective for cluster cores linked exclusively throygihalide
core, which consists of six Re atoms and eiginier S ligands. bridges in frameworks with a connectedness of six ori@suus,

Outer @ussey ligands that are not a part of the core, but which N€ither ReSeCl nor ReSeCl, is amenable to cluster excision.
are directly bonded to core metal atoms, are listed outside the!n View of this, the multitude of solids containing [E]*"
brackets. (Q =S, Se) cluster corésand the lack of any corresponding
species in solution, the R&Cl; and ReSeCl, structures were
chosen as prototypes for testing the validity of the dimensional
[Re:S:IS;Cls ) reduction approach.

Inner ligands that serve as an outer ligand for a neighboring Experimental Section

core are Iabeled_ with a superscript -2, while tho.se which do Preparation of Compounds. The preparation of GR&SsCl; has
not are labeled “i". Outer ligands that serve as an inner or outer been reported elsewhet® The reactants Re-(325 mesh Ce:ac) S
ligand for a neighboring core are labeled with a superscript (~100 mesh, Aldrich), Se(325 mesh, Strem), ReB(—ioo mesh,

— - - Cerac), Bs (Fluka), b (Strem), HBr (48%, Mallinckrodt), HI (47%,
(38) Schier, H. von Schnering, H. GAngew Chem 1964 76, 833. Fluka), (BuN)X (X = ClI, Br, I; Aldrich), SOCb (Mallinckrodt), and

(39) The notation makes the simplifying assumption that all clusters in ) e
the framework are equivalent. This assumption, which will be tentatively SOBP (Fluka) were used as purchased, without further purification.

adopted here, obliterates many of the intricacies of dimensional reduction Alkali metal halides CsBr (Strem) and Cst20 mesh, Cerac) were
considered above for metadnion frameworks. However, it should be kept  ground and dried for two days at 20C€ prior to use. Fused silica
in mind that frameworks composed of more than one type of cluster are ampules with dimensions i.ck 0.d. x 1 = 7 x 10 x 120 mm were
not entirely unknown; several examples have been uncovered among the.
Chevrel phases: (a) Chevrel, R.; Sergent, M.; Seeber, B.; Fischer, &.; (40) Due to the capacity of multinuclear cluster cores for forging multiple
Grittner, A.; Yvon, K.Mater. Res Bull. 1979 14, 567. (b) Chevrel, R.; bond linkages (see Figure 2), we will now employ a slightly revised
Potel, M.; Sergent, M.; Decroux, M.; Fischer, 8 Solid State Chen198Q definition of connectedness as the minimum number of bonds that must be
34, 247. broken to completely liberate a cluster core from its surrounding framework.
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dried overnight at 150C. High temperature reactions were carried
out in tube furnaces (Marshall, Lindberg or Carbolite) equipped with

Long et al.

collected by filtration and dissolved in 100 mL of acetonitrile to give
a yellow-orange solution. Several drops of water aad0.5 mL of

programmable Eurotherm temperature controllers; furnace temperaturesSOCL were added to the stirred solution which underwent an immediate

were typically ramped up at 2C/min. Products were identified by

color change to red. The solution was reduced to dryness leaving a

single crystal X-ray structure determinations and subsequent X-ray red solid which was recrystallized by evaporation fromeal:1 (v/v)

powder diffraction (XRPD) patterns. Solid phases exhibiting large

crystal faces were subjected to an electron microprobe analysis (EMPA).

CssResSBry. Liquid Br, (ca. 0.2 g) was added to a tared fused

mixture of acetone and toluene. The resulting red plates were washed
with successive 30-mL aliquots of toluene, water, toluene, and pentane
to afford 1.31 g (66%) of product. Absorption spectrum (MeCRax

silica ampule; the ampule and its contents were accurately weighed (ém) 378 (sh, 1820), 489 (785), 544 (1190) nm. Anal. Calcd for

and cooled with liquid nitrogen. A mixture of Re, S, and CsBr
(stoichiometric amounts bringing the total mass of reactantsata

CusH10CleNsSRes: C, 24.91; H, 4.75; CI, 9.19; N, 1.82; Re, 48.26;
S, 11.08. Found: C, 24.83; H, 4.68; Cl, 9.24; N, 1.77; Re, 48.34; S,

g) was intimately ground and added to the ampule, which was then 11.21.
evacuated and sealed. The sample was heated (with reactants situated (BusN)JResSBre]-H.O. A 1.17-g portion of the product recovered

at the cooler end of the ampule) at 88D for 6000 min, cooled at 0.2
°C/min to about 500C, and air-quenched. The product crystallized
as thick yellow-orange hexagonal plates. EMPA5 {58R&s.00556.02¢2r
Br7se)

CssResSgls. A fused silica ampule was charged withca 2-g
mixture of Re, S, 4, and Csl in proportions corresponding to an overall
stoichiometry of CsRe;Sgl1o (two extra equivalents of Csl) and sealed

from a reaction targeting GRe;SsBr; (as described above) was
pulverized and stirred in 200 mLf & M aqueous HBr for 30 min. The
mixture was filtered to give a small amount of gray-black solid and a
bright yellow filtrate. Solid NaOH (26 g, 0.65 mol) was added to the
filtrate and the mixture was stirred until the solid completely dissolved.
Excess (BuN)Br (ca. 600 mg) was added to the stirred solution which
turned colorless upon formation of a yellow precipitate. The precipitate

under static vacuum. The sample was heated (with reactants situatedVas collected by filtration and dissolved in 100 mL of MeCN to give

at the cooler end of the ampule) at 88D for 6000 min, cooled at 0.2
°C/min to about 500C, and air-quenched. The product crystallized
as thick yellow rectangular plates along with Csl and varying amounts
of an insoluble black phase of unknown composition. EMPA; 1&s
R&s.000)57.7(1) 8.25(5)

Cs:ResSeBrs. A 0.500-g mixture of Re, Se, ReBrand CsBr in
proportions corresponding to an overall stoichiometry ofResSe;-
Bry (three extra equivalents of CsBr) was intimately ground in a pure

dinitrogen atmosphere and sealed in a fused silica ampule under
vacuum. The sample was heated (with reactants situated at the cooler

end of the ampule) at 80TC for 6000 min, cooled at 0.2C/min to
about 400°C, and air-quenched. The product crystallized (along with
the excess CsBr) as metallic black needles.

CsReSels. A fused silica ampule was charged with a stoichio-
metric 0.800-g mixture of Re, Se, ind Csl and sealed under vacuum.

The sample was heated (with reactants situated at the cooler end o

the ampule) at 850C for 6000 min, cooled at 0.2C/min to about
400°C, and air-quenched. The product crystallized as metallic black
elongated rhombic plates. EMPA: G&)Res00S56.01)3.138).
CwuResSals. A fused silica ampule was charged with a stoichio-
metric ca. 2-g mixture of Re, Se,;] and Csl and sealed under static

a yellow-orange solution. The solution was reduced to dryness leaving
a yellow-orange residue which was crystallized by evaporation from a
ca 1:1 (v/v) mixture of acetone and toluene. The resulting yellow-
orange plates were washed with successive 30-mL aliquots of toluene,
water, toluene, and pentane to afford 0.73 g (58%) of pure product.
Absorption spectrum (MeCN)Zmax (em) 401 (sh, 1540), 443 (945),
545 (90) nm. Anal. Calcd for &H14BreNsOSRes: C, 27.06; H, 5.18;

Br, 16.87; N, 1.97; Re, 39.32; S, 9.03. Found: C, 27.15; H, 5.16; Br,
16.76; N, 1.89; Re, 39.26; S, 9.18.

(BugN)3[ResS/(SH)Bre¢]. The product recovered (3.48 g) from a
reaction targeting GRe;SgBr; (as described above) was pulverized and
stirred in 200 mL 61 M aqueous HBr for 30 min. The mixture was
filtered to give a small amount of red-brown solid and a bright yellow
filtrate. Excess (BsN)Br (ca. 1.5 g) was added to the stirred filtrate
which turned colorless upon formation of a yellow precipitate. The

1precipitate was collected by filtration and dissolved in 100 mL of
a

cetonitrile to give an orange solution. Several drops of watecand
1 mL of SOBk were added to the stirred solution, which underwent
an immediate color change to red. The solution was reduced to dryness
leaving a red solid which was recrystallized by evaporation fraca. a
1:1 (v:v) mixture of acetone and toluene. The resulting red plates were
washed with successive 30-mL aliquots of toluene, water, toluene, and

vacuum. The sample was heated (with reactants situated at the COOlebentane and dried under vacuum to afford 2.44 g (71%) of pure product.

end of the ampule) at 850C for 6000 min, cooled at 0.2C/min to
about 500°C, and air-quenched. The product crystallized as thick red
rhombic plates. Occasional minor impurities of Cs&a&l3 (insoluble)
and Csl were also observed. EMPA: 465R6s 025€ .69)6.42

(BugN)4[ResSClg]. A 1.70-g portion of the product recovered from
a reaction targeting GRe;SsCl; was pulverized and stirred in 200 mL
of 1 M aqueous HCI for 45 min. The mixture was filtered to give a
small amount of gray-black solid and a bright yellow filtrate. Solid
KOH (26 g, 0.46 mol) was added to the filtrate and stirred until it
completely dissolved. Excess (BYCI (ca 1 g) was added to the
stirred solution which turned colorless upon formation of a yellow
precipitate. The precipitate was collected by filtration and dissolved
in 100 mL of acetonitrile to give a yellow-orange solution. The solution
was reduced to dryness leaving a yellow-orange solid which was
recrystallized by evaporation fromaa 1:1 (v/v) mixture of acetone

Absorption spectrum (MeCN)Amax (em) 395 (sh, 2380), 492 (781),
541 (1270) nm. Anal. Calcd for £H10BreNsSsRes: C, 22.33; H,
4.26; Br, 18.57; N, 1.63; Re, 43.28; S, 9.94. Found: C, 22.37; H,
4.31; Br, 18.88; N, 1.58; Re, 43.16; S, 9.79.

(BusN)a[ResSsl6]-H20. A 1.12-g portion of the product recovered
from a reaction targeting GRe;Ssls (as described above) was pulverized
and stirred in 200 mL ol M aqueous HI for 2 h. The mixture was
filtered to give a large amount of gray-black solid and a yellow filtrate.
Solid KOH (30 g, 0.53 mol) was added to the filtrate and stirred until
it completely dissolved. A 50-mL aliquot of 0.05 M aqueous {B)
was added to the stirred solution, which turned colorless upon formation
of a yellow-orange precipitate. The precipitate was collected by
filtration and dissolved in 100 mL of acetonitrile to give a yellow-
orange solution. The solution was reduced to dryness leaving a yellow-
orange solid that was crystallized by evaporation frooaal:1 (v/v)

and toluene. The resulting yellow-orange plates were washed with mixture of acetone and toluene. The resulting yellow-orange plates
successive 30-mL aliquots of toluene, water, toluene, and pentane towere washed with successive 30-mL aliquots of toluene, water, toluene,

afford 0.73 g (38%) of product. Absorption spectrum (MeCMR)ax

(em) 377 (sh, 1860), 434 (1050), 537 (140) nm. Anal. Calcd for
CeaH14.CleNsSRes: C, 30.07; H, 5.68; Cl, 8.32; N, 2.19; Re, 43.70;
S, 10.03. Found: C, 29.88; H, 5.59; Cl, 8.38; N, 2.17; Re, 43.88; S,
10.11.

(BuaN)3[ResS;(SH)Clg). The product recovered (1.96 g) from a
reaction targeting GRe;SsClz was pulverized and stirred in 200 mL
of 1 M aqueous HCI for 30 min. The mixture was filtered to give a
small amount of gray-black solid and a bright yellow filtrate. Excess
(BusN)CI (ca. 800 mg) was added to the stirred filtrate which turned
colorless upon formation of a yellow precipitate. The precipitate was

and pentane to afford 0.041 g (4.3%) of product. Absorption spectrum
(MeCN): Amax (em) 393 (sh, 3290), 420 (2200), 507 (sh, 755) nm.
(BusN)3[ResS;(SH)l6]:2Me,CO. The product recovered (2.69 g)
from a reaction targeting GRe;Ssls (as described above) was pulverized
and stirred in 200 mL ol M aqueous HSO, for 1 h. The mixture
was filtered to give a large amount of gray-black solid and a yellow-
orange filtrate. A 50-mL aliquot of 0.05 M aqueous (Bi)l was added
to the stirred filtrate which turned colorless upon formation of a brown
precipitate. The precipitate was collected by filtration and dissolved
in 100 mL of CHCI, to give a red-brown solution. Three drops of
concentrated aqueous$, were added, and the solution was stirred
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Table 3. Crystallographic Dafafor CsResSsBrs, CsResSsls, CoResSeBrs, CsReSels, and CsResSesls

CsResSsBry CsResSls CsReSeBry CsReSel3 CsiResSeile
formula wt 2597.6 3186.3 2334.3 2262.5 3041.9
space group R3c Frm3m P2:/n P2i/n P2i/c
z 6 4 2 4 4
a A 9.957(2) 15.842(2) 6.544(3) 6.565(2) 10.099(3)
b, A 18.687(7) 19.678(9) 28.922(8)
c, A 54.55(2) 9.263(4) 15.793(6) 11.667(3)
B, deg 104.26(3) 96.77(3) 106.27(2)
V, A3 4685(2) 3976(1) 1098.0(8) 2026(1) 3271(2)
eal, glcm® 5.524 5.324 7.061 7.417 6.176
u, mmt 38.39 30.24 56.73 56.39 41.06
R (Ry9), % 7.56 (7.96) 5.39 (6.51) 6.70 (6.81) 7.64 (7.03) 5.03 (4.99)

@ Obtained at 223 K with graphite monochromated Ma & = 0.7107
SIwiFol 32

3 &) radiation® R = ¥ [|Fo| — |Fell/3|Fol. Ry = { S[W(IFol — |Fc)%

Table 4. Crystallographic Dagafor (BusN)a[ResSsCle], (BusN)s[ResS(SH)Ck], (BuaN)4[ResSsBrg]-H20, and (BuN)s[ResS(SH)Brg]-2Me,CO

(BuaN)4[ResSsClg] (BuaN)3[ResS;(SH)Ck] (BuaN)e[ResSeBre]-H20 (BwN)3[ResS(SH)Brg] -2Me,CO
formula GaH14CleNsR&sSg CagH10dCleN3Re:Sg CeaH146BrsNsOReSs Cs4H121BrsNsO:ResSg
formula wt 2556.2 2314.8 2841.0 _2697.7
space group Pbca PL P2,/c P1
A 4 2 4 2
a A 22.738(5) 12.445(5) 22.055(7) 13.957(5)

b, A 16.585(6) 17.482(5) 16.832(6) 16.870(6)
c A 23.524(9) 18.190(6) 24.482(10) 18.552(8)
a, deg 95.98(2) 76.30(3)

B, deg 106.53(3) 90.87(3) 76.02(3)

v, deg 103.67(3) 77.62(3)

V, A3 8871(5) 3624(2) 9088(5) 4061(3)
deae, glen? 1.914 2.121 2.076 2.206

w, mnmt 8.559 10.47 10.82 12.10

R (R),° % 6.06 (6.38) 5.03 (5.20) 4.83 (5.13) 6.00 (6.26)

@ Obtained at 223 K with graphite monochromated Ma & = 0.7107

Table 5. Crystallographic Dagafor (BusN)a[ResSgle]‘H20, (BwN)s[ResS;

3 A) radiation® For definitionscf. Table 3.

(SH)lg)-2MexCO, and (BuN)s[ResSe/(SeH)E]-2Me;CO

(BwiN)4[ResSslg]-H20

(BwN)s[ResS;(SH)ls|-2Me,CO

(BuN)s[ResSe/(SeH)k|-2Me,CO

formula GsaH14d 6N2ORESs CsaH12116N2ORe:Ss CsaH121l6NzORe:Ses
formula wt 3122.9 2921.5 3353.8
space group P2,/c C2lc C2lc

Z 4 4 4

a A 22.170(7) 28.631(12) 28.227(11)
b, A 17.326(5) 21.380(8) 21.940(9)
c A 24.682(9) 14.741(5) 14.995(6)
B, deg 91.73(3) 108.57(3) 105.22(3)
v, A3 9477(5) 8553(6) 8961(6)
deare, g/Cn® 2.189 2.269 2.486

w, mmt 9.800 10.85 13.42

R (Ru).> % 8.42 (8.72) 6.77 (5.69) 6.78 (6.74)

aObtained at 223 K with graphite monochromated Ma & = 0.71073 A) radiation® For definitionscf. Table 3.

for 30 min. The solution was then reduced to dryness, leaving a red
solid which was recrystallized by evaporation fronca 1:1 (v/v)
mixture of acetone and toluene. The resulting black crystals were
washed with successive 30-mL aliquots of toluene, water, toluene, and
pentane to afford 0.22 g (11%) of product. Absorption spectrum
(MeCN): Amax (em) 534 (590), 586 (sh, 353) nm.
(BugN)3[ResSe(SeH)ls]-2Me,CO. The product recovered (1.957
g) from a reaction targeting GRe;Sels (as described above) was
pulverized and stirred in 200 mLfd M aqueous HI for 2 h. The
mixture was filtered to give a small amount of brown-black solid and
a bright red filtrate. A 50-mL aliquot of 0.05 M aqueous @Bi)l was
added to the stirred filtrate which turned colorless upon formation of
a brown precipitate. The precipitate was collected by filtration and
dissolved in 100 mL of acetonitrile to give a red-brown solution. Ten
drops of SOCG] were added, and the solution was stirred for 15 min.
The solution was then reduced to dryness, leaving a brown-black solid
which was crystallized by evaporation fronta 1:1 (v/v) mixture of

1.29; Re, 34.51; Se, 19.67. Found: C, 17.96; H, 3.42; |, 23.60; N,
1.26; Re, 34.32; Se, 19.36.

X-ray Data Collection and Reduction. Structures were determined
for the compounds listed in Tables-8. Single crystals were picked
from the reaction products, coated with Apiezon L grease, and attached
to glass fibers. The crystals were then transferred to a Nicolet R3m/V
diffractometer and cooled in a dinitrogen stream—60 °C. Lattice
parameters were obtained from least-squares analysis of more than 30
carefully centered reflections. Decay corrections were based on the
measured intensities of reflections monitored periodically throughout
the course of data collection; none of the crystals showed significant
decay. The raw intensity data were converted (including corrections
for scan speed, background, and Lorentz and polarization effects) to
structure factor amplitudes and their esd’s using the program XDISK
from the SHELXTL PLUS 4.21/V software package. An empirical
absorption correction based on the observed variation in intensity of
azimuthal ) scans was applied to each data set using the program

acetone and toluene. The resulting black, block-shaped crystals wereXEMP. For CgRe;SsBrz, CsResSsls, CoResSeBrs, CsReSesls, and

washed with successive 30-mL aliquots of toluene, water, toluene, and
pentane to afford 1.31 g (63%) of product. Absorption spectrum
(MeCN): Amax (em) 477 (sh, 2060), 525 (sh, 1180), 609 (1190) nm.
Anal. Calcd for GgHiodeNsSeRes: C, 17.72; H, 3.38; 1, 23.43; N,

CsiResSails, the absorption correction was improved by collecting
excess data used to average equivalent reflections. Further details of
the data collection are deposited as supporting information. Crystal
data are collected in Tables-3.
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Structure Solution and Refinement. Space group assignments
were based on systematic absencBEsstatistics, and successful
refinement of the structures. Structures were solved by direct methods
(XS) with the aid of difference Fourier maps and were refingg %
60F,) with successive full-matrix least-squares cycles (XLS). The
structure of (BuN)s[ResS/(SH)BIs]-2Me,CO was solved in space group
P1 and the solution adapted fBL. In the (BuN)JResSe(SeH)k]-2Me-

CO structure, all non-hydrogen atoms were refined anisotropically with
the exception of those comprising the two acetone solvate molecules.
For all other structures, light atom& & 9) were refined isotropically,

and the other atoms were refined anisotropically. Hydrogen atoms were
not included in the final refinements except for those associated with
the cations in (ByN)3j[ResS/(SH)Brs]-:2Me,CO and (BuN)s[Res-
Se(SeH)k]-2Me;CO. In these two cases, hydrogen atoms were fixed
at ideal locations 0.96 A from the bonded carbon atom and given a
uniform value ofUis,. After the final cycle of refinement of each
structure, all parameters had shifted by less than 1% of their esd, and
the difference Fourier map showed no significant electron density.
Because of the large amount of data from the 12 structures reported
and the constant cluster structural motif, metric parameters are
summarized as ranges and mean values. Complete listings of structuraFigure 6. Local cluster environment in the structure of one-dimensional
data are deposited as supporting information. CsRe;SeBr,; ellipsoids are drawn at the 50% probability level.
Inversion centers are located at the center of each cluster and each
ReSe rhomb.

All of the compounds absorb X-rays heavily, particularly the denser
solid phases which exhibit linear absorption coefficiant®f greater
than 30 mm?! (see Table 3). For higher symmetry crystals, the

empirical absorption correction proved adequate when combined with  Dimensional Reduction of RgSeX, (X = CI, Br, ).~ A
collection of excess data (generally, one half of the full sphere) used Maximum of three distinct steps have been encountered in the

to average equivalent reflection intensities. dimensional reduction of R8&Cl; (Figure 2), as observed with

Other Physical Measurements. X-ray powder diffraction datawere  the incorporation of TIC
collected on a Scintag XDS-2000 diffractometer using @uridiation
(A = 1.5406 A). Electron microprobe analyses were carried out with Re,SeCl, LN TIRe;SeCl, LN

a Cameca MBX electron microprobe operating at 15 keV and 15 nA 2.D 2.D

and employing a Tracor Northern TN-1310 wavelength-dispersive aTIcI

spectrometer. Absorption spectra were measured with a Cary Model TI,Re;SgCl, — TI;Re;SeCl, (6)
3 spectrophotometer. Cyclic voltammetry was performed with an 1-D 0-D

EG&G Model 163 potentiostat, 0.1 M (BN)(PFs) supporting elec-

trolyte, and a Pt disk working electrode. Potentials were determined (Again, it should be emphasized that dimensional reduction
vs an SCE reference electrode. equations such as eq 6 are intended to convey the formalistic
relationship between structures, and not necessarily a specific
synthetic pathway.) The first step involves uptake of a single
equivalent of TICI to yield TIRgSeCls. Here the overall
dimensionality of the cluster framework has not been reduced,;
Solid-State Syntheses Solid-state reactions proceeded along however, the rigidity of the sheets has relaxed substantially.
lines typical of previous rhenium chalcohalide cluster phase Each [ReSe]?" core now has three associated terminal
preparationd34! Stoichiometric amounts of elemental or binary chlorides fac arrangement) and three rhombicBe interac-
compounds were intimately ground and reacted at high tem- tions with neighboring cores, resulting in a dimpled, six-
perature (800, 850, or 90C) under non-oxidative conditions  connected [RgSeCls]l~ framework. Addition of one more
in sealed fused silica tubes. Crystal growth was promoted by equivalent of TICI gives rise to IResSe&Cls, wherein the
slow cooling rates; various attempts at employing transport dimensionality and connectedness of the framework have now
agents such as were unsuccessful. Reactants were situated been reduced to one and four, respectively. The chain structure
at the cooler end of the tube to ensure contact with the cesiumof this phase matches that of BssSeBr,4 (Figure 6) described
halide, which otherwise tended to migrate out of the reaction below and is derived from R8&Cl, by simply terminating the
mixture. Reactions targeting §%s:Ssls were often contami- core—core linkages in one dimension. The terminus in the
nated by large amounts of an unidentified phase, but usually dimensional reduction of R8&Cl, is gained with incorporation
improved with addition of two extra equivalents of Csl to the of five total equivalents to TICI to form zero-dimensional
reaction mixture. The XRPD pattern of this insoluble black TlsRe;SeCls, which is isotypic with the GRe;SgBr; (see Figure

Results and Discussion

impurity displayed extremely intense low-angled (% 20°) 9, below) structure and features the molecular cluster
peaks characteristic of cluster-containing phases. Most likely, [ResSeClg]*~. While TIRe;SeCl; forms quantitatively, the two
the impurity is some higher-dimensional productR&Ssl 2+ lower-dimensional phases;Re;S&Cls and TEReS&Cl; are

(0 = n < 4); unfortunately, attempts at obtaining it in the form consistently produced only in negligible overall yields. Further,
of sizable crystals failed. All other preparations were essentially the strong interactions of Tlcations with the clusters render
guantitative, as monitored by XRPD. all of these compounds insoluble. Thus, while the preceding
phases establish the potential of the dimensional reduction

Mot ThgE 95, 75 (1) Laduc, L Perin A Seraent: M. 6 Acad 8ei | approach in dismantling the B8aCl, framework, they do not
Ser 2 1983 296 961. () Leduc, L.; Perrin, A.; Sergent, M.; Le Traon, accomplish our ultimate goal of providing the [fSe]** core

F.; Pilet, J. C.; Le Traon, AMater. Lett 1985 3, 209. in solublemolecular form.
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Table 6. Selected Interatomic Distances (A) and Angles (deg) faR&SsCls, Tl:ReS&Cls, and CsResSeBr,

TI,ResSCl2 TI,ResSeCl2 CsResSeBrs
Re—Re 2.590(5)-2.634(5) 2.618(3)2.666(3) 2.605(3)2.662(3)
mean 2.603(11) 2.63(2) 2.62(2)
Re--Re? 3.216-3.259 3.407 3.370
mean 3.24(2)
Re—Q¢ 2.35(3)-2.45(3) 2.500(72.517(6) 2.506(6)2.527(5)
mean 2.40(3) 2.510(5) 2.515(7)
Re-Q° 2.49(3)-2.56(2) 2.600(72.633(5) 2.617(5)2.638(6)
mean 2.51(3) 2.62(2) 2.63(1)
Re—X 2.38(2)-2.44(3) 2.411(12y2.414(11) 2.543(H2.573(6)
mean 2.41(2) 2.413(2) 2.56(2)
Re-Re-R¢ 59.5(1)-60.9(1) 59.4(1)60.9(1) 59.3(1)61.0(1)
Re—Re—R¢® 89.4(2)-90.6(2) 89.3(1)90.7(1) 89.4(1)90.6(1)
Re—Re—X 133.2(6)-137.5(5) 134.1(4y136.4(4) 131.2(2Y138.8(2)
mean 135(1) 135.2(7) 135(2)
Re—-Q—R¢& 63.7(5)-66.7(6) 61.2(1y64.1(2) 62.1(1)64.0(1)
mean 65(1) 63.0(8) 62.6(9)
Q—Re-Q° 99.6(7)-100.0(6) 98.7(2) 100.2(2)
mean 99.8(2)
Q—Re—X 90.4(8)-95.6(8) 89.7(4y93.4(4) 89.4(1)95.2(2)
mean 93(2) 92.2(6) 92(2)

aReference 15° Within core-linking ReQ, rhombs.© Excluding ReQ, rhombs.4 Within triangular faces® Within equatorial squares.

CsRegSegls

Toward this end, attempts were made at utilizing the cesium
halides as dimensional reduction agefitsUptake of cesium
chloride and cesium bromide is limited to a single step:

ReSeX, —%CsReSeX, (X=CIBr) (7)
2/3-D 1-D

The structure of GRe;SeBr,4 (isomorphous with GRResSes-
Cl4)'2 exhibits one-dimensional chains composed of;Fg%"
cores linked by Rg&Se rhombs attrans rhenium apices, as
shown in Figure 6. The chains are sheathed with terminal
bromides, which ligate the remaining four rhenium atoms of
each cluster core to afford the connectivity s[ResSee-
Seéa,,SerBra,. Nearly identical chains are present in the
ResSeBr, parent (isotypic with RgSsClo, Figure 4) wherein Figure 7. Local cluster_en\_/ironment inthe struct_ure _of two-dimensional
each is linked to four neighboring chains via bridging bromide CSR&S&ls (SCS[R&SE:S€%]SE 22 %1"%); ellipsoids are drawn at

. . . . the 50% probability level. Selected mean interatomic distances (A)
atoms. Thus, the inclusion of CsBr terminates all of the bromide and angles (deg) are as follows: -RRe 2.63(2), non-rhomb ReSe

bridges, and opens up the structure by inserting G&ions® 51(1)"pridging Rel 2.819(1), terminal Rel 2.757(3), Re-Re—

between chains, effectively reducing the framework connected- re 60.0(6) and 90.0(6), ReRe—I 135(2), Re-Sé—Re 62.9(8), Re

ness to four and the dimensionality to one. Interatomic distances|—Re 119.1; within RgSe rhombs Re-Se 2.603(2), Re-Re 3.390,

and angles for the chains in fF&:SeBr, are summarized in Se-Re—Se 98.7.

Table 6, and except for marginally shorter-Rér distances,

bear no Signiﬁcant differences from those inGBQBrz_loa In Dimensional reduction of the fictitious el parent solid

both structures, the [RBe]?" core consists of a regular Re  With Csl proceeds in two steps:

octahedron concentric with an §eube; the regularity of the csl scsl

latter is disrupted somewhat by the slightba(0.1 A) longer “RegSgl,” — CsRegSel,—— Cs,ReSgls  (8)

Re—Se bonds within core-linking R8e rhombs. This last 2-D 2-D 0-D

observation holds true for all frameworks featuring {Qg%"

(Q =S, Se) cores linked in such a manner. Despite containing The structure of the two-dimensional phase G&gs (Figure

frameworks with a connectedness of just four, the compactness?) is built up from [ReSe]?* cores linked in one dimension

of their ReSe core-linking interactions prevents FRa;SesX4 via trans rhombic ReSe interactions and in another through

(X = Cl, Br) from breaking up into discrete clusters under trans bridging iodide ligands, with the remaining two apices

standard excision conditioi$. Interestingly, none of the above  capped by terminal iodides. The resulting six-connected sheet

M;Re;SeX4 phases assume the isomeric two-dimensional is readily obtained from the B8CI; structure (Figure 4) by

cluster framework of Figure 1, as adopted byS&Clg.3 terminating halide bridges in one dimension. Interatomic

(44) Given the apparent rigidity of the chains in these compounds, an
(42) Halides of the smaller alkali metals were found to be considerably intriguing alternative to excision is direct dissolution of entire one-

less effective in this role. dimensional [ReSeX4]?~ chains. Precedence for such a seemingly
(43) The C¢ cations in all of the new phases display a complex improbable occurrence has been established with the@& (Q = Se,

coordination environment (with coordination numker, and a geometry Te) chains in AM0eQs (A = Li, K), which dissolve intact in highly polar

often defying simple description) involving both chalcogenide and halide solvents like DMSO: Tarascon, J. M.; DiSalvo, F. J.; Chen, C. H.; Carroll,
atoms. P. J.; Walsh, M.; Rupp, LJ. Solid State Cheml 985 58, 290.
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via dimensional reduction. The three-dimensionad$gx, (X
= ClI, Br) parent frameworks are completely dismantled with
incorporation of 5 equiv of CsX; no intermediate phases with
fewer equivalents of CsX were targeted or encountered.

ReSX, —CsReSX, (X=CI,Br) (10)
3-D 0-D

The structure of the discrete [&Brg]*~ cluster in CsRe;Sg-

Bry is depicted in Figure 9. Both @Re;SsCl; and CgResSs-

Br; are isotypic with TdReQsCl; (Q = S, Se). The extra
equivalent of MX in these MsR&;QgX7 (=M'4[ResQsXg]-M'X)
phases presumably facilitates the packing of clusters in the
crystal lattice. Dimensional reduction of the fictitious parent
Re;Sgl, also terminates with a molecular product; insoluble
intermediate phases were possibly observed by XRH@e(

Figure 8. Structure of the discrete [BBalg]*" clusters in CsRes suprg), but could not be structurally characterized.
Sels (60% probability ellipsoids).

distances and angles are summarized in the legend of Figure 7; “RegSql,” s CsReSslg (11)
again, there is some variation in the -Rge and Rel bond ?2-D 0-D

lengths, depending upon whether or not the Se or | atom is

involved in intercore bonding. Note that the CgBels Two adventitious equivalents of Csl are present igResSgls
structure is an isomeric alternative to the T¢ReCls structure (=CsResSelg]*2Csl) which crystallizes in the cubic space group
described above. A soluble molecular form of the d&g]2* Fm3m. Pleasingly, the symmetry of the crystal lends itself to

core is realized with incorporation of four total equivalents of the cluster imposing it with perfe@, symmetry. Interatomic
Cslin the phase GRe&:Sels. Here, all of the linkages between  distances and angles for the molecular f&X¢]4~ (X = Cl,
clusters have been replaced by terminal iodide atoms, resultingBr, 1) clusters in these Cs-containing phases are summarized in
in completely isolated [RSeslg]*~ clusters, as shown in Figure  Table 8. Other than the expected increase in-Rebond

8. Relevant distances and angles are listed in Table 7. Thedistance with increasing halide radius, the clusters do not exhibit
absence of any R8e core-linking interactions enables the any statistically meaningful geometric differences. A compari-
cluster core to relax into a more uniform geometry, closely son of [ReSsXg]4~ and [ReSaXs]*~ (X = Cl, |; Tables 7 and
approachingd, symmetry. However, this symmetry is some-  8) reveals that the expected differences due to the longer Re
what disrupted by the terminal iodide ligands, which lie slightly Se bonds are accompanied by a subtle isotropic expansion of
and irregularly displaced from their ideal positions along the the Re octahedron.

4-fold rotational axes (as is apparent in Figure 8). The mean Enumeration of [M¢Qg] Framework Connectivities. The
Re—Re distance of 2.625(5) A is comparable to that observed Re;QsCl, (Q =S, Se) parent frameworks and their dimension-
in the other [ReSej]*" core-containing phases, and corresponds ally reduced offspring all share a number of defining attributes.

to a Re-Re single bond, as expected for ap®4 cluster with Al are composed of [RéQg]2* core units with six Re apices
an ideal configuration of 24 metal-based electrBh£ompari- capped by one of three different types of outer ligands: a Q
son with the [ReSeClg]*~ cluster in TkRe;SeCl; (Table 7) atom internal to a neighboring coreXQ a bridging halide atom
exposes no obvious core differences. linking it to the apex of a neighboring core {4, or a terminal
Dimensional Reduction of RgSgX, (X = ClI, Br, “I"). halide atom (X). Furthermore, in a given framework, all cores

Dimensional reduction of the three-dimensional parent phasedisplay an identical coordination environment. Under these
ResSeCl» (Figure 4) with TICI has been demonstrated to progress constraints, it is a simple matter to enumerate the possible
in two stepst? framework connectivities. A compilation of the 28 possibilities
— — for general [MQg] cluster frameworks is set forth in Table 9,
Re;S,Cl, — TI,ReS,Cl, — TI;ReS,Cl,  (9) along with some structurally proven exampiés;10.13,36.37,4649
3-D 1-D 0-D As one scans the table from top to bottom, the connectedness
of the framework decreases from a maximum of 12 (with each
Obtained in near quantitative yields, the dimensionally-reduced core engaged in six rhombic A9, linkages) down to 0. The
phases are structurally analogous to their Se-containing coun- _ _ . .
terparts, TIReSeCl: and TLReSeCly, described above. () QoEi%y Eo IRk |5 Gt Crandiean. Dsold
Geometric parameters for ;Re&SgCls and ThResSeCls are State Chem1973 6, 48. (c) Guillevic, J.; Lestrat, H.; Grandjean, Bcta
collected in Table 6 for comparison. The only remarkable Crystallogr. 1976 B32 1342. (d) Perrin, C.; Chevrel, R.; Sergent, M.
differences between the two structures arise as a result of theMG’(‘f;)F({E‘sSE:J:in%ggf étréggs'm; Le Traon, F-: Le Traon. ASold
shorter Re-S bonds (mean of 2.40(3) A versus 2.510(5) A for State Chem1978 25, 197. (b) Bateman, I. R.; Blount, J. F.; Dahl, L. F.
Re—Se), which induce contraction of both corg Gibes and J. Am Chem Soc 1966 88, 1082. (c) Simon, A.; von Schnering, H. G.;

ReS, rhombs, bringing cluster cores within chains closer Schder, H.Z Anorg Allg. Chem 1967 355 295. (d) Imoto, H.; Corbett,
J. D.Inorg. Chem 198Q 19, 1241.

together. _ _ _ (48) Franolic, J. D.; Long, J. R.; Holm, R. H. Am Chem Soc 1995
Again, cesium halides are the reagents of choice for directly 117 8139.
preparing soluble molecular [B®&]%" core-containing phases (49) (a) Perrin, A,; Leduc, L.; Potel, M.; Sergent, Mater. Res Bull.

199Q 25, 1227. (b) Fedorov, V. E.; Mishchenko, A. V.; Kolesov, B. A.;
(45) Mingos, D. M. P.; Wales, D. Jntroduction to Cluster Chemistry Gubin, S. P.; Slovokhotov, Y. L.; Struckhov, Y. Saviet. J. Coord Chem
Prentice Hall: Englewood Cliffs, NJ, 1990; pp 28890 and references 1985 11, 980. (c) Leduc, L.; Perrin, A.; Sergent, M.; Le Traon, F.; Pilet,

therein. J. C.; Le Traon, AMater. Lett 1985 3, 209.
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Table 7. Selected Interatomic Distances (A) and Angles (deg) fegR&SeCl;, CsRe:Seasls, and [ReSe(SeH)k]*~

TIsRe;SeCl2

CsiResSels

[ResSe(SeH)E]* °

Re—Re
mean
Re-Se
mean
Re—-X
mean
Re-Re—-R¢
mean
Re—Re—Ré!
mean
Re—Re-Se
mean
Re—Re—X
mean
Re—-Se-Re
mean
Se-Re-Se
mean
Se-Re—X
mean

2.609(2)-2.619(2)
2.614(5)
2.520(4)2.526(3)
2.523(3)
2.431(8)

59.7(1)-60.1(1)
60.0(2)
90.0(1)

58.7(1)-59.0(1)
58.8(1)
133.4(2)-136.6(2)
135(1)
62.3(1)-62.5(1)
62.4(1)
89.7(1)-90.2(1)
90.0(2)
90.7(2)-92.8(2)
91(1)

2.617(4)2.635(4)
2.625(5)
2.505(6)2.534(7)
2.519(7)
2.779(5) 2.801(5)
2.793(8)
59.7(1)-60.4(1)
60.0(2)
89.7(1)-90.2(1)
90.0(2)
58.1(2)-58.9(2)
58.6(2)
131.1(1139.0(1)
135(2)
62.4(2)63.1(2)
62.8(2)
89.1(2)-90.8(2)
89.9(5)
87.1(2Y96.2(2)
92(2)

2.616(22.632(2)
2.624(6)
2.494(3)2.515(3)
2.506(5)
2.768(3y2.777(3)
2.773(4)
59.7(1)-60.3(1)
60.0(2)
89.5(1)-90.5(1)
90.0(4)
58.0(1)-58.8(1)
58.4(2)
133.6(1136.8(1)
135(1)
62.9(1)63.5(1)
63.1(2)
89.4(1)-90.5(1)
89.9(3)
90.1(1)-93.7(1)
92(1)

aReference 13% From (BuN)s;[ResSe(SeH)k]-2Me,CO. ¢ Within triangular faces? Within equatorial squares.

[RegSgBrel*

Figure 9. Structure of the discrete [B&Brg]*~ cluster in CsRe;Ss-
Br7 (50% probability ellipsoids). The cluster resides onsyBmetry
site, with atom S(2) on the 3-fold rotation axis.

Table 8. Selected Interatomic Distances (A) and Angles (deg) for

CsRe;SCl7, CsResSgBry, and CsResSgls

CsResSCly CssResSgBI7 CssResSels

Re-Re 2.594(2)-2.559(2) 2.593(3)2.599(2) 2.607(3)
mean 2.597(3) 2.596(3)

Re-S 2.395(6)-2.404(10) 2.380(12)2.407(13) 2.408(11)
mean 2.399(3) 2.397(10)

Re—X 2.421(10) 2.596(6) 2.780(5)

Re-Re—Re* 59.9(1)-60.1(1) 59.9(1)60.1(1) 60.0(1)
mean 60.0(2) 60.0(1)

Re—Re—Ré® 90.0(1) 90.0(1) 90.0(1)

Re—Re-S 57.1(2)-57.3(1) 56.7(3)57.6(2) 57.2(2)
mean 57.2(1) 57.2(3)

Re-Re—X  133.8(2)-136.2(2) 133.5(2y136.5(1) 135.0(1)
mean 135.009) 135(1)

Re-S—Re 63.3(3)-65.7(2) 65.3(4)65.8(3) 65.6(4)
mean 65.5(1) 65.6(2)

S—-Re-S 89.7(2)-89.9(2) 89.4(3)90.2(3) 89.8(1)
mean 89.8(1) 89.8(3)

S—Re—X 92.3(3)-94.6(2) 92.1(3)94.8(2) 93.4(2)
mean 93.4(9) 93(1)

aWithin triangular faces? Within equatorial squares.

Excluding the two end points s and MsQsXe, all of the
stoichiometries in Table 9 have at least two possible connectivity
formulations available. From the list of examples, we see that
in three cases (MRsX2, MgQsX3, and MsQgX4) more than one
of these structural isomers has been realized experimentally.
What drives a cluster framework to choose one connectivity
over another? The present work may help shed some light on
this difficult issue. Cluster systems in which all eight of the
core Q atoms are chalcogenides display a pronounced tendency
to form rhombic MQ, connections directly between cores. On
the other hand, systems with eight halide atoms in the core never
employ this connectivity mode, relying strictly upon outer halide
bridges?? Apparently, the negative charge of a chalcogenide
atom is sufficient (or even prefers) to supporugabridging
environment with four surrounding, positively-charged metal
centers, whereas the lesser negative charge of a halide atom is
not. The absence of direct core linkages in mixed-core phases
of the type RgQs—nX2120n (Q=S, Se; X=CI,Br;n=1, 2, 3,

4) is perhaps attributable to the ease of disorder of the core
anions, due to their similarity in size. Finally, among phases
of the type MyRe&sQsXo4n (M! = Cs, Tl; Q=S, Se; X= Cl,
Br,I;n=0, 1, 2, 4,5, 6), there exists an occasional preference
of the softer halides for bridging €9 over terminal () ligand
roles. Instances of such behavior are evident in the structures
of ReSe&Cl, and RgQsBr2, as well as TIReS&Cls and CsReg

Segls.

Solution Chemistry. Successful demonstration of the di-
mensional reduction of B8Cl, and RgSeCl, type frameworks
is punctuated by the establishment of their solution-phase
analogues. The compoundssR&SsX7 (X = Cl, Br) and Cs-
Re;Sglg readily dissolve in aqueous acid to give a bright yellow
or yellow-orange solution. The solutions are made alkaline to
prevent core protonatiornvifle infra), and the clusters precipi-
tated by addition of excess (W)X (X = CI, Br, I). The solids,
which are highly soluble in acetonitrile and dichloromethane,
are collected from the filtration apparatus by dissolution in
acetonitrile and reduction to dryness. Recrystallization from a
mixture of acetone and toluene affords the soluble molecular
products (BuN)4ResSsClg], (BusN)4[ResSgBrg]-H.O, and

corresponding trend in the dimensionality of structured examples (Bu,N)4[ResSgl¢]-H20. The crystal structures of these products

is much less unwavering.

confirm retention of the [R&SsXg)*™ cluster in solution.

(50) Note that, for reasons analogous to those explained above for simple
metal-anion frameworks, the connectivity formulation dictates the con-
nectedness, butot the dimensionality, of the cluster framework.

(51) This observation is true only of [§Xg] cluster frameworks, and
does not extend to [MK12] cluster systems in which the core halides are
edge-bridging #2).
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Table 9. Possible Connectivities for [MDs] Cluster Frameworks and Some Structurally Proven Examples

formula framework connectivity corn exampled ref
MeQs [M6Q2Q"%12] Q%612 12 MosQs, PbMasSe;, MogSsBr2 (3-D) 46
m 1§J).<6X {m 68:38:5/2} 8:5/2§:’a1/2 ié
6lJs 603U 52| ™ 512
[M6Q4Q" 4] Q142X 10
M12Q16X3 [M6Q'4Q 2412 Q412X X% 9
[M6Q'sQ23/2]Q%"3/2X2 3, 9
MeQsX> [M6Q'2Q"24/7] Q% 142X% 8 Re&SeCl; (2-D) 6
[M6Q'sQ232 Q132X AX 3y 8
[M6Q'6Q"2212] Q22X % 8 ReSsX2, Re;SeBr: (3-D) 10
M1 QieXs  [MeQ'sQ %32 Q'32X %Xy 7
[M6Q'6Q"22/2] Q212X 2X %% 7
[M6QuQ?12]Q*'1/2X* %2 7
MeQsX3 [MeQ'5Q232] Q32X % 6 TIR&S&Cls (2-D) 13
m 68:68:2/2% 82::2/2§Z§2(a‘:":2/2 g CsReSel; (2-D)
6Q'7Q"12/ Q™12 2
MeQeX*%, 6  LiReSi, ReQ:Br. MosSeClo, Nbgl1, CsNi 1 (3-D) 3.37a, 47
M12Q16X7 [MeQ'6Q"2212] Q52X %X 9 5
[MeQ7Q"12] Q12X %X % 5
[MeQlg]X X33, 5
MeQsX4 [M6Q'6Q212]Q*"22X% 4 TI:ResQsCls, CoResSesX4 (1-D) 13
[M6Q'7Q"21/2]Q%"1/2X %X %y 4
[MeQ'g]X%X* %) 4 ReSeCls, MosCli2,Wel12 (2-D) 3, 36a, 48
M12Q16Xso [M6Q7Q"21/2]Q% 12X X33 3
MQ'g]X %X & 3
MeQeXs %M 28‘ j]Qi'asuz] Qaz'zil/zxas 2
[M6Q'g] XX % 2 Re&SCls, NaMosClis (1-D) 8a, 36b
M12QieX11  [MeQg]X%X3) 1
MeQeXe [MeQ'b]X% 0 TRe:QeCl7, C$R&:SeX7, CsResSels, CsiResSails, R&sQuClio, 8D, 13, 36¢, 37b, 49

KReeS%Clg, RbR%SsClg, AloMeSM,d PbMQiXue (O-D)

aFramework connectedne$Q = S, Se; X= Cl, Br. ¢ Complete structural details have not been publisiéd= Rb, Cs; M= Tc, Re.¢ X =
Cl, Br, I.

Table 10. Selected Interatomic Distances (A) and Angles (deg) fos$Ré&]*~ (X = Cl, Br, I)

[ResSsClgl* 2 [ResSeBrg]*— ° [ResSsle]* ©
Re—Re 2.597(2)2.609(2) 2.583(3)2.608(3) 2.592(4y2.608(3)
mean 2.601(4) 2.594(7) 2.599(5)
Re-S 2.387(8)-2.418(8) 2.368(15Y2.421(13) 2.369(16)2.432(14)
mean 2.403(9) 2.396(12) 2.40(2)
Re—X 2.448(10)-2.457(9) 2.579(6)2.606(6) 2.781(5)2.790(6)
mean 2.451(4) 2.595(10) 2.786(3)
Re-Re-Ré¢ 59.8(1)-60.2(1) 59.6(1)60.4(1) 59.8(1)60.3(1)
mean 60.0(1) 60.0(2) 60.0(1)
Re-Re-Re® 89.9(1)-90.1(1) 89.8(1)90.2(1) 89.9(1)90.1(1)
mean 90.0(1) 90.0(1) 90.0(1)
Re—-Re-S 56.9(2)-57.6(2) 56.5(4)58.1(3) 56.4(4)58.1(3)
mean 57.2(2) 57.2(4) 57.3(4)
Re—Re—X 132.8(2)-137.1(2) 132.3(2y137.6(2) 133.0(%y136.8(2)
mean 135(1) 135(1) 135(1)
Re-S—Re 65.2(2)-65.9(2) 64.9(3)66.1(4) 64.7(4y66.4(3)
mean 65.5(2) 65.5(3) 65.5(4)
S—Re-S 89.2(3)-90.2(3) 88.8(5)90.6(5) 88.5(6)-90.9(5)
mean 89.8(3) 89.8(5) 89.8(6)
S—Re-X 91.7(3)-95.2(3) 91.4(4595.5(3) 91.2-95.2
mean 93(1) 93(1) 93(1)

aFrom (BuN)s[ResSsClg]. ® From (BuN)4ResSsBrs]-H20. ¢ From (BuN)4[ResSslg] -H20. ¢ Within triangular facest Within equatorial squares.

Interatomic distances and angles are summarized in Table 10;analogues; however, such an exchange might partially account
comparison with their solid-state precursors (Table 8) does not for the low yields attained in preparing (B\)s[ResSslg] -H20.
reveal any meaningful differences in cluster geometry4- Cs Treatment of [ReSsXe]*~ (X = CI, Br, 1) with acid in a
Re;Sesls dissolves in aqueous HI to yield a bright red solution. nonaqueous solvent such as acetonitrile reversibly protonates
Basifying the solution with KOH results in a color change to the cluster cores in accordance with the following formal
yellow. Preliminary experimentation suggests that the change reaction.

is due to a complete exchange of OFbr terminal I~ ligands,

to give the cluster [R&Se(OH)g]*~. Although the exchange [ReGSSX6]4_ +H = [Re6S7(SH)X6]3_ (12)
curtails a direct preparation of [g®&l¢]*~, this species should

be readily accessible by reaction of its protonated form The protonation, which may be accomplished using HX, as well
([ResSe(SeH)k]®, described below) with an appropriate steri- as a variety of other anhydrous acids, induces an immediate
cally hindered base. No evidence of a similar ligand substitution color change to red (% ClI, Br) or red-brown (X=1). The

was observed for the [B8&Xg*~ (X = CI, Br) cluster color change is never observed in aqueous solutions, implying
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Table 11. Selected Interatomic Distances (A) and Angles (deg) forBREH)Xs]>~ (X = ClI, Br, 1)

[ResSy(SH)Ck]*~ #

[ResS/(SH)Brg) 3~ °

[ResSy(SH)lg]*™ ©

Re-Re 2.591(2)-2.608(2) 2.593(252.606(2) 2.597(3)2.612(3)
mean 2.599(5) 2.600(4) 2.604(5)
Re-S 2.377(732.424(6) 2.381(106)2.248(9) 2.378(13)2.412(10)
mean 2.407(11) 2.403(10) 2.398(9)
Re—-X 2.413(6)-2.429(8) 2.554(4y2.577(4) 2.753(4)2.763(3)
mean 2.419(6) 2.568(9) 2.759(4)
Re-Re-R¢ 59.7(1)-60.3(1) 59.8(1)60.3(1) 59.8(1)60.3(1)
mean 60.0(2) 60.0(1) 60.0(2)
Re-Re-R¢e? 89.7(1)-90.3(1) 89.6(1)90.4(1) 89.5(1)90.5(1)
mean 90.0(2) 90.0(2) 90.0(4)
Re-Re-S 56.5(2)-57.9(1) 56.7(2)-57.9(2) 56.6(3)57.7(3)
mean 57.3(3) 57.3(3) 57.1(3)
Re-Re—-X 133.2(1)-136.8(2) 132.6(%y137.4(1) 133.0(1136.8(1)
mean 135(1) 135(1) 135(1)
Re-S—Re 64.7(2)-66.0(2) 64.9(2)65.9(2) 65.4(3)66.1(3)
mean 65.4(3) 65.5(2) 65.7(3)
S—Re-S 89.1(2)-90.4(2) 88.7(3)90.5(3) 89.1(4590.4(4)
mean 89.8(4) 89.8(4) 89.8(4)
S—Re-X 91.4(2)-95.4(2) 90.9(3)-95.6(3) 91.795.5
mean 93.3(9) 93(1) 94(1)

aFrom (BuN)s[ResS;(SH)Ck]. © From (BuN)3[ResS(SH)Brg]-2MexCO. € From (BuN)3[ResS(SH)Is]-2Me;CO. ¢ Within triangular facese Within
equatorial squares.

that [ReSsXe]*™ is a weaker base thans@l. The reagents SQX 5000 - 5000 -
(X = ClI, Br) provide a useful means of generating HX while '
simultaneously removing any unwanted water. The presence 4|
of three (BusN)* cations in the crystal structures of the
protonated products (BMN)3[ResS/(SH)Ck], (BusN)s-
[ResS7(SH)Bre]-2Me,CO, and (BuN)3[ResS7(SH)le]-2Me,CO 3
indicates that just one proton is associated with each cluster.
The geometric details from these structures are reported in Table 20
11. Comparison with the unprotonated cluster (Table 10)

4000 4

3000 3000 4
=

[ResS:Clsl™

2000 4
[ResS/(SH)CI

exposes a slight shortening in the-R&bond lengths-consistent 1000 - 1000 4

with the increase in overall core chargas the only noteworthy

difference3?> When precipitated with (BiN)I from an acidic 0 : —\ 0 . ; ,
aqueous solution of GBeSels, the [ReSeslg]*~ cluster 300 400 500 600 35 450 550 650

wavelength (nm) wavelength (nm)

protonates under similar conditions, ultimately affording crystal-
line black (BuN)sResSe(SeH)k]-2Me,CO. Interatomic dis-
tances and angles for the structure of the latter are included in
Table 7.

In solution, electronic absorption spectra (Figure 10) provide
a clear means of distinguishing the protonated and unprotonated 4000 |
cluster species. Note the correspondence between peaks in thes
spectra of the chloride- and bromide-ligated clusters: the 3000
positions of the latter are slightly red-shifted from those of the

6000 - 6000 ~ .

5000 -+ 5000 -

4000 -

e

3000{

former. Although the peaks are not as well resolved, this trend 2000 [ReaSale]™ 20007 N [Re,Se,(SeH)l]*
in band shifts may be extrapolated to the iodide-ligated clusters [ResSH{SH)IP AN

(e.0., Amax = 434, 443, and 507 nm for [R8sX¢]*~ with X = 10001 1000 1 ANVAN

Cl, Br, and I, respectively), indicating that the bands are likely o ' N N
due to halide ligand-to-metal charge transfer. A spectropho- 350 450 550 650 0400 " a0 60 700

tometric titration of [RgSgBrg]*~ with anhydrous perchloric acid wavelength ()
in acetonitrile confirmed the uptake of no more than one proton Figure 10, Absorption spectra for acetonitrile solutions of JSeX
per cluster. Further, titration of [R8;(SH)Brs]3~ with triethy- i . d ;

lamine in acetonitrile allowed itsiy, to be estimated at 20 (the E;Z!g e,'('ggL)Ef;f” pared with [R&(SH)X]*" (dashed line) and
pK, of EtsNH™T in acetonitrile is 18.5¥% Thus, consistent with '

their high negative charge, these clusters exhibit considerable
basicity in aprotic solvents such as acetonitrile. Indeed, yellow
acetonitrile or dichloromethane solutions of jRgXe]*™ (X =

wavelength (nm}

donor), and their solutions remain yellow in air for periods of

>3 months. The cyclic voltammetry of the [FBXg]*™ (X =

Cl, Br) gradually turn red over the course of 1 or 2 days when CI,_ Br)_ clusters in acetonitrile reveals a reversible pne-electron
’ oxidation wave aE;;, = +0.27 andt+0.31 V, respectively, and

exposed to air (KD and CQ). In water, on the other hand, remarkably similar voltammograms are observed for solutions
the clusters are not demonstrably basic (presumably due to the

inabilitv of a protonated cluster to act as a hvdrogen-bond of their protonated analogues. Direct characterization of the
Y P yarog SH moiety in (BuN)s[ResS;(SH)Bre]-2Me,CO could not be
(52) The absence of any metric differences in S atom coordination is elicited from either itstTH NMR (CDsCN; no evidence for
not surprising, since the core proton could not be located in any of these paramagnetism) or infrared (KBr) spectra.

structures and is almost certainly disordered over all eight possible sites. . . .
(53) Coetzee, J. F.; Padmanabhan, GJRAm Chem Soc 1965 87, There exists scant precedent in metahalcogenide cluster

5005. chemistry for core protonation reactions of the type established
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here. The most closely related examples involve the reversiblesheets, one-dimensional [f8&Cls]2~ chains, and discrete
uptake of a single proton by the cubane clustersQgE’ R)4]2~ [ResSeCle]*~ clusters. Frameworks of the latter two types are
(Q, @ =S, Se) in aqueous solutiéh. Fully protonated cubanes  also observed in the dimensional reduction of three-dimensional
[M4(SH)u(CO) 2] (M = Mn, Re) have also been reported, but Re;SgCl, (Figure 4) with TICI.

were not demonstrated to undergo deprotonatio®therwise, (3) In pursuit of a directly soluble form of the [Raej]2+

there are only a few dinuclear examples of relevance, and inclyster core, cesium halides were employed as dimensional
these cases, protonation is generally accompanied by some ratheeduction agents (egs 7 and 8). The insoluble one-dimensional
severe structural chang#s.Given the current level of reliance  chain phases GRe;Se;X4 (X = Cl, Br; Figure 6) are the sole
upon single-crystal X-ray diffraction techniques for character- cjuster products with use of CsCl and CsBr. However, reactions
izing new cluster compounds, it seems probable that there arewith Cs| enable isolation of two-dimensional CsBels (Figure
other examples in which the protonation of a highly-charged 7) and, finally, the soluble molecular phaseRe;Sels (Figure
anionic metat-chalcogenide cluster may have gone undetected. 8). A similar strategy permits synthesis of soluble phases

For instance, in light of the above results (as well as the synthetic containing the [ReSs]2t core: CgResSgX7 (X = Cl, Br; Figure
procedures and means of characterization employed), it appear®) and CsRe;Ssls.

plausible that the ruby red cluster previously identified as
[ResSsClg]2~ 8amight actually correspond to [B8s(SH)CH]2~
formed by protonation of [R&;Cl7]3~ in acetonitrile upon
exposure to air.

(4) The possible connectivities for frameworks featuring
[MgQg] clusters are enumerated in Table 9. Of the 28
possibilities, 10 have been observed, and three are unique to
novel [ReQg]?" (Q = S, Se) core-containing phases described
herein.

» ) . (5) The compounds GRe&SsX7 (X = Cl, Br) and CsRe;Sgls

~ Many transition metal clusters have been exclusively attained gjssolve in aqueous base to afford yellow solutions of their
in solid phases as integral components of extended Covalemrespective [ReSsXe]*~ clusters. Addition of (BuN)X yields
frameworks that are not amenable to breakup by means ofihe (ByN)* salts of these molecular clusters in solid forms
conventional cluster excision techniques. Dimensional reduc- conyeniently soluble in polar organic solvents; selected cluster
tion, a general approach for deconstructing extended solid jnteratomic distances and angles resulting from the single-crystal
frameworks, is described in detail, and its effectiveness in X-ray analysis of each salt are set out in Table 10 for
liberating clusters from such environs is demonstrated by comparison. Rapid substitution of hydroxide for the terminal

application to a number of intractable [i&]*" (Q =S, Se) jodide ligands on the cluster prevents isolation of an analogous
core-containing phases. The following are the principal results gpecies from basic solutions of BssSels.

and conclusions from this endeavor. I . _
. . L . (6) Yellow acetonitrile solutions of [R&sXg]*™ (X = Cl,
(1) The concept of dimensional reduction is exemplified in Br, I) react with anhydrous HX to give red solutions of the

o o e e iy rtonaed custers G851, 2 evdenced by
. . ’ € . spectrophotometric titrations, single-crystal X-ray structure
X incorporated in the structure serves to terminate the br'dgesdeterminations and elemental analyses. The red-brown species

e et olenes, i (R&S(SeF i alo oblained wih an analogous workp
’ Y, ’ of red, acidic agueous solutions of gRe;Sele.

charge built up in this process is compensated by the simulta- .
Results (2), (3), and (5) above clearly demonstrate the utility

neous incorporation of cations, A, residing external to the - \ - X .
anionic framework. Thus, the connectedness (and, less rigor-Of the dimensional reduction approach (1) in deconstructing
tightly-bound cluster frameworks and accessing their core

ously, the dimensionality) of a solid framework can be predict- . .
y ) P components in soluble molecular form. With entry to §Qg%"

ably reduced with the controlled insertion of AX. This > . .
formalistic approach may be used for targeting solid-state core-containing clusters, their molecular chemistry can now be

reaction products featuring lower-dimensional, less tightly-bound disclosed. Studies directed toward this end are in progress.
frameworks. Further, by replacing metal centers M with ) )
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