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Abstract: A previously developed solid-state route (dimensional reduction) has led to the first molecular clusters
containing the face-capped octahedral {lReQ)s]?" core (Q= S, Se). Among these is the protonated cluster
[ResSe(SeH)k]®, whose substitution reactions have been examined in an effort to create a set of site-differentiated
precursors for forming multicluster assemblies. Reaction wigR Ehder reflux with different conditions of reactant

mole ratio and time affords the clustediec-[ResSe(PER)sls]~ (2), trans (3) and cis{ResSe(PER)4l] (4), [Res-
Se(PEB)sl] 1 (5), and [ReSe(PEg)s)>" (6). The synthesis of fully substituteglin quantitative yield required the
forcing conditions of 20 equiv of phosphine in refluxing DMF for 3 days. Reactiod ofith AgBF, in
dichloromethane/acetonitrile gaweis{ResSe(PEL)4(MeCN)]2" (7); a similar reaction of5 yielded [ReSes-
(PEB)s(MeCN)PP* (8) and that of [ReSe/(SeH)k]3~ led to fully substituted [ReSes(MeCN)]?" (9). The structures

of clusters2—9 as BuN™* (2), iodide ), SbR~ (7), or BF,~ (6, 8, 9) salts were proven by X-ray crystallography.

No significant variance was observed in the face-capped geometry of the core when bound by iodine, phosphine,
and nitrile ligands alone or in combination. Terminal-R&1/N bond lengths were similarly independent of co-
ligands. The combination of ligands of different lability in clust@rs9 should make them of considerable utility

in producing linked cluster assemblies/materials wherein labile ligands are displaced by bridging ligands. The simplest
of these reactions, the direct coupling of two fRe]?" cluster cores, is demonstrated here. When thermolyzed at
180°C for 24 h under dynamic vacuum, the compour]X}p (X = BF4~, Sbk™) lose acetonitrile and condense to

form two new compounds containing the dicluster {fS&¢(PEt)10]*" (10), whose structure has been established

by X-ray methods. This cluster is composed of two {Ba]?" portions which are centrosymmetrically connected

by two Re-(u4-Se) bonds to form a rhomboidal F&& unit. The bridge bonds ama. 0.1 A longer than the Re

(us-Se) bonds of the remainder of the core; they have the same value as in the bridging rhombs present in the
two-dimensional phase B8sCl,, which is a precursor solid to molecular §Se]?" clusters by dimensional reduction.

The synthesis ol0 is directed by the structure & which can give only one logical product upon deligation of
acetonitrile. The synthesis concept is potentially extendable to other types of oligomerized clusters.

Introduction chalcogenide atom external to both cores, and/erQ#'—M,
involving a chalcogenide atom internal to one core. In Chevrel
phases, the latter interactions conjoin [M@sn+2]%~ (n = 2—6,
8, 10; Q= S, Se) cores into three-dimensional solid frameworks.

Extensive research on metathalcogenide clusters with the
face-capped octahedral corg@s-Q)s'2 has, in significant part,
centered on the obtainment of molecular versions of the - . .
fundamental cluster unit present in Chevrel phdseEhis Our recent research in this area has resulted in the synthesis

: ot e
initiative has resulted in the synthesis and characterization of g|fosrlggt:rr?rc])-fpé?rggﬁsgggﬁg:ﬂéﬁ] wh(g?:tt)?/rsluusﬂgf"ggnttg?ning
M clusters (Q= S, Se) with M= Cr* Mo,>% and W72 ; ' -

6Qs Q ) extended solids of the type RgX, (Q = S, Se; X= Cl, Br,

1) are dismantled into discrete molecular clustérs. These
are of the type [RgsXg]*~ and the protonated forms

which themselves or in suitably altered forms might be
precursors to these or related phases in low-temperature reac
tions. We note also the use of this cluster type in the preparation
of binary phases by mild thermolysis in “molegule-to.-solid" (5) IMosOs(PEQ™ (Q = S, Se)- (a) Saito, T.. Yamamoto, N..
transformations. Any success that may be achieved in con- vamagata, T.; Imoto, HI. Am. Chem. Sod988 110, 1646. (b) Saito, T.:
structing larger molecular clusters or solids based on tf@M  Yamamoto, N.; Nagase, T.; Tsuboi, T.; Kobayashi, K.; Yamagata, T.; Imoto,
motif requires forms of these clusters that are sufficiently H- Unoura, K.Inorg. Chem.199Q 29, 764.

reactive to engage in intercluster bridging interactions. These YOEJE;)Q[M&‘S%%r.(.LMtcg)rll‘egyg?lgj,']g%.p('ﬁ]eerﬁﬁ& ';gsfggze?k' S 3

would take the forms MX&2-M, where X is a halide or (7) [WeSs(PER)e]: Saito, T.; Yoshikawa, A.; Yamagata, T.; Imoto, H.;
Unoura, K.Inorg. Chem.1989 28, 3588.

® Abstract published if\dvance ACS Abstract$ebruary 15, 1997. (8) [WeSs(py)el: (a) Zhang, X.; McCarley, R. Elnorg. Chem.1995

(1) (a) Saito, T. IrEarly Transition Metal Clusters with-Donor Ligands 34, 2678. (b) Ehrlich, G. M.; Warren, C. J.; Vennos, D. A.; Ho, D. M;;
Chisholm, M. H., Ed.; VCH Publishers, Inc.: New York, 1995; Chapter 3. Haushalter, R. C.; DiSalvo, F. horg. Chem.1995 34, 4454.
(b) Saito, T.; Imoto, HBull. Chem. Soc. Jpri996 69, 2403. (9) (a) Steigerwald, M. L.; Siegrist, T.; Stuczynski, S. Morg. Chem.

(2) Goddard, C. A.; Long, J. R.; Holm, R. Hhorg. Chem.1996 35, 1991 30, 2257. (b) Hessen, B.; Siegrist, T.; Palstra, T.; Tanzler, S. M.;
4347 and references therein. Steigerwald, M. L.Inorg. Chem.1993 32, 5165.

(3) (@) Cheuvrel, R.; Sergent, M.; Prigent,J).Solid State Chenl971, (10) Long, J. R.; Williamson, A. S.; Holm, R. HAngew. Chem., Int.
3, 515. (b) Bars, O.; Guillevic, J.; Grandjean, D .Solid State Cheni973 Ed. Engl.1995 34, 226.
6, 48. (c) Fischer, @Appl. Phys.1978 16, 1 and references therein. (11) Long, J. R.; McCarty, L. S.; Holm, R. H. Am. Chem. S0d.996

(4) [CreQe(PRe)e] (Q = S, Se): Tsuge, K.; Imoto, H.; Saito, Bull. 118 4603. This article explains the standard “i,a” notation used in describing
Chem. Soc. Jprl996 69, 627. intercluster bridges.

S0002-7863(96)03851-6 CCC: $14.00 © 1997 American Chemical Society
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[ResQ7(QH)Xg]3~, a number of which have been structurally
defined by X-ray diffractiod112 These clusters place at our
disposal for the first time the core unitsin soluble form, and

presage a rich solution chemistry of them. We vigvas a
plausible source of a large number of individual clusters
[ResQsLg]? with uniform or mixed terminal ligand sets intro-
duced by substitution reactions of a suitably labile precursor.
Further,1 is a potential building block in the construction of
oligomeric clusters. In principlel can support up to six
bridging interactions whose ReX/Q bonds are disposed at90
or 18C to one another and originate at Re atoms typically
separated by 2.60 Ais) and 3.68 A {rang). Both Re-X&2—

Re and Re-Q*'—Re bridges have been established in solid
phases containint} The structures of the parent solidssRe

Cl, (Q = S Sé4), from which the clusters [R&gXg]*~

Zheng et al.

not yet constructed in a predictable mode. ThgQ¥species

that have been synthesized as representations of Chevrel phase

clusters, while of considerable importance, are isolated clusters
and, as such, cannot convey the unknown electronic features
of [Mo3,Qsn+2]% clusters whose repeating units are oligomerized
as confacial Mg octahedra. While there is as yet no synthetic
route to polynuclear molecular clusters of this type, we show
here that the R&e rhombic interaction can be deliberately
effected, thereby providing the first entry to a potentially
extensive series of multiclusters conjugated through one or more
interactions of this type.

Experimental Section

Preparation of Compounds. Standard Schlenk and vacuum line
techniques were employed for all manipulations of dioxygen- and/or
moisture-sensitive compounds. Solvents were distilled from appropriate
drying agents and degassed prior to use. Reagents were of commercial
origin and were used as received. (Bl[ResSe(SeH)k] was prepared
as describedt NMR spectra were determined in CQ3olutions
unless indicated otherwise.

(BusN)(fac-[ResSe(PEts)sls]). To a solution of 250 mg (0.077
mmol) of (BwN)s[ResSe(SeH)k] in 30 mL of acetonitrile was added
excess BEP (0.5 mL, 3.7 mmol). The mixture was refluxed under
dinitrogen for 1 h. The solvent was removed vacuo to give an
orange-red oily residue which was triturated with ether to give an
orange-red powder. This material, which is a mixture of products, was

ultimately are obtained by dimensional reduction, are especially dissolved in dichloromethane and chromatographed on a silica gel

pertinent. The phase R&gCl, exhibits a two-dimensional
(sheet-like) structure, with each uriitinvolved in four Re-
Q&1—Re and four ReQ~2—Re bridges, generating four Re
(us-Se) rhombic interactions per clustéfl* The two terminal
chloride ligands are situated &ains Re apices. In Re&SCly,
each core is linked to six neighboring cores by means of two
rhombic ReS; interactions and fout,-Cl atoms, resulting in a
three-dimensional structure. These extremely tightQze
rhombic interactions lead to nearly intractable cluster frame-

column. The third band was collected as an orange-red eluate, which
was reducedn vacuoto afford the product as an orange-red solid in
small yield (5-10 mg). *H NMR: 6 1.06 (q, 3), 2.07 (q, 2).3P
NMR: 6 —34.8. FAB-MS: m/z 2484 (M" — BuN).

[ResSe(PEts)4l 5] and [ResSey(PEts)sl]l. A mixture of 1.56 g (0.482
mmol) of (BwN)s[ResSe(SeH)k] and 0.34 g (2.88 mmol) of BP in
120 mL of DMF was stirred and refluxed for 3 days to give an orange-
red solution. Solvent was removéadvacuoat 90°C; the oily residue
was triturated with ether to give an orange-red powder. This material
was dissolved in dichloromethane and the solution was chromato-

works. Such interactions need not be confined to extended solidgraphed on a flash silica gel column.

phases, as has been shown for several molecular cldtéfs,
including [Ca.:S1e(PEg)10]%" 182 and [Ch2S16(PER)10] 8P in
which two [Ms(us-S)]*™ cores are connected by an,®}
rhomboid?!®

We have initiated a detailed investigation of the reaction
chemistry of the clusters [R@sX¢]*~ and [ReQ7(QH)Xg]3~
with the intention of generating new monoclusters and multi-
cluster arrays. The latter, also describable as “clusters o

clusters”, represent access to a class of mesoscale molecule

(12) We also note the preparation of the first molecular solidsTee
(TeBry)e]Br2, containing the face-capped octahedradee core: Mironov,

Y. V.; Pell, M. A,; Ibers, J. Allnorg. Chem.1996 35, 2709.

(13) Fischer, C.; Fiechter, S.; Tributsch, H.; Reck, G.; SchultB&.
Bunsenges. Phys. Che292 96, 1652.

(14) [Re;SaCly] = [ResSEsSe3,)Sex4.Cl%: Leduc, P. L.; Perrin,
A.; Sergent, M.Acta Crystallogr.1983 C39, 1503.

(15) Cubane-type MM'cSg clusters (M= Co, Ni, Cu, Pd; M = Mo,
W): (a) Shibahara, T.; Akashi, H.; Kuroya, H. Am. Chem. Sod.988
110 3313. (b) Shibahara, T.; Akashi, H.; Yamasaki, M.; Hashimoto, K.
Chem. Lett1991, 689. (c) Murata, T.; Gao, H.; Mizobe, Y.; Nakano, F.;
Motomura, S.; Tanase, T.; Yano, S.; Hidai, M. Am. Chem. Sod.992
114 8287. (d) Murata, T.; Mizobe, Y.; Gao, H.; Ishii, Y.; Wakabayashi,
T.; Nakano, F.; Tanase, T.; Yano, S.; Hidai, M.; Echizen, |.; Nanikawa,
H.; Motomura, SJ. Am. Chem. S0d.994 116, 3389. (e) Shibahara, T.;
Yamamoto, T.; Sakane, @hem. Lett1994 1231.

(16) Cubane-type [Mg-e;Ss(PEg)6s(02CsCls)2]: Demadis, K. D.; Cam-
pana, C. F.; Coucouvanis, D. Am. Chem. Sod.995 117, 7832.

(17) Cubane-type [RBSs(PRs)s] and [FasSis(PRs)g]: (a) Cai, L.; Segal,
B. M.; Long, J. R.; Scott, M. J.; Holm, R. H. Am. Chem. S04995 117,
8863. (b) Goh, C.; Segal, B. M.; Huang, J.; Long, J. R.; Holm, RJH.
Am. Chem. Socl996 118 11844,

(18) (a) Cecconi, F.; Ghilardi, C. A.; Midollini, S.; Orlandini, Anorg.
Chim. Actal993 214, 13. (b) Kamiguchi, S.; Imoto, H.; Saito, Them.
Lett. 1996 555.

(a) trans[ResSe(PEts)al 5. This compound was eluted with dichlo-
romethane R = 0.77) to afford 0.35 g (30%) of productH NMR:
6 1.10 (g, 3), 2.14 (g, 2).3'P NMR: 6 —33.0. FAB-MS: m/z 2475
(M), 2348 (Mt — 1). Anal. Calcd for GiHed .PsR&sSe: C, 11.65;
H, 2.44; |, 10.25; P, 5.01; Re, 45.13; Se, 25.52. Found: C, 11.72; H,
2.47; 1, 10.28; P, 5.08; Re, 45.04; Se, 25.34.

(b) cis-[ResSey(PEts)4l2]. This compound was eluted with dichlo-

fromethane/acetonitrile (20:1 (viMR = 0.72) to give 0.56 g (47%) of

roduct. *H NMR: ¢ 1.02-1.11 (m, 6), 2.06 (q, 2), 2.12 (q, 28'P

MR: 6 —33.0,—35.7. Anal. Calcd for @&Hedl 2PsResSes: C, 11.65;
H, 2.44; 1, 10.25; P, 5.01; Re, 45.13; Se, 25.52. Found: C, 11.68; H,
2.39; |, 10.35; P, 5.20; Re, 44.98; Se, 25.68.

(c) [ResSey(PEts)sl]l.  This compound was eluted with dichlo-
romethane/acetonitrile (3:1 (v/Vigr = 0.55) to give 0.24 g (19%) of
product. *H NMR: ¢ 1.10 (m, 3), 2.14 (m, 2).3P NMR: 6 —33.7
(4), —34.5 (1). FAB-MS: m/z 2466 (M" — I). Anal. Calcd for
CaoH7sl2PsResSes: C, 13.83; H, 2.91; |, 9.79; P, 5.97; Re, 43.08; Se,
24.36. Found: C, 13.83; H, 2.86; 1,9.71; P, 6.08; Re, 43.17; Se, 24.30.

[ResSey(PEts)g)l 2. This compound was prepared following the
preceding preparation but with use of 20 instead of 6 equiv s/ ger
mol of initial cluster. This mixture was refluxed under dinitrogen for
3 days and filtered. Sufficient ether was added to the cooled filtrate
to cause separation of the product as a yellow-orange precipitate, leaving
a colorless solution. This material was collected by filtration, washed
with ether (3x 25 mL), and driedn vacuoto afford the yellow-orange
product in quantitative yield!H NMR: 6 1.13 (g, 3), 2.20 (q, 2P*P
NMR: 6 —31.3. FAB-MS: m/z 2584 (M" — I).

cis[ResSe(PEts)s(MeCN),](BF4).. A solution of 0.080 g (0.41
mmol) of AgBF, in 2 mL of acetonitrile was added to a solution of
0.28 g (0.11 mmol) ofcis-[ResSe(PEg)4l2] in 10 mL of dichlo-
romethane. A yellow precipitate formed within seconds; the mixture
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Table 1. Crystal Daté and Structure Refinement for (BM)[fac-Re;Se(PEb)sl3] (2), trans[ResSe(PES)4l2] - 2CHCE (3),
cis-[ResSey(PER)al2]-2CHCE (4), [ResSe(PE)sl]l -:2CH:CI (5), and [ReSey(PEt)e](BF4)2»2CHCE (6)

2 3 4 5 6
formula Q4H31| 3NP3R%SQ C26H62C|5| 2P4RQSQ CstszClsl 2P4R%SQ; C32H79C|4| 2P5RQ;SQ C38H92B2C|6F8P5R%S%
formula wt 2726.49 2714.02 2714.02 2763.28 ~2870.14
space group Pnma R./c P2i/c P2i/c P1
VA 4 2 4 2 1
a A 26.089(10) 13.296(6) 14.693(5) 13.0015(2) 11.9566(1)
b, A 14.871(4) 15.874(5) 19.509(9) 18.8072(2) 12.9861(2)
¢ A 15.195(6) 13.594(5) 20.673(7) 25.6105(2) 13.1240(2)
o, deg 66.168(1)

B, deg 104.59(3) 100.35(3) 90.236(1) 80.952(1)
v, deg 77.250(1)

V, A3 5895(4) 2777(2) 5829(4) 6262.3(1) 1812.7(3)
deai, glcT? 3.072 3.246 3.092 2.931 2.629

u, mmt 18.89 19.81 18.87 17.51 14.39
RP(WRS), %  7.07 (13.66) 6.15 (12.94) 4.83 (9.71) 7.74 (17.78) 3.33 (8.86)

a Obtained at 223 K3, 3, and4) and 213 K B, 6) with graphite monochromated Modk(Z = 0.71073 A) radiation® Ry = ¥ ||Fo| — |Fcl /3 |Fol.
CoRy = { T [W(IFo| — |Fe)¥X[(IFol?)]} 2

Table 2. Crystal Daté and Structure Refinement fais-[ResS&(PEL)a(MeCN)Y](SbF): (7), [ResSa(PEL)s(MeCN)](BF). (8),
[ResSe(MeCN)](BF4)-4MeCN @), and [Re-Seag(PEt)il(BF4)4-4CH,Cl, (10)

7 8 9 10
formula GsHesF1o2N2PsSbRe;Ses CaoH7gBaFsNPsResSes CooH30B2FsN1oResSe CeaH15B4ClgF1eP1oReSes
formula wt 2775.09 2554.30 2332.54 5366.20
space group P1 P4;2,2 P2i/c P2i/c
Z 2 8 4 2
a, A 12.9026(5) 16.4250(1) 17.1791(4) 13.6328(3)
b, A 14.9643(6) 16.4250(1) 23.7422(5) 25.6772(6)
c A 16.7183(7) 45.7441(1) 11.8633(3) 18.1560(1)
a, deg 85.459(1)

B. deg 68.856(1) 95.952(1) 95.233(1)
y, deg 83.776(1)

V, A2 2990.1(2) 12340.9(1) 4812.7(1) 6329.1(2)
dca, g/CT? 3.082 2.750 2.993 2.816

u, mmt 18.02 16.62 21.13 16.37

R (WR?), % 6.65 (19.68) 3.92 (8.51) 10.79 (28.81) 7.56 (15.2)

aQOptained at 213 K with graphite monochromated Ma K& = 0.71073 A) radiation® For definitions,cf. Table 1.

was stirred with exclusion of light for 12 h and filtered. The filtrate for C;-H:8B.FsNsR&sSa;: C, 6.65; H, 0.84; B, 1.00; N, 3.87; Re, 51.51;
was concentrated to an orange-red residue, which was dissolved in 5Se, 29.13. Found: C, 6.53; H, 0.89; B, 0.96; N, 3.81; Re, 51.65; Se,
mL of dichloromethane; the solution was stirred for 5 min and filtered 29.19.

through a plug of Celite. The filtrate was collected and concentrated  [Re1zSes(PEts)10(SbFe)s. A Pyrex ampule (i.dx o.d.x | =8 x

in vacuoto near dryness. The residue was triturated with ether to give 12 x 150 mm) was charged with 100 mg (0.036 mmol) of {B&-

the product as 0.23 g (84%) of an ochre-colored sofid. NMR: ¢ (PE&)s(MeCN)](Sbk): (prepared from [ReSey(PEg)sl]I by metathesis
1.07 (g, 3), 1.14 (q, 3), 2.11 (9, 2), 2.22 (q, 2), 2.89 (¥ NMR: 6 with AgSbFs in dichloromethane/acetonitrile) and heated under dynamic
—24.3,—27.6. IR (KBr): vcy 2286, 2321 cmt. FAB-MS: m/z 2387 vacuum in an oil bath. After 24 h at 18, a greenish-black solid
(M+ — BF). was obtained. This material was dissolved in dichloromethane to give

a dark green solution. Ether was introduced into this solution over 3
days, causing separation of the product as 92.5 mg (94%) of shiny
brownish-green parallelepipedid NMR (CDsCN): 6 0.99-1.21 (m),
2.17-2.39 (m). 3P NMR (CD:CN): 6 —15.01 (2),—19.52 (2),—22.57

[ResSe(PEts)s(MeCN)](BF4)2. A solution of 97.5 mg (0.038 mmol)
of [ResSe(PER)sl]l in 3 mL of dichloromethane was treated with 0.18
mL of a 0.51 M solution of AgBEin acetonitrile. A yellow precipitate
formed instantly. The mixture was stirred with exclusion of light for 1. Elect MSTIVz 1169 ([Re.Se (PEL). 4+
3hand filtered. Ether was diffused into the orange-red filirate overnight (1). Electrospray MS:mz ([RazSedPEG)1 ™).

- Designation of Clusters. The clusters of principal interest in this
to cause separation of the product as 77.2 mg (80%) of an orange-redwork are designated as shown below. For simplicity, compounds that
crystalline solid. '"H NMR: ¢ 1.05 (q, 3), 1.12 (q, 12), 2.08 (q, 2), 9 : plictty, P

218 (g, 8), 2.91 (1).3%P NMR: & —27.7 (4),—31.2 (1). IR (KBI): :L%siﬁltifbr:z;e;e;red to by their cluster number in the following section
ven 2284, 2317 cmt. FAB-MS: mVz2468 (M" — BF,). Anal. Calcd '

for CaoH7eBoFsNPsResSa: C, 15.05; H, 3.08; N, 0.55; P, 6.06; Re, fac-[ResSey(PER)sls] ™ 2
43.74; Se, 24.73. Found: C, 14.94; H, 3.16; N, 0.52; P, 6.02; Re, trans[ResSey(PEt)4l 7] 3
43.88; Se, 24.64. cis[ResSe(PEE)l] 4

[ResSe(MeCN)g](BF4).. A solution of 0.257 g (1.32 mmol) of %Eggggﬁggﬂ]ﬂ g
AgBF, in 4 mL of acetonitrile was added to a solution of 0.650 g (0.200 cis—[ReeSQ;(PeEt;) (MeCN)J2* 7

. . 4|

mmol) of (BwN)s[ResSe(SeH)k] in 4 mL of dichloromethane. The [ResSe(PEL)s(MeCN)R+ 8
mixture was stirred with exclusion of light for 12 h. The orange-red [ResSe(MeCN)s]2* 9
supernatant was decanted from the yellow precipitate. Addition of ether [RerzSeas(PEE) 104" 10

to the supernatant resulted in formation of a light yellow precipitate.

This solid was collected and dissolved in 2 mL of acetonitrile, and the  X-ray Structure Determinations. Structures were determined for
solution was filtered through a plug of Celite. Diffusion of ether into  the compounds in Tables 1 and 2. X-ray quality crystal® efere

the orange filtrate afforded the product as 0.31 g (72%) of yellow- obtained by slow evaporation from an acetone/toluene solution. Other
orange needle-like crystalstH NMR (CDsCN): 6 2.69. IR (KBr): crystals were grown at room temperature by layering ether on
ven 2287, 2317 cmt. FAB-MS: m/z2081 (M" — BF,). Anal. Calcd concentrated chloroform3( 4, 6) or dichloromethane5; 7, 8, 10)
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I
PEt; (xs)/CH;CN . N I 1-
o > PP 1 fac[RegSeg(PEts)sls]
I
> PP PP trans-[RegSeg(PEt;3)4l,]
I 30%
I
PEt, (6 eq)/DMF _ AP -
reflux, 3 d =P Py I cis-[RegSeg(PEt)4l>]
chromatography 47%
(silica gel)
I
(BugN)3[RegSe7(SeH)lg] P&l PP [ReSea(PEL,)sl]™
P
19%
4 = [RegSeql P
P_=PEL PEt; (20 eq)/DMF i P
3 eq .
reflux, 3 d . PP P [RegSeg(PEts)sl*
P quantitative

Figure 1. Summary of terminal ligand substitution reactions of {&&(SeH)k]3~ affording the clusters [R8&(PER)nls—n] "+ (n = 3—6).

solutions. Crystals o® were produced by vapor diffusion of ether in  spectra were recorded on a Nicolet Impact 400D FT instrument using

a concentrated acetonitrile solution. All crystals were orange-red with samples in KBr pellets.

a block-type morphology except those ®f(yellow-orange needles)

and10 (dark green spearheads). Crystals were coated with Apiezon L Results and Discussion

grease, attached to glass fibers, transferred to a Nicole2P3) (or a

Siemens SMART (all others) diffractometer, and cooled in a dinitrogen  As the first step in extending the molecular chemistry of

stream. Lattice parameters were obtained from a least-squares analysifResQg]2* clusters, we have examined the substitution reactions

of more than 30 carefully centered reflections. None of the crystals of [Re;Se/(SeH)k]3~ with EtsP. This cluster is more readily

showed significant decay during data collection. The raw intensity prepared than the unprotonated fothits BusN* salt is soluble

data were converted (including corrections for scan speed, background,in the solvents utilized for these reactions. Triethylphosphine

and Lorentz and polarization effects) to structure factor amplitudes and was emploved because of its anticipated non-lability under

their esd’s. An empirical absorption correction was applied to each pioy . . P 1on-1ability |

data set. subsequent reaction conditions. The six terminal iodide ligands
projecting from the vertices of [R8e(SeH)k]®~ are each

Space group assignments were based on systematic absEnces, tentially disol ble b deri familv of t
statistics, and successful refinement of the structures. Structures werd?0t€ntially displaceable by g, engendering a family of ten

solved by direct methods with the aid of successive difference Fourier Stereochemically distinct cluster species with formulae
maps, and refined against all data using the SHELXTL 5.0 software [R€S&(PEB)nls—n]™ " (n = 0—6).
package. In the structures @f4, the thermal parameters for light Synthesis and Structures of [ReS&(PEts)nle—n] ™4 (n
atoms Z < 8) were refined isotropically, while those for heavier atoms = 3—6). The synthetic procedures employed are summarized
were refined anisotropically. For all other structures, thermal param- jn Figure 1. Addition of E4P to a solution of the starting cluster
eters for all non-hydrogen atoms were refined anisotropically. Hy- ¢aysed an immediate color change from dark greenish-brown
gro?:er: ahomtf] ot nc;t:nclugeéjrm tr:]e rff::eme':t of the :trg‘it”rﬁ Ofl to reddish-brown, the solution color of the unprotonated cluster.
- ror all ofher Stiuclures, nydrogen atoms were assigned 1o 1dea Adjustment of reaction conditions resulted in different extents

positions and refined using a riding model with an isotropic thermal oo 3
parameter 1.2 times that of the attached carbon atom (1.5 times forOf substitution. Thus, treatment of [F&e/(SeH)k]*" with

methyl hydrogens). In the structure 2fthe butyl arms of BsN* and excess phosphine in refluxing acetonitrile foh gave trisub-
the ethyl arms of the B® ligands are all disordered over two positions. ~ Stituted2 in low yield (<10%). The short reaction time was
One [SbR]Y™ anion in the structure of was constrained and refined ~ required in order that the substitution not proceed further; the

as a rigid octahedron. In each of the structures9adnd 10, one low yield was in part a consequence of the difficulty in
tetrafluoroborate anion was constrained and refined as a rigid tetrahe-separating (BsN)[2] from other reaction products. Under the
dron. The largeR; andwR; residual factors for the structure 8fare much more forcing conditions of excess phosphine in refluxing

due to the poor crystal quality, likely arising from its high solvent  pMF for 3 days, fully substitute@ was obtained in quantitative

content. Crystallographic data are listed in Tables 1 and 2. Further yield. Anion exchange o]l » with AgBF. in dichloromethane

details of the structure determinations are deposited as Supportingaﬁoréjed quantitatively crystallines[(BF.),, which was used

. 19 i

Infcc))rt?:rng:ysical Measurements. NMR spectra were recorded on a in an X-ray structure determination. Intermediate extents of
o ; substitution were realized by reaction with 6 equiv ofFEin

Bruker AM 500 spectrometer. Chemical shifts*##{'H} spectra were refluxing DMF for 3 days follgwed by Chromatog?aphy on silica

referenced to external 85%;PIO, (negative values upfield). Infrared gel. In this way, tetrasubstituted isom@€30%) and4 (47%)

(19) See paragraph at the end of the article for Supporting Information @nd pen_taSUbStitU.tea (19%) were ol.)tained. in essentially
available. guantitative total yield. In the separatianansisomer3 was
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[RegSeg(PEts)nls.n]™* (n = 3-6)

trans-[ReGSeg(PEt3)4I2] [ReGSeg(PEt3)5I]1+ [ReGSeg(PEt3)6]2+

Figure 2. Structures of the clusters [Ra(PEg)als-n]" " (n = 3—6), with 50% probability elllipsoids. Dimensional differences within the set
are insignificant (Table 3).

P P
P AP "
PP “ﬂV I - PP 'QV NCMe 80%
P P
[Fie(;Sea(PEt3)5I]1+ [Fleg;Sea(PEt:;)5(MeCN)]2+
I NCMe
NCMe
I a‘i%% II AgBF, - MeCN: “%’% NCMe 72%
MWy CH,Cl,/MeCN MeCN
I 25°C,12 h NCMe
[RegSes(SeH)lgl* [RegSeg(MeCN)g]2*
I NCMe
P >
AP I - P PNCMe 84%
</ P
P P
= [RegSegl?* .
cis-[ReGSea(PEt3)4I2] P = PEt3 CiS-[R96568(PEt3)4(MeCN)2]

Figure 3. Summary of the preparations of [fB&(PE&),(MeCN)-n]?>" (n = 0, 4, 5).

eluted first with dichloromethane, followed loysisomer4 and Cl14(PRs)4] (M = Nb, Taf?and of [Ma:Clio(PRs)4]?* have been
then5 in dichloromethane with increasing acetonitrile content. prepared previously by similar means. Clust$ are readily
Under these conditions the order of elution is consistent with differentiated by theif'P spectra, whose resonances occur in
polarity and charge. Although the reaction was not optimized, (20) () Klendworth, D. D.: Walton, R, Anorg. Chem1981, 20, 1151,

5 was isolated in 36% yield with use of 7 equiv of phosphine ()’ imoto, H.; Hayakawa, S.; Morita, N.; Saito, Rorg. Chem199Q 29,
under the same conditions. This andtransisomers of [M- 2007.
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Table 3. Selected Interatomic Distances (A) and Angles (deg) faR@Sels, (BwN)[fac-ReSa(PEb)sls] (2),
trans[ResSe(PE&)4l ;] - 2CHCE (3), cis-[ResSey(PER)4l2]-2CHCE (4), [ResSe(PES)sl]l -2CH,Cl, (5), and [ReSe&(PEg)q|(BF4)22CHCE (6)

Zheng et al.

CsiRe:Sals? 2 3 4 5 6
Re-| 2.779(5)-2.801(5) 2.786(2) 2.747(4) 2.773(2) 2.768(2)
2.774(3) 2.776(2)
mean 2.793(8) 2.780(8) 2.775(2)
Re-P 2.455(7) 2.481(10) 2.458(9) 2.475(4) 2.478(14)
2.442(10) 2.482(10) 2.460(9) 2.477(4) 2.478(14)
2.473(8) 2.481(4) 2.481(2)
2.484(8) 2.489(5)
2.509(5)
mean 2.449(9) 2.482(1) 2.469(12) 2.486(14) 2.479(1)
Re-Re 2.617(4)2.635(4) 2.614(2)2.637(2) 2.639(2)2.646(2) 2.624(2}2.646(2) 2.641(92.662(10) 2.643(2)2.648(2)
mean 2.625(5) 2.628(6) 2.641(3) 2.637(6) 2.651(7) 2.646(2)
Re-Se 2.505(6%2.534(7) 2.500(2)2.526(4) 2.509(4)2.533(4) 2.499(4)2.532(4) 2.515(2)2.538(2) 2.507(5)2.526(6)
mean 2.519(7) 2.509(7) 2.522(7) 2.517(8) 2.526(6) 2.516(5)
Re-Re-|  131.1(1)-139.0(1) 132.8(1)137.0(1) 133.7(1y136.5(1) 133.9(1)136.0(1) 133.4(1)135.3(1)
mean 135.0(2) 134.9(17) 135.1(12) 134.9(6) 134.9(4)
Re-Re—P 132.9(1y137.1(1) 132.2(5137.6(1) 132.0(1138.0(1) 132.7(1y137.6(1) 133.0(1137.1(1)
mean 135.0(19) 135.0(17) 135.0(18) 135.0(13) 135.0(13)
Re-Re-Re® 50.7(1)-60.4(1)  59.6(1}60.4(1)  59.9(1}60.2(1)  59.7(1}60.3(1)  59.7(1}60.2(1)  59.9(1)60.1(1)
mean 60.0(2) 60.0(2) 60.0(1) 60.0(2) 60.0(2) 60.0(1)
Re-Re-Re  89.7(11-90.2(1)  89.8(1390.3(1)  89.8(1}90.2(1)  89.6(1}90.4(1)  89.6(1}90.3(1)  90.0(1)-90.1(1)
mean 90.0(2) 90.0(2) 90.0(2) 90.0(2) 90.0(2) 90.0(1)
Re-Re-Se  58.1(2)58.9(2)  58.2(1}58.9(1)  58.1(1}58.7(1)  57.9(1}58.9(1)  58.0(1)58.7(1)  58.1(1)58.5(1)
mean 58.6(2) 58.4(2) 58.4(2) 58.4(2) 58.3(2) 58.3(1)
Re-Se-Re  62.3(1}62.5(1)  62.7(1}63.4(1)  62.9(1}63.6(1)  62.7(1}63.6(1)  63.0(1}63.8(1)  63.2(1)63.6(1)
mean 62.4(1) 63.1(2) 63.2(2) 63.2(3) 63.3(2) 63.4(1)
Se-Re-| 90.7(2)-92.8(2)  89.1(1}94.6(1)  90.7(1}93.4(1)  91.0(1}93.1(1)  91.1(1}92.2(1)
mean 91.0(1) 91.9(16) 92.0(12) 91.9(7) 91.8(5)
Se-Re-P 89.5(1194.6(1)  90.9(1)}94.4(1)  89.5(1}94.6(1)  90.0(1}94.0(1)  89.7(1}94.6(1)
mean 92.1(19) 92.3(13) 92.0(17) 92.1(13) 92.1(13)
Se-Re-Se  89.7(13}90.2(1)  89.4(1}90.5(1)  89.4(1}90.3(1)  88.7(1}90.9(1)  88.9(1}90.5(1)  89.7(1)}90.2(1)
mean 90.0(2) 89.9(4) 89.9(3) 89.9(6) 89.9(4) 89.9(2)

aReference 112 Within triangular faces¢ Within equatorial squares.

2. Each contains a B®ctahedron concentric with a Seube

cis-[RegSeg(PEts)4(MeCN)o 2

Figure 4. Structure ofcis-[ResSe(PEL)s(MeCN)]%*, showing 50%

probability ellipsoids and the atom labeling scheme.

whose atoms cap the triangular octahedral faces. The structure
and bonding patterns of this core have been described previ-
ously1®11l The fac (2), trans (3), andcis (4) isomeric forms
and pentakisg§) and hexakis & phosphine substitutions are
readily apparent. Dimensional data are reported in Table 3,
mainly as ranges and mean values because of the close similarity
in values over the set of clusters. No significant variance is
observed in the face-capped octahedral geometry of thg [Re
Se]2* cores, nor in Rel/P bond lengths and SeRe—I/P bond
angles. In turn, these dimensions do not differ significantly
from those in CsRe;Sesle.! The mean value of F2for the
Se-Re-I/P angles indicates that the Re atom is situated nearly
in the S@ mean plane of each core face.

Synthesis and Structures of [ReSey(PEts)n(MeCN)g_n]?*
(n =0, 4, 5). With the desired phosphine-substituted clusters
in hand, reactions leading to clusters with more labile ligands
in desired substitution patterns were undertaken. The scheme
employed, set out in Figure 3, proceeds by removal of iodide
from 4, 5, and [ReSe(SeH)k]®~ with AgBF, followed by
binding of acetonitrile from solvent to affofti(84%),8 (80%),
and fully solvated (72%)22 respectively, in the indicated yields.
The compounds were identified spectroscopically and confirmed
by X-ray diffraction. Among the more interesting spectroscopic
observations is the downfield shift 6fP resonances upon
substitution of iodide with a nitrile. The shifts @fare displaced

the interval—31 to—36 ppm in chloroform solution. We have
not pursued clusters with = 1 and 2 as these are not of
immediate utility in forming discrete cluster aggregates.
Structure proofs of cluster8—6 were obtained by single-
crystal X-ray diffraction. The structures are collected in Figure

by 9.8 and 8.1 ppm compared4pwhile those o8 are moved
by 3.3 and 6.0 ppm vs those bf Evidently, replacement of

(21) (a) Saito, T.; Nishida, M.; Yamagata, T.; Yamagata, Y.; Yamaguchi, (22) A similar fully solvated cluster core, [MEls(MeCN)]**, has been
Y. Inorg. Chem1986 25, 1111. (b) Ehrlich, G. M.; Deng, H.; Hill, L. 1.;
Steigerwald, M. L.; Squattrito, P. J.; DiSalvo, Fldorg. Chem1995 34, Warren, C. J.; Haushalter, R. C.; DiSalvo, F.dorg. Chem.1995 34,

2480. 4284.

electron-rich iodide with neutral nitrile ligand(s) reduces electron
density at the phosphorus atoms. Further, the methyl resonances

produced in small quantities by an alternative method: Ehrlich, G. M.;
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[RegSeg(PEts)s(MeCN)2*

Figure 5. Structure of [ReSelPE)s(MeCN)P*, showing 50%

probability ellipsoids and the orientation of adjacent cluster molecules

in the crystalline BEF~ salt that is apparently favorable for dicluster
formation: Re(1A)--Re(1B)= 6.84 A, Re(1B)--Se(1A)= 5.70 A,
Re(1A)--Se(3B) = 8.67 A. The two clusters are related by a
crystallographically imposed 2-fold rotation axis.

[RegSeg(MeCN)g**

Figure 6. Structure of [ReSe(MeCN)]?", showing 50% probability
ellipsoids and the atom labeling scheme.

of 7 (2.89 ppm) 8 (2.91 ppm), an® (2.69 ppm) are appreciably

J. Am. Chem. Soc., Vol. 119, No. 9, 192169

SYNTHESIS OF A CLUSTER OF CLUSTERS:
DICLUSTER

dynamic vacuum
180°C, 24 h
— MeCN

[RegSeg(PEts)s(MeCN)]%*

O Se @ Re P=PEt3I

[Re2Seq6(PEts)0]**

Figure 7. Schematic depiction of the synthesis concept leading to the
dicluster [Re;Ses(PE&)1q*".

[Req2Seq6(PEtg)1o]*

Figure 8. Structure of the dicluster [ReSas(PE)10]*" showing the
atom labeling scheme and 50% probability ellipsoids. Primed and
unprimed atoms are related by an inversion center; ethyl groups are
omitted for clarity.

I=/MeCN ligands. (iii) Nitrile ligands are potentially activated
toward nucleophilic reagents by the electron-withdrawing nature
of the core.

Synthesis of a Dicluster. One current concept for the
synthesis of discrete oligomeric clusters containing the core
[ResQg]™™" is generation of a coordinatively unsaturated
[ResQg]?™ cluster. This species could then oligomerize by

shifted downfield compared to free acetonitrile (1.95 ppm). Over formation of intercluster ReQ bonds in RgQ, rhombs such
the course of months, coordinated acetonitrile did not exchangeas those present in R@sCl,t34 and related phases. The

with CDsCN solvent, as seen from no change in theNMR
signal intensities off—9. Crystal structures are presented in
Figures 4-6. Individual values, ranges, and mean values of
selected dimensions @gfand8 are collected in Table 4. Core
dimensions and ReP distances are essentially constant for the
acetonitrile-ligated clusters and differ in no significant way from
those of2—6 (Table 3). The coordination of acetonitrile is
nearly linear, the ReN—C angles falling in the narrow range
of 173(1)-177(2.

The foregoing observations of clustérs9, and of [ReSelg]*~
and [ReSe(SeH)k]*,!! lead to the recognition of certain
properties. (i) The cubic [RE&&]?" core 1 remains virtually
invariant structurally when protonated and bound by iodide,
phosphine, and nitrile ligands alone or in combination. (ii)
Binding sites are not electronically remote, as sensed'By
shifts in stereochemically equivalent clusters differing only in

number and positions of unsaturated Re sites available for
recoordination in an individual core would predispose the
number of cores and the structure of the product oligomeric
cluster. Acetonitrile-ligated clustesand8 have been prepared
for this purpose. We have commenced investigation of this
means of cluster buildup by selecting a dicluster as the initial
objective. The synthesis concept is illustrated in Figure 7, from
which it is seen that initial cluste8 can give only one logical
product when the acetonitrile ligand is removed.
Monoacetonitrile clusteB is a viable starting material for
dicluster synthesis. The compoung|(BbF;), was heated at
180 °C for 24 h under dynamic vacuum. The orange-red
crystalline material gradually turned brown and then greenish-
black. It was crystallized from dichloromethanether to afford
the product 10J(SbFs)4 as brownish-green crystals in 94% yield.
The analogous reaction with the BFsalt of8 led to the same
product in essentially quantitative yield. The synthesis is
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Table 4. Selected Interatomic Distances (A) and Angles (deg)cfeResSe(PEL)s(MeCN)](SbF). (7), [ResSa(PEk)s(MeCN)](BF). (8),

and [Ra:Ses(PEk)10|BF4-4CH.CI; (10)

7 8 10
Re-N 2.110(2) 2.146(11)
2.121(14)
mean 2.116(8)
Re—P 2.469(5) 2.477(4) 2.467(8)
2.476(4) 2.478(3) 2.485(8)
2.484(4) 2.479(3) 2.490(8)
2.488(5) 2.481(3) 2.495(9)
2.484(3) 2.509(9)
mean 2.479(8) 2.480(3) 2.489(15)
Re—-Re 2.611(9)-2.650(9) 2.628(#2.656(7) 2.623(252.670(2)
mean 2.633(9) 2.641(8) 2.643(12)
Re-Se 2.506(2)-2.527(2) 2.509(14)2.527(13) 2.510(3)2.525(3)
mean 2.517(5) 2.519(5) 2.516(4)
Re—Re-N 133.0(1)-136.7(1) 131.4(%y138.3(1)
mean 134.8(13) 134.8(29)

Re—Re-P 132.1(1y138.1(1) 133.3(1y136.6(1) 131.6(1138.8(1)
mean 135.1(14) 135.0(11) 135.0(19)
Re-Re-R€ 59.5(1)-60.4(1) 59.6(1)60.3(1) 59.2(1)60.9(1)

mean 60.0(3) 60.0(2) 60.0(4)
Re—-Re-R¢ 90.0(1)-90.6(1) 89.6(1)90.3(1) 89.5(1)90.7(1)
mean 90.0(3) 90.0(2) 90.0(4)
Re—Re-S¢é 58.1(1)-58.9(1) 57.9(1)58.7(1) 57.8(1)58.6(1)
mean 58.5(2) 58.4(2) 58.3(2)
Re-Se-Re? 62.5(1)-63.6(1) 62.8(1)63.7(1) 61.7(1)64.1(1)
mean 63.1(3) 63.2(3) 63.3(5)
Se-Re—-N 90.0(1)-93.6(1) 89.8(1)94.6(1)
mean 91.9(16) 92.7(25)
Se-Re-P 89.5(1)-94.6(1) 90.1(1)94.2(1) 89.5(1)96.2(1)
mean 91.6(13) 92.1(11) 92.2(16)
Se-Re-Se 89.0(1)-90.6(1) 88.9(1)90.8(1) 89.2(1)90.7(1)
mean 89.9(5) 89.9(5) 90.0(5)
Re-N—C 177(2) 173(1)
173(2)
mean 175(2)
within ReSe rhomb
Re-Se 2.603(3)
2.638(3)
mean 2.621(18)
Re-Se-Re 81.4(1)
Se-Re-Se 98.6(1)

aExcluding ReSe rhomb.? Within triangular faces¢ Within equatorial squares.

Figure 9. Stereoview of the dicluster [R£&5es(PE)10]*" with 50% probability ellipsoids.
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described for the SkF salt because it proved somewhat easier green and are freely soluble in solvents such as dichloromethane,
to purify by recrystallization on a bulk scale. However, acetonitrile, and acetone to give dark green solutions. The
crystalline samples ofi0](BF4)4 were also obtained, and the observation of threg'P NMR signals in the intensity ratio 2:2:1
structure of the product cluster was established by an X-ray for both compounds in chloroform solution is consistent with
determination. The structure is presented in Figure 8 and athe solid state structure.

stereoview is available in Figure 9. The desired result has been The origin of the high yield ofLO by thermolysis of8 is
achieved. ProductOis a dicluster containing two [R8e]%" clearly due to the preferential loss of acetonitrile rather than
cores linked through the rhomb Re()3Je(3,3) in a centrosym- PE&. The phosphine ligands serve as protecting groups for their
metric structure. Selected metric data are included in Table 4. coordinated Re atoms. However, in the conversior8l{BJF4)

The bridging Re-Se distances (2.603(3), 2.638(3) A) are about we recognize another favorable factor, found in its crystal
0.1 A longer than those within the core 8f(mean 2.519(5) structure. The packing of clusters in the structure is such that
A), the other six clusters prepared in this work (Tables 3 and they are organized in pairs with the Re sites featuring labile
4), and RegSeCl, (mean 2.52(1) A}* However, these bond  acetonitrile ligands in close proximity (Re(1A)Re(1B)= 6.84
lengths are essentially the same as those in the bridging rhombd), as illustrated in Figure 5. The arrangement likely facilitates
of the two-dimensional phases &Cl, (mean 2.62(1) AY the coupling of cluster cores in the solid state. When the
and CsReSels (2.603(2) A)!! thus emphasizing the strength  acetonitrile ligands are released, two clusters may be brought
of the bridging interactions it0. The two compounds are dark into alignment with minimal rearrangement by translating and
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rotating such that intercore bonds are formed between atomsbe possible to produce new materials exhibiting just such
Re(1A) and Se(3B) and atoms Se(1A) and Re(1B). While itis extended frameworks by similar means. Thus solids containing
reasonable to suppose that neighboring clusters in the thermo4rans isomer 3 and fully solvated9 could conceivably be
lyzed crystal react with each other, we cannot prove that this is thermolyzed and annealed to form one- and three-dimensional
the case. Nonetheless, the synthesid®@fs directed by the rhomb-linked frameworks of empirical formulae [fS&y(PEg)4)2"
structure of precursaB with its single labile ligand site. We  and [RgSej]?, respectively. The results of additional synthetic
observe that the bridging interactions produced in the formation experiments and the reactivity properties of single and oligo-
of 10 are just those which are broken in the synthesis o{Re merized clusters will be the subjects of future reports.
Se)]?" clusters by dimensional reductiéh. Furthermore, with )
its single rhombic linkage, the dicluster structure establishes Acknowledgment. This research was supported by a grant
the missing member in a series of frameworks composed of from Nycomed, Inc., and by NSF Grant CHE 94-23830. X-ray
[ResSe;]2+ units linked to four (ReSeCly), three (TIRgSe- diffraction equipment was obtained by NIH Grant 1 S10 RR
Cls), two (TIResS&Cls and CsReSeX4 (X = Cl, Br)), and zero 02247. We thank Professor Y. Kishi for use of the IR
(TlsResSaCly, inter alia) neighbors via ReSe rhombslo11.14 spectrophotometer and Craig C. McLauchlan for experimental
The synthesis concept is capable of extension. For example,assistance.
a similar condensation o€is isomer 7 could lead to the
tetraclustercyclo[RexSe(PER)1¢8", in which four clusters
are held in a square-like arrangement. Analogously, conversion

. g ot ;
of 2 into facResSe(PEE)s(MeCNE]™ might provide access parameters, and interatomic distances and angles (109 pages).

to a cube-like octacluster, [R&Sea4(PE)24¢". These discrete .
multicluster aggregates would represent nanoscale pieces of aSee any current masthead page for ordering and Intemet access

parent solid with a three-dimensional cluster framework of the nstructions.
type observed in the Chevrel phasesMsSes.3 Indeed, it may JA9638519

Supporting Information Available: X-ray structural infor-
mation for the compounds in Tables 1 and 2, including tables
of crystal and intensity collection data, positional and thermal



