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Site-differentiated solvated clusters of the general formula [Reg(zts-Se)s(PEts)n(MeCN)s—q](SbFe), (n = 4, cis and
trans; n = 5) undergo ligand substitution reaction with isonicotinamide to afford the corresponding amide derivatives,
[Reg(us-Se)s(PEts)q(isonicotinamide)s—nJ2* [1 (n = 5); 2 (n = 4, trans); 3 (n = 4, cis)]. Retention of stereochemistry
in each case was confirmed by 'H and 3P NMR. The solid-state structures of all three compounds were established
crystallographically, which revealed self-complementary hydrogen-bonding interactions between adjacent cluster
units. While complex 1 exists as hydrogen-bonded dimers in the solid state, compounds 2 and 3 form one-dimensional
chains of clusters bridged by paired hydrogen bonds. It is the rigid stereochemistry of the cluster, combined with
the classic crystal engineering motif of complementary N—H---O amide hydrogen bonding, that affords the predictable
solid-state structures and dimensionality.

Introduction making use of molecular metal clusters as building bldcks.
Structurally, metal clusters offer a number of metal sites for
coordination, either exclusively by ligands capable of forming
hydrogen bonds or by such ligands in combination with
kinetically inert and therefore site-blocking ligands. In the
latter case, site-differentiated clusters are produced, and

stereospecific supramolecular frameworks built on such

Supramolecular chemistry, the “chemistry beyond the
molecule”, is based on the notion of creating novel structural
and functional extended systems using noncovalent interac-
tions between prefabricated molecular or ionic building
blocks! Central to the success of this field has been the
creative utilization and manipulation of hydrogen-bonding
interactior? and coordination-driven assemiSlgmong other
intermolecular force$.The combination of these two tools
is particularly powerful for constructing novel supramolecular
species, as evidenced by the recent surge of research activities
aiming at the creation of inorganiorganic hybrid materials
by assembling metal complexes through hydrogen b&fds.

We envision an analogous yet possibly more interesting
elaboration of this relatively new synthetic approach by
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cluster units may be anticipated. Furthermore, as comparedbest of our knowledge, of metal-cluster arrays that are
with mononuclear complexes, cluster-based building blocks assembled via intercluster hydrogen bonding usatignally

are larger in size, and this feature is particularly attractive designechexamolybdate clusters equipped with oxobenza-
for making porous structures potentially useful for guest mide ligands.

recognition and separation. Functionally, clusters possess |n an effort to extend this hydrogen-bonding approach to
many fundamentally distinct properties that are intrinsic to the creation of novel cluster-based extended systems and
meta-metal bonded species. The incorporation of such yltimately to explore the properties of such supramolecular
building units into an extended system will therefore create materials, we have recently designed and synthesized a series
new prospects for realizing materials with interesting proper- of cluster complexes featuring the octahedral, face-capped
ties and possibly important applications. Despite such high [Res(us-Se)]?" coré®! and studied their organization into
expectations, there is only one literature precedém, the multicluster arrays via intercluster hydrogen bonding. This
cluster may be viewed as an octahedron of rhenium enfolded
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ported'* These stereoisomers provide readily modifiable

precursors for a broad range of chemistry, demonstrated or

anticipated, based on the cluster system. Second, the [Re
(us-Se))?" clusters are luminescent, and the luminescence
is dependent on the rhenium coordination environriett,

suggesting that one might be able to tune the optical
properties of the final assembly. Indeed, the well-behaved

chemistry and interesting photophysical properties of theselcjr A
clusters have made them the subject of recent intensivey geg)

research%11:1323 with distinct efforts toward cluster-sup-
ported extended structur&s!® 22

In this report, we describe the preparation, structural

characterization, and supramolecular organization of three#: mm:

[Res(us-Se}]?t core-containing cluster complexes featuring
isonicotinamide ligand(s). Specifically, the design and syn-
thesis of site-differentiated complexes of the general formula
[Res(us-Sep(PEs)q(isonicotinamide)-,]?" [n = 4 (cis and
trans), 5] are reported. The substitutionally inert phosphine
ligands serve to protect four or five of the rhenium sites,
while the amide ligand(s) occupy the remaining site(s) via
Re—N(pyridyl) coordination. The amide function is capable
of complementary hydrogen-bonding interaction and, indeed,

leads to supramolecular cluster arrays mediated by inter-
cluster hydrogen bonding. The solid-state structures of the

Selby et al.
Table 1. Crystal Daté and Structure Refinement for Complexes3

[1](SbFe)2 [2](SbFe)2 [31(SbFe)2
formula G7HgsCloF1oN2-  CaoHgaCloF1oN7-  Caa HosCIF1oNg-
OPRsResShSe; OgPsResShSes O4PsResShSes
fw 3018.18 3205.29 3127.94
space group P1 P1 P1
Z 2 1 2
a, A 14.5249(11) 11.790(2) 15.515(2)
14.7424(11) 12.944(3) 15.736(2)
20.537(2) 13.471(3) 19.451(3)
92.955(2) 77.20(3) 75.958(2)
5 (deg) 106.210(2) 72.18(3) 69.934(2)
7 (deg) 115.1720 76.15(3) 60.681(2)
Vv, A 3747.6(5) 1875.6(7) 3873.3(9)
Pcalcs Mg m=3 2.675 2.838 2.682
14.478 14.462 13.964
1.63t0 29.09 2.10to 26.37 1.12 to 25.03

R1PwRZ 0.0612, 0.1218 0.0278, 0.0596 0.0528, 0.1265

aObtained with graphite-monochromatized MaxKA = 0.71073 A)
radiation at 170 KP R1= 3 ||Fo| — |F¢||/3|Fol. WR2= [SW(|Fo| — [Fc)¥
Sw|(Fo)2

(PEg)n(CH3CN)s-n](SbFs), [n = 4 (cisandtrans), 5] were prepared
according to published proceduréNMR spectra were recorded

on a Varian Unity 300 spectrometer in @ON. Chemical shifts of

31p spectra were referenced to 85%P@y, (0 = 0 ppm, with
negative values meaning upfield). Microanalyses (CHN) were
performed by Desert Analytics Laboratory, Tucson, Arizona, using
samples that had been dried under high vacuum. The formulas

supramolecules, dictated by the stereochemistry of the o qrted in the following paragraphs differ from the crystallographic

corresponding cluster building blocks, were established
crystallographically.

Experimental Section

Preparation of Compounds. Reagents were of commercial
origin and were used as received. Cluster solvateg({i?&e)-
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Kim, H.-B.; Kitamura, N.Angew. Chem., Int. E®001, 40, 239. (b)
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Kim, H.-B.; Kitamura, N.Chem. Eur. J2001, 7, 4447.
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168.
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Kim, H.-B.; Kitamura, N.; Naumov, N. G.; Sokolov, M. N.; Fedorov,
V. E. Chem. Lett1999 1121.
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Albrecht-Schmitt, T. E.; Ibers, J. Al. Am. Chem. Sod 997, 119,
493.
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T.; Sasaki, Y.Angew. Chem., Int. E®002 41, 463.
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Beauvais, L. G.; Long, J. R.. Am. Chem. So200Q 122, 6664. (c)
Beauvais, L. G.; Shores, M. P.; Long, J. RAm. Chem. So200Q
122, 2763. (d) Shores, M. P.; Beauvais, L. G.; Long, J.JRAm.
Chem. Soc1999 121, 775. (e) Beauvais, L. G.; Shores, M. P.; Long,
J. R.Chem. Mater1998 10, 3783.
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Chem. Soc2002 124, 3222. (b) Roland, B. K.; Carter, C.; Zheng, Z.
J. Am. Chem. So2002 124, 6234. (c) Selby, H. D.; Zheng, Z.; Gray,
T. G.; Holm, R. H.Inorg. Chim. Acta2001, 312, 205. (d) Wang, R.;
Zheng, Z.J. Am. Chem. S0d.999 121, 3549. (e) Selby, H. D.; Orto,
P.; Carducci, M. D.; Zheng, 4norg. Chem.2002 41, 6175.

(22) (a) Kim, Y.; Park, S.-M.; Kim, S.-dnorg. Chem. Commur2002 5,
592. (b) Kim, Y.; Park, S.-M.; Nam, W.; Kim, S.-Chem. Commun.
2001, 1470.

(23) Gray, T. G.; Holm, R. Hinorg. Chem.2002 41, 4211.
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ones by not possessing any crystallization solvent.

[Res(u3-Se}(PEts)s(isonicotinamide)](SbFs), (1). To a solution
of 26 mg (9.0umol) of [Res(us-Se}(PEL)s(CHsCN)](SbFs), in 5
mL of chlorobenzene/nitromethane (v/v 1:1) was added isonicoti-
namide (26« excess) as a solid. The mixture was stirred and
refluxed for 12 h to afford an orange solution. The solvent was
evaporated, and the residue was extracted using dichloromethane
and water. The organic phase was dried over anhydrous MgSO
and the product was obtained as an orange-red powder after removal
of solvent (20.5 mg, yield: 79%3)H NMR: 0.95-1.17 (m, 5CH),
2.12 (g, 1CH), 2.23 (q, 4CH), 6.43 (broad s, amide 1H), 7.00
(broad s, amide 1H), 7.57 (d, pyridyl 2}4 9.40 (d, pyridyl 2H).
31P NMR: —19.5 (4PEf), —23.0 (1PEf). Anal. Calcd for
CseHsiNF1,0PsRe;SeShy: C, 14.68; H, 2.92; N, 1.06. Found: C,
14.74; H, 2.78; N, 0.96.

trans-[Reg(us-Se}y(PEts)4(isonicotinamide)](SbFg), (2). Pre-
pared in a manner similar th except thattrans[Res(us-Sek-
(PEg)4(CH3CN),](SbRs), was used in place of [R@us-Se)-
(PEb)s(CH3CN)](SbR), (Yield: 75%)."H NMR: 1.15 (g, CH),
2.31 (q, CH), 6.42 (broad s, amide 1H), 7.00 (broad s, amide 1H),
7.55 (d, pyridyl 2H), 9.30 (d, pyridyl 2H). 3P NMR: —16.7. Anal.
Calcd for GgH72N4F120.PResSeShy: C, 14.48; H, 2.47; N, 2.00.
Found: C, 14.72; H, 2.47; N, 1.91.

cis-[Reg(us-Se)(PEts)4(isonicotinamide}](SbFg) (3). Prepared
in a manner similar td except thatis-[Res(us-Se}(PEt)4(CHs-
CN),](SbFs), was used in place of [Rets-Sel(PEg)s(CHsCN)]-
(SbR), (Yield: 72%).H NMR: 1.08-1.20 (m, CH), 2.23 (q,
CHy,), 2.35 (g, CH), 6.48 (broad s, amide 1H), 7.06 (broad s, amide
1H), 7.64 (d, pyridyl 2H), 9.57 (d, pyridyl 2H). 3P NMR: —20.4,
—17.5. Anal. Calcd for ggH7oN4F1,0.PsResSeShy: C, 14.48; H,
2.47; N, 2.00. Found: C, 14.46; H, 2.28; N, 1.86.

X-ray Structure Determinations. X-ray crystallographic data
are summarized in Table 1. Red plate-shaped crystalsasfd 3
were grown from corresponding dichloromethane solutions upon
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o-H pH (A) (B) is unsophisticated, showing tv&P resonance peaks-ail9.5
and —23.0 ppm, respectively, in a relative ratio of 4:1
‘ ‘ ‘l | characteristic of a pentaphosphine-substituted species (Figure
N ,,‘—"‘—-’“— of - 1B). The corresponding signals of the starting nitrile solvate
AN ! appear at-19.1 and—23.3 ppm, respectively. Compleix
i 1 is readily soluble in dichloromethane, acetonitrile, and other
N J N J common polar organic solvents to yield orange-red solutions.
T T T ; Encouraged by the successful isolation and supramolecular
93 &7 &1 75 69 83 -1 -2 - ppm

organization ofl, we hoped to extend the cluster-supported
Figure 1. (A) *H NMR signals of the isonicotinamide ligand in complex hydrogen bonding to the next level of complexity. By placing
glgoh?gﬂgnd the Corre?pondiTgxr(esoglan(éeshof Ege free)ligfa[réi@(bfgtzm) (B) the amide ligands at rhenium apideansto each other, the
spectrum of complek (top) and that (bottom) o 3-O€ k- . . . .
(PE)s(MeCN)](SbR),, the corresponding nitrile precursor. expgcted hydroggn bondmg should yield a one-dimensional
chain of clusters in the solid state. Comp&xvas accord-
ingly prepared. The synthesis was accomplished in the same
vapor diffusion of diethyl ether at room temperature, while red manner a<, with the only difference of usingrans[Res-
block-shaped crystals @fwere obtained analogously starting from (us-Sex(PEt)4(MeCN)](SbR), as the starting cluster. As

a Tixfd dsolu_tion Oédickhlog’&féh?q% ggdcréitéogwethgne. Da;tatwetre in the case of, formation of2 is marked by the displacement
coflected using a bruker ased area detector ot MeCN with isonicotinamide, as confirmed Big NMR

diffractometer with graphite monochromated Mol = 0.71073 di het h h d
A) radiation. Structures were solved with direct methods followed studies. In the'H spectrum, theortho and meta proton

by Fourier synthesis using Bruker's SHELXTL (v 5.0) software Multiplets are centered about 9.30 and 7.55 ppm, respectively,
package. Anisotropic thermal parameters were applied to all non- clearly shifted from those of the free ligand. The amide
hydrogen atoms. Hydrogen atoms were added at idealized positionsprotons in 2 appear as two magnetically nonequivalent
constrained to ride on the atom to which they were bonded and signals atd = 6.42 and 7.00 ppm, respectively. A single
given thermal parameters equal to 1.2 or 1.5 tirag of that peak at—16.7 ppm in the3P spectrum suggests one
bonded atom. symmetric phosphine environment and retention ofttaes
stereochemistry upon reaction. In comparison, e
resonance of the starting dinitrile complex appears®l.9
ppm.%

Synthesis and Characterization of Cluster Complexes. Compound3 was prepared with the hope of achieving a
In this work, we sought the synthesis, structural characteriza-discrete square-shaped tetracluster array with hydrogen-
tion, and supramolecular organization of a series of site- bonded isonicotinamide ligands serving to link neighboring
differentiated cluster complexes of the general formula clusters. Upon assembly in the solid state, however, only
[Res(us-Sex(PEg)n(isonicotinamidey-n]** [1 (n = 5); 2 (n one-dimensional zigzag polymeric chains of clusters medi-
= 4, trang); 3 (n = 4, cis)]. The targeted complexes were ated by hydrogen bonding have been obtained (see later).
prepared via the reaction of the corresponding acetonitrile Thjs js in fact not surprising considering nature’s abhorrence
solvates [Re{us-Sel(PEE)(MeCN)s—n](SbFs). with excess oward void space, which has been manifested by the
isonicotinamide in a refluxing mixture of chlorobenzene/ fqrmation of numerous polymeric supramolecular structures
mtromethane (1:1) (Scheme 1). Ina represgntatlve synthesis,, hose presumably more desired supramolecular isomtrphs
reacting [Re(us-Sel(PEE)s(MECN)](Sbfs). with an excess  5q the porous structures. Displacement of the nitrile ligands
of |_son|cot|nam|de aff°fded [I%eug-Se)g(PEt;)5(|s_on|c_ot|n- was indicated by the disappearance of tHesignal of the
a_rmde)](SbE)z (1.)’ the first member of j[he senes, in good originally bound nitrile molecules. Accompanying are the
_yle-_lds after stralghfcforward workup. Mlc_roa_lnaly5|s (CHN) H signals of the newly implemented isonicotinamide ligands.
is in agreement with the proposed stoichiometry. Several The 31P spectrum confirms the preservation of the cluster

lines of spectroscopic ey|dence sup.p.ort the molecular stereochemistry, with two peaks of equal intensity-a.5
structure and stereochemistry bf Specifically, upon the ) .
and —20.4 ppm, respectively; the corresponding values of

formation of1, the'H NMR resonance of the coordinated °.
nitrile of [Res(us-SeX(PEL)s(MeCN)](SbR),, the starting &S [Res(ta-SeHPEL)(MeCN)|(SbF), appear at-15.6 and
—19.0 ppm, respectively.

solvate, disappears, indicating the displacement of the bonded
solvent molecule. This is corroborated by the emergence of Molecular and Supramolecular Structures of the Clus-

a signal at 9.40 ppm (Figure 1A) which is attributed to the ter Complexes. Structures were determined for the three
a-H of the coordinated pyridyl moiety and is significantly compounds reported in Table 1. The metrical parameters
downfield-shifted from the corresponding resonance of free describing the cluster core and its terminal bonding are
isonicotinamide at 8.70 ppm. Also clear from Figure 1 is summarized in Table 2 and are unremarkably similar
the noticeable but less dramatic shift of fhx¢ signal. The to the corresponding values reported for similar com-
two magnetically nonequivalent amide protons, appearing poundst:13141#23 Only distinct features pertinent to inter-
as broad singlets at = 6.43 and 7.00 ppm, respectively,
are also revealed by4 NMR. The3!P NMR spectrum ofl. (24) Zaworotko, M. JChem. Commur2001, 1.

Results and Discussion
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cluster hydrogen bonding and the resulting supramoleculargiven chain in which librationally disordered solvent (£H

organization are discussed.

) t"‘
Figure 2. Thermal ellipsoid diagram of the hydrogen-bonded dimet.of
Thermal ellipsoids rendered at the 50% probability level. Phosphine ethyl

groups, non-hydrogen-bonding hydrogen atoms, and counterions are

excluded for clarity. Color scheme: C (gray), N (blue), P (purple), Re
(green), O (red), and Se (yellow).

Table 2. Interatomic Distances (A) and Angles (deg) for Cluster
Complexesl—3

range mean
Re-Re 2.617(13-2.645(1) 2.636(7)
Re-Se 2.508(1)-2.529(1) 2.517(13)
Re—P 2.470(4)-2.486(2) 2.478(8)
Re-N 2.186(6)-2.213(4) 2.204(7)
Re-N—C 117.4(5)-121.6(3) 120.0(1)

[Res(us-Se}y(PEts)s(isonicotinamide)](Sbk), (1). This
monoisonicotinamide complex is derived from the penta-
(triethylphosphine)-substituted cluster unit BRe-Se)-
(PEB)s]?". As shown in Figure 2, the isonicotinamide ligand

Cly) and Sbk~ counterions reside (Figure 3). Interestingly,
the pseudochain df packs into a checkerboard-like pattern,
resulting in small channels running parallel to the pseudoch-
ain axis (Supporting Information). Located in these channels
are additional counterions, some portions of which appear
to be in close contact with the pendant hydrogen of the amide
group, suggesting the existence of a weak hydrogen bond to
fluorine. However, the disorder of both the SbFmoiety

and the amide unit prohibits direct calculation of the
hydrogen bond. Similar observations have also been made
in the structures of and3, as described.

Table 3. Selected Metrical Parameters Indicating Hydrogen-Bonding
Interactions

complex d(NH---0) (A) d(N---0) (A) ONHO (deg)
1 2.23-2.26 3.05(4)-3.07(4) 149-4158.4
2 2.03 2.908(6) 172.9
3 1.95-1.98 2.82(2)-2.86(2) 167-3177.1

trans-[Reg(us-Sel(PEts)s(isonicotinamide)](SbFe). (2).
This compound is th&rans-bis(isonicotinamide) derivative
of thetransisomer of the tetra(triethylphosphine)-substituted
cluster unit [Re(us-Se}(PE®)4)?". The two symmetry-related
isonicotinamide ligands are bound to the Re centers via the
pyridyl nitrogen. The amide groups undergo conventional
N—H---O hydrogen bonding (Table 3) with the ligand of a

is bound to the non-phosphine-protected Re site via the neighboring cluster complex, generating infinite chains

pyridyl nitrogen. The amide portion of the ligand is twisted
with respect to the pyridyl plane, but the deviation is within
normal limits relative to that observed for the free lig&hd.
Each cluster engages in self-complementary amaiaide
hydrogen bonding to a cluster in a neighboring cell,

featuring the cluster units and the pairwise cluster-linking
hydrogen bonds (Figure 4). The amide portion of the ligands
is twisted by 38.3(6) out of the pyridyl ring plane. This

canting of the amide moieties is likely the result of a weak
hydrogen-bonding interaction with a fluorine atom of one

generating a hydrogen-bonded dimer. Parameters manifestingf the Sbk~ counterions that occupy the spaces above and
hydrogen-bonding interactions are collected in Table 3. The below the amide nitrogen. The fluorine hydrogen bonding
dimers’ packing arrangement yields pseudochains beingis to the pendant hydrogen atom of the amide and does not
formed along a body diagonal, with each neighboring dimer disrupt the N-H---O scheme.

translated/, of a repeating unit along the pseudo-chain axis. A packing mode of the linear polymer chainsfsimilar
Small voids are found at the ends of dimer units along a to the one foil, is observed (Supporting Information). When

%—Qﬁ?—@—@—- —%ﬁt}-f}@~

Figure 3. Packing diagram ol showing one layer of the pseudo-chain structure. Voids shown, each formed by four dimer units, two in the same chains

and one above and one below the space between those two dimers in the same chain, are occupied by disordered solvent molecules. Thermal ellipsoids
rendered at the 50% probability level. Phosphine ethyl groups, non-hydrogen-bonding hydrogen atoms, solvent, and counterions are exctitged for cla
Color scheme: C (gray), N (blue), P (purple), Re (green), O (red), and Se (yellow).
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>

Figure 4. Thermal ellipsoid diagram of the hydrogen-bonded polyme®.ofhermal ellipsoids rendered at the 50% probability level. Phosphine ethyl
groups and counterions are excluded for clarity. Color scheme: C (gray), N (blue), P (purple), Re (green), O (red), and Se (yellow).

Figure 5. Single layer displaying three individual hydrogen-bonded chairg ®hermal ellipsoids rendered at the 50% probability level. Phosphine ethyl
groups, non-hydrogen-bonding hydrogen atoms, solvent, and counterions are excluded for clarity. Color scheme: C (gray), N (blue), P (pugar), Re (g
O (red), and Se (yellow).

viewed down the chain axis, the polymers form a pseudohex-the isonicotinamide ligands, the hydrogen-bonded chains
agonal array with individual polymer chains extending along have a zigzag topology. This zigzag shape results in the
a body diagonal. However, the formation of an additional chains fitting together to form sheets of chains. The lamellae
hydrogen bond ir2 due to the second isonicotinamide ligand are apparently stabilized by hydrophobic interdigitation of
prohibits the formation of the intrachain voids as observed the phosphine groups between layers. Disordered solvent
for 1. Thus, all solvent and counterions contained in such molecules and counterions are found in the interlayer spaces.
voids are forced, in the present case, into the interchainLike 2 (and possiblyl), 3 undergoes with one of the fluorine
channels. As a result, a more open and less dense frameworlatoms of the counterion a secondary hydrogen-bonding
of 2 is generated. interaction that does not interrupt the primary homotopic
Ccis[Reg(us-Se)(PEts)s(isonicotinamide)}](SbFe), (3). This amide-amide linkage.

compound is thesis-bis(isonicotinamide) derivative of the
cisisomer of the tetra(triethylphosphine)-substituted cluster o )
unit [Res(us-Se)(PEt)4)2*. The twocis disposed isonicoti- Judiciously deS|gn_eq [Res-Se}]?t Clust_er _complexes can
namide ligands are bound to the Re centers via the pyridyl be used as novel bwldmg blocks for hybrid morganlc/_orggnlc
nitrogen, and the amideamide hydrogen bonding (Table supramole_cglar assembheg The cluste_r core’s rel_atlve |r_1ert—
3) leads to infinite chains of clusters (Figure 5) as observed N€SS prohibits stereochemical scrambling, ensuring a fixed
for 2. Similar to those ofl and 2, the chains of3 extend geometry for a given isomer. In effect, the cluster complex

along a body diagonal. However, duedis displacement of is a rigid building block with defined geometry that limits
the structural possibilities of a multicluster array upon

(25) Toriumi, Y.; Kasuya, A.; Itai, AJ. Org. Chem199Q 55, 259. assembly. In particular, we have shown in this work that

Summary and Outlooks
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the use of secondary hydrogen-bonding interactions is amay be fulfiled by employing cluster building blocks
viable means of generating crystalline, cluster-supported possessing three or more ligands that are capable of hydrogen
supramolecular arrays. In each of the examples presenteconding. Research along both lines is underway.

here, the geometry of the cluster is faithfully expressed in
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enlarged pore size for guest sensing and separation. This goalc0261326
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