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Abstract: A rational approach to heterometallic cluster formation is described that uses incommensurate
symmetry requirements at two different metals to control the stoichiometry of the assembly. Critical to this
strategy is the proper design and synthesis of hybrid ligands with coordination sites selective toward each
metal. The phosphino-catechol ligand 4-(diphenylphosphino)benzene-1,2-dio) @fdssesses both hard
catecholate and soft phosphine donor sites and serves such a role, usir@-syfin(netric) and hardGs-
symmetric) metal centers. The Mlcatecholate complexes (M Fe', Gd", Ti'V, SrV) have been prepared

and characterized &3;-symmetry precursors for the stepwise assemalyftfau)of heterometallic clusters.

While the single-crystal X-ray structure of the 08 L 3] salt shows &C; merconfiguration in the solid -state,
room-temperature solution NMR data of this and related complexes are consistent with either exclusive formation
of the Cs-fac-isomer with all PPhdonor sitessynto each other or faciléac/merisomerization. Coordination

of these [M_3]2~ (M = Ti"V, SrV) metallaligands via their soft P donor sites@-symmetric PdBy units

gives exclusively pentametallic [MdBreLg]*~ (M = Ti, Sn) clusters. These clusters have been fully
characterized by spectral and X-ray structural dat@sgsnesocates with Csor protonated 1,4-diazabicyclo-
[2.2.2]octane (DABCGHT) cations incorporated into deep molecular clefts. Exclusive formation of this type

of supramolecular species is sensitive to the nature of the counterions. Alkali cations suchRis"Kand

Cs" give high-yield formation of the respective clusters while MEt and NMeg™ yield none of the desired
products. Extension of thaufbau assembly to produce related {RsClslg]*", [M2Pdklele]*~, and
[M,Cr(CO)oLe]* (M = Ti, Sn) clusters has also been realized. In addition to dbfbauapproach, self-
assembly of several of these jRiEBreL ]~ clusters from alkleven components (two M, three PdBy, six

H,L) was also accomplished under appropriate reaction conditions.

Introduction the intrinsic beauty of these clusters and the challenges in ligand
design and cluster synthesis. However, many of these clusters

The synthesis of high-symmetry metdigand clusters is an exhibit fascinating properties as well, such as guest bindir§,

effective way to build large molecular constructs from small
SUbu.mtS' ;I'hese CI!'ISterS f]PlrrE_lspontaneously via .S?éf-ﬁssembly (6) For all but the most recent papers on these molecules see the most
reactions from a mixture of labile components to yield the most ihorough review in this field: Leininger, S.; Olenyuk, B.; Stang, ’otem.
thermodynamically stable product. Among a wide array of Rev. 200Q 100, 853. For applications see pp 96903.
multinuclear supramolecular clusters, helicates and theiso 20(()? Pl%uetf, C.; Berntirdm_elll, G.; Hopfgartner, Ghem. Re. 1997, 97,

. and rererences tnerein.
_counterparts (mesocates), rings, catenaﬁeetrahedré, cyl- (8) Lehn, J.-M.Supramolecular Chemistry: Concepts and Perspesti
inders, cage$,octahedra, cubes, and icosahedf@mve been  vCH: Weinheim, 1995, and references therein.

generated in this mann&rl® Much of this attention results from (9) Raymond, K. N.; Caulder, D. L.; Powers, R. E.; Beissel, T.; Meyer,
M.; Kersting, B.Proc. 40th Robert A. Welch Found. Chem. RI296 40,
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chiral resolutiort/~2! dynamic interconversion of assemblfés?>

mechanical coupling between metal centérsé catalysis® and

magnetisn¥?-32 inter alia®

o
We have developed a predictive design strateggsulting |/ = /@[
Ph,P o
i

Cs
in the synthesis of various high-symmetry coordination clusters
including ML 3 helicated®34.35and mesocate?;36 M L ¢25:28.37.38
and ML, tetrahedrd&? MelLg*® and MsLg cylinders, and MLg
octahec.ira%.1 These examples all .focus on the coordina.tion. of Co/on
three bidentate chelators to a tri- or tetravalent metal ion in a
pseudooctahedral fashion at the apexes of the clusters. This

coordination generates local 3-fold symmetry at these metal
centers. These chelators are contained in a rigid, symmetric
multi(bidentate)-ligand, which supplies the other symmetry
elements of the cluster (2-fold, 3-fold, or mirror plane). By
simultaneously fulfilling the symmetry requirements of both the
ligand and metal centers, discrete high-symmetry clusters are
generated under thermodynamic control.

Recently, we communicated the stepwise assembly of two a5 well as thepontaneous self-assembigm all 11 components
M2M'sLe mesocates in which a second type of metal ion, rather of g series of mesocates from such an asymmetric “hybrid”,
than a symmetric ligand, supplies the mirror plane symmetry wherein two different metalsare used to generate the two
in the clustef® In principle, the ligand forms part of an  jncommensurate symmetry elements of the clusters (Figure 1).
asymmetric unit of the cluster and must have two different This use of incommensurate metdigand interactions forms
interaction sites (e.g., one hard and one soft donor) that canthe basis for our design strategy. Full synthetic details and

each preferentially interact with one of the metal ions over the discussions on several single-crystal X-ray structures are also
other. Here we present details of both this stepwise assemblypresented.

Figure 1. Cartoon showing the 9ffset, incommensurate interaction
of a 3-fold symmetry element (blue spheres), ai@ axis/mirror plane
(red spheres) linked by a hybrid ligahd(black) to generate a 'L
cluster.

(16) Saalfrank, R. W.; Burak, R.; Breit, A.; Stalke, D.; Herbst-Irmer,

R.; Daub, J.; Porsch, M.; Bill, E.; Mber, M.; Trautwein, A. X.Angew. Results and Discussion

Ch(eln;j,lérr]]tc;fES.:L'g\/%?\ %%Ié%&y AAngew, Chem., Int. E.998 38, 303, Ligand Design. The assembly of a mixed-metal helicate of
(18) Kramer, R.; Lehn, J.-M.; DeCian, A.; Fischer, Angew. Chem.,  (he type RuCusL¢ was recently reported where a substitution-
Int. Ed. 1993 32, 703. inert RU'[3-(pyridin-2-yl)pyrazole} complex was used as the
93519) Enemark, E. J.; Stack, T. D. Rngew. Chem., Int. EA.998 37, 3-fold interaction sit¢? The uncoordinated nitrogen atom of
. ; \ . e
(20) Stang, P. J.: Olenyuk, B.. Muddiman, D. C.. Smith, R. D. the pyrazole ring remains free to coordinate labile' @u

Organomet1997, 16, 3094. generate a 2-fold axis and thus assemble a triple helicate. We
(21) Masood, M. A.; Enemark, E. J.; Stack, T. D.Ahgew. Chem., Int. chose to explore the use of a hybrid ligand with more

Ed. 1998 37, 928. IS, - : )
(22) Xu, J.. Parac, T.; Raymond, K. Mngew. Chem., Int. EAL999 distinguishing coordination sites, namely catechol and phos

19, 2878. phine. Catechol is a hard chelating ligand that generatés a

(23) Lee, S. B.; Hwang, S.; Chung, D. S.; Yun, H.; Hong, J.-l. axis when coordinated to hard, tri- or tetravalent metals with
Tet(rzegeHdg;ganntglpigg ?Eveﬁz% ML Kneisel. B. O« Baum. G.: Fenske. b preferred octahedral coordination (e.g."AIGd", Fé', SnV,

y Dy » JmVL, ,» B U, » O, y U iV 43,44 H H
Angew. Chem., Int. Ed996 35, 1838. Ti _). Phosph_lne ligands, on the other hand, are soft donors

(25) Scherer, M.; Caulder, D. L.; Johnson, D. W.: Raymond, K. N. which can coordinate to square-planar metals (e.d..cP@t')
Angew. Chem,, Int. E1999 38, 1588. . in atransfashion to generate a 2-fold axis or mirror pleffé®
Chgrg) égfltgngé 1Bi'8'v;2'\2"fyer’ Powers, R. E.; Raymond, K. N.Am. A properly designed hybrid ligand containing both these donors

(275 Pfeil. A.: Lehn, J.-MChem. Commurl992 838. could assemble an #'sL ¢ cluster, the smallest discrete species

(28) Beissel, T.; Powers, R. E.; Parac, T. N.; Raymond, KIJNAm. that would simultaneously fulfill the two orthogonal symmetry
Chem. Soc1999 121, 4200. requirements. Molecular models (CACGResuggested a 4-phos-

(29) Sanders, J. K. MChem. Eur. J1998 4, 1378. . . . .

(30) Waldmann, O.: Schulein, J.; Koch, A.: Muller, P.; Bernt, I; Phinocatechol ligand (Figure 2) would have the ideal geometry
Saalfrank, R. W.; Andres, H. P.; Gudel, H. U.; AllenspachipBrg. Chem. for isolating the two types of coordination sites and to permit
19 51) Gartesthi, D.; Caneschi, A Pardi, L; Sessoll Sgience199 cluster assembly.
26é 1)052 eschi, D.; Caneschi, A.; Pardi, L.; Sessoli,Sience1994 Synthesis and Characterization of the Hybrid Ligand HL.

(32) Amoroso, A. J.; Jeffery, J. C.; Jones, P. L.; McCleverty, J. A; The hybrid ligand HL can be readily prepared in two steps
Thornton, P.; Ward, M. DAngew. Chem., Int. EA.995 34, 1443. ~ from 4-dichlorophosphino-veratrole (Scheme 1). The latter was

(33) Tatft, K. L; Delfs, C. D.; Papaefthymiou, G. C.; Foner, S.; Gatteschi, gptained from veratrole under FriedeCrafts conditions by
D.; Lippard, S. JJ. Am. Chem. S0d.994 116 823. . . . . .
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PPh,
OH
OH
HoL
Figure 2. The 4-phosphino-catechol hybrid ligand.
Scheme 1
PCl, PPh, PPhy-HBr
2 PhMgBr, Ether 48% Aq. HBr
OMe OMe OH
OMe OMe OH Cy (mer)
H,LeHBr Figure 3. Depiction of thefac- and merisomers ofA-[ML3]"".
PPhyHBr PPhy \©E"-
3 + mm  Base, alcohol H,L -HBr to give tris-catecholate complexes without interference
OH o from the P-donor groups. Thus M]3~ (M = Fe, Ga) and
OH o /s [ML3]>~ (M = Ti, Sn) were synthesized in good yields
M

according to Scheme 1. These products were characterized by

) ) ) ) ) elemental and spectral analyses. Their IR spectra all show a
4-diphenylphosphino-veratrole in 780% yield as a white  common strong catecholate—© band at ca. 1260 c,
solid. Demethylation with 48% aqueous HBr yielded a white gjagnostic of the coordinated catecholate gro@§While the
precipitate of HL+HBr. This was recrystallized from ethanol  ggi complex is dark red in color, the 'Yi complex is
with 48% aqueous HBr to give analytically purelHHBr in red-orange, and the @aand S complexes are both white
70% yield. The proton NMR spectrum of this liganddpDMF solids. The electronic spectrum of the s€d_3 complex in
revealed three well-resolved multiplets for the catechol pro- methanol solution exhibited a LMCTinay at 490 nm é = 6050
tons: two doublet of doublets and a higher field triplet of | cm-1 mol~1).5455 EPR spectra of the G8el, complex in
doublets. Assignment of these as H(6), H(3), and H(5) respec-the solid state or in methanol solution at room temperature both
tively was made based on spectral simulation and selective gxhipited a majorg = 4.25 signal typical of high-spin ferric
irradiation experiments (Figure 2). The catechol resonances iNcatecholate complexé&8.The trianionic complexes were con-
the 13C{*H} NMR spectrum were also well-resolved with the  sjgerably more air-sensitive than the dianionic complexes, with

six unique ring carbons ranging from 147.7 to 116.6 (see  partial air oxidation of the PRigroups evident after overnight
Experimental Sectionf!P—3C couplings were observable for  exposure.

all resonances except that of C(1) whichpara to the PPh As anticipated, the PRhgroups were found to remain
substituent. o uncoordinated in accord with the observ&®{H} singlet
Syntheses and Characterization of [Mls]"~ Complexes. chemical shifts§ —2.0 to—6.0) in the three diamagnetic Ga

The isolation of the soft phosphine donor site from the hard TjV, and SK [ML3]"™ complexe$857 Further, room temper-

dianionic catecholate chelate, crucial to our ligand design, ature solutiorfH and23C{*H} NMR data of these products all
ensures that the ligand will bridge two metal centers when fully exhibited a single set of ligand catecholate and phenyl reso-
coordinated, rather than forming a single metal complex using nances indicative of; symmetry. This is consistent with either
both donor sets. While hard metal cations can exclusively bind exclusive formation of thdacisomer or rapid isomerization

at the catecholate site, softer metal centers may not discriminateinvolving themerisomer ofC; symmetry (Figure 3). All three
sufficiently between phosphine and catecholate coordination catecholate proton resonances shifted upfield upon metal
modes. Thus P4 for example, reacted with 4 to give an complexation by 0.26 ppm up to 0.73 ppm, as previously
insoluble and intractable brown solid. This is presumably an opserved for G and RH' tris-catecholate complex&§5°

oligomeric or polymeric product containing indiscriminate P Significant!3C coordination shifts were found for the catechol
and catecholate coordination to each' Raénter. Exclusive

bonding of soft metals to the P site may eventually be realized Anf?é?fggiﬁg fg&*?ggg K. Freyberg, D. P.; Raymond, K.JN.
indirectly by first forming the 4-PRhveratrole complex with ('53) Griffith, W. P.: pumphre'yl C. A.; Rainey, T.-A986 1125.

subsequent deprotection of the methoxy groups under mild (54) Karpishin, T. B.; Gebhard, M. S.; Solomon, E. I.; Raymond, K. N.
conditions?-51 Thus we opted to form the catecholate complex J- Am. Chem. S0d.991, 113 2977.

! . I I (55) Avdeef, A.; Sofen, S. R.; Bregante, T. L.; Raymond, K.JNAm.
first. Harder tri- and tetravalent metals such a4 AGd", Fe', Chem. Soc1978 100, 5362.

Ti", and S reacted smoothly under basic conditions with  (56) Gorenstein, D. GProg. NMR Spectrosd983 16, 1.
(57) Quin, L. D.; Verkade, J. @hosphorus-31 NMR Spectral Properties

(49) Sembering, S. B.; Colbran, S. B.; Craig, D.IG@org. Chem1995 in Compound Characterization and Structural AnalyM€H: New York,
34, 761. 1994.

(50) Sembering, S. B.; Colbran, S. B.; Craig, D. C.; Scudder, MI.L. (58) McArdle, J. V.; Sofen, S. R.; Cooper, S. R.; Raymond, Klrérg.
Chem. Soc., Dalton Tran§995 3731. Chem.1978 17, 3075.

(51) Sembiring, S. B.; Colbran, S. B.; Craig, D.LChem. Soc., Dalton (59) Linas, M.; Wilson, D. M.; Neilands, J. BBiochemistry1973 12,

Trans.1999 1543. 3835.
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Table 1. Selected Bond Distances (A) and Bond Angles (deg) for

Cs[Ti(L) 5]

Cs(1)-0(2) 3.097(8) O(1yC(1) 1.35(2)
Cs(1-0(2) 3.305(7) O(2}-C(2) 1.34(1)
Cs(1y-0(6) 3.051(8) O(3)C(19) 1.36(1)
Cs(1-0(7) 3.21(1)  O(4)-C(20) 1.35(2)
Cs(1)-0(8) 3.11(1)  O(5yC(37) 1.34(2)
Cs(2)-0(3) 3.164(8) O(6)C(38) 1.37(2)
Cs(2)-0(3) 3.272(9)  O(7)-C(66) 1.26(2)
Cs(2)-0(5) 3.034(9) O(8}C(69) 1.10(4)
Cs(2)-0(7) 3.30(1)  P(1¥C(5) 1.83(1)
Cs(2)-0(8) 3.089(9) P(3yC(7) 1.84(1)
Ti(1)—O(1) 1.936(7) P(3C(13) 1.87(1)
Ti(1)—0(2) 1.996(9) P(2}C(22) 1.81(1)
Ti(1)—0(3) 1.963(9) P(2}C(25) 1.82(1)
Ti(1)—O(4) 1.964(7) P(2}C(31) 1.82(1)
Ti(1)—0(5) 1.957(9) P(3yC(41) 1.84(2)
Ti(1)—0(6) 1.962(9) P(3}C(43) 1.86(2)
P(3)-C(61) 1.87(2)  P(4YC(40) 1.92(3)
P(4)-C(49) 1.90(2)  P(4YC(55) 1.92(3)

O(1)-Ti(1)-0(2) 79.8(3)  O(1yTi(1)-O(3)  88.5(3)
O(1)-Ti(1)-O(4) 162.8(4)  O(1)Ti(1)-O(5)  92.8(3)
O(1)-Ti(1)-0(6) 103.1(3)  O(2Ti(1)-O(38)  98.6(4)
0(2)-Ti(1)-0(4)  89.3(3)  O(2Ti(1)-O(5) 166.8(3)
O(2)-Ti(1)-0(6)  90.0(4)  O(3)yTi(1)-O(4)  80.0(3)
O@)-Ti(1)-0(G)  92.0(4)  O(3)Ti(1)-O(6) 166.7(4)

Figure 4. ORTEP of the solid-state structure of the)TsL 5] complex. 88;:28;:8%2; 1325((2)) O Ti()~0O®) 90.1(3)

For clarity only one of the two disordered PRjtoups (P(3)) is shown
and only the oxygen atoms of coordinating solvents are shown (O(7) *Primes represent symmetry equivalent atoms generated by the
and O(8)). Thermal ellipsoids are at 50% probability. crystallographic inversion center.

ring carbons only. Both C(1) and C(2) were shifted sizably complex. In addition, Cs(2) is coordinated by one DMF and
downfield by about 15 ppm upon metal coordination. Upfield one disordered DMF or water solvent molecule, O(8) and O(7),
shifts of over 5 ppm were observed for C(3), C(4), and C(6). respectively. On the other hand, Cs(1) is coordinated by such a

Of the phenyl carbons, only th@gsoC shifted slightly, solvent molecule from an adjacent complex. The-Osbond

downfield by 1.8 ppm, again confirming the uncoordinated status distances range from 3.034(9) A for Cs{Z)(5) to 3.305(7) A

of the PPh moiety. for Cs(1)-0O(2). The intracomplex Gs-Cs separation is 5.176-
X-ray Structure of the Csy[TiL 3] Complex. A single-crystal (2) A. The surprisingly low coordination numbers of these

X-ray structural study of G§TiL 3]-2DMF-0.5H,0 revealed a cations are a direct result of the proximity of the phenyl
mer configuration in the solid state (Figure @) While P(1) substituents on the appended P&toups. In fact, each Cs cation
and P(2) are in amnti configuration, the third phosphorus is is shielded from further solvation by a phenyl ring only 3.7 A
disordered equally over two sites, givingreerarrangement at ~ away. Other relevant bond distances and angles are listed in
either site. Table 1.

The complex crystallizes as a racemic mixtureAofind A Configuration of the [ML 3]2~ Complexes.In the absence
configurations at the Ti centers. The average twist angle around s steric, electronic, ion-pairing, or solvation effects, @emer
Ti is 42.3, indicative of an intermediate octahedral/trigonal jsomers of [ML3]2~ (M = Ti, Sn) and [M_3]3~ (M = Fe, Al,
prismatic coordination geometry. The six30 bond lengths g4 are statistically favored over ti@ fac isomers by a 3:1
average to 1.96 A with only TiO(1) and T-O(2) significantly ratio. Of these, only thefac configuration has all three
different from the mean at 1.936(7) and 1.996(9) A, respectively. phosphino-donor groups disposeghto each other, which is
Of the six catecholate oxygens only O(1) is not coordinated 0 gsqential for successful formation of any endohedral metal

ECslcatl?n, v(\j/hlc?hmay.atccount ;‘or Its shczt bond Ien_lq.thoto Ti. cluster (Figure 3). While room temperature solution NMR data
oc(::_e(ajr brend :n fhEX'S ent():e 0 atry;ns Th uer:qce olr_1 1_ are fully consistent with either exclusive presence of this high-
or ond lengths can be seen for the phenolic oxygens symmetry species in all cases or extremely fadde/mer

megatro tolr tralmstiont_sﬁtﬁ dF;BV\%OUP' l;r Tilf éilflgg?r\;vﬁl :IO bne a equilibration, the X-ray structure of g3iL 3] discussed above
oderately e'ectro awing substitueht: arly, no revealed amer configuration in the solid state. We examined

meaningful differences in the catcholate-O distances, which and discarded the possibility that tfec isomer is favored in

average to 1.35 A, were found. ; : s - .
; . ' solution due to steric, electronic, ion-pairing, and/or solvation
The two cesium counterions are coordinated by catecholato factors®®
oxygens as well as by dimethylformamide (DMF) solvent ' ] ] ) ]
molecules. Each cation is coordinated by two catecholato The alternat|ve2 explanation for the observed high solution
oxygens and a third catecholato oxygen from an adjacent Symmetry of M.s*~ must be facile solutiorfac/merisomer-
ization processes that resulted in averaged spectr&sof

(60) Cs[TiL3]-2DMF-0.5H,0: fragment of a red/yellow block, crystal ; ; ~ 31pf1
size 0.30x 0.07 x 0.07 mn, FW = 1345.73,T = —115 °C, triclinic symmetry. Extensive variable-temperatuld and *'P{*H}

space groupPl, a = 11.4876(2) Ab = 16.6820(3) Ac = 16.7549(4) A, studies of TL#*~ and similar studies of $n?", including***Sn
a = 96.759(13, B = 99.298(1), y = 98.647(1), V = 3099.3(1) R, z = NMR spectroscopy in a variety of solvents, failed to yield any
2,R = 0.064,Rw= 0.083, GOF= 2.13. unequivocal evidence for the slowing down of afac/mer

(61) van Doorn, JPhosphorus Sulfut991, 62, 155. . . . .
(62) Louattani, E.; Lledos, A.; Suades, J.; Alvarez-Larena, A.; Piniella, €Xchange. Literature data on fluxional behavior fol Tand

J. F.Organometallics1995 14, 1053. SV complexes with six-oxygen donors are relatively sparse.
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Fay and Lindmark*®5reported that both T tris(3-diketonate)
and bisf-diketonate)(OR)complexes of unsymmetrical ligands
are fluxional down to—100°C in methylene chloride solution.

A recent review on SH bidentate oxygen donor chelates
actually stated that tris(catecholate)'Seomplexes of unsym-
metrically substituted catechols (e.g. 4-cyano, 4-methyl, 4-nitro,
4-chloro, etc.) exist afac/mermixtures in solution according

to H and!1%Sn NMR daté#867 This claim, however, appears
to be unfounde@® Instead, only a single set of resonances was

Sun et al.

solution spectral analyses confirmed the formation of a complex
with C3 or averagedzz symmetry. Specifically, a singlé'P-

{IH} NMR signal até 22.10 and a single type of catecholate
group in the!H and3C{'H} NMR spectra were noted. In the
proton spectrum, the H(3) catechol proton multiplet of the
metallaligand moved dramatically downfield frah6.21 to 7.87

and became a broadened virtual triplet while the phentfio
protons also shifted slightly downfield froth7.28 to 7.63. All
proton resonances were relatively broad, due probably to the

obtained in all the cases studied. The implication is that the onset of dynamic behavior.

dynamic behavior of TY and S complexes with six oxygen

In the proton-decouple®C NMR spectrum of the product,

donors may indeed be quite fast on the NMR time scale eventhe most significant observation is the appearance of virtual
at low temperatures. Possible acceleration of such dynamictriplets (which were doublets in the [T§]2~ spectrum) in
processes by the presence of trace amounts of protons in ouresonances for both catecholate and phenyl ring carbons. This

complexes can be ruled out since additionRsbton Sponge
had no effect on the resulting spectra.

For our purposes, the successful synthesis of the deSged
pentametallic clusters mandates that the isomer mustbe

strongly suggests tansphosphine coordination mode at the
Pd' centers? Further, the catecholate C(4) resonance shifted
upfield by over 5 ppm while a downfield coordination shift of
6 ppm is observed for C(3). Of the phenyl group carbons, similar

accessible in solution whether due to its exclusive formation or significant coordination shifts were found for tlgso (—6.1

through a facilefac/merexchange.

Assembly of the Cg[M ,Pd3BreLg] (M = Ti, Sn) Clusters.
The [ML 3]%~ complexes have three divergent diphenylphosphino
groups that can coordinate to three separate metal centérs (M
If these metal centers a@ symmetric, supramolecular clusters
of the type MM'sL ¢ (Figure 1) can be assembled. As monitored
by 31P{1H} NMR spectroscopy, titration of 3 equiv of a DMF
solution of PdBs-2PhCN into 2 equiv of C§TiL3] in DMF
led to the exclusive formation of a single red product. No

ppm) andortho (+2.4 ppm) ring carbon resonances.

Positive ion FAB mass spectrometry in DMF (nitrobenzyl
alcohol matrix) further confirmed the presence oftPisBrsL ]
clusters with various counterion compositions (see Experimental
Section). Other alkali metal salts of this cluster were prepared
analogously from the corresponding[MiiL 3], Ko[TiL 3], or Rb,-

[TiL 3] complexes. The (DABCO-HJTi,PdBreL ¢] cluster was
prepared from (DABCO-HJTiL3]. Spectral data of these
products are listed in the Experimental Section.

exchange between this complex with excess free ligand was Similar assembly from the GISnL 3] precursor led to nearly

observed on the NMR time scale at ambient temperature.

Isolation of the orange-red product in 95% vyield followed by

(63) We examined three possible factors that may favofabhésomer
in solution. (1)Sterics The remoteness of the three diphenylphosphino

quantitative formation of the GiSmPdBrsL ¢] cluster. Finally,
single-crystal X-ray diffraction studies of ¢$i,PdBrelg],
Cs[SmPdsBreL ¢ (cf. ref 36), and (DABCO-H){SmPdBrel ¢]
confirmed the structures of these clusters in the solid state (vide

substituents from the metal center and from each other renders significantinfra).

differences infac versusmer steric strain energies unlikely. Molecular

mechanics indeed showed very similar strain energies. Steric effect as the

origin of any isomeric preference can be discountedE(2ftronic effect
Electronically the PRhgroup is known to be moderately electron withdraw-
ing 8162thus the existence of an intrinsic electronic effectt(ansinfluence)
favoring the fac-isomer is feasible. However, DFT molecular orbital
calculations (pBP-DN* with the Spartan 5.0 programs, Wavefunction, Inc.)
on [Ti(catecholato-4-Ph)3]?~ actually favored thenerover thefac as the
ground-state configuration by 11.7 kJ/mol. Further, no convincing X-ray
data consistent with differing metabxygen bond distances due to such a
substituent effect have been found in either the Sn(4-biecholate)(fac)
(Lamberth, C.; Machell, J. C.; Mingos, D. M. P.; Stolberg, T.JLMater.
Chem.1991, 1, 775-780) or the CsTiL 3 (mer) structure described above.
(3) Sobation effect Since thefac-isomer can be expected to have a
substantially larger dipole moment than therisomer (a substantially larger
molecular dipole was found for tHac-isomer relative to thenerisomer;
4.13 D versus 1.56 D froRM3(tm) calculations, and 1.2 D versus 0.54 D
from DFT calculations). The resulting higher solvation energy in a polar
solvent may be the origin of its predominance. In this case, a significant

solvent polarity dependence of the speciation can be anticipated. Our NMR

spectral data do show some solvent dependence. For example, both Li
and C¢ salts of TL3?~ showed broadened room temperattiesignals in
CD,Cl, compared to spectra in more polar §ID or ds-acetone. Interest-
ingly, for TMA,TiL3, both the TMA as well as the ligand signals are
broadened at room temperature in £ but not in COD or ds-acetone.

The use of DMF as a solvent was essential for clean formation
of a single product. Less polar solvents such as methanol and
acetonitrile yielded multiple products as well as insoluble
material. Interestingly, attempts at cluster formation with several
other cationic salts of [Tiz]?~ were unsuccessful. For example,
tetraphenyl-phosphonium and PPNalts of [TL 3]?~ yielded
only insoluble material with PdBrin all solvent systems
attempted. In addition, both triethylammonium and tetramethyl-
ammonium precursors gave multiple products in DMF, as
revealed by?'P NMR spectroscopy (Figure 5a). A FAB-mass
spectrum of the [NEH]2 [TiL 3)/PdBr, (2:3 mol ratio) reaction
mixture in DMF gave no evidence of any cluster formation.
However, addition of stoichiometric equivalents of cesium
triflate to this solution resulted in formation of a single species
whose NMR spectra and FAB mass spectrum confirmed the
formation of Cg[TiPckBrsL ] (31P{H} NMR spectrum, Figure
5b). Interestingly, the FAB mass spectrum revealed a propensity
for the Cs cations to be ionized with the cluster even when
run in the positive mode (see Experimental Section). This

These observations, however, can be attributed just as well to differing ion Suggests a strong interaction between the cluster and the Cs

pairing effects rather than to the emergence wietisomer in a low polarity
solvent. We therefore sought to remove the former influence by studying
the PPN salt of [TiL3]2~ since this bulky cation is not expected to
participate in tight ion pairing. Both th#H and3'P{*H} NMR spectra of
PPNTIL3 in CD,Cl; andds-acetone gave the sharp signals of a sir@je
solution species. Thus tight ion pairing is most likely the origin of the
solvent-dependent spectra of the"LCs", and TMA" salts.

(64) Fay, R. CCoord. Chem. Re 1996 154, 99.

(65) Fay, R. C.; Lindmark, A. FJ. Am. Chem. Sod.983 105, 2118.

(66) Wong, C. Y.; Woollins, J. D. C. C. RCoord. Chem. Re 1994
130 175.

(67) Denekamp, C. I. F.; Evans, D. F.; Parr, J.; Woollins, JJ.0Chem.
Soc., Dalton Trans1993 1489.

(68) Woollins, J. D.; Parr, J. Personal communication.

cations even under these harsh conditions. In light of this and
the solid-state structure of the complex discussed below, we
suggest that the cesium cations remain embedded into the three
cluster clefts even in solution, which may be essential for the
integrity of the cluster. Fast exchange of these cluster-bound
cesium cations with solvated cesium atoms was revealed by
titrating 4 equiv of CsOTf into the cluster and observing the
133Cs NMR spectra; only a single, averaged broad signal was
observed at ambient temperature.

(69) Pregosin, P. S.; Kunz, R. W.; Springer-Verlag: New York, 1979;
p 89.
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Figure 5. 3P{1H} NMR spectra of the reaction mixture of [NgEf] -
TiLs and PdBs-2PhCN (2:3 ratio) in DMF: (bottom) before and (top)  Figure 6. A view of the solid-state structure of il ¢(PdBR)4]-

after addition of 2 equiv of cesium triflate. 6THF viewed down the crystallographic 3-fold axis of the cluster. One
disordered Cs atom and all disordered solvent molecules and hydrogen
A 2:3 assembly of theC3-ML 32~ and C,-transPdBR, can atoms have been omitted for clarity. The purple spheres represent P

yield either theD3 helicate or theCz, mesocate cluster. CAChe  atoms, brown spheres are Br atoms, green spheres are Cs atoms, yellow
molecular modeling revealed that the latter should be consider-spheres are Ti atoms, gray spheres represent carbon, and red spheres
ably less sterically congested than the forfffelhe X-ray are oxygen. The Pd ions are eclipsed by the coordinating phosphine
structural determinations of these clusters as described below/'92nds-
indeed confirm the exclusive formation of mesocates in the solid
state. Since the NMR data are consistent with the formation of
a unique species, we conclude that this solid state mesocate
structure is preserved in solution, although the possibility of a
fast mesocate/helicate equilibration cannot be unequivocally
discounted.

X-ray Structure of Cs4[TiPd3BreL¢]-9THF-H,0-1.5EL0-
1.5DMF. A single-crystal X-ray diffraction study confirmed the
successful assembly of the desired heterometallic cluster. This
has crystallographically imposézt, symmetry and is therefore
a mesocate featuring one Ti center havihgand the second
the A configuration. The top and bottom 03 halves of the
cluster are linked by three pseudo-square-planar PdBits,
eachtranscoordinated by one PRgroup from each half (Figure
6). A 3-fold axis exists along the F#Ti axis with the metal
centers separated by 6.76 A. The twist angle around each Ti is
36.9, almost halfway distorted from the octahedral twist angle
of 60° toward the trigonal prismatic coordination geometry of
0° (Figure 7). While the average Ti-catecholato oxygen distance
of 1.97 A is normal, the F+O(1) distance of 1.949(5) A is

shorter than the FO(2) distance of 1.984(5) A. This may be Cs1
a result of the strain imposed by formation of the cluster Figure 7. ORTEP view highlighting Ti and Cs coordination spheres
wherebyendoTi—0O(2) bonds are stretched whigoTi—O(1) in the solid-state structure of g%i,L ¢(PdBR)3]. All carbon, nitrogen,

bonds are compressed to accommodate the supramoleculaPhosphorus, palladium, bromine, and noncoordinating oxygen atoms
structure. In accord with thigxocluster O(1)-Ti—O(Z) angles are omitted for clarity. Thermal ellipsoids are at 50% probability.

are 88.3(2) while endoO(2)—Ti—0(2) are 89.2(2). Both O(1)
and O(2) are also coordinated to™Csations.

Of particular interest is the location of the four cesium
counterions. Three of these are deeply embedded in the thre
clefts of the cluster. Each symmetry equivalent Cs(2) is
coordinated by fouendcecatecholate oxygens in a rectangular
array and tweexo THF solvent molecules which are buried in
the clefts (Figure 6). The low coordination number (6) of these
cesium cations results from the peripheral Br atoms from the
three PdBs moieties which, while not in van der Waals contact
with the cations, effectively shield them from additional donors.
Therefore, relatively short GO distances are observed.
Specifically, Cs(2) to catecholate O(2) has a distance of 3.138- " 70y Shannon, R. DActa Crystallogr.1976 A 32, 751.

(5) A while the 2.918(10) A distance of Cs(2) to O(3) of a THF (71) Allen, F. H.; Kennard, OChem. Design Autom. New§93 8, 31.

is one of the shortest reportédThe three embedded cesium
cations are separated from each other by 4.45 A. The fourth
eCsJr is coordinated to the exterior of the anionic cluster and
disordered equally over the two tris(catecholate)titanium cap
oxygen sites (Figure 7). The Cs@{(1) distance of 3.080(5)
A is again quite short. The remaining coordination sphere of
this cesium is probably filled by disordered ether and DMF
solvent molecules in the vicinity.

X-ray Structure of Cs4[Sn,Pd3BrelL ¢]-3.5DMF-2H,0-THF -
x(solvent). Although the cluster has no crystallographically
imposed symmetry, it is also a mesocate and has idealzed
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Figure 8. A view of the solid-state structure of §SmL¢(PdBEL)s]

along the pseudomirror plane of the cluster. All disordered solvent
molecules, all hydrogen atoms, and one of the disordered Cs atoms
are omitted for clarity. The color scheme is the same as for Figure 6,
with Sn atoms represented by brown spheres and Pd atoms as light
purple spheres.

symmetry similar to the&€sy[Ti ,PdsBreL ¢] structure described
above (Figure 8). Again, the two Sn atoms sit on an idealized
3-fold axis with a pseudomirror plane (through each of the three & 020
Pd atoms) linking theA- and A-tris(catecholate)tin halves via  Figure 9. ORTEP view highlighting Sn and Cs coordination spheres
trans coordination of the PRhgroups. The Sn coordination in the solid-state structure of §SnL ¢(PdBr)3]. All carbon, nitrogen,
spheres, with twist angles of 44.and 46.2, are less distorted  phosphorus, palladium, bromine, and noncoordinating oxygen atoms
from octahedral than in the Ti analogue. The-S8n separation are omitted for clarity. Thermal ellipsoids are at 30% probability.
is 6.88 A, slightly longer than the F+Ti of 6.76 A, presumably
a result of the larger ionic radius of 8n(0.830 A) compared
to Ti'V (0.745 A)7°
Three of the four cesium cations (Cs(1), Cs(2), and Cs(3))
are well-ordered while a fourth is disordered over three sites
(Cs(4), Cs(5), and Cs(6)). Both Cs(1) and Cs(3) are located in
cluster clefts and are seven-coordinate. Cs(1) is coordinated by
a rectangular array oéndoecatecholate oxygens, two DMF
molecules, and a bromide, Br(3), from a PdBroiety. Cs(3)
is coordinated by fouendaecatecholate oxygens, one DMF, and
one water molecule, as well as a bromide, Br(5). Cs(2) sits atop
Sn(2), slightly off the pseudo 3-fold axis, and is coordinated to
three exocatecholate oxygens, one DMF, and one water
molecule (Figure 9). In addition, disordered solvent molecules
probably complete its coordination sphere. The disordered fourth
cesium cation is located wittts occupancy as Cs(4) in the third
cluster cleft. The remaining/s occupancy is equally divided
between two cappingxosites above Sn(1) at Cs(5) and Cs(6). Figure 10. A view down the 3-fold axis of th_e solid-state structure of
The palladium ions have pseudesquare-planar geometry the (DABCO-H)}[SnPdBrsLe] cluster. All disordered solvent mol-
with normal Pd-P bond distances of 2.32.35 A. An ecules, all hydrogen atoms, and a DABCO-H have been omitted for

. . . . clarity. The ligand is represented as a wireframe, Pd atoms are yellow
interesting feature of the structure is the deflection of one Br spheres, Sn atoms are orange spheres, oxygen atoms of encapsulated

from each PdBy linker toward the cluster cleft to coordinate g, ent water molecules are represented as red spheres, Br atoms are

the embedded Cscations (Figure 8). The larger intracluster prown spheres, and blue and gray spheres represent nitrogen and carbon

Srr--Sn Separation of 6.88 A may facilitate this interaction. The atoms of the DABCO-H molecules, respectively.

average CsBr distance of 3.82 A is well within the normal _ o

range of reported CsBr distances in the Cambridge Structural accommodating the three bulky DABCO groups within the

Databasé! Other important bond distances and bond angles cluster clefts.

are listed in Table 3. Again, the three pseudo-square-planar palladium centers are
X-ray Structure of (DABCO-H) 4[SnPdsBr L g]-3H0+X- trans coordinated by PRhgroups with a normal PdP bond

(solvent)72 The core SpPdL ¢ cluster is again &, mesocate length of 2.363(2)./3\ and nearly linear#Pd—P angle of 174.5-

as for the two structures discussed above (Figures 10 and 11)(1)°- While Br(1) sits 2.445(2) A from the Pd center, the second

The twist angle around the tin center is #Ivéhile the average B is disordered over Br(2) and Br(3) sites 0.63 A apart.

Sn—0 distance is 2.05 A. Of interest is the significantly larger ~ Three protonated DABCO cations sit in the expanded cluster

Srr--Sn separation of 7.47 A compared to the 6.88 A observed clefts. In addition, three water molecules are sandwiched

in the CalanPdSLG] Structure' presumably necessary for between the two Sn atoms and each is hydrogen bonded to two

(72) (DABCO-F)SrP bBreLa 3H0-x(solvenD . : endocatecholate oxygens as well as a protonated DABCO. A
- 17 rsLg]*3H20-x(solvent): orange trlangu ar H f .

prism. crystal Size 0.42 0.06% 0.06 mn?, FW — 3180.21.T — —80 °C, fourt_h protonated _DABCO is not associated with the cluster

hexagonal space grouBés/m, a = 23.2576(5) Ac = 16.7452(4) AV = and is treated as disordeng@olvent). Important bond distances

7844.1(3) B, Z = 2, R = 0.055,Rw = 0.078, GOF= 2.47. and angles are presented in Table 4.




M2M'sLe Supramolecular Clusters J. Am. Chem. Soc., Vol. 123, No. 12, 29?039

Table 3. Selected Bond Distances (A) and Bond Angles (deg) for

CS;[Snde;BI'eLe]

Cs(1)-Br(3) 3.754(3) Sn(1yO(1) 2.05(2)
Cs(1)-0(4) 3.08(2) Sn(BO(2) 2.08(2)
Cs(1)-0(6) 3.22(2) Sn(BO(3) 2.06(2)
Cs(1)-0(10) 3.28(2) Sn(BO(4) 2.07(2)

_ _ _ Cs(1)-0(12) 3.23(1) Sn(BO(5) 2.06(2)
Figure 11. A stereoview of the solid-state structure of the (DABCO- Cs(1)-0(15) 2.97(5) Sn(1yO(6) 2.04(2)
H)4[SmuPdiBreL ¢] cluster along the mirror plane of the cluster. Again  Cs(2)-0(9) 3.14(1) Sn(2y0O(7) 2.06(2)
all disordered solvent molecules, all hydrogen atoms, and a DABCO-H Cs(2)-0(11) 3.16(1) Sn(2)0O(8) 2.07(2)
have been omitted for clarity. All but the Sn ions, DABCO-H, and Cs(2)-O(11) 3.18(2) Sn(2)-0(9) 2.03(1)
encapsulated solvent water molecules are shown as a wireframe. Thecs(2)-0(13) 3.07(2) Sn(2)0(10) 2.04(1)
same color scheme as in Figure 10 is used. gzg)):CB)r((ZS(;) g’;g(()%%) ggéggg%g gg;gg
Table 2. Selected Bond Distances (A) and Bond Angles (deg) for ~ CS(3)-0O(2) 3.17(2)  Pd(XyBr(1) 2.451(4)
CS{Ti-PGBroL e Cs(3)-0(6) 3.25(2) Pd(1)yBr(2) 2.424(4)

Cs(3)-0(8) 3.19(1) Pd(BP(1) 2.331(7)
Cs(1)-0(1) 3.080(5)  O(1C(1) 1.340(8) Cs(3)-0(10) 3.28(2) PA(BP(2) 2.345(6)
Cs(2)-0(3) 2.918(10) O(2)C(2) 1.344(8) Cs(3)-0(16) 3.08(4) Pd(2)Br(3) 2.442(4)
Cs(2)-0(2) 3.138(5)  O(3)yC(22) 1.28(2) Cs(4)-Br(1) 3.741(5) Pd(2)Br(4) 2.405(4)
Cs(2)-0(2) 3.181(5)  O(3)-C(19) 1.47(2) Cs(4)-0(2) 3.27(2) Pd(2}P(3) 2.336(8)
Pd(1)-P(1) 2.326(2)  O(4yC(26) 1.36(3) Cs(4)-0(4) 3.27(1) Pd(&P(4) 2.332(8)
Pd(1)-Br(2) 2.405(2)  O(4rC(23) 1.58(2) Cs(4)-0(8) 3.21(2) Pd(3)Br(5) 2.446(2)
Pd(1)-Br(1) 2.4309(13) Pd(H)Br(3) 2.468(9) Cs(4)-0(12) 3.23(1) Pd(3)Br(6) 2.412(2)
_Fr’_czg%g(rg) i-ggi(é;l) Ti(1)-0(2) 1.949(5) Cs(4)-0(23) 2.90(4) Pd(3}P(5) 2.331(7)

i(1)— : Cs(5-0(3 2.96(2) Pd(3)P(6 2.316(7
O(1)-Cs(1)-O(I) 52.3(2)  O(3)-Cs(2-O(3) 83.9(6) CS§5)%’OE1)9) 3-31((8§ CS%O((l)) 3-10(2())
0(3)-Cs(2-0(2)  91.4(3) 0O(3)}Cs(2)-0(2) 141.4(2) gzgg)f_ggg) 238% Cs(6y0(5) 3.23(2)
P(1-Pd(1)-P(I) 178.17(10) P(1}Pd(1)}-Br(2) 90.17(5) :

P(1)-Pd(1)-Br(1)  90.12(5) Br(2y-Pd(1)-Br(1) 161.9(2) Br(3)—Cs(1}-O(4) 138.5(2) Br(3YCs(1>-0(6)  95.0(2)
P(1)-Pd(1)-Br(3) 89.86(5)  Br(1}Pd(1)-Br(3) 179.0(9) Br(3)-Cs(1)-0(10) 89.9(2)  Br(3)Cs(1)-0(12) 128.8(3)
P(1)-Pd(1)-Br(4)  89.67(5) Br(1)-Pd(1)-Br(4) 166.7(9) Br(3)—Cs(1}-O(15) 103.8(7)  O(4)Cs(1)-0(6) 55.3(4)
O(1)-Ti(1)-O(r)  88.3(2) O(D—Ti(1)-0(2) 105.7(2) O(4)-Cs(1)-O(10) 115.0(4) O(4}Cs(1)}-0(12)  92.1(3)
O(1)-Ti(1)-0(2)  80.0(2) O()-Ti(1)-0(2) 161.3(2) O(4)-Cs(1)-0(15)  89.3(8)  O(4)Cs(1)-O(10)  89.4(5)

0(6)-Cs(1)-0(12) 115.4(4) O(6)Cs(1)-O(15) 140.6(8)
0(10)-Cs(1)-O(12) 52.8(4) O(10YCs(1)-O(15) 124.4(7)
_ 0(12)-Cs(1)-0(15)  78.8(7)

Summary of Solid-State Cluster Structures. All three O(1)-Sn(1)-0(2) 81.9(7)  O(1}Sn(1-0(3) 88.2(8)
clusters are mesocates featuring both enantiomeric forms of theO(1)-Sn(1)-0(4)  165.2(5)  O(1)}Sn(1>-0(5) 90.7(7)
Cs-symmetry M.z units linked by thregrans-PdBe bridges to O(1)-Sn(1-O(6)  100.8(8)  O(2ySn(1)-O(3)  100.4(6)
give idealizedCs, symmetry in the solid state. The three deep ©(2)-Sn(1)-O(4)  89.2(7) ~ O(2ySn(1)-O(5)  166.8(7)
molecular clefts of these clusters are occupied by the respectiveggg:ggg))zgg gg'ggg 88;228)):8&3 12%‘3((8
counterions of the tetranionic assembly. The largel %83 O(4)-Sn(1)-0(5) 90.7(7)  O(4}Sn(1)-0(6) 90.7(7)
pm compared to 74.5 pm for ') ionic radius and longer  O(5)-Sn(1)-0(6) 81.7(7)  O(7)Sn(2)-O(8) 82.3(6)
intracluster Sn-Sn separation (6.88 A compared to 6.76 A for  O(7)-Sn(2)-0(9) 90.6(7)  O(73Sn(2)-0(10) 101.2(6)
Ti---Ti) enables an unusual deflection of the Pg@nits toward O(7)-Sn(2)-0O(11) ~ 88.6(6)  O(7)}Sn(2)-0O(12) 167.8(4)
the embedded Cscations so that each coordinates to one 8%3;:2223);88)1) 183'%%23 8%%228);88% gi'g%
bro_mide. T_o accommodate f[he even larger protonated DABCO 0(9)-Sn(2)-0(10) 81:8(6) 0(9) Sn(2)-0(11) 90:3(5)
cations, this Sn-Sn separation is increased to 7.47 A, though 0(9)-Sn(2-0(12) 96.8(7) O(10ySn(2)-O(11) 89.5(6)
these protonated tertiary amine cations are not directly coordi- O(10)-Sn(2)-0(12) 81.7(6)
nated to theendoeatecholate oxygens. Some disorder of the Br(1)—Pd(1»-Br(2) 172.4(1)  Br(1)}Pd(1)}-P(1)  86.0(2)

: : : Br(1)-Pd(1-P(2)  87.7(2) Br(2}Pd(1)-P(1)  92.1(2)
fourth cation as well as considerable disorder of the solvent Br2)-Pd(1-P@) 936(2) PUIPAIYPE) 1727(2)

molecules are noted in all three structures. Br(3)-Pd(2)-Br(4) 162.9(2) Br(3)-Pd(2)-P(3) 90.9(2)

Syntheses of the [MPdsXele] (X = CI, I) Clusters. Br(3)-Pd(2)-P(4)  91.7(2) Br(4yPd(2-P(3)  89.4(2)
Reaction of CsTiL 3 with PACbL-2PhCN (2:3 ratio) in DMF gave  Br(4)—Pd(2)-P(4) 89.9(2)  P(3YPd(2)-P(4) 173.4(3)
Csy[TiP&kClsL ¢] as a dark-red solid in 74% vyield. Elemental Br(5)—Pd(3)-Br(6) 174.4(2)  Br(5-Pd(3)-P(5)  87.0(1)
and spectral analyses confirmed the formation of this cluster Br(5)~Pd(3)-P(6)  87.4(1) ~ Br(6yPd(3)-P(5)  93.8(1)

(see Experimental Section). The iodo analogue was prepare ;(8;';?(%):5&?1) l%‘_é%l(g) Fgg’(}gg%))_fé?(z) ﬂég%

a Primes represent symmetry equivalent atoms.

in quantitative yield by halide metathesis betweeg[UsPd;- Cs(3)-Br(5)-Pd(3) 120.6(1)
BreL g] and Csl in DMF. Again both analytical and spectral data
confirmed its formulation as GHi,PtleL6]. A similar halide ato +71.92 as well as the presence of unreactediCs at o
metathesis yielded QISP dslsl ¢] from Cs[SnPdsBrel ] and —4.74. In this case, the desired clusten[Ts{ Cr(CO)} 3L ¢]
Csl. All these species exhibit the expect€g, symmetry in was successfully isolated after workup in 66% yield. Analo-
solution based on NMR spectroscopy. gously, Cg[Sm{Cr(CO)}sLe] was also synthesized in 74%
Syntheses of Other MM'sL¢ Clusters. Extension of the yield and both have been characterized by elemental analyses,
aufbauassembly of the WPdL¢ cluster motif with otherC, IR, and1H, 13C{H}, and3P{'H} NMR spectroscopy. Com-
linkers was attempted. Thus reaction of 3 equieigfCr(CO)- pared to spectral data ftnans-Cr(CO)(PPhy),,%° all these data
(piperidine} with 2 equiv of CsTiL3 in DMF gave a cloudy are fully consistent with formation of the expectegh mesocate
orange solution after 5 days at room temperattifH} NMR clusters featuring PR{toordinatedransCr(CO), linking groups.

analysis revealed formation of a new complex with a resonance The single strong IR carbonyl stretching band at 1855%m
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Table 4. Selected Bond Distances (A) and Bond Angles (deg) for  and self-assembly routes to the varietyQaf MoM'sLg clusters

(H- DABCO):[SnPdiBrel.¢]* described herein. Extensions of this methodology to additional

Sn(1)-0(1) 2.044(5) O(1yC(1) 1.332(8) hard/soft metals as well as other ligand combinations promise

Sn(1)-0(2) 2.065(5) O(2rC(2) 1.371(8) to be an attractive and effective entry into other fascinating

Eg(ifgr%) 2-2‘2‘2(3) m(?g%i) 1-2;32(10) supramolecular assemblies. Téelf-assemblypf these hetero-
(1)-Br(2) 424(2) N(1rC(21) 49(2) metallic clusters exemplifies our design strategy in which hard

Pd(1)-Br(3) 2:393(2) N(2yC(20) Lanh) and soft chemical bonding preferences are satisfied while

Pd(1)-P(1 2.363(2) N(2yC(22 1.44(2

O(i)Z—Sn((l))—O(l’) 89.7(2)( ) 0((12;351(1;0(2) 80.4(2()) simultaneously forming a thermodynamically stable, discrete

0(1)-Sn(1)-0(2) 164.9(2) O()-Sn(1)-0(2) 101.6(2) cluster.

0O(2)-Sn(1)-0(2) 90.3(2) P(1)-Pd(1)-Pd() 174.5(1)

Br(1)—Pd(1)-Br(2) 173.7(1)  Br(1}Pd(1)-Br(3) 171.3(5) Experimental Section

E;gg:gg&tﬁ% gggg% Br(2y Pd(1)-P(1) 91.39(6) General Reaction Conditions and Reagent Sourceéll operations

and manipulations were performed in standard Schlenk glassware under
aPrimes represent symmetry equivalent atoms generated by thea dry nitrogen atmosphere. Solvents were commercial reagent grade
crystallographic 3-fold axis. and degassed before use. The following reagents were prepared
according to literature methods: 4-B®kratrole!® PdBr-2PhCN’4
Scheme 2 PACh-2PhCN74 and Cr(CO)(piperidine).’s
4 NH,OH, ) Instrumentation and Methods. All NMR spectra were recorded
PPh,sHBr goﬂw (NH4)d[TioLePdsBre] on a Bruker AM 360 MHz or a JEOL FX-90Q spectrometer. Chemical
shifts of'H and*3C spectra are referenced to internal TM®. spectra
6 + 3 PdBry@2PhCN were referenced to external 85%R0;. 119Sn and'*3Cs NMR shifts
OH were referenced to external Sp@ind CsCl, respectively. Electronic
OH 4 DABCO. ™. (DABCO-H)[SnzoPd3Bre] spectra were measured on a Cary 219 spectrophotometer and EPR
75% spectra on a Varian E-4 instrument. Infrared spectra were run on a
Nicolet MX-1 FT-spectrophotometer with use of KBr pellets. Elemental
and the triplet carbony®C NMR resonance at +216 of the analyses were performed by the UNH Instrumentation Center on a
latter product support a locdds, symmetry around the Cr  Perkin-Elmer 2400 Elemental Analyzer. FAB mass spectra were run
centers. in an NBA matrix and carried out at the UC-Berkeley Mass Spectrom-
To prepare a G#®dsL cluster, 2 equiv of G&a3 and 3 etry Facility. Single-crystal X-ray diffraction data were collected on a
equiv of PdBp-2PhCN were combined in DMF solvent yielding Slemeps SMART dlﬁractometer in the Chexray facility at UC-Berkeley.
a clear, red solution that has a sind#®(*H} NMR resonance 4|;D'pgenylPhOSph'no'VeLatm'e d(4-!3t|13 hrVeratrole). A three-neck |
ato +22. Both the'H and!3C{1H} NMR spectra also revealed ask under nitrogen was charged with magnesium (3.5 g, 0.14 mol)

h d ith h th - | | and dry diethyl ether (80 mL) and chilled to°C in an ice bath. A
the expected patterns, although the signals were severelyg, iion of bromobenzene (14 mL, 0.13 mol) in 40 mL of dry diethyl

broadened, indicative of significant dynamic behavior. Analyti- ether was added to the flask dropwise while the mixture in the flask
cal data also supported a successful synthesis of the desiregyas stirred. After addition the mixture was heated to reflux for 1 h,
CsGa(PdBR)sL¢ cluster. and then cooled to @C. A solution of 4-dichlorophosphino-veratrole
The Self-Assembly of [MbPd3BrgL ¢4~ Clusters. The ulti- (7.8 g, 33 mmol) in 30 mL of dry diethyl ether was added dropwise to
mate hybrid ligand should ideally exhibit sufficient discrimina- the vigorously stirring mixture. Upon addition a white precipitate was
tion between the two types of targeted incommensurate meta|pr0duced. This mixture was heated to reflux again for 2 h, then cooled
centers to allow a one-pot self-assembly of a single heterome-t© 0 °C. Water (50 mL) was added dropwise to quench the excess
tallic cluster from a mixture of all the individual components. CG'gnard reagent@AUTION! The first few drops caused a rigorous
In our case, this requires the spontaneous assembly of 11reaction producing plenty of heat). The mixture was then filtered in

. . . A air, and the filtrate was reduced by rotary evaporation and dried in a
components (15, including the 4 equiv of base neededCs2 vacuum to yield 10.2 g of a yellowish-white solid. Recrystallization of

symmetry” MY centers, Xz PdBr, units, as well as 6 equiv of  his solid from ethanol (25 mL) afforded a pure white solid. Yield:
ligandL. We have already noted the propensity of Rulform 9.5 g, 29 mmol (88%).

very insoluble oligomeric material with JH under basic H NMR (360 MHz, CDC}): 6 7.33 (m, 10 phenyl-H), 6.89 (m,
conditions (vide infra). We therefore sought alternative bases 3-cat-H), 3.90 (s-OCH), 3.77 (s, OCH). 13C {*H} NMR (89.9 MHz,
with higher solubility than the alkaline metal carbonates. CDCL): 6 149.8 (s, veratrole), 149.0 (dpc = 10.0 Hz, veratrole),
Gratifyingly, successful self-assembly was achieved by using 137.6 (broad, phenyl), 133.5 (dyc = 18.6 Hz, phenyl), 128.6 (s,
aqueous ammonia or DABCO solutions as the base in DMF Phenyl), 128.5 (dJ,c = 6.6 Hz, phenyl), 127.9 (broad, veratrole), 127.2
solvent (Scheme 2). Both the (NH[Ti-PdBrsLg”® and (d, Jpc = 19.4 Hz, veratrole), 116.6 (dpc = 25.2 Hz, veratrole), 111.3

A p ; (d, Jpc = 8.0 Hz, veratrole), 55.8 (s, OGH 3P {*H} NMR (36.3 MHz,
(DABCO-H),[SmPdiBrslL ¢] clusters can be isolated in excellent CDCh): & —5.35 (s). IR (KBM)vocs 2957, 2833 i, C—H bending

yields via spontaneous self-as_sembd;f the respective 11 1507, 1438 cm, vc_o-c) 1254, 1235 cm?. Anal. Calcd for GoHue
components! The viability of this direct route broadens con- pq,: ¢, 74.52: H, 5.94. Found: C, 74.31: H, 5.71.

siderably the scope of cluster formation chemistry from our  4-Diphenylphosphino-Catechol, Hydrobromide Salt, 4-PPh

hybrid ligands. catechotHBr (H oL -HBr). A mixture of 4-diphenylphosphino-veratrole
. (5.0 g, 16 mmol) and 32 mL of 48% aqueous hydrobromic acid (0.28
Conclusion mol) was refluxed under nitrogen for 18 h. Upon chilling, 4.7 g (13

- i . ... mmol) of product precipitated. Recrystallization of this solid from
The hybrid ligand 4-PRRcatechol combines a hard dianionic ethanol (20 mL) and 48% aqueous hydrobromic acid (2 mL) provided

catecholate chelating site with a disparate soft phosphine donor, , hite solid. Yield: 4.1 g, 11 mmol (7096H NMR (360 MHz, DMF-
group. The coordination of this ligand to metal centers with ). 5 7.40 (m, 6 phenyl-’H), 7.28 (m, 4 phenyl-H), 6.93 (dﬁ,z 7.9
incommensurate symmetry requirements has led to noveland 1.53 Hz, 1 cat-H), 6.82 (dd,= 7.53 and 1.73 Hz, 1 cat-H), 6.71
supramolecular clusters through both stepvaistbausynthesis (ddd,J = 8.23, 8.23, and 1.53 Hz, 1 cat-H}C{*H} NMR (89.9 MHz,
(73) A preliminary single-crystal X-ray structure has confirmed the DMF-dy): 0 147.6 (s, catechol), 146.5 (@. = 8.6 Hz, catechol), 138.8

existence of this mesocate in the solid state: Sun, X.; Johnson, D. W.;  (74) Anderson, G. K.; Lin, Mlnorg. Synth.199Q 28, 61.
Clarke, K. M.; Raymond, K. N.; Wong, E. H. Unpublished results. (75) Atwood, J. L.; Darensbourg, D. thorg. Chem.1977, 16, 2314.
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(d, Joc = 11.3 Hz, phenyl), 133.4 (d,c = 19.2 Hz, phenyl), 128.9 (s,
phenyl), 128.8 (dJ,c = 3.3 Hz, phenyl), 126.3 (dJ,c = 25.2 Hz,
catechol), 125.9 (dJ,c = 7.3 Hz, catechol), 121.4 (d,c = 18.5 Hz,
catechol), 116.5 (dl,. = 10.0 Hz, catechol*P{*H} NMR (36.3 MHz,
DMF-d7)Z o —6.73 (S) IR (KBF)U(OH) broad 3290 le, V(aromatic-H)
3077, 3049, 3029 cm, C—H bending 1509, 1439 cm, vc-on) 1291,
1266 cntt. Anal. Calcd for GgH16PO,Br: C, 57.62; H, 4.30. Found:
C, 57.37; H, 4.38.

Cs;[(4-PPh-CatecholatoyGa] (Css[GaLls]). A mixture of Ga-

concentrated to half volume under vacuum and filtered through a frit
under nitrogen atmosphere to give an orange-red residue. This solid
was then washed with degassed water three times and dried in a vacuum
overnight. An orange-red solid (460 mg) was obtained in a yield of
73%.*H NMR (360 MHz, d-DMF): 6 7.30 (m, 3x 10 phenyl-H),

6.55 (ddd,J = 10.0, 7.7 and 1.8 Hz, X 1 cat-H), 6.26 (ddJ = 7.7

and 1.6 Hz, 3x 1 cat-H), 6.12 (ddJ = 7.3 and 1.7 Hz, 3 1 cat-H),

3.22 (s, 2x 12 DABCO-H).*C{H} NMR (89.9 MHz,d;-DMF): 6
162.2 (s, catechol), 160.6 (d,c = 8.0 Hz, catechol), 140.2 (dyc =
(NO3)36H,0 (264 mg, 0.731 mmol), 4-PRiCatechoiHBr (815 mg, 12.5 Hz, phenyl), 133.3 (d,c = 18.7 Hz, phenyl), 128.6 (d,. = 6.2

2.17 mmol), and GE0; (1063 mg, 3.26 mmol) was stirred in 30 mL  Hz, phenyl), 128.3 (s, phenyl), 125.5 (¢ = 31.6 Hz, catechol), 121.6

of degassed methanol under nitrogen atmosphere at room temperatur¢d, J,. = 4.7 Hz, catechol), 115.9 (dyc = 14.1 Hz, catechol), 111.2

for 3 days, giving a slightly cloudy solution. The solution was filtered  (d, J,. = 13.2 Hz, catechol), 45.1 (s}P{*H} NMR (36.3 MHz, DMF/
through a frit with Celite and glasswool (pre-purged by nitrogen) under ds-benzenep —5.35 (s). IR (KBr): v-n) 3431 cnTL, Viaromatic c-H)
nitrogen to give a colorless clear filtrate, which was then evaporated 3051, 3010 cm?, v(—chacha) 2961, 2952, 2884 cm, C—H bending

in a vacuum to give a white powder. The white solid was washed with 1469 cm?, vc-o-Ty 1249 cntl. Elemental Anal. Calcd for TilN

degassed water three times, and dried overnight in a vacuum. Yield: C4gHesPsOs: C, 68.87; H, 5.69; N, 4.87. Found: C, 68.74; H, 5.90; N,
842 mg (86%)H NMR (360 MHz,ds;-methanol): 6 7.24 (m, 3x 10 4.68.

phenyl-H), 6.51 (m, 3< 3 cat-H)."H NMR (360 MHz, d7-DMF): 0 Cs;[(4-PPhy-Catecholato}Sn] (Cs[SnLz]). To a colorless solution
7.29 (m, 3x 10 phenyl-H), 6.46 (broad &\ = 8.5 Hz, 3x 1 cat-H), of SnCl (295 mg, 1.13 mmol) in degassed methanol (40 mL) under
6.38 (broad ?’] =1 6.7 Hz, 3x 1 cat-H), 6.27 (broad § = 8.5 Hz, 3 nitrogen were added 4-PRbatecholHBr (1.27 g, 3.40 mmol) and Gs
x 1 catH). *C{*H} NMR (89.9 MHz, dirmethanol): 6 158.0 (s, CO; (1.66 g, 5.10 mmol). (CAUTION! The first few drops of methanol
catechol), 156.5 (dJ,c = 10.0 Hz, catechol), 141.5 (dse = 10.0 Hz, must be added slowly to avoid SnQloiling over due to the rigorous
phenyl), 134.3 (dJpc = 18.5 Hz, phen_yl), 129.2 (dJ,c = 6.3 Hz, methanolysis of SnGl The mixture was stirred under a nitrogen
phenyl), ;2|9.01$, g’he”yg’ 3554'2}_'@” N 2?14| Hfigfgeghog’ 112236 atmosphere at room temperature for 3 days giving a white suspension.
I(—Tz C(?;?gcr?ch’) a1p 1H}(mI$ICI\/I_R (3.6 3 IZ\/’IHcgtzC-rr?e)t'hano'l) (5( jCBBZ (é) This was concentrated to half volume under vacuum and filtered through
Elémental Aﬁal Caled for GéaQ H ’PAO . C. 48.21: H 5 92' a frit under a nitrogen atmosphere to give a white solid. The solid was
: ATTRTSe: by ABen T e Te then washed with degassed water three times, and dried in vacuo

Found: C, 48.25; H, 3.02. overnight to yield white solid. This solid was recrystallized from
Csi{(4-PPhy-Catecholato}Fe] (Cs[FeLs]). A mixture of Fe(NQ)s acetone/diethyl ether. Yield: 898 mg, 62%! NMR (360 MHz, ds-

9H20| (135 ) ”2:93:&33;1395“0')'11'5 matleCho*HB{. (335. o 1'80 . acetone):d 7.27 (m, 3x 10 phenyl-H), 6.63 (ddJ = 8.7 and 1.5 Hz,
g‘mo)' and Ceco |( 00 mg. L ”:]m‘t’% was stired In 20 ML OF 3 1 cat-H), 6.56 (ddJ = 7.7 and 1.6 Hz, 3« 1 cat-H), 6.40 (ddJ
€gassed methanol under a nitrogen atmospnere at room emperalure. g 4 7 g 504 1.9 Hz, % 1 cat-H).3C{H} NMR (89.9 MHz, ds-
for 4 days, giving a dark purple-red mixture. The mixture was filtered . _
. ) . acetone): 0 154.9 (s, catechol), 153.5 (d,c = 10.6 Hz, catechol),
through a frit under nitrogen, and the blood-red filtrate was then = =
; . . 141.0 (d,Joc = 12.5 Hz, phenyl), 134.0 (dJ,c = 18.7 Hz, phenyl),
evaporated in vacuo to give a dark-red residue. Acetone {® mL) . .
. 129.0 (d,Jpc = 6.1 Hz, phenyl), 128.7 (s, phenyl), 124.7 §g, = 24.3
was used to extract the product. Evaporation of the dark-red acetone -’ -
aa . o Hz, catechol), 121.5 (dl,c = 4.0 Hz, catechol), 119.5 (d,c = 21.6
solution in vacuo gave a dark-red solid. Yield: 112 mg (25%). No . o 1
: : - . Hz, catechol), 114.4 (dl,c = 10.9 Hz, catechol'P{*H} NMR (36.3
NMR spectrum for this product is available due to the paramagnetism i )
of iron". EPR spectrum (1.0 mM in methanoly = 8.18, 4.25, 2.34. MHj de-acetone):6 —4.04 (s). IR (KBr): Ularomatic. ¢ H) 3051, 3002
UV/vis spectrum (methanol solutionfimax 323 nm € = 31 905),Amax cm %, C—H bending 1473 cmt, v(c-o-r) 1246 . Elemental Anal.
490 nm ¢ = 6050). IR (KBr): C—H bending 1474 ¢, vic_o-re Calcd for CsSnGaH30P:0s: C, 51.42; H, 3.12. Found: C, 51.32; H,
1254 cmi’. Anal. Calcd for CsFeGHaoPsOs: C, 48.72; H, 2.95. 316
Found: C, 48.78; H, 2.94. Csy[TisLePdsBre]. A mixture of Cs[TiL3] (416 mg, 0.350 mmol)
Alkali Metal Salts of [(4-PPh,-Catecholato}Ti] 2~([TiL 3]2°). The and PdBf'.ZPhCN (248 mg, 0.525 mmol) was stirred in _2(? mL of DMF
respective alkali metal carbonate was used in each preparation. Theunder a nitrogen atmosphere at room temperatur fogiving a clear
following procedure folCs;[(4-PPhy-Catecholato}Ti] was followed orange solution. Addition of 200 mL of THF precipitated an orange-
A mixture of Ti(OMe), (387 mg, 2.14 mmol), 4-PRiCatecholHBr yellow solid, which was filtered off and dried under vacuum. Yield:
(2420 mg, 6.44 mmol), and @30; (1760 mg, 5.40 mmol) was stirred 526 mg (95%). Redissolving about 50 mg of this product in a mi_xed
in 60 mL of degassed methanol under nitrogen atmosphere at roomsolvent of DMF/THF (v/v 1/5, 10 mL) gave a clear orange-red solution.
temperature for 42 h, giving an orange-red suspension. The suspensiorslow diffusion of diethyl ether into this solution gave well-formed X-ray
was filtered through a frit under nitrogen to give an orange-red solid, quality orange-red crystal34 NMR (360 MHz,d,-DMF): ¢ 7.89 (t,
which was then washed with degassed water at least three times and) = 6.4 Hz, 6x 1 cat-H), 7.63 (broad, & 4 phenyl-H), 7.37 (broad,
dried under vacuum overnight. The product (ca.. 2.0 g) was obtained 6 x 6 phenyl-H), 6.40 (broad, & 1 cat-H), 6.25 (broad d] = 7.9
in yields of around 78%H NMR (360 MHz, ds-acetone):s 7.25 (m, Hz, 6 x 1 cat-H).**C{'H} NMR (89.9 MHz,d;-DMF): ¢ 163.8 (s,
3 x 10 phenyl-H), 6.53 (ddd] = 9.6, 7.9 and 1.8 Hz, X 1 cat-H), catechol), 159.9 (virtual tJoc = 10.3 Hz, catechol), 134.7 (virtual t,
6.39 (dd,J = 8.1 and 1.8 Hz, 3« 1 cat-H), 6.35 (ddJ = 7.8 and 1.5 Jec = 5.6 Hz, phenyl), 134.4 (virtual tlrc = 20.2 Hz, phenyl), 129.7
Hz, 3 x 1 cat-H).23C{*H} NMR (89.9 MHz,ds-acetone):5 162.5 (s, (s, phenyl), 127.6 (virtual Jrc = 5.0 Hz, phenyl), 125.0 (s, catechol),
catechol), 161.8 (dJ,c = 11.0 Hz, catechol), 140.8 (dpc = 12.5 Hz, 121.9 (virtual t,Jpc = 13.9 Hz, catechol), 115.7 (virtual dpc = 28.2
phenyl), 133.9 (dJ,c = 18.8 Hz, phenyl), 129.0 (dJ,. = 6.3 Hz, Hz, catechol), 111.0 (virtual lrc = 6.0 Hz, catechol**P{*H} NMR

phenyl), 128.7 (s, phenyl), 125.9 (d,c = 23.8 Hz, catechol), 122.7
(d, Joc = 3.8 Hz, catechol), 117.2 (dpc = 21.9 Hz, catechol), 112.3
(d, Jpc = 10.9 Hz, catechol?'P{*H} NMR (36.3 MHz,ds-acetonep
—4.88 (3). IR (KBI): varomatie-+) 3051, 3009, 1468 cn, vc-o-1i) 1248
cmL. Elemental Anal. Calcd for G§iCssH39P:0s: C, 54.50; H, 3.30.
Found: C, 54.46; H, 3.24.

(DABCO-H);[(4-PPhy-Catecholato)}Ti] ((DABCO -H)[TiL 3]). A
mixture of Ti(OMe), (100 mg, 0.550 mmol), 4-PRiCatechoiHBr (626

(36.3 MHz,d-DMF) 6 22.10 (s). IR (KBr): C-H bending 1474 cmt,
V(C-0-Ti) 1258 cmt. Anal. Calcd for CgTi,CrogH7ePsO12PckBr6: C,
40.80; H, 2.47. Found: C, 40.65; H, 2.41. FABIS m/z (nitrobenzyl
alcohol matrix in DMF) @& = [Ti,LsPds]?") {species, observeavz
(calculatedw2)}: [a + 6Br~ + 5Cs"**, 3311 (3312.6);4 + 6Br +
4Cs" + 1H']**, 3179 (3180.7); & + 6Br+ 3Cs" + 2H']'*, 3049
(3048.8); & + 5Br—+ 3Cs" + 1H™**, 2968 (2967.9); A + 4Br +
3Csf]'", 2886 (2887.0);4 + 5Br+ 2Cs™ + 2H]**, 2835 (2836.0);

mg, 1.67 mmol), and DABCO (3.0 g, in excess of 10 equiv) was stirred [a + 6Br+ 1Cs" + 3H""+ 1Na']'t, 2807 (2807.0); & + 4Br +
in 20 mL of degassed methanol under nitrogen atmosphere at room2Cs" + 1H*]*", 2755 (2755.1); A + 6Br- + 4H"~+ 1Naf]'*, 2675
temperature for 3 days, giving an orange-red suspension. It was (2675.1).
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Csy[Sn;L6Pd3Brg]. A DMF (15 mL) solution of CgSnL 3] (233 mg,
0.176 mmol) and PdB2PhCN (124 mg, 0.263 mmol) was stirred
under a nitrogen atmosphere at room temperatur2 Fogiving a dark-
red solution. Addition of 200 mL of THF precipitated an orange-yellow
solid, which was filtered off and dried in a vacuum. Yield: 270 mg
(89%). Redissolving about 50 mg of the product in 10 mL of DMF
gave a clear orange-red solution. Slow diffusion of diethyl ether into
this solution gave well-formed orange-red crystals of X-ray quality.
H NMR (360 MHz, d,-DMF): ¢ 8.15 (broad, 6x 1 cat-H), 7.66
(broad, 6x 4 phenyl-H), 7.39 (broad, & 6 phenyl-H), 6.57 (bd) =
7.6 Hz, 6x 1 cat-H), 6.25 (broad, & 1 cat-H).3C{*H} NMR (89.9
MHz, d,-DMF): ¢ 156.2 (s, catechol), 151.5 (virtualdsc = 10.0 Hz,
catechol), 134.9 (virtual tlec = 5.6 Hz, phenyl), 134.2 (virtual tlc
= 24.8 Hz, phenyl), 129.8 (s, phenyl), 127.6 (virtualdgc = 5.0 Hz,
phenyl), 123.8 (s, catechol), 120.6 (virtualéc = 13.4 Hz, catechol),
114.7 (virtual t,Jpc = 28.2 Hz, catechol), 113.4 (virtual dpc = 4.0
Hz, catechol)3*P{'H} NMR (36.3 MHz, d,-DMF): ¢ 21.61 (s). IR
(KBr): C—H bending 1479 cr, vc-o-sn 1254 cn?. Elemental Anal.
Calcd for CgSnCiogH7ePsO12PdBrs: C, 39.05; H, 2.37. Found: C,
38.91; H, 2.29.

(DABCO-H) 4[Sn;L¢Pd3Brg]. (2) Aufbau Route.A DMF (20 mL)
solution of (DABCO-H)[SnL3] (424 mg, 0.350 mmol) and PdBr

Sun et al.

was evaporated in a vacuum to give a dark-red solid. Yield: 212 mg
(97%). Redissolving about 30 mg of the product in 10 mL of DMF
gave a clear dark-red solution. Slow diffusion of diethyl ether into this
solution gave well-formed dark-red crystatsl NMR (360 MHz, dr-
DMF): 6 7.78 (broad tJ) = 7.3 Hz, 6x 1 cat-H), 7.65 (broad m, &
4 phenyl-H), 7.38 (broad, & 6 phenyl-H), 6.55 (broad m, & 1 cat-
H), 6.32 (broad dJ = 7.9 Hz, 6 x 1 cat-H).*C{*H} NMR (89.9
MHz, d-DMF): 6 162.9 (s, catechol), 158.0 (virtualdsc = 10.0 Hz,
catechol), 136.3 (virtual tl.c = 25.2 Hz, phenyl), 134.2 (virtual dpc
= 5.6 Hz, phenyl), 129.7 (s, phenyl), 127.3 (virtualtc = 5.0 Hz,
phenyl), 124.5 (s, catechol), 122.9 (virtualgc = 18.9 Hz, catechol),
119.9 (virtual t,Jpc = 28.9 Hz, catechol), 110.7 (broad m, catechol).
31P{1H} NMR (36.3 MHz, d-DMF): ¢ 12.89 (s). IR (KBr): G-H
bending 1473 cm, v(c-o-1j) 1253, 1264 cm'. Anal. Calcd for Cs
Tizclod'ﬁgpeolzpdg'e: C, 37.47; H, 2.27. Found: C, 3740, H, 2.18.
Csy[SnyLgPdsl¢]. Addition of Csl (468 mg, 1.80 mmol) to 20 mL
of DMF solution of Cg[Sn,L ¢PdBre] (200 mg, 0.0602 mmol) resulted
in a cloudy mixture that was stirred overnight. The mixture was filtered
through a frit with Celite and glasswool, giving a dark-red filtrate that
was evaporated in vacuo to give the product in quantitative yield (216
mg). Redissolving about 30 mg of the product in 10 mL of DMF gave
a clear dark-red solution. Slow diffusion of diethyl ether into this

2PhCN (248 mg, 0.525 mmol) was stirred under nitrogen atmosphere solution gave well-formed dark-red crystatsl NMR (360 MHz, d+-

at room temperature. Initial turbidity disappeared to give a dark-red
solution in 4 h. Addition of 200 mL of THF precipitated an orange-
yellow solid, which was filtered off and dried under vacuum. Yield:
390 mg (69%).

(b) Self-Assembly ApproachA suspension of SnglPPh-Catechol
HBr, PdBr-2PhCN, and DABCO in a molar ratio of 2:6:3:18 was

DMF): 6 8.12 (td,J = 7.6 and 1.9 Hz, 6< 1 cat-H), 7.66 (m, 6« 4
phenyl-H), 7.35 (m, 6x 6 phenyl-H), 6.67 (broad d, = 7.9 Hz, 6x
1 cat-H), 6.51 (broad m, & 1 cat-H).*C{'H} NMR (89.9 MHz,
d-DMF): 6 156.1 (s, catechol), 151.3 (virtualkc = 9.3 Hz, catechol),
137.4 (virtual t,Jpc = 25.2 Hz, phenyl), 134.6 (virtual §pc = 5.3 Hz,
phenyl), 129.6 (s, phenyl), 127.4 (virtualbc = 4.6 Hz, phenyl), 125.3

stirred in degassed DMF under a nitrogen atmosphere at room (virtual t, Jr.c = 11.3 Hz, catechol), 123.9 (s, catechol), 117.0 (m,

temperature for a week giving a dark-red cloudy solution. This was
filtered through a frit with Celite and glasswool to give a dark-red
filtrate. The filtrate was evaporated in vacuo to give a dark-red solid
in over 75% vyield. Redissolving ca. 20 mg of the product in 5 mL of
DMF gave a clear orange-red solution. Slow diffusion of diethyl ether
into this solution gave well-formed orange-red crystals of X-ray
quality!H NMR (360 MHz, d,-DMF): ¢ 9.98 (flat, 4x N—H), 8.31
(dd,J = 7.6 and 1.8 Hz, 6< 1 cat-H), 7.58 (broad, & 4 phenyl-H),
7.35 (broad, 6x 6 phenyl-H), 6.74 (dtJ = 8.2 and 1.6 Hz, 6x 1
cat-H), 6.50 (broad m, 6< 1 cat-H), 3.16 (s, 4x 12 DABCO-H).
B3C{*H} NMR (89.9 MHz, d-DMF): 6 157.0 (s, catechol), 152.1
(virtual t, Joc = 10.0 Hz, catechol), 134.8 (virtual dpc = 25.9 Hz,
phenyl), 134.6 (virtual tJo.c = 5.3 Hz, phenyl), 129.6 (s, phenyl), 127.4
(virtual t, Joc = 5.0 Hz, phenyl), 125.6 (virtual tJpc = 2.3 Hz,
catechol), 124.5 (virtual tJoc = 13.9 Hz, catechol), 113.9 (virtual t,
Jec = 4.2 Hz, catechol), 112.6 (virtual -c = 27.2 Hz, catechol),
45.3 (s, DABCO)3P{*H} NMR (36.3 MHz,d-DMF): ¢ 20.73 (s).

IR (KBI’)Z V(N-H) 3425 cml, U(aromatic C-H) 3051, 3006 CI’T\l, V(~CHyCHy—)
2952, 2883 cmt, C—H bending 1478 cm', vc-0-sn) 1253 cnT™. Anal.
Calcd for GsHi30Ps012NsSnPdiBre: C, 48.90; H, 4.04; N, 3.46.
Found: C, 48.83; H, 3.96; N, 3.49.

Csy[Ti,L ePdsClg]. A DMF (10 mL) solution of Cg[TiL 3] (208 mg,
0.175 mmol) and PdgRPhCN (100 mg, 0.261 mmol) was stirred under
a nitrogen atmosphere at room temperature?fb giving a clear dark-
red solution. Addition of 100 mL of diethyl ether precipitated a dark-
red solid that was filtered off and dried in vacuo. Yield: 220 mg (74%).
1H NMR (360 MHz, d,-DMF): ¢ 7.86 (broad tJ = 7.2 Hz, 6x 1
cat-H), 7.63 (broad m, & 4 phenyl-H), 7.40 (broad m, & 6 phenyl-

H), 6.32 (broad, 6x 1 cat-H), 6.23 (broad m, & 1 cat-H).*3C{'H}
NMR (89.9 MHz, d-DMF): 6 163.9 (s, catechol), 159.8 (virtual t,
Jec = 10.0 Hz, catechol), 134.8 (virtualdpc = 6.0 Hz, phenyl), 132.8
(virtual t, Jpc = 24.6 Hz, phenyl), 130.0 (s, phenyl), 127.8 (virtual t,
Jec = 5.0 Hz, phenyl), 124.6 (s, catechol), 121.0 (m, catechol), 114.6
(virtual t, Jpc = 27.9 Hz, catechol), 111.2 (m, catech8/P{*H} NMR
(36.3 MHz,d-DMF): 6 24.03 (s). IR (KBr): C-H bending 1475 cnt,
V(c-0-Ti) 1264 cntt. Anal. Calcd for C$Ti2C108H78P5012PdgC|5: C,
44.53; H, 2.70. Found: C, 44.25; H, 2.51.

Csy[Ti L ePdslg]. Addition of Csl (491 mg, 1.89 mmol) to 20 mL of
DMF solution of Cg[Ti.L sPdBrg] (200 mg, 0.0629 mmol) resulted in
a cloudy mixture, which was stirred overnight. The mixture was filtered
through a frit with Celite and glasswool, giving a dark-red filtrate that

catechol), 113.0 (m, catechoffP{*H} NMR (36.3 MHz,d,-DMF) 6

12.25 (s). IR (KBr): C-H bending 1474, 1487 cm, vc-o-sn) 1254
cmt. Anal. Calcd for CgSnCiogdH7sPsO12Phls: C, 36.00; H, 2.18.
Found: C, 35.96; H, 2.12.

Self -Assembly of (NH)4[Ti ;PdsBreL¢]. A suspension of Ti(OMe)
PPh-CatecholHBr, PdBr-2PhCN, and NHOH in a molar ratio of
2:6:3:10 was stirred in degassed DMF under a nitrogen atmosphere at
room temperature for a week giving a dark-red cloudy solution that
was filtered through a frit filled with Celite and glasswool to give a
dark-red filtrate. The filtrate was evaporated under vacuum to give a
dark-red solid in over 80% yield. Redissolving about 20 mg of the
product in 10 mL of DMF gave a clear dark-red solution. Slow diffusion
of diethyl ether into this solution gave well-formed dark-red crystals
of X-ray quality.'H NMR (360 MHz, d,-DMF): ¢ 8.42 (broad m, 6
x 1 cat-H), 7.57 (broad, & 4 phenyl-H), 7.34 (broad, & 6 phenyl-

H), 6.63 (broad dJ = 7.9 Hz, 6x 1 cat-H), 6.40 (broad, & 1 cat-

H). 13C{*H} NMR (89.9 MHz,d;-DMF): ¢ 156.3 (s, catechol), 151.7
(virtual t, Joc = 8.0 Hz, catechol), 135.1 (virtual 8oc = 14.6 Hz,
phenyl), 134.5 (broad, phenyl), 129.4 (broad, phenyl), 128.1 (broad,
phenyl), 127.4 (broad, catechol), 125.2 (m, catechol), 125.0 (m,
catechol), 113.7(broad, catechoB*P{*H} NMR (36.3 MHz, dr
DMF): 022.10 (S) IR (KBr): V(NH4, N—H) 3326 le, V(aromatic G-H) 3052,
3024 cm}; C—H bending 1468 cmt, vc-o-Tiy 1259 cnt. Anal. Calcd

for TiCrodH9aN4PsO12PkBre: C, 47.69; H, 3.48; N, 2.06. Found: C,
47.52; H, 3.59; N, 2.17.

Csy[TizLe{Cr(CO)4}3]. ADMF (20 mL) solution of Cg[TiL 3] (237
mg, 0.199 mmol) and Cr(C@piperidine} (100 mg, 299 mmol) was
stirred under a nitrogen atmosphere at room temperature for 7 days
giving a clear orange-red solution. Addition of 50 mL of acetone
precipitated a yellow solid, which was filtered off and washed with
acetone (3x 10 mL). The yellow solid was then dried under vacuum.
Yield: 210 mg (66%)H NMR (360 MHz,d;-DMF): 6 7.76 (broad,

6 x 1 cat-H), 7.49 (broad, & 4 phenyl-H), 7.38 (broad, & 6 phenyl-
H), 7.34 (broad, 6< 1 cat-H), 6.14 (broad$*P{ H} NMR (36.3 MHz,

d-DMF): 6 72.09 (s). IR (KBr): v(coy 1856 cntl; C—H bending 1474
Cmﬁl, V(C-0-Ti) 1260 cntl. Anal. Calcd for CsTi2C1o0H78Ps024Cr3: C,

50.16; H, 2.74. Found: C, 50.02; H, 2.79.

Csy[SnL6{ Cr(CO) 4} 3]. A DMF (20 mL) solution of CgSnL 3] (251
mg, 0.199 mmol) and Cr(Cq(piperidine} (100 mg, 0.299 mmol) was
stirred under a nitrogen atmosphere at room temperature for 7 days
giving a clear orange-red solution. Addition of 50 mL of acetone
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precipitated a yellow solid, which was filtered off and washed with (refining on F). Hydrogen atoms were included but not refined.

acetone (3x 10 mL). The yellow solid was then dried under vacuum. Crystallographic data (excluding structure factors) have been deposited

Yield: 230 mg (74%)H NMR (360 MHz,d;-DMF): 6 7.71 (broad with the Cambridge Crystallographic Data Centre as supplementary

m, 6 x 1 cat-H), 7.50 (broad, 6 4 phenyl-H), 7.39 (broad, & 6 publication numbers 139110 ((DABCO-#$n.Pd;BreL¢]) and 139159

phenyl-H), 6.46 (broad d] = 4.0 Hz, 6x 1 cat-H), 6.15 (broad, & (Cs[TiL3]). Copies of the data can be obtained free of charge on

1 cat-H).*3C{*H} NMR (89.9 MHz,d;-DMF): ¢ 155.0 (s, catechol), application to The Director, CCDC, 12 Union Road, Cambridge

152.7 (virtual t, 9.0 Hz, catechol), 140.2 (virtual t, 5.6 Hz, phenyl), CB21EZ, UK (fax: international codet+ (1223)336-033; e-mail:

132.6 (virtual t, 4.6 Hz, phenyl), 128.8 (s, phenyl), 128.4 (m, phenyl), deposit@chemcrys.cam.ac.uk).

128.0 (virtual t, 4.0 Hz, catechol), 121.4 (m, catechol), 120.3 (m,

catechol), 112.8(m, catecho¥}P{*H} NMR (36.3 MHz,d-DMF): ¢ Acknowledgment. We thank the National Science Founda-
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collected by using a Siemens SMARTiffractometer equipped with

a CCD area detector Wi_th MoK (A = Q.71073 A)_radiation. Data in Supporting Information Available: The X-ray structure

_the frames corrv_aspondlng7 to an arbitrary hemisphere of data were reports of (DABCO-H)[SrPcBreL ¢] and Cs[TiL 3] (including

integrated by using SAINT: Data for both structures were corrected 00 of orvstal data, data collection parameters, and discussions

for Lorentz and polarization effects. An empirical absorption correction ' . . .
based on the measurement of redundant and equivalent reflections an®" mc_)del_lng of _the disorder in the mOIG_CmeS) (PDF). This
material is available free of charge via the Internet at
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