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In recent times, supramolecular, noncovalent synthesis"] has 
provided the chemist convenient access to  some remarkable su- 
perstructures, many of which are produced with a high degree of 
architectural control and have the potential to perform specific 
functions. One of the most challenging domains within this field 
of endeavor involves self-a~sembling[~~ discrete supramolecular 
cages that are held together by intermolecular intera~tions[~1 
and can act as synthetic receptors. However, none of the systems 
reported to date involve interlocked or  interwoven structures.[41 
We have designed such a system (Scheme I) ,  which relies upon 
the simultaneous threading of two secondary dialkylammonium 
ions through the cavity of a ditopic crown ether, namely bis-p- 
phenylene[34]crown-10 (BPP34C10) .[51 The trifurcated trisam- 
monium ion [1-H,I3' has three secondary ammonium centers in 
branches radiating from a central polyaromatic core. Each 
branch can insert itself through the cavity of a BPP34C10 
molecule, but then utilizes only half of the potential receptor 
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Scheme 1. Schematic representation of the anticipated [3 + 21 self-assembly be- 
tween two [1-HJ3+ ions and three BPP34C10 macrocycles to form an  interwoven 
supramolecular cage. 

sites. The vacant receptor sites remaining in each of the cavities 
of the three macrocyclic polyethers are then free to accept an- 
other branch from a second trication, which leads to a cagelike 
supermolecule. Here we report the synthesis of the trifurcated 
trisammonium salt l-H3.3PF, and the self-assembly of a five- 
component interwoven supramolecular cage in the solid state 
from the [1-H,I3+ ion and BPP34C10. 

The trisammonium ion [1-H3I3+ was prepared as its hexa- 
fluorophosphate salt in good overall yield: condensation of 
1,3,5-tris(4-f0rmylphenyl)benzene[~~ with benzylamine, fol- 
lowed by reduction of the resultant trisaldimine. gave the tri- 
furcated trisamine 1,3,5-tris[(4-benzylaminomethyl)phenyl]- 
benzene, which afforded 1-H,.3 PF, after treatment with hy- 
drochloric acid and counterion exchange from chloride to hexa- 
fluorophosphate. 

Single crystals suitable for X-ray analysis were obtained when 
a MeNO, solution containing BPP34C10 (3 equiv) and 1- 
H;3 PF, (2 equiv) was layered with Et,O. Gratifyingly, the 
crystallographic analysis of one of these crystals (Figure 1) re- 
v e a l ~ [ ~ ]  the formation of a highly symmetrical cagelike super- 
structure in which two [1-HJ3+ ions are threaded through three 
BPP34ClO macrocycles.['] The supermolecule has D, symme- 
try, and the principal axis passes through the centers of the two 
1,3,5-triarylbenzene rings,[71 which have a mean interplanar sep- 
aration of about 4.0 A (Figure 2). The three pura-phenylene 
rings of each trication are rotated by about 37" out of the plane 
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of the central benzenoid ring to produce a propellerlike 
geometry. In addition to this twisting, there is a slight “dishing” 
of these three rings away from the center of the supermolecule: 
the centroids of overlapping para-phenylene rings are separated 
by about 4.6 A. The threading geometries of pairs of benzylam- 
monium subunits through the BPP34C10 ring are highly remi- 
niscent of those for the 2:2 complex formed be- 
tween cr,&bis(benzylammonium)-p-xylene bis(hexafluorophos- 
phate) and BPP34C10. The nonbonded intraannular N . . . N 
distance is about 7.5 A. The planes of the two hydroquinone 
rings are tilted inwards by about 20” from a parallel alignment; 
their centroid-centroid separation is 6.6 A. The supermolecule 
is stabilized by nearly linear [N+ - H . .O] hydrogen bonds be- 
tween the NH; centers and the 8-oxygen atoms of each 
polyether linkage ([N . . ‘01, [H . .O] distances 3.02, 2.06 A; 
[N-H . . . 01 angle 176”). Adjacent supermolecules are rotated 
by 60” with respect to each other about their C,  axes to form a 
partially i~ t~ r l eaved  assemblage (Figure 3) 3 within which the 
separation between the nearest intercomplex 1,3,5-triarylben- 
zene rings is 12.9 A. 

Figure 1. Ball-and-stick representation of the [(BPP34C10),.(1-H,)J6+ super- 
molecule in the solid state. Red: BPP34C10 components; blue: [1-HJ3+ ions. 

Figure 3. Space-filling representation of part of the interleaved array produced by 
the [(BPP34C10),.(1-H,)J6+ supermolecule. Red: BPP34C10 molecules; blue. 
[1-HJ3+ ions. 

We believe that this remarkable [3 + 21 self-assembly process 
is favored[’] for several reasons. Firstly, the principle of maxi- 
mal site occupancy dictates[g1 that the system progresses toward 
the species in which the maximum number of cationic centers 
within the [1-HJ3+ trication, in addition to the receptor sites 
supplied by the macrocyclic polyether, are occupied. The 
[(BPP34C10),.(l-H,),]6+ supermolecule is a closed architec- 
ture: the binding sites of its constituents are completely occu- 
pied, with the result that the greatest number of hydrogen bonds 
are formed-thus, the supermolecule attains the thermodynam- 
ically most stable state. Secondly, entropic factors[’] dictate that 
the maximum number of supramolecular entities should be 

molecular array could also have been envisaged in the solid 

Figure 2. Top view of the five-component [(BPP34C1O),.(1-H3),16f super- 
molecule. Top: Ball-and-stick representation. Bottom: Space-filling representation. formed. The formation Of a porous, three-dimensiona1, supra- 
Red: BPP34C10 molecules; blue: [1-HJ3+ ions. 
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state: this would have occurred if the BPP34C10 “connectors” 
had linked each [1-H3I3” trication noncovalently to three differ- 
ent trications. The resulting superstructure-commensurate 
with a single “supermolecule”-would display a considerable 
entropy loss relative to a system comprising a large number of 
small, discrete supermolecules. Furthermore, the five-compo- 
nent cage supermolecule retains both translational and rota- 
tional entropy, whereas in the hypothetical polymeric supra- 
molecular array, loss of these degrees of freedom amounts to a 
sizeable entropy deprivation. Finally, n-n stacking interactions 
between the 1,3,5-triarylbenzene subunits-although probably 
quite weak at a distance of 4 A-increase the stability of the 
[3 + 21 cage supermolecule. These energetically favorable 
interactions would not be present in the open supramolecular 
array. 

The formation of the [(BPP34C10)3-(1-H3),]6’ super- 
molecule constitutes a notable example of molecular program- 
ming[’O1 in which the set of commands for the assembly of the 
supramolecular species is stored in the covalent framework of 
its molecular precursors. In this case, the information in the 
“program” is provided by the number and nature of each molec- 
ular component’s binding sites: the [1-H,I3+ ion possesses three 
ammonium centers located at the corners of a triangle and can 
therefore accommodate the binding of three complementary 
receptors, while the ditopic crown ether BPP34C10 possesses 
two recognition sites positioned within the same macrocyclic 
cavity, both of which can bindf5] a cationic ammonium center. 
The operation of the program through an algorithm based on 
hydrogen bonding and n-n stacking leads to the desired cage- 
like supermolecule. 

The constituents of this multicomponent self-assembly pro- 
cess should be able to be easily modified to yield cages of differ- 
ent shape and size. Although the cage presented here is too small 
to incorporate guests, one can envisage using even larger ditopic 
crown ethers” in order to increase the size of the cavity within 
the cage and so afford self-assembled hosts capable of binding 
small guests within their voids. 

Experimental Section 

I-H,.3PF; A mixture of 1,3,5-tris(4-formylphenyl)benzene (730 mg, 1.87 mmol) 
and PhCH,NH, (603 mg, 5.62 mmol) in PhMe (125 mL) was heated under reflux 
for 14 h ;  the H,O produced was collected in a Dean-Stark separator. The solution 
was filtered while hot. and the solvent evaporated off under reduced pressure t o  give 
1,3.5-tris[(4-benzyliminomethyl)phenyl]benzene (1.19 g,97%) as an off-white solid. 
‘H NMR (300 MHz. CDCI,, 20‘C): 6 = 4.85 (s ,  6H) ,  7.24-7.36(m, 15H). 7.74 (d. 
J = 8 H z ,  6H) .  7.82 (s, 3H),  7.89 (d, J =  ~ H z ,  6H) ,  8.45 ( s ,  3H). This solid 
(326 mg, 0.5 mmol) was dissolved in a 5j3 mixture of T H F  and MeOH (16 mL). 
NaBH, (197 mg, 5.2 mmol) was added and the solution was heated at reflux with 
stirring for 16 h. Upon cooling, the reaction mixture was treated with 12N HCI to  
adjust the pH to 1. The solution was concentrated in vacuo, and the residue was 
partitioned between 1 N NaOH (60 mL) and CH,CI, (100 mL). The aqueous layer 
was extracted further with CH,CI, (3 x 100 mL). The combined organic extracts 
were washed with a 10% aqueous Na,CO, solution (100mL) and H,O (100 mL), 
and then dried (K,CO,). Filtration and solvent evaporation gave 1,3,5-tris[(4-ben- 
zylaminomethyl)phenyl]benzene (329 mg, 100%) as a yellow oil. ‘H NMR 
(300MHz,CDCI3.20”Cj:6= 3.84(~,6H),3.87(~,6H),7.21-7.39(m,15H),7.44 
(d. J = 8 H7, 6H). 7 65 (d. J = 8 Hz, 6H).  7.75 (s, 3H).  This oil was dissolved in 
aTHF!MeOH,EtOH solution (2/5/5,60 mL). Then4N HCI wasadded with stirring 
to alter the pH to 1 After 2.5 h the solution was filtered and concentrated to give 
a white solid, which was washed with Et,O (50 mL). before being dissolved in hot 
H,O (210 mL). A white solid precipitated out of solution when a concentrated 
aqueous solution of NH,PF, was added to the hot aqueous trisammonium salt 
solution. The resulting suspension wasextracted with MeNO, (200 mL, followed by 
3 x 100 mL). After the combined MeNO, extracts had been washed with H,O 
(2 x 50 mL),  the solvents were evaporated off under reduced pressure to give the 
trisammoniumsalt I-H,-3PF6asanoff-whitesolid(525 mg,96%,m.p. 139°C with 
decomp.): ‘H NMR (300 MHz, CD,CN, 20-C): d = 4.29(s, 6H),4.32(s, 6H) ,  7.05 
(brs,6H).7.44-7.56(m,15H),7.61(d,J=SHz,6H),7.92(d,J=8Hz,6H), 
7.97 ( s ,  3 H ) ;  “C NMR (75.5 MHz, CD,CN, 20°C): b = 52.1, 52.6, 126.3, 128.9, 

130.1, 130.8, 130.9, 131.2, 131.3, 131.8, 142.4, 142.6. Analysis: found: C 52.17, H 
4.42, N 3.81 %; calcd for C,,H,,F,,N,P,. C 52.33. H 4.39. N 3.81 %; MS (LSI): 
mjz: 810 [(A4 - PF, - HPF,)’]. 
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supermolecule formed between a,d-bis(benzylammonium)-p-xylene bis(hexd- 
fluorophosphate) and BPP34C10 [5a, 5b].) The 'H NMR spectrum (300 MHz) 
of a 3:2 molar ratio of BPP34C10 and 1-H,.3PF6 in CD,CI,/CD,CN (4: l )  
at 20 "C showed several broad. featureless peaks. indicating that aggregation 
occurs in solution; however, no signals associated with the cage supermolecule 
could be identified. Liquid secondary ion mass spectrometry (LSIMS; VG 
Zabspec mass spectrometer equipped with a cesium ion source, meru-nitrohen- 
zyl alcohol matrix) was employed for the characterization of the aggregate in 
the "gas phase"-no peaks corresponding to the [3 + 21 supermolecule were 
observed. Nevertheless, peaks at m/z  2595. 2449. and 2303 were detected, 
corresponding to the species [BPP34C10-(1-H3),][PF,1,, with the loss of one, 
two, and three PF; counterions, respectively. 
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In,S[C(SiMe,),], : An Organoindium Compound 
with an In4S Core Isovalence Electronic to 
Pentahydro-closo-pen taborate( 2-)* * 
Werner Uhl,* Rene Graupner, Wolfgang Hiller, and 
Markus Neumayer 

Novel and unprecedented organoelement cluster compounds 
of the heavier elements of the third main group aluminum, gal- 
lium, and indium were reported recently." -81 Some derivatives 
like [Al(C,Me,)],,['] K2[A1, 2 i B ~ 1 2 ] / 2 1  [Ga-C(SiMe,),],,r31 and 
[In-C(SiMe,),],14~ were verified by crystal structure determi- 
nations, others like [Al-Si(CMe,),],,[61 [AI-CH,CMe,]4,[71 
and [Ga- CH2CMe3],[81 by specific reactions, theoretical inves- 
tigations, or further characterization. A few sterically highly 
shielded cyclopentadienides of the monovalent elements indium 
and thallium show a pseudodimeric or a pseudohexameric ar- 
rangement of the metal atoms; however, long distances between 
the atoms of the clusters confirm only a weak element-element 
bonding interaction,['' the significance of which has been con- 
troversial." '] Aluminum(1) and gallium(1) compounds were re- 
cently described in a concise survey by Schnockel et al.r"l The 
cluster compounds cited above have already been employed in 
the syntheses of numerous further products with hitherto un- 
known molecular structures.[** ' - 31 At present we are interest- 
ed in the chemical behavior of the tetrahedral cluster compound 
In,[C(SiMe,),], lJ4, 1 2 ,  131 which is obtained in high yield by 
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treatment of InBr with LiC(SiMe,);2 THF.I4. 51 The reactions 
of 1 with an excess of elemental sulfur, selenium, or tellurium 
give In,X,[C(SiMe,),], derivatives that exhibit a In,X, hetero- 
cubane f r a m e ~ o r k . [ ~ ~ ' ~ ]  Because of the easy insertion of four 
sulfur atoms under mild conditions, we hoped to synthesize 
compounds with the composition In,S,-x[C(SiMe,),], (x = 1 
to 3) by the reaction of elemental sulfur with an excess of 1; 
unlike the heterocubane molecules such derivatives would 
still contain indium atoms in an unusual low formal oxidation 
state. 

However, elemental sulfur proved to be unsuitable for the 
syntheses of these compounds, because regardless of the reac- 
tion conditions only mixtures of In,S,[C(SiMe,),], and the 
starting compound 1 were formed. As a very mild reagent for 
the transfer of sulfur atoms we finally used propylene sulfide, 
which, however, required extensive optimization of the reaction. 
A colorless solid precipitated from the reaction solution that 
could not be further characterized because of the small amounts 
formed; in addition, the In,S, derivative is partially formed 
from the beginning of the reaction by the complete sulfurization 
of 1. Nevertheless we found an easy and reproducible method 
for the syntheses of a further compound (2): A solution of 1 in 
hexane was treated with a small excess of propylene sulfide and 
heated to 60 "C for 90 minutes. 'H NMR spectra recorded to 
monitor the reaction reveal the formation of a mixture of 1 
(6 = 0.447), In,S,R4 (6 = 0.443), and the new product 2 
(6 = 0.455). Subsequently, additional propylene sulfide was 
added in portions, and each time the mixture was heated to 
60°C for 90 minutes, until 1 was completely consumed; the 
color of the solution changed from violet to red. The addition of 
the propylene sulfide in small portions gave a better result than 
the addition of a large excess of the reagent at the beginning of 
the reaction. Compound 2 and In,S,[C(SiMe,),], are present in 
a molar ratio of about 0.6 to 0.4 (NMR spectroscopy), and 2 
crystallizes almost quantitatively from a solution in pentane as 
the less soluble component. The reaction is summarized in 
Equation (a). 

The deep red compound 2 is isolated in 44% yield (based on 
1). According to elemental analysis the 1n:S ratio is 4: 1, and the 
molar mass determined cryoscopically in benzene shows that 2 
exists in the undissociated form. Single crystals of 2 were ob- 
tained from solutions of the compound in diisopropyl ether; 
they exhibit the same cell dimensions and space group as the 
starting compound 1; however, one face of the In, tetrahedron 
is capped by a sulfur atom leading to the formation of a trigonal 
In,S bipyramid (Figure 1). 

The addition of the four-electron donor atom sulfur to the 
molecular core of 1 makes compound 2 isovalence electronic to 
the hitherto unknown compounds pentahydro-closo-pentabo- 
rate(2-) [B,H,I2- and thia-closo-pentaborane(4) B,H,S"" as 
well as to the isolated and completely characterized 1,5-dicarba- 
closo-pentaborane(5) B3C2H, .I' Almost identical structural 
parameters were observed or calculated for all three boron 
derivatives; the B-B distances to the axial atoms were appropri- 
ate for single bonds, the B-B distances in the equatorial plane 
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