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The challenge of building functional, hollow, metal-linked Scheme 1
supramolecules that can begin to mimic the remarkable behavior

of clefts, cavities, and pores in enzymes and zeolites has attracted %
tremendous attention from the coordination chemistry commdinity. — el
Reversible ligation, together with well-defined local metal coordina-

tion motifs, often allows for one-pot assembly of supramolecules
of predetermined architecture in high or even quantitative synthetic Scheme 2

yield. Among the many interesting architectures described (includ-

ing triangles? rectangles, higher polygong,and various polyhe-

dreP), squaresare particularly ubiquitous, as the required ®nd

angles are easily generated based on octahedral or square-planar 8@ +14 %
metal coordination. We have explored in some detail the synthetic

and functional chemistry of “molecular squares” featuring porphy-

rins as edg€sand Re(CO)CI units as cornersWe find that the

nanometer-sized cavities defined by the squares can be chemicallyScheme 3

functionalized or exploited directly for sensfiig or enzyme-like ® £ i
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catalysis¥ Additionally, we find thataggregatesof porphyrinic 4%: LT (0 e o SRR SN
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squares can be configured as thin films or membranes and used a: T o | ot vro ot o I o
tunable molecular filtefdcthor as porous chromophoric coatings

for light-to-electrical energy conversidaii While the observed . + 4

functional behavior is promising, the selectivity attained in both & B”:° ‘j A% - s‘,‘/ oy

catalysig€? and molecular sievirffj is less than expected based on B0 T o T omR= @ AAT,
A R R o~ o

ideal box-like geometries. Computatiohahnd experimental
studie§"1reveal two problems: torsional motion along the metal ~ when combined with four porphyrins trimerg;, generate a
porphyrin—metal axis and ambiguous outside versus inside func- Symmetrical 16-porphyrin boxAAT 4. Chemically orthogonal
tionalization (via axial ligation of available Zn(ll) sites) (Scheme metalation ofA with Sn(IV) andT with Zn(ll) ensures thaself-
1). We reasoned that the torsional problem could be most simply recognition A with A, T with T) is avoided. Torsional motion
overcome by assembling double-square (“box kite”) structures along the Zr-porphyrin—Zn axis is eliminated by tethering each
(Scheme 23! Unfortunately, our attempts to construct box kites A to atotal of four zincs. Redundant axial ligation functionalization
were thwarted by unacceptably slow conversion of “wrong” kinetic 0of Sn(1V) sites (withtert-butyl benzoate) ensures that four cavity-
products to the presumably thermodynamically preferred double- modifying ligands are directed inward. Additionally, the steric
square (octarhenium) structure. In retrospect, this is not altogetherdemand created by the ligands forcesAhenits to link selectively
surprising as simple single-square (tetrarhenium) compounds arethe first and third porphyrins of th€ units, leaving the central Zn
typically obtained in high yield only after 2 days of reaction at sites unoccupied, thereby defining an unusually large cavity(22
reflux. 14 x 10 A). Shown in Figure 1 is a series of electronic absorption
We now report that by resorting to weaker interactions{zZn  spectra for the addition & to T in toluene as solvent. The observed
N(imine) versus ReN(imine)) and a different binding motif, large, ~ binding stoichiometry (see inset) is consistent with the rapid
well-defined, torsionally constrained porphyrin boxes can easily formation of the proposedAT 4 box, while the observed isosbestic
and rapidly be formed. Additionally, by enlisting Sn(IV) as a doubly behavior implies “all-or-nothing” box formation (i.e., negligible
functional axial coordination site, the problem of inside versus buildup of partially formed boxes at intermediate points in the
outside cavity modification can be circumvented. Furthermore, as titration). The spectra, which are dominated Byspecies, are
detailed below, we find that the use of sterically demanding cavity- marked by broadening of Soret bands (blue bands) and shifts of Q
modifying ligands produces an unusual twisted box, while the use bands (red bands) to longer wavelength. On the basis of previous
of ligand mixtures engenders steric self-sorting and produces astudies of similar speciéd,the spectral changes point to partial
multi-porphyrin box containing an unusual unsymmetrical cavity. planarization of the otherwise torsionally labile trimer units.
As illustrated in Scheme 3 (and supported experimentally as Figure 2 showsH NMR spectra for freeA, free T, and the
described below), two pyridine-derivatized porphyrin dimeXs, proposed 16-porphyrin boRAT 4. Detailed assignments (together
with syntheses and further characterization Aofand T) are

T i i i . . .
ingpoﬁgeﬁ;tcigni?iglgsggio'?;“hweﬂem University. presented as Supporting Information (SlI). Briefly, however, com-
8 Department of Chemical and Biological Engineering. parison of resonances due to theand 5 protons of the pyridyl
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°-5_ . Ry, where 1(0) is proportional to the electron-density-weighted
il 2 o1 square of the number of electrons in the scatterer:
8 02 . n oo
. Pl I(a) = 1(0) expt- o’R,3) ®
< 7 i 08 Figure 3 presents solvent-subtracted plots of log(intensity) against

0.2 0.4 0.6
i of for submillimolar solutions oAAT 4 andT. The linearity of the
l 1 plots confirms that only a single assembly is present at detectable
= concentration in each solution; that is, aggregates, dissociated
S W W structures, and competing structures are absent. Quantitative analysis
] ] N ) yields 20.7+ 0.3 A for Ry, in essentially perfect agreement with
Figure 1. EIecEronlc absorption spectra for the additiorAao T in toluene _ the calculated value fokAT 4 (20.6 A: Table 2). Notably, because
at 1.24 x 10> M. Inset: absorbance change at 458 nm, showing . L . .
stoichiometric coordination of. of the electron-density weighting (which favors metal ions and
discounts hydrogen atomdy}; is both expected and observed to
be considerably smaller than either the apparent hydrodynamic
radius (Table 1) or an assembly encompassing radius.We hypoth-
esized that the assembly chemistry might be extendable to open-
oligomer structures if the steric demands of the cavity-modifying
carboxylate ligands were sufficiently great (Scheme 4). Toward this
end, we prepared several variants of the dim@rienit—the most
sterically extreme version featuring,3-di(4-tert-butylphenyl)-
biphenyl-4-carboxylates as axial ligands. Models showed that this

r T T T T T T T T T T T T T T T J
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Figure 2. *H NMR spectra ofT, A, and theAAT 4 box in tolueneds.

Table 1. Self-Diffusivities and Hydrodynamic Radii at 25 °C in version (termed) is sterically incapable of combining wih to
Toluene produce a porphyrin box having the architectureA#T ,. UV —
self-diffusivity hydrodynamic vis titration of T with B, however, unexpectedly revealed isosbestic
(cm?fs) radii (A) behavior and &:B stoichiometry of 2:1-like that for titration of
T (1.3940.08)x 107 28+2 -
A (1.844+0.04)x 1076 2141 -
B (1.26+ 0.10)x 10° 30+2 5 .
AAT 4 (1.194 0.10)x 1076 32+3 g ° e ——
ABT, (1.014 0.09) x 107 38+3 =
BBT,4 (0.81+0.04)x 1076 48+ 2 s
LoLpLpT4? (1.514 0.21) x 107 34+4 E .
aTaken in CDCly; Ly= free base version oA andB. = \
rings of A display tremendous downfield shiftexd = 5.43 and= °'°b": . 00035
1.21, consistent with the coordination of the pyridyl group to Zn N a (1A _
centers embedded in the highly conjugated trimer dditéotably, Figure 3. Guinier plots for small-angle X-ray scattering BAT , andT.

. . . . The slopes of the plots scale Bg, indicating a larger radius of gyration
otherA aromatic resonances are also shifted.Pulsed field gradient AAT 4 than for T. Symbols represent experimental data points; lines

(PFG) NMR measurements revealed thAf 4 diffuses less rapidly  yepresent Guinier analysis of modeled scattering.
than eitherA or T, implying a larger hydrodynamic radius for the
box than for its components (Table 1). More importantly, the PFG-
NMR measurements show that AIT 4 protons diffuse at the same

Table 2. Comparison of Modeled and Experimentally Obtained Ry
Values for T and the Box Assemblies

rate—implying that all belong to the same object. That only a single Ry
object is formed is consistent with rapid equilibration to form the T model 14.8
thermodynamically most stable assembly. Notably, because of the AAT ;Xc‘)’;er:me”t 21056& 04
intentional nji_smatch in distance between Zn sitesTonersu_s ! experiment 207 0.3
pendant pyridines oA, the smallest closed structure (fully zinc- ABT, model 20.7
ligated structure) that can be formed fraknand T without strain experiment 20.9- 0.4
; i A BBT,4 model 20.1

is the orthogonally arranged assemiAT 4. Enthalpy optimiza experiment 20,8 0.4

tion, of course, favors the formation of fully ligated structures, while
entropy favors the formation of the smallest such structures.To
complete the initial characterization of the proposed box assembly, Scheme 4
we turned to solution-phase small-angle X-ray scattering (SAXS).
As we have recently shown for other supramolecular assemblies,
solution-phase X-ray measurements are extraordinarily useful for
characterizing assemblies whose structures and sizes cannot easily
be determined by traditional crystallographic and/or mass spec
methods'314 By application of the Guinier analysis to scattering
data collected at very low angles, the electron-density-weighted
radius of gyrationgy) of the molecular or supramolecular scatterer
can be determinet. The resulting values can then be compared to
those calculated for candidate structures. The Guinier eq 1 relates
g-dependent (reciprocal-space-dependent) scattering intensities to
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T with A. NMR experiments yielded similar shifts as seen with perimental methods and data analysis. This material is available free
implying that the pyridyl groups dB likewise attached themselves  of charge via the Internet at http://pubs.acs.org.
to Zn(ll). To our further surprise, PFG-NMR measurements showed
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2, Figure S6) yielded a radius of gyration in excellent agreement
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