9634 J. Am. Chem. So@001,123,9634-9641

Self-Assembly with Postmodification: Kinetically Stabilized
Metalla-Supramolecular Rectangles

Christopher J. Kuehl,* Songping D. Huang, and Peter J. Stang*

Contribution from the Departments of Chemistry, Lbisity of Utah, Salt Lake City, Utah 84112, and
Kent State Uniersity, Kent, Ohio 44242

Receied June 11, 2001

Abstract: Interaction of a predesigned molecular “clipf) (with rigid dipyridyl bridging ligands, in acetone/

water mixtures, leads to the formation of molecular rectangie8)in 92—97% isolated yields via spontaneous
self-assembly. Characterization was accomplished with multinuclear NMR anevig\épectroscopy, FAB

mass spectrometry, and X-ray crystallography. The length of these metallamacrocycles ranges from 2 to 3 nm.
Postmodification via non-nucleophilic counterion exchange results in enhanced structural integrity for the
assemblies.

Introduction studies in basic hostguest chemistry have broad implications
gor technologies such as molecular sendisgparations, and
catalysis’ However, because of the precise size and the highly
c)s_pec:ific electrostatic and dispersion forces that are required,

selectivity by and large remains an issue.

Over the past decade, the use of metal coordination as a mean
to drive and preserve the formation of discrete molecular
ensembles has become an established methodology in supram
lecular chemistry. However, the level of complexity to which
metal-mediated self-assem_bly can develqp as a general sy_nthetu, (@) (a) Campos-Fefmalez, C. S.; Clkac, R.. Koomen, J. M.; Russell,
strategy has yet to be realized. The design and construction ofp, H.: Dunbar, K. R.J. Am. Chem. So001, 123 773. (b) Campos-
new supramolecular entities refine our understanding of the Fernadez, C. S.; Clac, R.; Dunbar, K. RAngew. Chem., Int. Ed. Engl.

inei _ i ati 1999 38, 3477. (c) Schnebeck, R.-D.; Freisinger, E.; LippertABgew.
funda?enﬁj}l Elrmaples of.mollecular self organlzatlfn. | . Chem., Int. Ed. Engl1999 38, 168. (d) McMorran, D. A.; Steel, P. J.

So far, highly symmetric ring systems (e.g., molecular tri- - Angew. Chem.. Int. Ed. Engl998 37, 3295. (d) Hasenknopf, B.; Lehn,
angles, squares, pentagons, hexagons, etc.) have generally beeM.; Boumediene, N.; Leize, E.; Van DorsselaerAugew. Chem., Int.
the most successfully characterized species, because of theiFd- Engl.1998 37, 3265. (e) Fleming, J. S.; Mann, K. L. V.; Carraz, C.-

inherent simplicity over three-dimensional constructs. Typically é'ﬁe’:nsl'"ﬁﬁ'.sé(féﬁgg%ﬁ > §'2;7's\94.c((f:)“\3/\i/|:rrtyh.‘-]'Mpi\r};g\é\éag’ o Brgew.

comprising aromatic bridging ligands connected through transi- A. J. p.; williams, D. JAngew. Chem., Int. Ed. Engl998 37, 1258. (g)
tion metals, these metallacyclophanes have shown promise aslones, P. L.; Byrom, K. J.; Jeffrey, J. C.; McCleverty, J. A.; Ward, M. D.

; ;. Chem. Commurl997 1361. (h) Hasenknopf, B.; Lehn, J.-M.; Boumediene,
a new class of funqtlo.nal receptor molecules. Because. of theer_; Dupont-Gervais, A.; Van Dorsselaer, A.; Kniesel, B.; FenskeJD.
charges, these cationic complexes are thought to be ideal foram. chem. Soa997 119 10956. (i) Mann, S.: Huttner, G.; Zsolnai, L.;

the uptake of anions. In certain cases, anions serve as templateeinze, K.Angew. Chem., Int. Ed. Endl996 35, 2808. (j) Hasenknopf,
for macrocycle assembBDeveloping new paradigms for selec-  B:; Lehn. J-M., Kniesel, B. O.; Baum, G.; Fenske, Angew. Chem., Int.

. : o ; . . Ed. Engl.1996 35, 1838.
tive anion sensing is a topic of considerable current intérest. (3) (a) Beer, P. D.; Gale, P. Angew. Chem., Int. Ed. Eng2001, 40,

A few studies demonstrated molecular squares to be capable of86. (b) Schmidten, F. P.; Berger, hem. Re. 1997, 97, 1609. (c) Beer,
acting as hosts for small aromatic molecules in both aqieous P- D.; Smith, D. K.Prog. Inorg. Chem1997 46, 1. (d) Katz, H. E. In

- : : . Inclusion CompoundsAtwood, J. L., Davies, J. E. D., MacNicol, D. D.,
and nonpolar mediaWhen considering that metal-containing Eds.; Oxford L?niversity Press: New York, 1991; Vol. 4, Chapter 9. (e)

macrocycles often possess magnetic, photophysical, and/or redontonise, M. M. G.: Reinhoudt, D. NCchem. Commurll998 443.
properties not accessible from purely organic systems, such (4)(a) Fujita, M.; Sasaki, O.; Mitsuhashi, T.; Fujita, T.; Yazaki, J.;
Yamaguchi, K.; Ogura, KJ. Chem. Soc., Chem. Comm896 1535. (b)
Lee, S. B.; Hwang, S.; Chung, D. S.; Yun, H.; Hong, JFetrahedron
Lett. 1998 39, 873.

(5) (@) Cho, Y. L.; Uh, H.; Chang, S.-Y.; Chang, H.-Y.; Choi, M.-G;

T Kent State University.

(1) (a) Leininger, S.; Olenyuk, B.; Stang, P.Chem. Re. 200Q 100,
853. (b) Swiegers, G. F.; Malefetse, TChem. Re. 200Q 100, 3483. (c)
Caulder, D. L.; Raymond, K. NJ. Chem. Soc., Dalton Tran&999 8, Shin, I.; Jeong, K.-SJ. Am. Chem. So€001, 123 1258. (b) Stang, P. J.;
1185. (d) Caulder, D. L.; Raymond, K. Mcc. Chem. Re4.999 32 (11), Cao, D. H.; Saito, S.; Arif, A. MJ. Am. Chem. S0d.995 117, 6273. (c)
975. (e) Chambron, J.-C.; Dietrich-Buchecker, C.; Sauvage, J.-P. Transition Whiteford, J. A.; Stang, P. J.; Huang, S. borg. Chem.1998 37, 5595.
Metals as Assembling and Templating Species.Clomprehensie Su- (d) Benkstein, K. D.; Hupp, J. T.; Stern, C. . Am. Chem. Sod.998

pramolecular ChemistryLehn, J.-M., Chair, E., Atwood, J. L., Davis, J.
E. D., MacNicol, D. D., Vatle, F., Eds.; Permagon Press: Oxford, 1996;
Vol. 9, Chapter 2, p 43. (f) Baxter, P. N. W. Metal lon Directed Assembly
of Complex Molecular Architectures and Nanostructure€dmprehensie
Supramolecular Chemistry.ehn, J.-M., Chair, E., Atwood, J. L., Davis,
J. E. D., MacNicol, D. D., Vgtle, F., Eds.; Permagon Press: Oxford, 1996;
Vol. 9, Chapter 5, p 165. (g) Fujita, MChem. Soc. Re 1998 6, 417. (h)
Uller, E.; Demleitner, I.; Bernt, I.; Saalfrank, R. W. Synergistic Effect of
Serendipity and Rational Design in Supramolecular Chemistrgtrimcture
and Bonding Fujita, M., Ed.; Springer: Berlin, 2000; Vol. 96, p 149. (i)
Baxter, P. N. W.; Lehn, J.-M.; Baum, G.; Fenske,Chem. Eur. J1999

5, 102.

10.1021/ja0114355 CCC: $20.00

120, 12982.

(6) (a) Keefe, M. H.; Benkstein, K. D.; Hupp, J. Toord. Chem. Re
200Q 205 201. (b) Chang, S. H.; Chung, K. B.; Slone, R. V.; Hupp, J. T.
Synth. Met2001, 117, 215. (c) Keefe, M. H.; Slone, R. V.; Hupp, J. T,;
Czaplewski, K. F.; Snurr, R. Q.; Stern, C.lLangmuir200Q 16, 3964. (d)
Benkstein, K. D.; Hupp, J. TMol. Cryst. Lig. Cryst200Q 342, 151. (e)
Sun, S.-S.; Lees, A. J. Am. Chem. So200Q 122 8956. (f) Bdanger,
S.; Hupp, J. TAngew. Chem., Int. Ed. Endl999 38, 2222. (g) Bé&anger,
S.; Hupp, J. T.; Stern, C. L.; Slone, R. V.; Watson, D. F.; Carrell, TIG.
Am. Chem. Sod999 121, 557.

(7) (a) Kang, J.; Rebek, J., Mature1997 385 50. (b) Fujita, M.; Kwon,
Y. J.; Washizu, S.; Ogura, KI. Am. Chem. S0d.994 116, 1151.
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As lower symmetry hosts can ultimately be expected to show tion of this subunit with linear dipyridyl ligands such as'4,4
enhanced selectivity, especially toward planar aromatic guests,dipyridyl resulted in the rapid precipitation of a polymeric
rectangles represent a natural progression in the developmentnaterial, presumably because of the internal rotational freedom
of this area. Despite their relative simplicity, molecular rec- available tol.}* It thus appeared that a more rigid subunit was
tangle8 have remained rather uncommon in comparison with required.
the various higher-symmetry polygons (especially molecular

squares) that have been prepared and studied. A rational basis PPh, Ph,P

for this dearth is that mixed ligand specieébave rarely been prp-Pt-OTf Tfo—l‘:’t_PPh
observed; that is, the combination of metals with different length 2 z
ligands usually leads to complexes containing only one type of O O
ligand. For example, Hupgp has shown that reaction of two

equivalents of Re(CQEIl with one equivalent each of py- h

razine and 4,4dipyridyl exclusively gave two separate square ‘ ‘
assemblies, despite the statistical possibility of forming at Bhop Php-
least 50% rectangle. Both Lelrand Raymont have under- 27~ PL-oTf 2ROt
taken similar studies showing the same type of preferences PPh, PPh,
using helicates. Hence, the difficulty in the construction of rec- 1

tangular architectures lies in the necessity of designing a building
unit with two parallel coordination sites facing in the same  1,8-Dichloroanthracene),'® easily prepared by reduction of
direction. the commercially available 1,8-dichloroanthraquinone, offers the
We report herein the design and self-assembly of a series offeasibility of rigidly directing functionality in a parallel fashion,
molecular rectangles via a new type of modular subunit termed that is, aligand-directeddesign. Attaching the appropriate
a molecular “clip” @). The structure and properties of these desired functionality was achieved by a double oxidative
nanoscopic, macrocyclic species have been studied by X-rayaddition strategy® Reaction of 2.5 equiv of Pt(Pgj with 2 in
crystallography, FAB-mass spectrometry, NMR, and-tiNs refluxing toluene generated the dimetallic spe&@shigh yield
spectroscopy. Furthermore, the effect that solvent and counterion(Scheme 1). Subsequent reaction with silver triflate resulted in
have on the thermodynamic and kinetic stability of the as- decomposition. However, chloride abstraction with silver nitrate

semblies, respectively, is described. in acetone furnished a stable systeinthat was found to be
neither oxygen nor moisture sensitive. 1,8-Baiis-Pt(PES),-
Results and Discussion (NOg))anthracene4) was recrystallized from boiling methanol

to give a yellow, microcrystalline solid in an overall isolated
ield of 71%. Complex4 was found to be highly soluble in
ost chlorinated solvents, as well as in nitromethane and aceto-

nitrile, insoluble in hexanes, and partially soluble in acetone,
(8) Inclusion Phenomenon and Molecular Recognitiiwood, J. L., ether, and alcohols. The characterizatiod ofas accomplished

Ed. Plenum Press: New York, 1990. by NMR spectroscopy*d, 3C{*H}, 3P{'H}) and elemental

An$9)c(ﬁe)m§0gggébl'?-lgg 5526”%?,')"’“,@;1 il_n-”l;a?;nShBe"Aﬁ ;«;ngtr)asr?icpgﬁﬂ analysis and is outlined in the Experimental Section. In addition,
YL Lee, G-H.: Peng. S-M.: Lu, K.-LJ. Chem. éoc.,l Dalton Trans.  Crystals of4, grown by allowing a ChiCl/MeOH solution of

2001, 515. (c) Kuehl, C. J.; Mayne, C. L.; Arif, A. M.; Stang, P.Qrg. the complex to slowly evaporate, were analyzed by X-ray
Lett. 200Q 2, 3727. (d) Suzuki, H.; Tajima, N.; Tatsumi, K.; Yamamoto,  diffraction (Table 1). Depicted as an ORTEP representation in

Y. Chem. Commur200Q 1801. (e) Rajendran, T.; Manimaran, B.; Lee, ; P ;
F-Y.: Lee, G.-H.; Peng, S.-M.. Wang, C. M.. LU, K -Inorg. Chem200Q the top of Figure 1, the most significant feature in the structure

39, 2016. (f) Yan, H.; Sss-Fink, G.; Neels, A.; Stoeckli-Evans, H.Chem. of 4 is that a_djacem trieth)_/'phOSphine ligands are Sterica”y
Soc., Dalton Trans1997 4345. (g) Benkstein, K. D.; Hupp, J. T.; Stern,  crowded: a likely explanation for the excess (2.5 equiv) of

C. L. Inorg. Chem.1998 37, 5404. (h) Woessner, S. M.; Helms, J. i i i -
B.: Shen. ¥.: Sullivan, B. Pinorg, Chem 1998 37, 5407, (i) Benkstein, Pt(PEgt)4 and the longer reaction time required for the conver

Design and Synthesis of the Molecular “Clip” (4).Early
attempts at preparing molecular rectangles were carried out usin
the 4,4-cis-platinum-functionalized biphenyl. However, reac-

K. D.; Hupp, J. T.; Stern, C. LAngew. Chem., Int. Ed. Eng200Q 39, sion_ of2t0 3. As a r(_esult, the ligand geometry has_ sligh_tly
2891. (j) Holliday, B. J.; Mirkin, C. AAngew. Chem., Int. E@001, 40, deviated from planarity toward a tetrahedral configuration,
2022. approximately 13 as defined by the dihedral angle between

(10) (a) Baxter, P. N.; Lehn, J.-M.; DeCian, Angew. Chem., Int. Ed.
Engl. 1993 32, 69. (b) Hasenknopf, B.: Lehn, J-M.. Baum, G.; Fenske, D. e P(1}-Pt(1)~C(1) and P(2)Pt(1)-O(1) planes, for example.

Proc. Natl. Acad. Scil996 93, 1397. (c) Baxter, P. N.; Lehn, J.-M.; Kneisel, ~ Selected bond distances and angles are collected in Table 2.

B. O.; Fenske, DAngew. Chem., Int. Ed. Engl997 36, 1978. As more clearly evidenced by the CPK representation (bottom
(11) Slone, R. V.; Benkstein, K. D.; Banger, S.; Hupp, J. T.; Guzei, I.

A.; Rheingold, A. L.Coord. Chem. Re 1998 171, 221. (14) Olenyuk, B. O.; Stang, P. J. Unpublished results.
(12) Kramer, R.; Lehn, J.-M.; Marquis-Rigult, Rroc. Natl. Acad. Sci. (15) House, H. O.; Hrabie, J. A.; VanDerveer, D.Org. Chem1986

1993 90, 5394. 51, 921.
(13) Caulder, D. L.; Raymond, K. Mingew. Chem., Int. Ed. Endl997, (16) Manna, J.; Kuehl, C. J.; Whiteford, J. A.; Stang, POdganome-

36, 1440. tallics 1997, 16, 1897.
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Table 1. Crystallographic Data fod, 7, and8

Kuehl et al.

4 7 8
empirical formula GeHesN206P4PL C116H160ClaN4O16PsPY Cr1H156F2aN4OP1P L
fw 1163.00 3036.52 3198.50
T (K) 293(2) 173(2) 173(2)
wavelength (A) 0.710 73 0.710 73 0.710 73
cryst syst triclinic triclinic monoclinic
space group P1(No. 2) P1 (No. 2) C2/m(No. 12)

unit cell dimensions

Vv (R3)
z

density (Mg/ni, calcd)
abs coeff (mm?)

6 range for data collection
final Rindices [I> 20(1)]2
Rindices (all data)

a=11.9280(4) Ao = 80.497(2)
b= 13.5746(5) A = 89.541(2)
¢ =15.8310(5) Ay = 65.335(2)
2292.2(1)

2

1.685

6.278
3.1132.53

R1=0.057, wR2=0.132
R* 0.108, wR2=0.158

a=10.0857(3) Ao = 103.367(1)
b= 15.3995(4) Ap = 97.202(1)
c=24.6823(7) Ay = 93.207(1)

a=20.6877(7) Ao = 90°
b =39.9232(14) Ap = 103.702(2)
c=21.3681(7) Ay = 90°

3685.9(2) 17 146.1(8)
1 4

1.331 1.194
3.957 3.420
1.36-28.2F 1.42-28.28

R1=0.081, wR= 0.215
R1=0.186, wR2= 0.267

R1=0.079, wR= 0.245
R1=0.156, wR2= 0.308

*WR2 = {F[W(F? — FAZ[W(FAT}H% R1= 3 |IFel — |Fell/ZIFol.

ORTEP

Table 2. Selected Bond Lengths (A) and Angle3 for 4

Bond Lengths

Pt(1)-C(1) 2.001(8) Pt(2)C(8) 1.990(7)
Pt(1)-P(1) 2.306(2) Pt(2yP(3) 2.323(2)
Pt(1)-P(2) 2.3188(19) Pt(2)P(4) 2.309(2)
Pt(1)-0O(1) 2.175(7) Pt(2)0(4) 2.154(6)
Bond Angles
C(1)-Pt(1)-0O(1) 169.7(3) C(8yPt(2)-0(4) 170.6(3)
C(1)-Pt(1)-P(1) 90.7(2) C(8)yPt(2)-P(4) 90.0(2)
O(1)-Pt(1-P(1) 93.35(19) O(4)Pt(2)-P(4) 94.23(18)
C(1)-Pt(1)-P(2) 88.9(2) C(8)yPt(2)-P(3) 89.3(2)
O1-Pt(1)-P(2) 88.57(18) O(4yPt(2)-P(3) 87.85(18)
P(1)-Pt(1}-P(2) 171.20(9) P(4)Pt(2-P(3) 170.64(9)

by examination of theifH

and 3P{1H} NMR spectra. For

example, wherd is combined with an equimolar amount of
4,4-dipyridyl in a 1:1 (v:v) aceton@s/D,O mixture (Scheme

Figure 1. Top: ORTEP diagram oft with hydrogens omitted for
clarity. Thermal ellipsoids are drawn to 30% probability. Bottom: Space
filling representation o# (hydrogens included).

of Figure 1), it appears that this repulsion has been partially
relieved by the entire molecule adopting a slight dihedral twist

2), a pale yellow suspension results, which, upon gentle heating,
gradually dissolves to give a bright orange homogeneous
solution of the smallest rectangle described in this paper,
structural motif5.%¢ 31P{1H} NMR (121.4 MHz) analysis of the
reaction solution is consistent with the formation of a single,
highly symmetrical species by the appearance of a sharp singlet
with concomitanf®Pt satellites, shifted 6.0 ppm upfieldd)
relative to4 (AJppy= —208 ppm). In a similar manner, reaction
of molecular “clip” 4 with bridging ligandstrans-1,2-bis(4-
pyridyl)ethylene (BPE), 1,4-bis{4yridylethynyl)benzene
(BPEB)8and 2,5-bis(4pyridylethynyl)furan (BPEFY yielded

(17) (a) Romeo, R.; Fenech, L.; Scolaro, L. M.; Albinati, A.; Macchioni,
A.; Zuccaccia, Clnorg. Chem2001, 40, 3293. (b) Fanizzi, F. P.; Intini, F.
P.; Maresca, L.; Natile, G.; Lanfranchi, M.; Tiripicchio, A. Chem. Soc.,
Dalton Trans.1991, 1007. (c) Albano, V. G.; Ferrara, M. L.; Monari, M.;
Panunzi, A.; Ruffo, FInorg. Chim. Actal999 285, 70. (d) De Felice, V.;
Ferrara, M. L.; Giordano, F.; Ruffo, ksazz. Chim. Ital1994 124, 117.
(e) Giordano, F.; Ruffo, F.; Saporito, A.; Panunzi, lhorg. Chim. Acta
1997, 264, 231. (f) Fanizzi, F. P.; Natile, G.; Lanfranchi, M.; Tiripicchio,
A.; Pacchioni, G.norg. Chim. Actal998 275 500. (g) Albano, V. G.;
Castellari, C.; Monari, M.; De Felice, V.; Panunzi, A.; Ruffo,Brgano-

(¢ = 15°). We speculate that these distortions are the reasonmetallics1996 15, 4012. (h) Albano, V. G.; Castellari, C.; Monari, M.; De

that the analogous triflate salt is unstable; a few studies have

suggested that bent geometries around square pl&nzona-
plexes can alter reactivity at the metal certerhough slightly

Felice, V.; Panunzi, A.; Ruffo, FOrganometallics1992 11, 3665. (i)
Romeo, R.; Monsscolaro, L.; Nastasi, N.; Arena, Giorg. Chem1996
35, 5087. (j) Fanizzi, F. P.; Lanfranchi, M.; Natile, G.; Tiripicchio, laorg.
Chem.1994 33, 3331. (k) Clark, H. C.; Hampden-Smith, M. Goord.

distorted 4 possesses the necessary two labile coordination sitesChem. Re. 1987 79, 229. (I) Skibsted, L. HAdv. Inorg. Bioinorg. Mech.

locked into a parallel arrangement, that is, a molecular “clip.
Self-Assembly and Characterization of Nanoscopic Mo-
lecular Rectangles.The preparation of several discrete nano-

1986 4, 137. (m) Jones, R. A.; Real, F. M.; Wilkinson, G.; Gulos, A. N.
R.; Hursthouse, M. B.; Malik, K. M. AJ. Chem. Soc., Dalton Tran98Q

511. (n) Bandyopadhyay, D.; Bandyopadhyay, P.; Chakravorty, A.; Cotton,
F. A.; Falvello, L. R.Inorg. Chem.1984 23, 1785. (0) Minghetti, G.;

scopic rectangular complexes can be achieved with simplicity fg}e"u' M. A.; Chelucci, G.; Gladiali, S]. Organomet. Chen1986 307,

and, given the proper conditions, in essentially quantitative yield.

(i8) Champness, N. R.; Khlobystov, A. N.; Majuga, A. G.; Schroeder,

The assembly of these macrocycles is most easily monitoredM.; Zyk, N. V. Tetrahedron Lett1999 40, 5413.
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Scheme 2
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the molecular rectangles 7, and8, respectively, of differing electron-rich bridging ligands to cation& Also noteworthy
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topology and dimensions (Scheme 2). was that then and 8 pyridyl protons of the bridging ligands,
equivalent in free 4,4bpy, became inequivalent when incor-
7\ Y N - N — N porated into the assembled structure. This spectral feature is a
N_ \_7 —/ N7 \_/ manifestation of the restricted rotation of platintipyridine
4,4-BPY BPEB bonds?® Because the minimum for the energy barrier lies
essentially perpendicular to the coordination plane of the
I\ 7 platinum complex, and adjacent pyridyl groups are situated in
N \ — e a unigue edge-to-edge arrangement rather than co-facially, the
N N N _ \__N pyridyl protons pointed toward the inside of the macrocycles
BPE BPEF experience an environment different from those on the periphery.

Specific proton assignments for the inner and outer pyridyl

Examination of theéH NMR (300 MHz) spectra of macro-  protons in5 were established by NOESY NMR.
cycles5—8 was also indicative of highly symmetrical structures Support for the structure d was provided by fast atom
and displayed significant spectroscopic differences from their bombardment mass spectrometry (FABMS). Analysis of the
monomeric subunits. While the chemical shifts of the protons hexafluorophosphate salt 6fgave M — PR and M — 2PFK
of the ancillary PEt ligands differed only slightly from those  peaks at/z2878.1 andn/z2733.9, respectively. Each ion was
of the precursor building blocks, the chemical shifts of the observed as &1 charge state (i.e., separation of peaks by 1
protons of the aromatic framework, the anthracene moiety and m/z unit). The former was attributed to a loss of one;BRion
bridging ligands, were significantly shifted. Particularly diag- from a total of four, while the latter resulted from the loss of
nostic were the significant downfield shifts of the pyridyl signals two PF anions accompanied by the gain of one electron,
(A6 ~ 0.5 ppm), associated with the loss in electron density - — . .
upon coordination by the nitrogen lone pair to the platinum metal mo%g)é?])e?n"’_“z’?gi “ﬁb,sé,’oiéék&f)’ lgdslé,Mh/?;ssgirelﬁl,BH_/f\U_;Haorlrg;I%lk,TB\_/;V'

center. The signals from the “clip2) conversely shifted upfield, Stang, P. JOrganometallics1999 18, 758. (c) Stang, P. J.; Olenyuk, B.
a result consistent with a transfer of electron density from the O.; Arif, A. M. Organometallics1995 14, 5281. (d) Brown, J. M.;
Paez-Torrente, J. J.; Alcock, N. WOrganometallics1995 14, 1195. (e)

(29) Ellis, W. W.; Schmitz, M.; Arif, A. M.; Stang, P. Jnorg. Chem. Alcock, N. W.; Brown, J. M.; Peez-Torrente, J. JTetrahedron Lett1992
200Q 39, 2547. 33, 389.
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Figure 3. Ball and stick representation of the X-ray structure7of
Hydrogens, counterions, and the methyl groups from the triethylphos-
phines omitted for clarity. Colors: C, black; N, green; P, orange; Pt,
blue.
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) Figure 4. Ball and stick representation of the X-ray structure8of

i , . ! ! | I . Hydrogens, counterions, and the methyl groups from the triethylphos-
2660 2870 2880 2890 phines are omitted. Colors: C, black; O, red; N, green; P, orange; Pt,

Figure 2. Experimental (top) and calculated (bottom) isotopic distribu- blue.

tion pattern of M— PF; for 6.

presumably from the support matrix. Also indicative of the Interestingly, the central benzene ring of the ligand was also

proposed molecule was that the isotopic distribution patterns found to be coplanar with the rest of the aromatic framework.
matched the calculated compositions. The calculated andAlthough, at ambient temperature, the pyridyl signals are

experimental isotope distribution patterns of the-MPF; peak inequivalent because of restricted rotation, tHé NMR
of 6 are shown in Figure 2. resonance from this central ring is a sharp singlet, indicating

The structures of both macrocycl@sand8 were unambigu- free rotation. A low-temperature NMR study was conducted

ously determined by X-ray crystallography. Quality single ©N 7 |n.CD'2CI2. However, no significant broade.nm.g of this
crystals of the perchlorate salt dfgrew after several days at ~ aromatic signal was detected as low a80 °C, indicating
ambient temperature by vapor diffusion of diethyl ether into a continuous free rotation even at low temperaiures. Despite
concentrated DMF solution of the complex. The crystal lattice having no apparent conformational preferenteésshowed no

of 7 consists of well-separated, but electrostatically interacting, affinity toward neutral aromatic guests in organic solvents or
anions and rectangular cations. The asymmetric unit cell of acetone/water. Evidently, with no hydrophobic effect at work,
contains a half rectangle and two Gl@nions. The entire there is not a driving force significant enough for the uptake of

molecular rectangle is generated via an inversion center that is"€utral guest moleculés. _
located at the midpoint of the two central bisethynylbenzene ~ Crystals of the hexafluorophosphate salBafere grown in
rings. One CIQ anion is crystallographically disordered. The @ manner analogous to those®fSimilarly, the crystal lattice
structure refinement &f was thus based on a model including of 8 consists of well-separated, but electrostatically interacting,
such a disordered anion and convergeR at 0.081 andR, = anions and rectangular cations. The asymmetric unit ceffl of
0.215. Otherwise, the ClQanions appear to have a normal @lSo contains only a half rectangle and twosRRions, one of
structure and warrant no further comments. The crystal packing Which is slightly disordered. The entire rectangle is generated
is such that the cationic molecular rectangles lie parallel with Via an inversion center. In the crystal lattice, the parallel-packed
each other approximately along the crystallograpfid 1} molecular rectangles run approximately along the crystal-
direction. All the CIQ anions are situated outside the rectangles '0graphic{101 direction. The anions are found outside the
in the pockets created by the triethylphosphine ligands from rectangles in the area surrounded by the phosphine ligands. The
the different rectangles. The crystal structure7a$ shown in ~ impetus behind the synthesis 8fwas an attempt to test the
Figure 3. The distortion in the molecular “clip) affects the ~ limits for the ligand bite angle in this self-assembly motif. The
topology of 7 such that the BPEB bridging ligands are forced free ligand (BPEF, Scheme 2) in this experiment is knwn
to bend slightly outward, which in turn causes the rectangle to from X-ray analysis to possess a bite angle of approximately
appear bowed in the middle. This bending is accommodated 127 The crystal structure o8 (Figure 4) shows that the
primarily by the acetylenic moieties of the ligands. The overall Pridging ligand is forced to bend inward, the opposite direction

dimensions of give a more precise description of ,the overall (21) Phenylacetylenes naturally possess small rotational barri€x$ (
topology. The approximate length of the rectangle is 30 A. The kcalimol) due to electronic factors. See: Young, J. K., Moore, J. S.
height, as defined by the metals, is 5.7 A, while the distance Acetylenes in Nanostructures. Modern Acetylene Chemisirtang, P.

; ; J., Diederich, F., Eds.; VCH: New York, 1995.
between the centroids of the central benzene rings of the BPEB (22) (2) Fuiita. M.: Umemoto, K.. Yoshizawa, M.: Fuiita, N.: Kusukawa,

ligand is 8 A. As expected, the pyridyls were found perpen- t -giradha, K.Chem. Commur2001, 509. (b) Fujita, MAcc. Chem. Res.
dicular to the coordination planes of the platinum metals. 1999 32, 53.
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8.00E+04 structure in place once it is formed. Indeed, Féfitaas shown
7.00E+04 - —Clip (4) ‘ that a kinetically inert metatligand system becomes labile
6.00E+04 - - BPE ] under the rigors of heat and excess salt. The assemblies then
5.00E+04 - — Rectangle (6) become “locked” by removal of the stimuli, i.e., cooling and
€ 4.00E+04 - salt removal. More recently, Raymoticddemonstrated how a
3.00E+04 + racemic mixture of tetrametallic homoconfigurational metal
200B+04 4 clusters AAAA and AAAA) could be resolved into an
1.00E+04 4 = 1 enantiopure form by the inclusion of a chiral guest molecule.
0.00E+00 ‘ = ‘ ‘ The separated enantiomers were found to be remarkably stable
230 280 330 380 430 480 toward racemization because of a high barrier for interconver-
wavelength (nm) sion. Here, we demonstrate how postmodification the form
Figure 5. Absorption spectra for the molecular “clip8) (12.5uM), of counterion exchange results in a stabilizing effect for these
BPE (12.5uM), and molecular rectanglé (6.25uM). self-assembled structure5<8).

In the early stages of this work, it was determined that organic

from the bridging 180 ligand in 7. Additionally, an outward 5 ents such as methylene chioride, nitromethane, and pure

distortion of the Pt N bonds appears to be aresult of the ligand ;. atone. were ineffective for self-assembly usiag The

“pulling” the Pt atoms further apart; a distance of 5.9 A as thermodynamic stabilization of rectangular metallacy&es
compared to a PtPt distance of 5.6 A irh. Because attempts s realized by the use of acetone/water mixtures, consistent
at self-assembly reactions with more rigid 120idging ligands  \yith more polar media favoring the formation of charged
(containing no acetylenes) were unsuccessful, we judge that 130 species. Slow, partial evaporation of the acetone from the
must effectively be the lower limit for the angle that bridging  acetone/water solutions left orange crystals of the nitrate salts
ligands can have for this series of ring structures. For comparisonpehind. However, several attempts at obtaining X-ray data from
purposes, in a recent paper by Sun and L%éswas found these crystals were unsuccessful because of their solvent
that reaction of Re(CQEI, with a set of four ligands similar  dependent nature. As was expected, redissolving the crystals
to those used in this study, resulted in squares, triangles, orin the correct acetondy/D,O ratio regained the spectrum of
dimers, depending on the specific ligand geometry. The apparentthe intact assemblies. On the other hand, dissolving these nitrate
preference for smaller, strained systems over structures incor-salt crystals in CBCl, and monitoring theif!P {1H} andH
porating a larger number of subunits signifies the dominance NMR spectra showed that the assemblies break apart by
of the entropy term over the enthalpy term and concurs with reverting into equilibrium mixtures within a few hours (Scheme
the greater structural flexibility of the suburdtrelative to a 3). Thus, strong evidence is provided that these structures are
simple metal atom. Admittedly, the topology 8fis arguably true thermodynamic products, formed by way of equilibrium
not a rectangle because of its nonlinear linkage. However, this processes.

connectivity demands that the furanyl oxygen atoms always  After self-assembly in acetord/D,O was judged to be
point directly toward the cavity, offering potential for novel complete by NMR, the product was quantitatively precipitated
types of hostguest interactions, because close inspection out of solution as its Pfsalt by the addition of excess KRF
reveals thaB is unique; it is cationic yet possesses hydrogen- The product was then simply collected on a frit, washed with
bond acceptors within its cavity. The overall dimensions of this excess water, and dried. Following anion exchange with weakly
structure are about 28 A in length, with a distance of 12.5 A nucleophilic counterions (e.g., BFBF4, ClO,, etc.), it was
separating the centroids of the furanyl rings. This approximately observed that the macrocycles do not fall apart when dissolved
gives a 1 nmx 1 nm cavity, but because of the offset in CD,Cl, (Scheme 3). The postmodified assemilywas
arrangement in the crystal packing, channels were not formed.periodically monitored by NMR and was found to remain intact

Photophysical Properties As previously noted, upon forma-  in solution for nearly one year without decomposition. Enhanced
tion, molecular rectangles—8 all assume a characteristically ~ stability was also observed for rectang&¥, and8, but these
intense orange color. As a representative example, the absorptiorventually decomposed after a few months. A similar trend in
spectrum of6 is presented in Figure 5. The absorbance in the stability was verified for the serieS—8 when their stability
electronic spectrum exhibits near-UV transitions, which are red- toward the coordinating solvent acetonitrile was tested. It was
shifted relative to BPEx—x*) and slightly blue-shifted relative ~ found that rectangl§ is stable in CRCN, whereas, 7, and8
to 4. The extinction coefficient per BPE unit increases signifi- aré unstable toward solvolysis, breaking apart afted veeks.
cantly upon rectangle formation, while the anthracene-based The relgtlve stability for the series of structures was therefore
absorbance centered around 270 nm decreases, attributable tgetérmined to b& > 8~ 6 > 7.
electronic reorganization for the conjugated, aromatic frame-  Considering that the vast majority of square planar substitu-
work. Although anthracenes are widely applied as luminescent tion reactions are thought to occur by associative mecharfsms,
tags? none was detected for these complexes, in accord with the nitrate ion could possibly be playing the role of a nucleophile

the assumption that the heavy-atom effect is the major contribu-in the self-assembly. Hence, we describe this counterion effect
tor to fluorescence quenchiif. as a type of kinetic stabilization. To further test this hypothesis,

we carried out a reaction between the “clig) and BPE (103
M) in a methylene chloride solution saturated with ¥
(Scheme 4). The idea was that as nitrate gets displaced from

Mechanistic Studies. An intriguing prospect for self-as-
sembly is that of enhancing the stability and/or potential utility
of a thermodynamically assembled structure by rendering the
kinetically labile interactions irreversible, that is, “locking” the (25) Fujita, M.; Ibukuro, F.; Yamaguchi, K.; Ogura, K. Am. Chem.

Soc.1995 117, 4175.
(23) De Silva, A. P.; Gunaratne, H. Q. N.; Gunnlaugsson, T.; Huxley, (26) Terpin, A. J.; Ziegler, M.; Johnson, D. W.; Raymond, K Axhgew.
A.J. M.; McCoy, C. P.; Rademacher, J. T.; Rice, Tdhem. Re. 1997, Chem., Int. Ed. Engl2001, 40, 157.
97, 1515. (27) Lindsey, J. SNew J. Chem1991, 15, 153 and references therein.
(24) Klessinger, M.; Michl, JExcited States and Photochemistry of (28) (a) Cross, R. JAdv. Inorg. Chem.1989 34, 219. (b) Van Edlik,
Organic MoleculesVCH: New York, 1995. R.; Palmer, D. A.; Kelm, Hlnorg. Chem.1979 18, 572.
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the metal center by pyridine, the uncoordinated nitrate will self-assembly, the simple fact that the choice of counterion does
immediately be exchanged with Périven by the large excess, have such an effect on structural stability offers valuable new
and only the forward reaction will be allowed to proceed, that insight. This postmodification method of stabilization endows
is, no self-correction. As assessed by NMR, these reactionthe structures with newly found robust qualities and allows for
conditions led to the predominant formation of oligomeric greater flexibility in their study and application. For example,
material with~30% of 5 formed. Consistent with macrocycle variable temperature NMR experiments can now be performed
formation under kinetic control, running the same reaction at in a wide range of solvents chosen on the basis of boiling point,
progressively lower concentrations increased the yield of melting point, coordination ability, solubilizing properties, etc.

rectangleb. Similar versatility is accessible for crystal growth experiments,
_ cyclic voltametry, mass spectrometry, and new types of-host
Conclusion guest chemistry. These and related experiments are underway

Nanoscopic metallacyclic rectanglés-g) were prepared via ~ and will be the subjects of forthcoming reports.
modular self-assembly through the use of a molecular “clip” as _ )
a preconstructed shape-defining ud)t FAB mass spectral data ~ Experimental Section
and X-ray C.ryStaHOQraphy unambiguously established their General Methods.1,8-Dichloroanthragquinone was purchased from
structure, which showed j[hz,it the "?”gths of the rectangles raNg€ drich. 1,8-Dichloroanthracene was prepared according to the known
from 2 to 3 nm. Mechanistic studies show that the assembled yocequres The bridging ligandtrans-1,2-bispyridylethylene (BPE)
structures can be locked in place by exchanging the nitratesyas purchased from Aldrich and sublimed prior to use. The other two
with nonnucleophilic counteranions. While further studies are ligands used in this study, 1,4-bis(4-ethynylpyridyl)benzene) (BFEB)
needed to firmly establish to what extent anions participate in and 2,5-bis(4-ethynylpyridyl)furan (BPEF),were synthesized by
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published methods. NMR spectra were recorded on a Varian XL-300 bis(trans-Pt(PEt)2(NOs))anthracene (20.0 mg, 0.0172 mmol) and an
or a Unity 300 spectrometer. Deuterated solvents were used as receivedequimolar amount of the appropriate bridging ligand. Next, 0.5 mL of
Proton chemical shifts are reported relative to residual protons of acetoneds and 0.5 mL of DO were added to the vial, which was then
deuterated acetoné @.05).3'P {*H} chemical shifts §) are reported sealed with Teflon tape and heated in an oil bath at®®°C, with
relative to an unlocked, external sample g, (0.0 ppm). U\V-vis stirring. After 10-15 h, the initial pale yellow suspension gradually
spectra were recorded on a Hewlett-Packard 8452A spectrophotometerturned bright orange and became homogeneous. The orange solution
Elemental analyses were performed by Atlantic Microlab, Norcross, was then transferred to an NMR tube for analysis. The product was
Georgia. Melting points are uncorrected. The mass spectrusmals precipitated with KPE; collected on a frit, washed with excess water,
obtained with a Finnigan MAT 95 mass spectrometer with a Finnigan and dried in vacuo. Note: Samples for elemental analysis were ob-
MAT ICIS Il operating system under positive fast atom bombard- tained by allowing the original acetone/water solution to slowly
ment (FAB) conditions. 3-Nitrobenzyl alcohol was used as a matrix in evaporate.
CHCl; as a solvent, and polypropylene glycol and cesium iodide were  cyclobis[(1,8-bistrans-Pt(PEts),(NOs))anthracene)(4,4-dipy-
used as a reference for peak matching. ridyl)] (5). *H NMR (acetoneds/D,0, 300 MHz): 6 9.60 (s, 2H, H),
X-ray Data Collection, Structure Solution, and Refinement.A 9.28 (d, 4H 33y = 6.3 Hz, He-Py), 9.22 (d, 4H3Jun = 5.7 Hz, Hy-
single crystal of eithe or 8 was selected from the reaction product Py), 8.88 (d, 4H3Ju = 6.0 Hz, H-Py), 8.63 (d, 4H3Ju = 6.3 Hz,
and mounted on a thin glass fiber using silicone grease. The data wereyy _py) 8.43 (s, 2H, ht), 7.77 (d, 4H3Jw = 8.4 Hz, Hys), 7.70 (d,
collected at—100 °C using a narrow frame method with scan widths 4H, 334y = 6.9 Hz, H), 7.20 (M, 4H, H), 1.54 (m, 48H, PEl-

of 0.3 in w and exposure times of 20 s. A hemisphere of intensity CHs), 0.88 (m, 72H, PCKCHs). 31P{*H} NMR (acetonedy/D;0, 121.4
data was collected in 1081 frames with the crystal-to-detector distance MHz): 0 8.6 (S, Jpp = 2647 Hz). UV-vis (CH.CL) Amax (€) [NM
of 50.4 mm, \_Nhlch corres_ponds to a maximurfl Yalue of 54.1._ (em™1 M~1)] 272 (53 500), 324 (3 6 100), 336 (33 300), 390 (7500),
Frames were integrated with the Bruker SAINT program. A semiem- 412 (6600). Anal. Calcd for §H1sNsO1:PsPt-8H,0: C, 41.44; H,
pirical absorption correction based upon simulatescans was applied 6.09: N. 4.03. Found: C.41.43: H. 5.92: N. 4.05.
to the data set. Both structures were solved by a combination of direct T . ' . . .
methods and difference Fourier methods and refined with full-matrix . dﬁgfrlloltgrs][é)l]’?é)b 'fg?\ln'\j': tgig;g;g)gngg ﬁﬂi;%gg‘f%
least squares techniques. All the non-hydrogen atoms were reﬁnedZHy Hg)ys 98 (m éH H-Py), 8.33 (s, 2H erbi 8.19 (m éH .-P )'
anisotropically. The positions of the hydrogen atoms were calculated 7 9’8 (s’ 4'H H ’9 7’69 ()é ’ 4H 3] — 8 1 |’—|z. Hi 5 7 63' Z}j ZH
but not refined. Details of the data collection, structure solution, and ;" ° = |"|Zlkifk ’) 215 (’m aH H:J ) 144 (r’n ZSH Pe C’H) '
refinement are given in Table 1. HH = O s Y N : ) T A2
1,8-Bisgrans-Pt(PEts).Cl)anthracene (3).To a stirred solution of &ﬁlz) .(ng 8‘7 iH(s F?JCbC;a%é " 4P{H|;)} lIJ\lV'\ﬂl\:\:iS(?(%Elitlg)gl:(;eﬁDzo(,e)l[znlrf
Pt(PE$). (2.3 g, 3.4 mmol) in freshly distilled toluene (60 mL) under (cm*llel)]. 279 (SP;:SOO) 224 (36 100), 336 (33 300”;6‘*390 (7500)

argon was added, in portions, 1,8-dichloroanthracene (336 mg, 1.36
- ; - e 412 (6600). Anal. Calcd for GoH1s6NsO12PsPL: C, 44.64; H, 5.84;
mmol). The resulting bright red solution was then maintained for 3 N, 4.16. Found: C, 44.43: H. 5.90: N. 4.11.

days in an oil bath at 165110°C. The solvent was removed in vacuo ) . )
at 40°C, and the residue, now in open air, was suspended in meth- ~ Cyclobis[(1,8-bisfrans-Pt(PEts),(NOs))anthracene)(1,4-bis(4-
anol (15 mL) and gently refluxed for 45 min. The suspension was then €thynylpyridyl)benzene)] (7).*H NMR (acetoness/D-O, 300 MHz):
allowed to cool and the product collected on a frit and washed twice 0 9:45 (s, 2H, H), 9.05 (d, 4H2Jun = 5.4 Hz, H,-Py), 8.96 (d, 4H,
with cold methanol (5 mL each) to givkas a yellow solid. A 1.3 g “Jhn = 6.3 Hz, H-Py), 8.36 (s, 2H, i), 8.05 (d, 8HJuw = 6.3 Hz,

quantity (86% vyield) was obtained. Mp 26268 °C (dec). *H Hs-Py), 7.76 (s, 8H, henyiend, 7.71 (d, 4HIun = 8.1 Hz, H,g), 7.64
NMR (CD.Clp, 300 MHz): 6 9.33 (s, 1H, H), 8.15 (s, 1H, Hy), (d, 4H,3Juy = 6.6 Hz, Hb7), 7.16 (M, 4H, Hg), 1.44 (M, 48H, PEi-
7.56 (M, 4H, Has), 6.98 (M, 2H, Hg), 1.67 (M, 24H, PE,CH), CHs), 0.82 (m, 72H, PCECHs). *P{*H} NMR (acetoneds/D;0, 121.4

0.93 (m, 36H, PCLCHs). 31P{*H} NMR (CD.Cl, 121.4 MHz): 6 10.7 MHz): 6 8.4 (s,'Jpp = 2643 Hz). UV-vis (CHClo) Amax (€) [nm

(s, Wppt = 2756 Hz).23C{*H} NMR (CD,Cl, 125.7 MHz): ¢ 142.3 (em™* M™1)] 272 (68 000), 350 (65 100), 370 (54 700), 410 (10 200).

(M, Wep = 973 Hz, G—Pt), 138.9, 135.8, 133.2, 131.9, 126.3, 125.8, Anal. Calcd for GieH160NsO12PsP3-8H,0: C, 45.97; H, 5.85; N, 3.70.

122.0, 14.8 (m, BH,CHs), 8.3 (s, PCHCHs). Anal. Calcd for Found: C, 46.38; H, 5.76; N, 3.53.

CagHesClPsPL: C, 41.12; H, 6.18. Found: C, 41.19; H, 6.24. Cyclobis[(1,8-bis(rans-Pt(PEts)2(NOs))anthracene)(2,5-bis(4-
1,8-Bistrans-Pt(PEts)2(NOs))anthracene (4).To a stirred solution ethynylpyridyl)furan)] (8). *H NMR (acetoneds/D,O, 300 MHz): 6

of 1,8-bisfrans-Pt(PEt).Cl)anthracene (500 mg, 0.450 mmol) in  9.23 (s, 2H, H), 9.07 (d, 4H2J4y = 4.8 Hz, H,-Py), 8.90 (d, 4H!Jun

acetone (60 mL) was added, all at once, silver nitrate (153 mg, 0.900 = 5.7 Hz, H,-Py), 8.34 (s, 2H, ht), 8.00 (m, 8H, H-Py), 7.70 (m,

mmol). The reaction was stirredrf@ h in thedark, after which the 4H, Hy459, 7.20 (S, 4H, Hrany), 7.15 (M, 4H, Hg¢), 1.41 (m, 48H,

reaction mixture was filtered through a bed of Celite and the filtrate PCH,CHs), 0.85 (m, 72H, PChCH3). 3'P{'H} NMR (acetoneds/D,0,

evaporated to dryness under reduced pressure. The crude yellow solidl21.4 MHz): 6 8.7 (s, Jppt = 2644 Hz). UV-Vis (CH,CLp) Amax (€)

was then suspended in 20 mL of water and sonicated for 15 min. The [nm (cnm*M~1)] 272 (31 300), 380 (39 600), 402 (36 500). Anal. Calcd

suspension was then filtered, washed with excess water, and air-dried for Cy1H156NgO14PsPL: C, 46.93; H, 5.49: N, 3.91. Found: C, 46.67;

Next, on a steam bath, the product was taken up in @ minimum amountH, 5.55; N, 3.76.

of boiling methanol, filtered hot, and placed in the freezer fer21

days. The yellow crystals that formed were collected on a frit and dried Acknowledgment. Financial support by the National Science
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