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ABSTRACT

A linear bis secondary dialkylammonium ion-containing scaffold—based upon an anthracenyl core—has been synthesized. It has been
demonstrated that it is possible to dock either one or two dibenzo[24]crown-8 (DB24C8) macrocycles onto this scaffold to afford either a [2]-
or [3]pseudorotaxane, respectively. In solution, the association constants for the formation of each of these species has been quantified by
employing *H NMR spectroscopy, and both species survive in the “gas phase” as evidenced by FAB mass spectrometry. Additionally, the
X-ray crystal superstructure of the [3]pseudorotaxane has been determined.

During the past 35 years, several different protocols have We envisage the existence of a further class of interlocked
been developédor the synthesis of mechanically interlocked molecules, beyond catenanes and rotaxanes, that are remi-
molecular compounds. These compounds, which include niscent of carceplexes, yet distinguishable from them. In their
catenaned? rotaxane$;® and carceplexest are constituted  simplest forms, these molecules would consist of two
of molecules composed of two or more components that components-a somewhat rigidscaffoldand a reasonably
cannot be separated from each other for mechanical reasondlexible net—wherein the scaffold would be enmeshed by
The synthetic protocols used by chemists have evélfreth the net. With a judicious choice of cores and branches, a
being all but statistical in the beginning to utilizing, dendritic-like scaffold could be employed to template, under
successfully, covaleft,coordinative’, and noncovalefit

templates under both kinetiand thermodynami€ control. (2) A catenane comprises two or more interlocking rings. (a) Hunter, C.
A. J. Am. Chem. S0d.992,114, 5303—-5311. (b) Leigh, D. A.; Murphy,
A.; Smart, J. P.; Deleuze, M. S.; Zerbetto J-FAm. Chem. S04.998,120,

T University of California, Los Angeles. 6458-6467. (c) Andrievsky, A.; Ahuis, F.; Sessler, J. L.; Vogtle, F.; Gudat,
* Imperial College, London. D.; Moini, M. J. Am. Chem. S0d.998,120, 9712—9713. (d) Ibukuro, F.;
(1) (a) Schill, G.Catenanes, Rotaxanes, and Kndtsadmic: New York, Fujita, M.; Yamaguchi, K.; Sauvage, J.-B.Am. Chem. S0d 999,121,

1971. (b) Cram, D. J.; Cram, J. M. @ontainer Molecules and their Guests 11014-11015. (e) McArdle, C. P.; Irwin, M. J.; Jennings, M. C.; Puddephatt,
Stoddart, J. F., Ed.; RSC: Cambridge, 1994. (c) Amabilino, D. B.; Stoddart, R. J.Angew. Chem., Int. EA.999,38, 3376—3378. (f) Hamilton, D. G,;
J. F.Chem. Rev1995,95, 2725—2828. (d) Hubin, T. J.; Kolchinski, A. Montalti, M.; Prodi, L.; Fontani, M.; Zanello, P.; Sanders, J. K. @hem.

G.; Vance, A. L.; Busch, D. HAdwv. Supramol. Chenmi999,5, 237—357. Eur. J.200Q 6, 608—617. (g) Balzani, V.; Credi, A.; Langford, S. J.; Raymo,
(e) Molecular Catenanes, Rotaxanes and Kn&auvage, J.-P., Dietrich- F. M.; Stoddart, J. F.; Venturi, Ml. Am. Chem. So@000,122, 3542—
Buchecker, C., Eds.; VCHWiley: Weinheim, 1999. 3543.
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thermodynamic control, the formation of a matching net scaffold and then demonstrate that it will form a 2:1
comprising macrocycles and links around the scaffold. Thesecomplex—namely, a [3]pseudorotaxanehich can subse-
two components would be inseparable from each other prior quently be functionalized in order that the rigid linkers can
to cleavage of at least one covalent bond somewhere in thebe introduced during the covalent modification of the initially
molecular architecture. For example, the attempted departurdormed supermolecule. In this manner, the macrocycles can
of one macrocycle of the net from the scaffold would be covalently linked together after self-assembly of the [3]-
necessitate the passing of another macrocycle over the corgseudorotaxane, thus trapping the scaffolhich templates

of the scaffold which would be impossible for steric reasons. the formation of the net—inside the net.

One of the simplest examples is portrayed in Figure 1 which  The well-establishéd recognition motif that leads to the
threading of secondary dialkylammonium centers through
crown ethers, such as dibenzo[24]crown-8 (DB24C8), was
chosen as the starting point for this research. Herein, we (a)
report the synthesis (Scheme 1) of a bisammonium scaffold
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Figure 1. A schematic representation of the approach to be taken 0
in the construction of a new class of interlocked molecular @_/(
compounds. The+” sign on the scaffold represents MHcenters, H HoN
and the rectangles introduced at sfepre crown ethers with [24]-

crown-8 constitutions. In stef, noncovalent bonding leads to
complexes (pseudorotaxanes) that are covalently linked inBstep
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schematically illustrates the formation of an interlocked 2PFg~

molecule containing (i) a linear rigid scaffold comprising a =
rod with a centrally located bulky core and (ii) a net-like N
macropolycycle built of two macrocycles joined by two rigid

linkers. The first step toward making such an interlocked
molecular compound is to identify and synthesize a ditopic
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aReagents and conditions: i, PhMe, reflux; ii, NaBMNeOH,
H,0, rt; iii, HCI, H)0, rt; iv, NH4sPFRs, HO, rt.

(3) A rotaxane is a molecule that comprises a dumbbell-shaped compo-
nent on which one or more rings are trapped mechanically by virtue of the
bulky nature of the dumbbell’s terminal groups. (a) Anelli, P. L.; Spencer, based on a gllo_anthraceny| core and (b) demonstrate its
N.; Stoddart, J. FJ. Am. Chem. S0&991, 113 5131-5133. (b) Kolchinski, " . .
A. G.; Alcock, N. W.; Roesner, R. A.; Busch, D. Bhem. Commuri998 ability to form a [3]pseudorotaxane with DB24C8, both in
é‘ll37_—1438- () Clegg,'S W, Gimegﬁz-Sagz, Cg.;9 geigh, D. 2A.; Mu;gh{a)A.; the solid state and in solution.
awin, A. M. Z,; Teat, S. J. Am. Chem. S04999,121, 4124—4129. . . .
Kawasaki, H.; Kihara, N.: Takata, Them. Lett1999, 1015—1016. (e) 9,10-Bis(aminomethyl)anthraceffavas condensed with
zg)aehml, L.; Kern, T'l.-M.; Shauvage, J.Ghem. Eur. J1999(5,)3310t;3317. 2 equiv of benzaldehyde. The resulting diimine was reduced
Seel, C.; Vogtle, FChem. Eur. J2000, 6, 21-24. (g) Loeb, S. J.; : ; ; ; ;
Wisner, J. A.Chem. Commur2000, 845—846. to yield _the diamine which V\_/as protonated and subjected to
(4) Jasat, A.; Sherman, J. Chem. Re»1999,99, 931—967. counterion exchange to give the sdlitH,2PR!® as a

(5) (@) Wasserman, El. Am. Chem. Sod96Q 82, 4433-4434. (b) i _ i i
Hamison, | T+ Harmison. SJ. Am. Chem. Soa967 89, 57235724, crystalline compound. X-ray quality single crystals of the

(6) Schill, G.; Liittringhaus, AAngew. Chem., Int. Ed. Engl964, 3, [3]pseudorotaxarté[(DB24C8)-1-H,][PFe]. were obtained
546—-547. by vapor diffusion ofi-Pr,O into a 2:1 solution (CkCly/

(7) (a) Sauvage, J.-F”Acc. Chem. Red.998,31, 611—619. (b) Try, A.
C.; Harding, M. M.; Hamilton, D. G.; Sanders, J. K. I@hem. Commun.
1998, 723—724. (c) Fujita, MAcc. Chem. Red.999,32, 53-61. (11) (a) Kolchinski, A. G.; Busch, D. H.; Alcock, N. W.. Chem. Soc.,

(8) (a) Glink, P. T.; Schiavo, C.; Stoddart, J. F.; Williams, DChem. Chem. Commurl995, 1289—-1291. (b) Ashton, P. R.; Chrystal, E. J. T;
Commun.1996, 1483—1490. (b) Philp, D.; Stoddart, J.Ahgew. Chem., Glink, P. T.; Menzer, S.; Schiavo, C.; Spencer, N.; Stoddart, J. F.; Tasker.

Int. Ed. Engl.1996, 35, 1154—1196. (c) Fyfe, M. C. T.; Stoddart, J. F.  P. A;; White, A. J. P.; Williams, D. lhem. Eur. J1996,2, 709—728. (c)
Acc. Chem. Re4997, 30, 393-401. (d) Vogtle, F.; Safarowsky, O.; Heim, Fyfe, M. C. T.; Stoddart, J. FAdv. Supramol. Chen1999,5, 1-53. (d)
C.; Affeld, A.; Braun, O.; Mohry, A.Pure Appl. Chem1999,71, 247— Yamaguchi, N.; Gibson, H. WAngew. Chem., Int. EdL999, 38, 143—
251. 147.

(9) (a) Amabilino, D. B.; Ashton, P. R.; Pérez-Garcia, L.; Stoddart, J. F. (12) Morgan, H.; Fukushima, H.; Taylor, D. M. Polym. Sci.: Part A:
Angew. Chem., Int. Ed. Engl995, 34, 2378—2380. (b) Rowan, S. J,; Polym. Chem1994,32, 1331—1340.

Stoddart, J. FJ. Am. Chem. So2000,122, 164—165. (13) Synthetic details for, and characterization data relating to compounds
(10) (a) Fujita, M.; Ibukuro, F.; Hagihara, H.; Ogura, Kature 1994, 1 and 1-H,*2PF;, can be found in the Supporting Information.
367, 720—723. (b) Kidd, T. J.; Leigh, D. A.; Wilson, A. J. Am. Chem. (14) The crystalline 2:1 complex was also examined using FABMS. In
S0c.1999,121, 1599—-1600. (c) Cantrill, S. J.; Rowan, S. J.; Stoddart, J. F. addition to a major peak an/z865, corresponding to a [2]pseudorotaxane
Org. Lett.1999,1, 1363—1366. (d) Rowan, S. J.; Stoddart, JOFg. Lett. that has lost two of its R counterions, there is a significant peaknalz
1999,1, 1913-1916. (e) Furusho, Y.; Hasegawa, T.; Tsuboi, A.; Kihara, 1459, corresponding to the [3]pseudorotaxane with the loss of oge PF
N.; Takata, T.Chem. Lett2000, 18-19. (f) Chichak, K.; Walsh, M. C.; counterion, as well as a prominent peak 657, representing the doubly
Branda, N. RChem. CommurR000, 847—848. (g) Jeong, K.-S.; Choi, J.  charged [3]pseudorotaxane without any counterions. A similar fragmentation
S.; Chang, S.-Y.; Chang, H.-YAngew. Chem., Int. EQ000, 39, 1692— pattern has been reported for a related [3]pseudorotaxane in which the
1695. (h) Ro, S.; Rowan, S. J.; Pease, A. R.; Cram, D. J.; Stoddart, J. F.9,10-anthracenyl core df-H,2" is replaced by a-phenylene unit. See:
Org. Lett.2000,2, 2411—2414. ref 11b.
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MeNG,, 1:1) of DB24C8 andl-H,:2PFK. The X-ray analy-
sist® of these crystals revealed (Figure 2) the anticipated
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Figure 2. Solid-state superstructure of [(DB24G&)-H,]?*. The

hydrogen bonding geometries are-M---O, H---O distances (A) Figure 3. Partial*H NMR spectrum (400 MHz) of a 1:1 mixture

and X—H---O angles (deg); (a) 2.94, 2.09, 159; (b) 3.05, 2.23, 152; of DB24C8 andl-H,:2PF (10 mM each) in CBCN at 298 K.

(c) 3.17, 2.28, 174; (d) 3.00, 2.12, 167; (e) 3.41, 2.45, 172. The The subscripts “c” and “uc” denote signals arising from protons
centroid---centroid and mean interplanar separations between ringthat are complexed and uncomplexed, respectively. The resonances
A and ring C and between ring C and ring B are 3.72, 3.39 and for the protons corresponding to the 1:1 [(DB248M);][PF|.

3.61, 3.45 A, respectively. complex-which contains one complexed and one uncomplexed

NH,* center—are labeled in red while those corresponding to the
2:1 complex are in blue.

threading of the benzylammonium portions of the dication
through the centers of the two DB24C8 macrocycles to create
a nealC; symmetric superstructure geometry. Intercomponent
bonding is via a combination of ™N-H---O and
C—H---O hydrogen bonds as well as-xr stacking between
one of the catechol rings of each of the DB24C8 units and shifts, relative to the signals fdrHs2PFR, are observed for

tlheH gfn;[ﬁl portion of ?hf antthracep N l:n.it Oft;hetdicgtior the methylene protons (Ha and Hb) adjacent to the;NH
p;leznyi ringesre are no interactions involving the terminal centers in the 2:140 = +0.02 and+0.83 ppm for Haand
: . . Hb,, respectively) and 1:1 complexes (A& +0.20 and

'll'r;_e ctr)]mplelxatgon Oﬂ'HZ fPF‘; tgl/ DB&‘;{CE; thQCN +0.93 ppm for Haand HR, respectively). Similar downfield

solution has also been investigated BNMR speciroscopy shifts have been report€dfor the resonances of the

starting with different §t0|ch|ometr|.c. ratios (?f macrocychc methylene protons in thiél NMR spectra of pseudorotaxanes
polyether to scaffold. Since the equilibrium kinetics between formed between DB24C8 and a number of substituted

i 1
KIOI\TRE)It?r):IeedSSQIi ;?2881f\)lexzedsr?ngIeesaI?sriosrl?r\g soensltheeciesdibenzylammonium cations, including the sterically analo-
are observed (Figure 3) in 'éhe S pecF:)trum In %thMlg go_usN-(9-an_t hracenylmethle—be_n zylammonium catiof. ;
9 P : It is also evident that the downfield shift for the benzylic

spectrum, obtained _using a solution_that is 50 mM in methylene protons (Hb) is more dramatic than that of the
DB24C8 and 10 mM inl-Hp-2PF, only signals for the [3]- . anthracenyl methylene protons (Ha). This larger shift for the
pseudorotaxane (221 comp_lex) can pe abserved eaSIIy'former suggests that, upon complexation with DB24C8, the
Conyersely, a solu_tlon that s 10 mM in DB24C8 and 50 benzylic methylene protons interact with the crown ether
mM in 1'H2'2.PF5 gives rise to artH NMR spectrum of, through C—H---O hydrogen bonds. In the 1:1 complex, the
almost exclusively, the [2]pseudorotaxane (1:1 complex). An signal for the anthracenyl methylene protons (af the

free ammonium site is shifted upfield, possibly as a

equimolar mixture (10 mM each) of DB24C8 afH,-2PF;

in CDsCN gives rise to @H NMR spectrum with all four
species—the 1:1 and 2:1 complexes, in addition to the
uncomplexed species—present. In this spectrum, downfield

(15) Crystal data for [(DBZ4C8’)1-H2][PF6] 222MeNGQ,: C7gHoaN2O16°
2PFRs-2MeNG,, M = 1727.6, monoclinicP2; (No. 4),a= 12.044(2)b =

25.471(2)c = 14.632(2) A8 = 113.52(1)°V = 4115.7(8) R, Z= 2, D, (16) Ashton, P. R.; Campbell, P. J.; Chrystal, E. J. T.; Glink, P. T;
= 1.394 g cm3, u(Cu Ka) = 13.5 cnr?, F(000) = 1812, T = 183 K; Menzer, S.; Philp, D.; Spencer, N.; Stoddart, J. F.; Tasker, P. A.; Williams,
clear needles, 0.6% 0.43 x 0.30 mm, refined based d¥? to give Ry = D. J. Angew. Chem., Int. Ed. Engl995,34, 1869—1871.

0.062, wR = 0.163 for 6389 independent observed absorption corrected ~ (17) Ashton, P. R.; Ballardini, R.; Balzani, V.; Gémez-Lopez, M;
reflections [Fo| > 40(|Fo|), 20 < 128°] and 1091 parameters. The absolute  Lawrence, S. E.; Martinez-Diaz, M.-V.; Montalti, M.; Piersanti, A.; Prodi,
chirality of the structure was determined byRifactor test R = 0.0615, L.; Stoddart, J. F.; Williams, D. J. Am. Chem. S0d.997,119, 10641—
R:~ = 0.0626]. 10651.

Org. Lett., Vol. 2, No. 19, 2000 2945



consequence of shielding fromsastacked catechol ring, five times larger tharkK, suggests that a small amount of
while the signal for the other anthracenyl methylene protons negative cooperativi{ is in operation for the binding of
(Hac) in the bound ammonium ion is shifted downfield (vide the second macrocycle. It appears that binding of the first
supra), presumably as a result of being encircled by a macrocycle by an Nk center in thel-H>" dication
DB24C8 macrocycle. However, on complexation with a decreases very slightly the affinity of the other Nttenter
second macrocycle to give the 2:1 complex, the chemical for the second macrocycle. A possible reason for this slight
shift changes are reversed so that the resonance correspondlamping effect could be the fact that in the 1:1 complex
ing to Ha is only slightly downfield (vide supra) from that  both catechol rings in the macrocycle can s stack with
for the free dicatiori-H,?". The benzylic methylene protons the anthracene core if it adopts a U-shaped conformétion,
(Hb) show a similar behavior. In summary, the chemical whereas when two macrocycles are bound to the dication
shifts of Ha and Hb depend on the conformations adopted 1-H,?* in the 2:1 complex, only two of the four catechol
by the DB24C8 macrocycles in the 1:1 and 2:1 complexes rings can interact relatively strongly with the anthracene core.
wherein the catechol rings can shield or not shield Ha and Nonetheless, despite the small amount of negative cooper-
Hb as the case might be, while-Ei---O interactions with ativity, we have established that dications of the t§gde,>"
the macrocycles has a direct and profound effect. It is also do bind to DB24C8. With appropriately functionalized crown
of interest to note that the resonances for the catechol ringethers, we hope to construct interlocked molecules of the
protons (He and Hf) in DB24C8 are shifted upfield = type depicted in Figure 1.
—0.65,—0.60 ppm for He and\é = —0.30 and—0.40 ppm We have noted that monofunctionalization of the catechol
for Hf) in the 1:1 and 2:1 complexes, respectively, as a rings? of DB24C8—the obvious sites for functionalizing this
consequence of their stacking with the anthracene core. macrocycle—will reduce its symmetry and therefore result
In solutions of known concentrations, the absolute con- in the production of a number of different isomeric com-
centrations of both complexes (2:1 and 1:1), DB24C8, and pounds. Since this situation increases the complexity of the
1-H,*2PF; can be determined from integrations performed synthesis using DB24C8 macrocycles, we are looking to
on resonances for suitable probe protons in #HeNMR develop® macrocycles that retain the [24]crown-8 constitu-
spectra and thus the binding constants can be calctated tion yet can be functionalized in a symmetrical manner.
by the single point method. The overall association constant . )
Ka for two DB24C8 macrocycles in equilibrium with-Ho: Acknowledgment. We thank the National Science Foun-
2PF; was found® to be 7.4x 10° M2 in CDsCN/CD;NO, dation for their support of this research.
(1:1) and 1.4x 10 M2 in CD:CN. The equilibrium
constantKj, for the binding of one DB24C8 to one NH
center in the dicatiod-H,?* was calculated to be 6200™
in CDsCN/CDsNO; (1:1) and 2800 M*in CD3CN. Likewise
K, the equilibrium constant for the binding of a second
DB24C8 to the 1:1 complex, was found to be 1200Nh 0OL006187G
CD3CN/CDsNO; (1:1) and 510 M in CDsCN. The AG® —
values arising fromKa, K, andK; (1:1 CDCN/ICDINO,) (80 0 e e e e o i posiively sooperative
are—9.4,—5.2, and—4.2 kcal mot?, respectively. The fact it kyK, is smaller than 4, noncooperative if equal to 4, and negatively

that K; for the formation of the [2]pseudorotaxane is over cooperative if greater than 4. See ref 12.
(21) Fyfe, M. C. T.; Stoddart, J. F.; Williams, D. Struct. Chem1999,

Supporting Information Available: Synthetic procedure
and relevant characterization data 16H,-2PF; and crystal
data for [(DB24C8) 1-H,][PFg].. This material is available
free of charge via the Internet at http://pubs.acs.org.

10, 243—259.
(18) Connors, K. ABinding Constants; Wiley: New York, 1987. (22) For an example of an asymmetric monofunctionalized DB24C8
(19) Association constants given for 1:1 DB24C8 afheHy 2Pk derivative that results in diastereoisomeric mixtures of complexes, see:

[CD3sCN/CDsNO;, (1:1)] were obtained at concentrations of 7.0 and 3.5 mM, Ashton, P. R.; Baxter, |.; Cantrill, S. J.; Fyfe, M. C. T.; Glink, P. T.; Stoddart,
respectively, while thé&, value given for CBCN was an averaged value  J. F.; White, A. J. P.; Williams, D. JAngew. Chem., Int. EdL998, 37,
for two different experiments, (a) 10 and 5 mM and (b) 20 and 10 mM in  1294—1297.

DB24C8 andl-H,-2PFs, respectively. The overall association constéat, (23) See the following paper in this issue: Chang, T.; Heiss, A. M.;
= K1 x Kz whereK, = [2:1]/([DB24C8][scaffold]),K1 = [1:1])/([DB24C8]- Cantrill, S. J.; Fyfe, M. C. T.; Pease, A. R.; Rowan, S. J.; Stoddart, J. F.;
[scaffold]), andK; = [2:1]/([1:1][DB24C8]). White, A. J. P.; Williams, D. JOrg. Lett.2000,2, 2947—2950.
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