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Abstract: Two novel classes of cavitand-based coordination c@age$ and8a—d have been synthesized via
self-assembly procedures. The main factors controlling cage self-assembly (CSA) have been identified in (i)
a P-M—P angle close to 30between the chelating ligand and the metal precursor, (i) Pd and Pt as metal
centers, (iii) a weakly coordinated counterion, and (iv) preorganization of the tetradentate cavitand ligand.
Calorimetric measurements and dynadticand'®F NMR experiments indicated that CSA is entropy driven.

The temperature range of the equilibrium cage-oligomers is determined by the level of preorganization of the
cavitand component. The crystal structure of cadeevealed the presence of a single triflate anion encapsulated.
Guest competition experiments revealed that the encapsulation preference of7bagéslows the order

BF,~ > CRSO;~ > PR~ at 300 K. ES-MS experiments coupled to molecular modeling provided a rationale
for the observed encapsulation selectivities. The basic selectivity pattern, which follows the solvation enthalpy
of the guests, is altered by size and shape of the cavity, allowing the entrance of an ancillary solvent molecule
only in the case of BF.

Introduction In particular, metal-directed self-assembly is emerging as one

Container molecules are unique among synthetic molecular of the most promising_ approaches to the generation of complex
receptors because of their peculiar encapsulation propérties. supra_molgcular archltectures_, due to the Iarge_ number of
A wide range of guests of different size, shape, and charge havecoordmapon mc_>t|fs aqd multldentatg ligands available. Mol-
been trapped within their interior in a time scale which can span ecules with a wide variety of topologies and shapes have been

from microseconds to forever. Desired features of container gggztr:ﬁf;?g Irr]i dtshIiewgzﬁéénfélig;g%ezogiz, o%raiggisti' dgﬁ:gpeanes’
molecules comprise selectivity in guest encapsulation, control » gnias, ' ’

of guest orientation and dynamics within the cage, and revers- pyridine ligandSare the most popular building blocks for metal-
ibility, which allows guest uptake and release under controlled assembled molecular containers, fpllowed by cathecdlfi’(ut .
conditions. Equipped with such features, many potential ap- others® Cavitand-based coordination cages are receiving in-

plications can be envisioned for molecular containers, ranging
from specific drug release to catalys@snd memory storage ; )
(3) van Wageningen, A. M. A.; Timmerman, P.; van Duynhoven, J. P.
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Chart 1

1a R=CgH,,
1b R=C,;Hq
1¢ R=CH,CH,Ph

Ph Ph B Et S N
\P/ b \; \
/ N\ OSOCF B \ . OSOCF, P THF P X
(CH,), m” /M\ < oM ex ¢ oml
~N
0SO,CF, Et: P OSO,CF, R TR PT X
Ph/ \Ph Et Et Ph  Ph Ph Ph
3a M=Pd n=1 4a M=Pt 5a M=Pd X=BF, 6a M=Pd X=CF,COO-
3b M=Ni n=2 5b M=Pt X=BF, 6b M=Pt X=CF,COO
e e =2 5c M=Pd X=PF, 6c M=Pd X=OTs
e MoNi nes S5d M=Pt X-PF, 6d M=Pd X=CHCOO
3f M=Pd n=3
3g M=Pt n=3
3h M=Pd n=4

creasing attentidhdue to the versatility of cavitand platforms  racyano cavitandda—c and 2ab were prepared from the
in terms of synthetic modularity and molecular recognition corresponding tetrabromo cavitands using the Rosenrvom
phenomena. In all cases they have been employed as tetradentarown reaction (see Experimental Section). Cavitataitsc are
ligands by introducing four ligand moieties at the upper rim. conformationally rigid C4,-cone symmetry) with the four nitriles

In a previous communication we reported the metal-directed preorganized in a fixed, diverging spatial orientation. The
self-assembly of new cavitand-based coordination cages inpresence of four ethylene bridges in cavita@dg imparts a
which two tetracyano cavitands are connected through folir Pd limited degree of conformational mobility which, in solution,
or Pt' square-planar complex&Here we present (i) prepara- allows 2a,b to rapidly interconvert between two equivalent
tion and characterization of a whole family of cages, including flattened cone conformatioA8.Upon cooling to 223 K in
the X-ray crystal structure of one of them, (ii) the factors CD,Cl,, no splitting of the proton signals was observedZab,
controlling the self-assembly process in terms of metal, chelating indicating that the interconversion between the two flattened
ligand, counterion, geometry, and preorganization of the mo- coneC,, conformers through th€,, symmetry cone conformer,
lecular components, (iii) evidences that the self-assembly processn which all four nitriles have the same angle with respect to
is entropy driven, (iv) self-selection of the cavitand components, the C, axis, is fast in the temperature range of cage formation.
and (v) the anion encapsulation properties of the cages. Square-planacis-metal bis(triflate) complexe3a—g and4a
. . were prepared via chelation of the corresponding Mezlt,
Results and Discussion followed by exchange of the anionic ligands with AgOTf (OTf

Synthesis of the Molecular Components (Chart 1)Tet- = triflate) in CHCl,. In the case of Pd(dppb)(OTEfBh, ligand

(6) For recent examples of molecular containers assembled using Substitution of Pd(€HsCN):Cl with dppb* was required to
multidentate pyridine ligands, see: (a) Takeda, N.; Umemoto, K.; Yamagu- afford the complex Pd(dppb)&lfollowed by reaction with
chi, K,; Fujita, M.Nature1999 398 794—-796. (b) Olenyuk, B.; Whiteford, AgOTf |\/|(dppp))(2 Complexe§a_d and6a—c were obtained

J. A.; Fechtenktter, A.; Stang, P. JNature 1999 398 796-799. (c) T . .
Kusukawa, T.; Fujita, MJ. Am. Chem. Sod999 121, 1397-1398. (d) via ligand exchange of M(dppp)&With the corresponding AgX

Ikeda, A.; Yoshima, M.; Udzu, H.; Fukuhara, C.; ShinkaiJSAm. Chem. salts, while Pd(dppp)(C¥OO), 6d was formed by reaction
fggélggi %12,3‘:&35&%9%(8 Hiraﬁk%' SL-; F_Ujitl?/i 1\611- AWn?]-,thhegﬁ-JSg\C- of palladium acetate with dppp. Platinum compledsand
. enyuk, B.; Levin, M. D.; Whiteford, J. A.; ; ; ; ;
Shield, J. E.: Stang, P. J. Am. C}/]em_ $04099 121, 1043410435, 5d are st_able only in THF solution and were used immediately
(7) For molecular containers assembled using multidentate cathecolate@fter their preparation.
ligands, see ref 5e. Self-Assembly and Characterization of the Coordination
(8) For miscellaneous ligands, see: (a) Saalfrank, R. W.; Burak, R.; Breit, Cages.The typical procedure for cage formation is shown in

A.; Stalke, D.; Herbst-Irmer, R.; Daub, J.; Porsch, M.; Bill, E.; tkler, .
M.: Trautwein, A. X.Angew. Chem., Int. Ed. Engl994 33, 16211623 the case of cavitantla—c and metal precursof—g (Scheme

(b) Mann, S.; Huttner, G.; Zsolnai, L.; Heinze, Kngew. Chem., Int. Ed.  1): by mixing the two components in a 1:2 molar ratio at room

Eg?r']- (13?9?: 3A?1 iaoﬁﬁi(rﬁ’- (Icn)t SES'"ET’@@% Bgzrété_'-z?4ggefi d')f-? temperature in solvents such as £, CHCk, or acetone cages

Hartshorn, G. M. Steel. P. Chem. Commuri9o7, 541-542. (¢) Lee, . 72—€ were obtained in quantitative yield. Cagéa—d were

B.; Hong, J.-I.Tetrahedron Lett1998 39, 4317-4320. (f) Abrahams, B.  recovered in pure form by simple evaporation of the solvent,

F.; Egan, S. J.; Robson, BR. Am. Chem. S0d.999 121, 3535-3536.
(9) (a) Jacopozzi, P.; Dalcanale, &ngew. Chem., Int. Ed. Endl997, (10) Cram, D. J.; Karbach, S.; Kim, H.-E.; Knobler, C. B.; Maverick, E.

36, 613-615. (b) Fox, D. O.; Dalley, N. K.; Harrison, R. G. Am. Chem. F.; Ericson, J. L.; Helgeson, R. @. Am. Chem. Sod.988 110, 2229-

Soc.1998 120, 7111-7112. (c) Fox, O. D.; Drew, M. G. B.; Beer, P. D. 2237.

Angew. Chem., Int. E@00Q 39, 136—140. (d) Cuminetti, N.; Ebbing, M. (11) Ligand abbreviations: dppnrs bis(diphenylphosphino)methane;

H. K.; Prados, P.; de Mendoza, J.; DalcanaleT&trahedron Lett2001, dppe= 1,2-bis(diphenylphosphino)ethane; dpppl,3-bis(diphenylphos-

42, 527-530. phino)propane; dppk- 1,4-bis(diphenylphosphino)butane.
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Scheme 1

la-c 3a-h 7a R=CgiH,;5 M=Pd L,=dppp X=CF;SO;
4a 7b R=C,;Hy M=Pd L,=dppp X=CF,SO;
5a-d 7¢ R=CgH, M=Pt Ly=dppp X=CF,SO,
Ga-d 7d R=C,H,,  M=Pt L,=dppp X=CF,50;
7e R=CH,CH,Ph M=Pt L,=dppp X=CF,SO;
7 R=C, My M=Pd L=dppb X=CF,SO,
70 R=C,,Hy M=Pt L=PEt, X=CF,SO,

7h R=C,,Hy M=Pd L,=dppp X=BF,

7i R=Cy Hy, M=Pt L,=dppp X=BF,

7k R=C, Hy M=Pd L,=dppp X=PFy

7i R=CyjHy M=Pt L,=dppp X=PFg

while 7e precipitated out of the reaction medium. All cages are individuation of competitive oligomeric species, and (iii) the
stable both in the solid state and in solution and soluble in presence of solvent molecules trapped within the cages. For
chlorinated and aromatic solvents. A tetrachloroethane solution 7a—e ES-MS showed prominent [M- 2CRSG;7]1%2" and [M
of 7b was kept overnight at 100C and then the cage was — 3CRS0;7]%" peaks; the molecular ions could not be detected
recovered unchanged. since their molecular weight exceeded the limit of the instru-
Their 'TH NMR spectra showed the complete absence of ment.
absorptions belonging to both precursors and the formation of MALDI-TOF spectrometry was carried out on cagd to
anew set of signals, indicative of the presence of a single highly exclude the presence of species having a different stoichiometry
symmetric compoundO, symmetry)? In all cases, upon  of the components consistent with, symmetry, such as wider
formation of the cage, upfield shifts were observed for the inner cages formed by four cavitands and eight organometallic
methylene bridge and the methyne protons of the cavitand precursors. In agreement with the proposed structure, the [M
moiety, while aromatic protons were shifted downfield. The — CFsSO;7]* signal atnvz 5981 is the dominant peak of the
upfield shift of the methyne protons is particularly indicative spectrum (Supporting Information) and the only one present
since it can be attributed to shielding caused by the close above 4000 Da. Signals corresponding to different aggregates
proximity of dppp aromatic rings in the formed cage (see crystal were not observed in the spectrum.
structure). The downfield shift of the aromatic protons instead g jitaple crystals ofd for X-ray analysis were obtained from
is diagnostic of nitrile coordination to the metal. Likewise the 4 gichloromethanebenzene solvent mixture. Two coordination
methylene signals of dppp were shifted downfield upon com- c4ges A and B (Figure 1) having slightly different conformations
plexation. Nitrile-metal coordination was also demonstrated \ere found in the unit cell. Both cages are filled with a single
by FT-IR spectroscopy: the nitrile stretching band of the cages yifiate anjon, without any ancillary solvent molecule present.
is shifted to higher wavenumbers than that of the free cavitands. g gistances and angles relevant to the shape and coordination
The high symmetry of the. cages was conflfme_d by tR&ar ) geometry are defined in drawing . The internal cavity resembles
NMR spectra, which exhibited sharp singlets, with appropriate ;. gplate sphere: the long axisdefined as the distance be-
Pt satellites for Pt complexé&—e, indicating the equivalence  yeen opposite Pt atoms, is 13.5(1) A for cage A and 13.7(1)
of the eight dppp phosphorus atoms. The triflate counterions g o, cage B. The short axib is 12.1(1) A for cage A and
of all cages instead ex.pgrience two diﬁergnt envirpnments: t,heirll.Q(l) R for cage B and is defined as the distance between
'*F NMR spectra exhibited two singlets in a 7:1 integral ratio, the centroids of the four resorcinarene methine carbons. These
the bigger one at about78 ppm, typical of noncoordinated gjistances are in agreement with the dimensions of the cavity

ionic triflates; and a smaller one shifted upfield at abet82  caicylated using the GRASP program. The included triflate
ppm, indicative of the encapsulation of one triflate anion inside -5nnot escape from the lateral portals without breaking a
the cage. coordinative bond.

Additional evidences for the self-assembly of the cages were Platinum metals have slightly distorted square-planar coor-
obtained by using electrospray mass spectrometry (ES!HS). dination spheres: the angles around Pt range from 87(1) to
ES-MS proved to be a powerful technique for the investigation 92(1F and from 1'75(1) to 179(1) Moreover, the nitriles are
of coordination cages in terms of (i) characterization, (ii) not perfectly aligned in the direction of thé Pt metals, the

(12) Lawrence, G. AChem. Re. 1986 86, 17—33. angles GN—Pt being 168(1), 172(1), 168(1), and 166(fgr
ni (13|) Fzr stsjdies ogoncqvafnt\?ggrggationl by Ei-MLS,hseej {(;?]Marquis- cage A and 170(1), 165(1), 169(1), and 170(fby cage B. In
Igau t, A.; upont— ervails, A.; van borsselaer, A.; Lenhn, J. em. it H H H H
Eur. J.1996 2, 1395-1398. (b) Hirsch, K. A Wilson. S. R.: Moore, J. S. addition, the nitriles are slightly biant from the aromatic rings
J. Am. Chem. S0d.997, 119, 10401-10412. (c) Schalley, C. A.; Marij toward the Pt metals with C(Ar)C=N angles from 174(1) to

T.; Obst, U.; Rebek, J., J&. Am. Chem. Sod.999 121, 2133-2138. 179(1y. The nonideal value of the angte [30.1(3f < a <
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Table 1. Cage Self-Assembly (CSA) Using Cavitattl as
Tetradentate Ligand and Organometallic Precur8arsh and4a

entry organometallic precursor outcome
1 Pd(dppm)(OTH (3a) (72.7)2 no CSA
2 Ni(dppe)(OTf) (3b) (86.9)2 no CSA
o P 3 Pd(dppe)(OTH(3¢) (85.8)2 no CSA _
N/ U 4 Pt(dppe)(OTH (3d) (85.1°)2 oligomers formation at
A 300 K; partial CSA
< PAN at 373 K
/F’\ N\\ 5 Ni(dppp)(OTf} (38 no CSA
Ph pn 6 Pd(dppp)(OTH) (3f) (90.6)2 CSA(7b)
7 Pt(dppp)(OTH) (39) (89.3)2 CSA (7d)
8 Pd(dppb)(OTH (3h) (97.6)2 partial CSA at 300 K;
CSA at 373 K f)
9 Cis-Pt(PEt)2(OTf), (4a) partial CSA at 300 K;

CSA at 328 K 7g)

apP—M-P angle of M(dppx)Gl complexes taken from the crystal
structures®

A. In the case of cage B one triflate fluorine atom interacts
! strongly with some resorcinarene carbon atoms [F488...C204
) . ) = 2.24(3) and F488...C205 2.61(3) A]. The displaced
31.4(3y], imposed by the rigid structure of the cavitand, does nqsitions of the included anion with respect to the cavity center
not allow the nitriles to assume the most favorable alignment .6 que to interactions of the gRoiety of the anion with the
with respect to the Pt atoms. The distances of Pt(ll) ions from .5vitand concave surface.

the best planes through the nitrogen and phosphorus atoms | adgition to two cages and the included triflate anions, 14
bonded to Pt are 0.03(1), 0.05(1), 0.03(1), and 0.03(1) A for riflate anions and 25 solvent benzene molecules together with
Ptl, Pt2, Pt3, and Pt4, respectively, indicating nearly no strain fqged long alkyl chains of the resorcinarenes fill the interstices
in the coordination. The average bond distance of Pt...N is 5 the unit cell.

2.05(1) A and Pt...P 2.25(1) A. Control of the Self-Assembly ProcessThe self-assembly

Triflate anions included into the cavities are hlgh'y disordered process considered in this work leads to molecular cages via
between two positions and badly resolved from the X-ray data. formation of four square-planar transition metal complexes. In
In both positions the CFof the triflate points toward the  every complex two adjacent coordination sites are occupied by
cavitand scaffold. The shortest triflateesorcinarene distances nitriles, each belonging to a separate cavitand. difeoordina-
[F478...C34= 3.15(4) and F478...C38 3.16(3) A] reveal weak  tjon geometry, a necessary condition for cage self-assembly
interactions between triflate and the resorcinarene part of cage(Csa), is imposed using dppp as chelating ligand. Therefore,
the following structural parameters have been examined as the
key factors controlling the self-assembly process: (i) choice of
chelating ligand, transition metal, and counterions of the metal
precursor, (ii) preorganization and stiffness of the tetradentate
cavitand ligand.

The influences of the chelating ligand and of the type of metal
have been analyzed by mixing cavitahdiwith organometallic
triflate precursor8a—h and4a, under standard self-assembly
conditions. The results are reported in Table 1. All the chosen
complexes assume square-planar coordination geometry in
solution, except for Ni(dppp)(OT4)3e which in solution is in
equilibrium between the tetrahedral and square-planar fétms.
The effect of varying the chelate ring size has been examined
in the Pd series (entries 1, 3, 6, and 8). The stepwise increase
in the number of carbon atoms of the chelating ligand leads to
a progressive widening of the-fPd—P angle and to a
consequent reduction of the G¥d—NC angle in the complex
(see for comparison the-M—P angle of the M(dppx)Gl
complexes in Table 1 taken from their X-ray crystal structutes).
The results clearly indicate that the CSA is highly sensitive to
distortion from the optimal square-planar arrangement of the
four ligands provided by dppp, particularly when the @—P
angle is smaller than 90In fact, in the case of dppl3l, entry
8) partial cage formation was observed at 300 K, which became
complete at 373 K (the reasons of this temperature dependence

B (14) Van Hecke, G. R.; DeW. Horrocks, W., Jnorg. Chem 1966 5,

; ; ; ; 1968-1974.
Figure 1. Side and top views of the molecular structuré/dishowing (15) The complete set of X-ray crystal structures is available only for

the two orientations A and B assumed _by the includeq triflate anion. o M(dppx)C} series (see Steffen, W. L. Palenik, Glnbrg. Chem1976
Solvent benzene molecules, alkyl chains of the cavitands, external 15 2432-2438 and reference cited therein). The reported/P-P angles
triflate anions, and hydrogen atoms are omitted for clarity. have been obtained through the Cambridge Data Bank.
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Table 2. Cage Self-Assembly (CSA) Using Cavitant as cavitand nitriles giving rise to open oligomers. The behavior
Tetradentate Ligand and M(dppp)%a—d and6a—d as of Ni(dppp)(OTfy 3e is more difficult to rationalize: its
Organometallic Precursors reluctance to enter the self-assembly game can be due either to
anion Pd Pt the weakness of the CANi bond or to the presence in solution
CR:SO;~ (3f—0) CSA (7h) CSA (7d) of the tetrahedral form, which is not compatible with cage
BF,~ (5a—b) CSA (7h) CSA (7i) formation.
CP:F5 (5c-d) _ CSA (7k) CSA (7)) Another basic factor to be considered for CSA is the selection
RCOO (6a—b) no CSA no CSA . . ;
TsO (60) no CSA of the counterions, which must be weakly coordinated to the
CHsCOO™ (6d) no CSA metal precursor in order to allow the exchange with the nitriles

of the cavitand ligands. For this reason triflate complexes were

will be analyzed in the following paragraph). In the other two Selected first. The results of a series of experiments performed
cases (entries 1 and 3) the CSA was completely suppressed a" cavitandlb with metal precursors M(dppppGa—d and
any temperature. The X-ray crystal structurgdupports these ~ 6a—d are summarized in Table 2. CSA proceeded nicely with
results, showing almost no strain in the coordination sphere of noncoordinating counterions such as,Bland Pk~ but failed
the four Pt complexes. Likewise, exchange of dppp with dppe With the acetate, trifluoroacetate, and tosylate anions, which are
in the Pt complexes (compare entries 4 and 7) destabilizes thet00 strongly coordinated to the metal to undergo ligand exchange
cage with respect to open oligomers. By comparison, the useWith the nitriles. To check further this hypothesis, the following
of ethylenediamine as chelating ligand in the form of Pt(en)- €xperiment was devised (Scheme 2): Tetrabutylammonium
(OTf), totally inhibited CSA, giving no reaction witthc. The trifluoroacetate was added to cagésand 7d respectively in
partial CSA observed in the case 44 to give cagerg (entry the correct 8:1 stoichiometric ratio required to replace all nitriles,
9) at room temperature demonstrates that the absence of dgecording'H NMR and *F NMR spectra of the resulting
chelating ligand destabilizes the cage with respect to alternativeMixtures immediately after the addition of the salt. THNMR
open species. spectrum revealed complete cage disassembly with release of
The influence of the transition metal has been highlighted the free cavitandb, while the'sF NMR showed the formation
in the M(dppe)(OTR and M(dppp)(OTf series (entries27).  Of the M(dppp)(CECOO) complexesbab and of tetrabutyl-

The observed trend in cavitand nitriles coordination ¥PPd ammonium ftriflate. This experiment clearly indicates that
> Ni) correlates with the relative strength of the ENl dative ~ CFCOO™ anions readily replace the nitriles in the cage metal
bonds. In the favorable case of dppp as chelating ligand, bothcomplexes, therefore inhibiting CSA.
Pd and Pt complexes led to the formation7dxd, while for The preorganization of the cavitand ligand is another essential
dppe only the Pt compleg8d was able to coordinate to the ingredient of the self-assembly recipe. The influence of the
Scheme 2
—l 7+
R 0 R 0
7 CF,S0y

ML,

1

N

4 M(dppp)(CF,CO0), + 8 (CF,50;)(NBu,*)

Scheme 3

Ph  Ph
\/ X
P
: CH,CI
2 CN + 4 \pt/ 2
7N
P X
7\
Ph  Ph
2a,b 3g, 5b, 5d 8a R=CgH,; L=dppp X=CF SOy
8b R=C,;H,; L=dppp X=CF;SOy
8¢ R=C,H,; L=dppp X=BF,
8d R=C,H,; L=dppp X=PFg
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Table 3. Influence of Cavitand Preorganization on Cage A
Self-Assembly (CSA)

T TR M A

. ,‘ 333K

Entry  Organometallic
precursor

I

Il a |
s [P = . = |
Pd(dppm)(OTH), (3a) No CSA No CSA By, |}, \ | N M AL

1

2 Pd(dppe)OTL); (3¢) No CSA No CSA f

3 Pd(dppp)(OTY); (31) CSA (7b) No CSA ,/'JI \ s . W 300K

4 Pd(dppp)(BFa); (5a) CSA (7h) No CSA : M_Lx—f* . — S

5 Pd(dppp)(PF6)2 (Sc) CSA (7k) NO CSA FPe 8.0 7.8 £ ] 6.5 60 2.5 2.8 4.3 4.8 X 30 25 20

6  Pd(dppb)(OTf); (3h) CSA (79)* No CSA Figure 2. Equilibrium cage-oligomers fo8b in C,D,Cl, monitored

7 Ptdppp)(OT1): Bg) CSA (7d) CSA (8b)° by H NMR as a function of temperature (1:2 mixture2i§ and 3g):

8 P(dppp}BFy); (5b) CSA (7i) CSA (8¢)° (W) diagnostic signals of the cages) solvent and water resonances.
9 Pt(dppp)(PFe): (5d) CSA (7)) CSA (8d)°

cyano substituents at the upper rim, in the presence of 3 equiv
of Pt(dppp)(OTf), led to the quantitative formation of capsule
10(Scheme 4). Interestingly in this case no inclusion of a triflate

rigidity of the tetradentate cavitand ligand and the relative counterion was detected ,b%p': NMR. This experimental
orientation of the four cyano substituents on the cage self- evidence can be interpreted in two ways: (@) the cavity no longer

assembly have been evaluated, introducing conformationally "as @ thermodynamic affinity for triflate; (b) the guest exchange
mobile ethylene-bridged cavitan@a,b (Scheme 3). In th€,- in and out the cgwty is fa§t on the NMR_ tlme_scale, due to the
cone conformer the four nitriles &b assume an even more  Presence of a wide portal in the equatorial region o_f the capsule,
diverging spatial orientation with respect to their methylene- large enough to allow the escape of the triflate ion from the
bridged analogues, i.e., they form a widerngle relative to interior of the cage. In the second case a change in the chemical
the C4 symmetry axis (see drawing 1y,closer to the 45angle shift (_Aé)_of all triflates should pe observed, as the average of
ideal for the formation of strainless square-planar complexes. WO situations (bound and free triflate). Thevalue of the bound
Computer modeling (Spartan 5.1, Wavefunction Inc.) of cages triflate must be measured in order to evaluateAlde Since we
7 and8 suggested the formation of less strained square-planarnave been unable to determine the chemical shift of the bound
complexes in the case 8f Table 3 reports the real outcome of  triflate in 10 from low-temperature spectra, we cannot distin-
the self-assembly process between cavit@hdand several ~ 9uish between the two possibilities.
organometallic precursors compared to the castbofin the Thermodynamics and Kinetics of the CSA.The self-
case of2b, CSA is possible only with Pt complexes, which assembly process of methylene-bridged cagesnd 7d has
provide sufficient coordinative strength toward nitriles to freeze been monitored byH NMR and FT-IR. In particular in the
the cavitand in the required cone conformation. Their Pd case of!H NMR experiments, the stepwise addition of metal
analogues failed to give CSA under the same conditions. Also precursors3f—g to cavitandlb led to the appearance of the
in this case inclusion of a single anion has been detected bydiagnostic peaks of the cages and to the disappearance of those
19 NMR. A second interesting feature connected to the use of of the limiting reactan?? Likewise for FT-IR the changes in
ethylene-bridged cavitanda,b is the temperature effect on  nitrile absorption in the triple bond stretching region of the
CSA: in all cases the process is partial at 300 K and complete spectrum were monitored (see Supporting Information). In both
only above 350 K (Figure 2). This unusual temperature effect cases the self-assembly process turned out to be highly
led us to investigate the thermodynamics and kinetics of CSA. cooperative: the coordination cage was the only product
The different behavior a2b vs 1b in the self-assembly process observed even in the presence of an excess of either one of the
points out that, in terms of preorganization of the cavitand two reactants. No intermediates in the self-assembly process
ligands, conformational rigidity is more important than optimal were observed. This is consistent with the rapid formation of
coordination geometry. the thermodynamically favored cage with respect to other
Finally, CSA does not require the formation of all four square- species. Variable temperatuteé NMR was performed on cage
planar complexes to be effective. Cavitéhdhaving only three 7d between 213 and 353 K. Only below 253 K did oligomeric

2The CSA is partial at 300 K and complete at 373°Rthe CSA is
partial at 300 K and complete at 353 K.

Scheme 4

9 R=CyjHy 10 R=C,;H,; L=dppp
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Figure 3. Equilibrium cage-oligomers fo8b in C,D,Cl,; monitored
by 'H NMR as a function of temperature using a 1:1 stoichiometric 29718
ratio of 2b and3g: (M) diagnostic signals of the cagél) signals of [2b2.(1>:-complex)3]2+[cage P+

uncomplexed cavitangb; (a) solvent and water resonances. 251035

species started to compete witl, as indicated by broadening
of the spectrum and the appearance of new peaks. : - -
2200 2400 2600 2800

This picture changed dramatically when cavit@hdvas used w2

in the self-assembly process: tieNMR spectra recorded by kg re 4. ES-MS spectra at 298 K of acetone solutions of (a) e
mixing 2b and Pt(dppp)(OTf)3gin a 1:1 stoichiometric ratio  (100.M) and (b) cageb (1004M) recorded under the same operating
at 300 K exhibited broad signals, as well as signals belonging conditions.
to cage8b (Figure 3). Upon heating to 353 K the spectrum
became sharp, showing the presence8bfplus unreacted  as [cage8b]?", and m/iz 2519.5, corresponding tc2fp,:(Pt-
cavitand2b. Higher temperatures did not lead to further changes. complex}]?* complex (Figure 4b).
When the temperature was lowered again to 300 K, the spectrum  The unusual temperature dependence of the CSA was further
returned to the original pattern; this conveys a reversible process.gypstantiated by dynamté NMR studies performed on cages
In the case of a 1:2 stoichiometric ratio, the formation of 74 and 8b. Since the encapsulation of a triflate anion is
oligomers is still favored at 300 K, in accordance with ES-MS  diagnostic of cage formation, monitoring the resonance of the
data, while at 353 K the equilibrium is shifted toward the jncluded triflate anion as a function of temperature is a simple
formation of8b (Figure 2). The same behavior was observed and clean way to trace CSA. The overall size and the dimensions
using chelating ligands forming-fM—P angles which deviates  of the equatorial portals of the cavity are similar in methylene-
from the optimal 90 value (see entries 4 and 9 of Table 1).  and ethylene-bridged cages; therefore their encapsulation prop-
Calorimetric experiments were conducted in tetrachloroethane erties are comparable. Anion encapsulation follows the same
as solvent at different temperatures to quantify the enthalpic temperature dependence observed'HyNMR. For cage7d
contribution to the self-assembly. Both processes are stronglytriflate encapsulation is temperature independent from 253 K
endothermic: AH? = + 57.7 + 0.7 kJ mot? for cage7d upward (Figure 5a), while for cag8b it increases with
formation at 298 K and\H? = + 60 = 2 kJ mol* for cage8b temperature from 253 K, where it is negligible, to 353 K, where
formation at 343 K7 the temperature at whicBb is almost it is complete (Figure 5b). The two cages manifest the same
completely assembled. The formation of both cages is thereforetype of temperature dependence, oritg requires lower
entropy drven, with the temperature range of the equilibrium temperature to disassemble. This implies that CSAdds more
cage-oligomers governed by the level of preorganization of the strongly entropically driven than that for cage.
cavitand components$. This unusual temperature dependence of self-assembly pro-
ES-MS experiments were performed in acetone at room cesses has been observed in hydrogen-bonded capsules hosting
temperature to confirm the existence in solution of other adducts neutral guest§ and in supramolecular clusters encapsulating
of 2b plus Pt(dppp)(OTH besides cag8b. In the case of’d cations?® In both examples, the origin of this unusual behavior
the dominant species in acetone detected as [RCRSO;7]%+ has been attributed to the large entropic gain associated with
was m/z 2916.0, identified as [cag&d]?" (Figure 4a). By the release of solvent upon encapsulation. Also in our case the
contrast, in the case 8b, the primary species was observed at endothermic nature of CSA can be rationalized in terms of
m/z 2066.3 and corresponds tBkp+(Pt-complex)]?™ either in desolvation of the cage components and particularly of the
the form of partially formed cage or open dimer. The other two included aniof! in the self-assembly process, which leads to
major species detected were respectivaly2971.8, identified the entropic overriding of the unfavorable positiveH? of
formation. Less evident is the reason for the enthalpic opposition
(16) In ref 10 several crystal structures of cavitands are reported, from \yhen the encapsulation leads to a partial, electrostatic favorable,

which is possible to estimate the averagea@matic ringa angle of 29 - .
for methylene-bridged cavitands and°4br ethylene-bridged cavitands. ~ charge neutralization (the host charge is reduced frono8

A close average f£aromatic ringa. angle of 32 [range 30.1(3) < o < 7%). A convincing explanation has been given by Raymond and
31.4(3)] has been derived for methylene-bridged cavitdtdfrom the
crystal structure ofd. (19) (a) Kang, J.; Rebek, J., diature1996 382 239-241. (b) Meissner,

(17) CageBb at 298 K is in equilibrium with many oligomeric species;  R.; Garcias, X.; Mecozzi, S.; Rebek, J., JrAm. Chem. S0d.997 119,
therefore it is not possible to separate the various contributions to the overall 77—85.
heat of reaction. (20) (a) Parac, T. N.; Caulder, D. L.; Raymond, K. N.Am. Chem.
(18) For the thermodynamics of self-assembly, see: (a) Chi, X.; Guerin, Soc.1998 120, 8003-8004. (b) Parac, T. N.; Scherer, M.; Raymond, K.
A. J.; Haycock, R. A.; Hunter, C. A.; Sarson, L. D. Chem. Soc., Chem. N. Angew. Chem., Int. ER00Q 39, 1239-1242.
Commun1995 2563-2565. (b) Ercolani, GJ. Phys. Chem. B998 102, (21) For an example of entropy-driven anion complexation, see: Berger,
5699-5703. M.; Schmidtchen, F. PAngew. Chem., Int. EA.998 37, 2694-2696.
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7d 8b fast on the human time scale at ambient temperature only for
7b, a further evidence of the greater strength of the N\aC
786 300K 764 353 K (C,D,Cl,) dative bond compared to the PNIC one.

Self-Selection of the Cavitand Subunits.The relative
stability of cage’d and8b has been assessed and exploited in
competition experiments. The selective formation of c@de
was proven by adding 2 equiv of Pt(dppp)(Q:I3p to a solution
of a 1:1 molar ratio of cavitandkb and2b in CDCls. The self-
assembly process, monitored By NMR, gave cag&d as the

787 233K 783 K only product, while the flexible ethylene-bridged cavitaztal
remained unchanged in solution. The same reaction performed
CF50D T in the presence of an excess of Pt(dppp)(@af)330 K led to
-82.0 814 the exclusive formation of both homocag&sand8b, with no
S S D e trace of the heterocage having both cavitands as components
(Scheme 6). Selective disassembly of Pt cages was also
789 223K 8 0K realized: reaction of equimolar amounts of cagdsnd8b in

CDCl; with the competitive ligand NEtin sufficient quantity

to disassemble only one cage, [éftunchanged, whil8b was

@500 G 50D completely disassembled. This was clearly visible from‘the
-81.9 816 NMR spectrum which showed the characteristic signal patterns

——'J ;ﬂ—’; of 2b and 7d. The small mismatch between the biting angles

of the nitriles of the two cavitand ligands is sufficient to suppress

789 213K T8I 253K heterocage formation. This is a further evidence of how sensitive
CSA is to the preorganization of the molecular components,
T both in terms of process activation and product selectivity.
819 Selectivity in Anion Encapsulation. The Born equatiof?
)L,___A__ __JL,__ allows for estimation of the free energy of solvation of an ion
' of radiusr (A)24and chargein a given solvent. For monovalent
a b anions such as BF, PR, and CESO;™ in chloroform, we
Figure 5. Variable temperature 188 MH#F NMR spectra of () cage ~ have AG°msov = —550~1 kJ moll. Since encapsulation
7d and (b) cage8b in CDCls. requires desolvation of the anion, our expectation was that

inclusion selectivity in a given cage would have been dictated

_ Oa i i I . . . .
co wo'rkter;j% ?ﬁ’ .takcling |r|1totgcccxmt ti:jg Ia:g?h(.en'thtalplc f?{.Sts by the relative entalphy of solvation of the anions, thus favoring
associated with 1on aesolvation. According to this interpretation, -y, o larger, less solvated ones. Accordingly, in our case the

anions with small sqlvauon enthalp_|e§ should be_preferent@lly predicted selectivity should have beenSBy; > PR~ >
encapsulated, provided that they fit into the cavity. To verify BF,~. Table 4 reports the observed selectivity in anion

this h_ypothe5|s, we undertoqk_ a series of anion e?(Changeencapsulation by methylene-bridged cages for competition

experiments to test t_he selectmty in anion encapsulation. The experiments such as the one depicted in Scheme 7, monitored

resglts are repc_)rted in a following paragraph. o ... attwo different temperatures Bid and1°F NMR. Two trends
Since the anion exchange experiments require d|SSOC|at|on/are observed: (i) at 300 K in the presence of stoichiometric

recombination of the Coordination. cages, _the Kinetic stab_ility amounts of the competing ion, the encapsulation preference is
of Pd and Pt cages deserves special attention. A rough estimate w order BE > CRSO; > F,>F5‘ which becomes complete

of the dissociation/recombination time scale can be obtained for BF,~ in the presence of an excess of (NBWBF.-); (ii) at

o " )
by ][nonm()irlng via '; NMR thf.t.“galnd eé(c_?ﬂnge ?etvzeenlt? it 333 K under stoichiometric conditions the slight prevalence of
preformed cage and a competitive igand. 1nis estimate, abeltge - s cpso,~ s reversed in favor of the latter.

not accurate, is sufficient for the purpose of choosing the optimal . .
anion exchange conditiod3.Two set of experiments were . Th? discrepancy petween observed ar_ld expected selectivity
performed directly in the NMR tube. Addition of cavitarg in anion erjcapsulatlon qu us to further investigate the matter
to a CDC} solution of cagerb at 300 K led to the immediate both experlmentally and via computer mOd‘?"“Q- ES-MS turn_ed
out to be, once again, a very valuable investigation tool, enabling

formation of three new species in solution, identified respec- us to detect the presence of solvent molecules trapped within
tively as cavitandlb, Pd heterocag#&l, and Pd homocag#2, .
y 9 Y the cageg® For all cages having GBO;~ and Pk~ as

and to the decrease @b (Scheme 5). The five species were ! o .

identified through the diagnostic signals of the methylene bridge count_eno?s_, ES-tI)\/ItSh gavehl[M f2X] agd [N{ — 3X] ?S i

CH;, and resorcinarene CH and ArH protons, and their presence'oro_m"_qen lons, bo |_n chioroform and acetone as solvents,
while in the case of BF the base peaks correspond to thie

i luti fi ES-MS. Furth iti
in solution was confirmed by ES-MS. Further addition laf values expected for [CHGBM — 2BFJ2, [CHCL@M —

led to an increase in the concentrationldf 11, and 12 with

concomitant decrease @b. In the same ;;‘(f)eriment performed 3BF4]3+! [acetone@M- 2BF4]_2+' and [acetone@M- 3BF,]**

on Pt cagerd, the ligand exchange is negligible immediately respect_lvely (see Flgu_re 6 in the case of chloroform). These
after the addition, with an equilibration time of av&h at 300 results imply that only in the case of encapsulated 85 there
K. The same experiment, repeated at 330_K, led tq imm_ed_iate (23) (a) Moore, W. J. IPhysical Chemistiy5th ed.; Longman Group
ligand exchange. Therefore, the dynamics of dissociation/ Limited: London, 1976; p 430. (b) Marcus, Y. lon Sobatior; Wiley &

recombination, slow on the NMR time scale in both cages, is Sons: Chichester, 1985.

(24) Even if the Born equation is strictly valid only for spherical ions,
(22) For a detailed NMR study of the exchange process in hydrogen- it gives a good approximation &€G?n, s also for nonspherical ones.
bonded cali[4]arenes capsules, see: Mogck, O.; Pons, Mg V.; Vogt, (25) Schalley, C. A.; Castellano, R. K.; Brody, M. S.; Rudkevich, D.

W. J. Am. Chem. S0d.997 119 5706-5712. M.; Siuzdak, G.; Rebek, J., Jy. Am. Chem. S0d.999 121, 4568-4579.
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Scheme 5
N
7bR=C,Hy
L = dppp
coal,
300K
7+
e
7 CF380,
11 R=C,,H,5; R'=CH,CH,Ph 12 R'=CH,CH,Ph 1b R=C,,Hpy
Scheme 6

Ptdppp(OTf),
CDCl,, T=330 K

ethylene bridged cage 8b

room enough in the cavity for one molecule of solvent, while The van der Waals molecular volumes of BFPR~, CRSG;s,

in the other two cases the anion is included alone, as provenacetone, and chloroform were also calculated with GRASP using

for the case of CESO;~ by the crystal structure. the same probe. If a single guest is encapsulated, the resulting
Molecular modeling was carried out to confirm the experi- occupancy fact@ is small, well below the reported optimal

mental findings using the GRASP progréfr-rom the crystal ~ value of 0.55 (Table 5¢°When two species (aniof solvent¥®

structure of7d the volume of the internal cavity has been (26) (a) Nicholls, A.; Sharp, K.; Honig, BProteins 1991 11, 281—

estimated in 248 Awith a spherical probe of diameter 1.72A.  296. (b) Mecozzi, S.; Rebek, J., Zhem. Eur. J1998 6, 1016-1022.
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Table 4. Guest Inclusion Ratio Based dal NMR and*F NMR

Fochi et al.

(N BU4+)(BF47)

(NBus")(PFR")

(NBU4+)(BF47)

(NBus")(PFs")

stoichiometric stoichiometric excess excess
cage T (K) (8 equiv) (8 equiv) (40 equiv) (40 equiv)
Pt cagerd 300 CDCkBF4 > CRSO;™ CRSGy > PR~ only CDCk'BF4~ CRSGy > PR~
BF, /CRSG; = 1.3/1.0
Pt cagerd 333 CRSQ;~ > CDCl*BF4~ CRSG; > PR~ CDCly*BF; > CRSO;~ CRSOs™ > PRy
CRSO; /BF, =1.2/1.0 CRSO;y /PR =1.3/1.0
Pd cagerb 300 CDCkBF,~ > CRSGO;™ only CRSO;~ only CDCk'BF,~ only CRSO;~
BF;-/CRSG;s~ = 2.7/1.0
Pd cagerb 333 CRSO;~ > CDCly*BF4~ only CRSO;~ CDCly'BF;~ > CRSO5~ only CRSO;~
CRSG; /1BF, =1.2/1.0
Scheme 7
8 NBu,* BF,-
cDCl,
—_— LPdI
- \

are encapsulated together, the geometrical constraints imposedmplemented with the GRASP van der Waals molecular volumes
by the shapes of the guests must also be considered to evaluatef the guests. Both programs led to the same results for the
the possible occupancy of the cage. The problem has beerenergy-minimized structures of BFCHCl;@cage, P§ -
approached using the docking functions of Spartan (version 5.1,CHCh@cage, and GS0O; -CHClz;@cage (Figure 7 in which
Wavefuction Inc.) and Sybyl (version 6.5, Tripos Inc.) softwares, part of the cavity walls have been cut away for easy of

3.0e6 | [CHCL,@M-3BF, P
1830.2 [CHCL@M-2BF, P+
2,066 27884
1.0e6 a 1
P Y N S !
2 1600 2000 2400 2800
E
[M-3PF
1887.2
2.0e5
[M-2PF P
290‘3.0
1.0e5 b
I
i b, cashs . : " AM‘.
1600 2000 2400 2800
z

Figure 6. ES-MS spectra of CHGIsolutions of (a) cag@i (50 uM)
and (b) cagerj (50 uM).

Table 5. Molecular Volumes and Occupancy Factors for Anionic
and Neutral Guests in Cagel

guest vol (B) occupancy factor
BF4~ 37 0.15
PR~ 66 0.27
CRSGOs™ 86 0.35
acetone 61 0.25
chloroform 68 0.27

visualization). The pictures clearly show that for the larger
triflate and hexafluorophosphate anions there is overlap among
the van der Waals spheres of the two guests, absent in the case
of tetrafluoborate anion. The resulting steric hindrance prevents
the inclusion of the solvent molecule for €30;~ and Pk™.
ES-MS and molecular modeling together provide a consistent
molecular description of the observed encapsulation properties
of cavitand-based coordination cages. Only for,Bks the
cavity sufficiently wide to accommodate an ancillary solvent
molecule, thus reducing the enthalpic cost required for the
desolvation of BE~. This renders BFF the preferred encap-
sulated anion at 300 K. The change in selectivity observed upon
increasing the temperature to 333 K is the result of the higher
cage occupancy factor of BFCHCI3 with respect to CESO;™.
At higher temperatures the entropic term favors®8B;~, since
its movements are less restricted in the confined space of the
cavity with respect to the couple BFCHCIs. This additional
entropic cost for BEF-CHCl; is sufficient to reverse to
selectivity pattern observed at 300 K, as theoretically predicted
by Mecozzi and Rebek for neutral guest encapsul&ibio
the best of our knowledge, this is the first time that such an
effect has been experimentally observed.

Conclusions

In this paper we have presented a complete characterization
of cavitand-based coordination cages and a comprehensive study
of the factors affecting the self-assembly process. The following

(27) The 1.7 A probe is the smallest one which does not fall out of the
lateral portals of the cage.

(28) The occupancy factor of a guest molecule in the cavity of a host is
defined as the ratio of the van der Waals molecular volume of the guest to
the volume of the cavity calculated on the van der Waals interior surface
of the host (ref 19b).

(29) The possibility of encapsulating two anions in one cage has been
excluded due to electrostatic repulsion.
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Figure 7. CPK representation of the vertical cross-section of cagjevith encapsulated (A) CH@BF,~; (B) CHCl;-PR~; (C) CHCL-CRSOs.

structural parameters have been found to be the key factorsin ppm relative to the carbon resonance of the deuterated NMR
controlling CSA: (i) a P-M—P angle close to Sbetween the  solvent: CDC} (77.0 ppm)3P NMR spectra were recorded at 81 and
chelating ligand and the metal precursor; (ii) Pd and Pt as metal 161 MHz, and all chemical shifts were reported in ppm relative to
centers; (iii) a weakly coordinated counterion; (iv) preorgani- €xternal 85% PO, at 0.00 ppm-*F NMR spectra were recorded at
zation of the tetradentate cavitand ligand. CSA is extremely 188 MHz, and all chen_ncal s_hlfts were reported _relatlve to external
sensitive to structural variations in the metal precursor: small ©FCbat0.00 ppm. Melting points were obtained with a Electrothermal
deviations from the optimal parameters completely switch off C2Pilary melting points apparatus and were not corrected. Mass spectra
the process. On the other hand, the level of preorganization ofOf the organic compounds were measured with a Finningan-MAT SSQ

th itand i d infl h ilibri i 710 spectrometer using the CI (chemical ionization) technique. Mi-
€ cavitand figand nfiuences the equiliorium cage-oligomers, croanalyses were performed by the service of Parma University. Thin-

favoring cage_ formation. The ethylene-bridged Cajﬁe&fe layer chromatography (TLC) was performed on commercially prepared
thermodynamically less stable than the methylene-bridged onessijjica gel 60gs, plates purchased by Merck, and column chromatog-
7, due to the residual conformational mobility &f which raphy was performed using Merck 23800 mesh silica gel 60. Flash

requires an entropic price to be paid for freezihip the cone column chromatography was performed with silica gel 60 (Merck230
conformation necessary for CSA. In addition, a mismatch 400 mesh).
between the biting angles of the nitriles of the two cavitand  Materials. All commercial reagents were ACS reagent grade and
ligands is not tolerated by CSA, suppressing heterocage forma-used as received. Diethyl ether and THF were dried and distilled over
tion. Na/benzophenone. All the other solvents were dried over 3 and 4 A
Dynamic 'H and 1F NMR experiments and calorimetric  molecular sieves. All solvents were freezbaw—pump degassed three
measurements clearly indicate that CSA is entropy driven, with times before use. All octof, tetrabromo octols, and tetrabromo
the enthalpic cost of desolvating the molecular components, andmethylene/ethylene-bridged cavitatftfé were prepared following
particularly the encapsulated anion, compensated by the |a,-gemodified literature procedures (Supporting Informati(_)n). Qomplexgs
entropic gain associated with the release of the solvent molecules3@ " and 4a were prepared from the corresponding dichlorobis
into the bulk. Desolvation is pivotal also in determining derivatives following a established procedutes.
selectivity in anion encapsulation, together with cavity size. ~ General Procedure for the Synthesis of Tetracyanocavitands.o
Dimensions and shape of the cavity perturb the basic selectivity @ Stirred solution of tetrabromo cavitand (2 mmol) in 1-methyl-2-
pattern, dictated by the relative solvation enthalpy of the guests, PYolidinone was added CuCN (1.39 g, 15.5 mmol). The reaction
by allowing the entrance of a solvent molecule only in the case T'Xture Wwas heated at reflux (2FC) for 12 h and then cooled to 80
of BF,~, thus favoring it with respect to the other ions. C. A mixture composed of water (85 mL), hydrochloric acid (29 mL),

. . . and Fed (5.11 g, 31.5 mmol) was poured in it, and the solution was
The potential of this self-assembly process in terms of greq for 1 h. After cooling to room temperature, the resulting brown

quantitative, selective, and reversible formation of molecular yecipitate was filtered and washed with water.

cages can be fully exploited when all the critical factors ;14 15 58 Tetracyano-1,21,23,25-tetrahexyl-2,20:3,19-dimetheno-
determining the outcome of the process are understood and;p 514 23H,25H-bis[1,3]dioxocino[5,4i:5' 4-i"Tbenzo[L,26:5,4-d]-
rationalized. In this respect, the self-assembly protocol emerging yjs|1,3]henzodioxocino (1a)Purification of the crude by chromatog-
from th|§ study has_ begn employed.m the surface-controlled raphy on silica gel (eluant Gi€l./hexane/acetone 95:2:8; = 0.6)
generation of coordination cages, using self-assembled mono-gave cavitand.aas a white solid (70% yield): mp300°C; 'H NMR

layers (SAMs) as molecular componefits. (CDCls, 300 MHz) 6 0.89 (t, 12H, G3), 1.25-1.43 [m, 32H, CH-
(CH2)4 CH3], 2.19 [m, 8H, CHG‘|2(CH2)4CH3], 4.57 (d, 4H, O(HinO,
Experimental Section J = 6.7 Hz), 4.80 [t, 4H, GICH,(CH,)4CHg], 6.08 (d, 4H, OGO,

J = 6.7 Hz), 7.26 (s, 4H, Af); 3C NMR (CDCk, 75 MHz) 6 13.9
(CH3), 22.5, 27.5, 29.2, 31.70H,), 36.2 CH), 98.8 (OQCH,0), 104.4
(CN), 111.9 Cipso), 124.6 C;), 139.0 C), 156.2 Co); IR (KBr) 2233

General Methods. All reactions were conducted under an argon
atmosphere. FT-IR spectra were recorded on a Nicolet 5PC spectrom-
eter. NMR spectra were recorded on Bruker XP200, AC300, and
AMX400 spectrometersH NMR were recorded at 300 and 400 MHz, - - — -
and all chemical _shiftséo were reported in ppm relative to the proton A.;(éﬁ)emgit?‘?j I(‘: ;MHénglécsi:)enr,’ JR'.A&’. ng@?g%‘?gl\;’vggﬂ” Jlj’_ Iz)r?/;nt, J-
resonance resulting from incomplete deuteration of the NMR solvent: chem 1989 54, 1305-1312.

CDCl (7.24 ppm), CIXCl; (5.32 ppm), GD-Cl4 (6.0 ppm).13C NMR (32) Romia, E.; Peinador, C.; Mendoza, S.; Kaifer, A.EOrg. Chem.
spectra were recorded at 75 MHz, and all chemical shifts were reported1999 64, 25772578.
(33) (a) Fallis, S.; Anderson, G. K.; Rath, N. ®rganometallics1991,

(30) Levi, S.; Guatteri, P.; van Veggel, F. C. J. M.; Vancso, J.; Dalcanale, 10, 3180-3184. (b) Stang, P. J.; Cao, D. H.; Saito, S.; Arif, A. J1.Am.
E.; Reinhoudt, D. NAngew. Chem., Int. EQ001, 40, 1892-1896. Chem. Soc1995 117, 6273-6283.
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cmt (C=N); MS (CI) m/z 973 (M', 100). Anal. Calcd for
CsoHesN4Os: C, 74.05; H, 7.04; N 5.76. Found: C, 73.92; H, 7.23; N,
5.68.
7,11,15,28-Tetracyano-1,21,23,25-tetraundecyl-2,20:3,19-dimetheno-
1H,21H,23H,25H-bis[1,3]dioxocino[5,4+:5',4'-i'lbenzo[1,24d:5,4-d']-
bis[1,3]benzodioxocin (1b)Silica gel column chromatography of the

Fochi et al.

was added the complex M(OTf), 3a—h/4a (0.048 mmol), and the
resulting solution was stirred at room temperature for a few minutes.
The solvent was then removed under vacuum, affording the Gages
in quantitative yield.

7a.Pale yellow solid: mp 180C (dec);*H NMR (CDCls, 300 MHz)
0 0.84 (t, 24H, ®s, J = 6.8 Hz), 1.29-1.25 [m, 80H, CH(CH,)s],

crude (eluant 90:9:1 methylene chloride:hexane:acetone) gave com-1 50 [bs, 16H, CHCBCH(CH,)sCHs], 2.42 (bs, 8H, P¥PCHCH,-

pound1b as the major product (TL& = 0.6, 70% yield) and the
tricyano derivatived as a byproduct (TLGR = 0.4, 14% vyield).

1b: mp 216-218°C; *H NMR (300 MHz, CDC}) 6 0.88 (t, 12H,
CHs), 1.26-1.40 [m, 72H, CH(CH.)sCHg], 2.19 [m, 8H, CHCGH(CH,)o-
CH3], 4.59 (d, 4H, O®;,0, J = 6.7 Hz), 4.79 [t, 4H CHCH,(CH,)o-
CHg), 6.08 (d, 4H, OClo,O, J = 6.7 HZz), 7.25 (s, 4H, Ad); 1°C NMR
(75 MHz, CDCE) 6 14.1 (CHs), 22.7, 27.6, 29.2, 29.4, 29.5, 29.6, 31.9
(CH2)10, 36.2 CH), 98.8 (QCH20), 104.4 CN), 111.9 Cipso), 124.7
(Cp), 139.1 Cum), 156.2 Co); IR (KBr) 2238 cm! (C=N); MS (CI)
m/z 1254 (M*, 100). Anal. Calcd for gH10dN4Og: C, 76.64; H, 8.68;

N 4.47. Found: C, 76.49; H, 8.81; N, 4.38.

9: mp 140-143°C; H NMR (300 MHz, CDC}) 6 0.87 (t, 12H,
CHs), 1.34 [m, 72H, CHCH(CH,)sCHs], 2.19 [m, 8H, CHCH,(CHy)e-
CH3], 4.47 (d, 2H, O®,0, J = 7.3 Hz), 4.60 (d, 2H, OH;,0,J =
7.4 Hz), 4.76 (m, 4H, EIC11H>3), 5.91 (d, 2H, OCl,,O, J = 7.3 Hz),
6.06 (d, 2H, OGO, J = 7.4 Hz), 6.59 (s, 1H, Ad), 7.05 (s, 1H,
ArH), 7.29 (s, 3H, AH); 13C NMR (75 MHz, CDC}) 6 14.0 CH3),
22.6-31.9 CH2)10, 36.2 CH), 98.8 (OCH0), 99.3 (CCH,0), 104.0,
104.1 CN), 112.4 Cpso), 117.0 CHy), 120.3, 124.9C,), 138.1, 138.3,
139.1, 140.0Cy), 155.0, 155.7, 156.2, 156.T(); IR (KBr) 2233 cntt
(C=N); MS (CI) m/z 1229 (M*, 100).

7,11,15,28-Tetracyano-1,21,23,25-tetrakis(2-phenethyl)-2,20:3,19-
dimetheno-1H,21H,23H,25H-bis[1,3]dioxocino[5,4+:5',4'-i'lbenzo-
[1,2-d:5,4-d']bis[1,3]benzodioxocin (1c). The collected solid was
purified by silica gel flash chromatography, eluting with a mixture of
methylene chloride:hexane:acetone 90:9:1, TRG 0.3. Compound
1lcwas obtained as a white solid (61% yield): mp00°C; *H NMR
(300 MHz, CDC}) ¢ 2.52 (m, 8H, CH®I,CH,C¢Hs), 2.66 (m, 8H,
CHCH,CH2CeHs), 4.61 (d, 4H, OGO, J = 7.5 Hz), 4.91 (t, 4H,
CHCH,CH,), 6.11 (d, 4H, O®l,,©O, J = 7.5 Hz), 7.09-7.38 (M, 24H,
CeHs + ArH); IR (KBr) 2235 cmt (C=N); MS (Cl) m/z 1053 (MH",
100). Anal. Calcd for GHs:N4Og: C, 77.55; H, 4.98; N 5.32. Found:
C, 77.50; H, 4.88; N, 5.48.

8,13,18,32-Tetracyano-5,6,10,11,15,16,20,21-octahydro-1,25,27,-
29-tetrahexyl-2,24:3,23-dimethenoH,25H,27H,29-bis[1,4]dioxonino-
[6,54:6",5-j'lbenzo[1,2€:5,4-€bis[1,4]benzodioxonin (2a) Silica gel

column chromatography of the crude (eluant 97.5:2.5 methylene

chloride:acetone) gave compouRdas a white solid (67% yield): mp
>300 °C;*H NMR (CDCl;, 300 MHz) 6 0.87 [t, 12H, CHCH-
(CHy)4CHg], 1.19-1.35 [m, 32H, CHCH(CH,)sCHg], 2.07 [m, 8H,
CHCH(CH,)4CHjg], 3.80 (m, 8H, O®1i»CHinO), 4.58 (m, 8H, OEl,,CH-
o), 5.22 (t, 4H, BICsH13), 7.41 (s, 4H, AH); H NMR (acetoneds,
300 MHz) 6 0.86 [t, 12H, CHCH(CH,)4CHj3], 1.22—1.35 [m, 32H,
CHCH,(CH2)4CHg], 2.27 [m, 8H, CH®»(CH)4CHs], 3.89 (m, 8H,
OCH;nCHi,O), 4.56 (m, 8H, OEl,,CHou©), 5.30 (t, 4H, GICsH13),
8.12 (s, 4H, AH); **C NMR (CDCk, 75 MHz) 6 13.9 (CHs), 22.5,
27.5,29.1, 31.6@QH,), 33.1CH), 71.9, 72.0 (TH,CH,0), 103.9 (CN),
113.5, 128.5, 136.3, 156.8\(); IR (KBr) 2231 cn1! (C=N); MS (Cl,
m/z) 1029 (M",100). Anal. Calcd for @H7eN4Og: C, 74.68; H, 7.44;
N 5.44. Found: C, 74.50; H, 7.88; N, 5.48.

8,13,18,32-Tetracyano-5,6,10,11,15,16,20,21-octahydro-
1,25,27,29-tetraundecyl-2,24:3,23-dimetheno,25H,27H,29H -
bis[1,4]dioxonino[6,5§:6',5'-j']benzo[1,2€:5,4-€']bis[1,4]benzo-
dioxonin (2b). The collected solid was loaded onto the top of a silica
gel flash column; elution with a mixture of methylene chloride:acetone
98:2 afforded the compourb as a white solid (81% yield): mp 161
164 °C; H NMR (300 MHz, CDC}) ¢ 0.87 [t, 12H, CHCH-
(CH2)sCH3], 1.26 [m, 72H, CHCH(CH2)9CHg], 2.05[m, 8H, CHEH(CH,)o-
CHjs], 3.81 (m, 8H, OC{;,CH;,0), 4.59 (m, 8H, OEl,,(CHo.©O), 5.23
(t, 4H, CHCy1H23), 7.41 (s, 4H, AH); IR (KBr) 2231 cnrt (C=N);
MS (Cl) mVz 1311 (MH", 100). Anal. Calcd for @H118N4Os: C, 77.02;
H, 8.92; N, 4.28. Found: C, 76.95; H, 9.03; N, 4.48.

Procedure for the Self-Assembly of Coordination Cages 7#ag.
To a solution of cavitanda—c (0.024 mmol) in 10 mL of CkCl,

CH;PPh), partially superimposed to 2.39 [m, 16H, CH&CH,),CHj],
2.99 (bs, 16H, P#CH,CH.CH,PPh), 4.04 (d, 8H, O®;,0,J = 7.3
Hz), 4.39 (t, 8H, &1, J = 8.2 Hz), 6.07 (d, 8H, OB,,O,J= 7.3 Hz),
7.31-7.52 (m, 80H, GHs), 7.94 (s, 8H, AH); 3C NMR (CDCk, 300
MHz) 6 14.2 (CH3), 18.7, 22.9 [PCH,)sP], 28.4, 28.6, 28.8, 30.1, 32.5
(CHy), 36.9 CH), 99.5 (GCH»0), 124.5 (ACN), 125.4, 129.9, 130.0,
131.4,132.8, 133.1, 133.4, 133.6, 133.7, 139.3, 15&c9 {'P NMR
(CDCls, 81 MHz)  16.7 (s);*°F NMR (CD.Cl,, 188.3 MHz)0 —76.8
(s, 21F, CESGs™ ouf), —79.9 (s, 3F, CESG; - in); IR (KBr) 2306
cm! (C=N); ES-MS (acetonejnz 2458 [M — 2CRS0;7]?", 1589
[M — 3CRSO; I3, [M = CaadH240F24NsO0PsP diSe].

7b. Pale yellow solid: mp 187C (dec);*H NMR (CDClz, 300 MHz)
0 0.81 (t, 24H, ¢G5, J = 6.8 Hz), 1.26-1.34 [m, 128H, CH(CH,)g],
1.48 [bs, 16H, CHCHCH2(CH,)sCHg], 2.43 [m, 16H, CHEH(CH.)o-
CHj] partially superimposed to 2.55 (bs, 8H,PIRH.CH,CH.PPh),
2.95 (bs, 16H, P#CH,CH,CH,PPh), 4.03 (d, 8H, OEl;yO0,J = 7.3
Hz), 4.38 (t, 8H, &1, J = 8.2 Hz), 6.07 (d, 8H, OB,,0O,J = 7.3 Hz),
7.21-7.60 (m, 80H, @Hs), 7.94 (s, 8H, AH); *C NMR (CDCk, 75
MHz) 6 14.0 (CHa), 18.6, 22.6 [PCH,)3P), 28.1, 28.4, 28.7, 29.3, 29.5,
29.6, 29.7, 30.2, 31.8CH>), 36.6 CH), 99.0 (CCH:0), 116.9 Ar),
121.2 CF;, J = 319 Hz), 124.0 (AEN), 124.9, 129.8, 131.2, 132.3,
132.7, 133.3, 138.9, 156.4(); 3P NMR (CDCE, 81 MHz) 6 10.1
(s); *F NMR (CDCl, 188.3 MHz)d —78.2 (21F; CESQ;~ ouf), —81.5
(3F; CRSG;™ in), IR (KBr) 2288 cntt (C=N); ES-MS (acetoneiz
2738 [M - 2CBSOg]2+, 1775 [M - 3CF3803]3+, [M = C275Hgg[r
F24NgO40PsP tiSg].

7c. Off-white solid: mp 245°C dec;'H NMR (CDCl;, 300 MHz)
0 0.85 (t, 24H, G5, J = 6.8 Hz), 1.25-1.29 [m, 80H, CH(CH,)s],
1.56 [bs, 16H, CHCHCH,(CH,)sCHg], 2.44 [m, 16H, CHEl(CHy)4-
CHg], 2.80 (bs, 8H, P¥FPCH,CH,CH,PPh), 3.32 (bs, 16H, PiPCH,-
CH,CH,PPh), 4.00 (d, 8H, OEi;O, J = 7.3 Hz), 4.40 (d, 8H, €, J
= 8.2 Hz), 6.15 (d, 8H, OH,.O, J = 7.3 Hz), 7.22-7.52 (m, 80H,
CeHs), 7.98 (s, 8H, AH);3%P NMR (CD,Cly, 121 MHz)6 —13.4 (e
= 3350 Hz);!%F NMR (CD,Cl,, 188.3 MHz)6 —77.0 (21F; CESO;~
out), —80.0 (3F; CESG;™ in); IR (KBr) 2306 cntt (C=N); ES-MS
(acetoneyn'z 2634 [M — 2CRKSQ;]?", 1706 [M — 3CRSG;%H, [M =
CazeH240F2aN8040PsP uSg].

7d. Off-white solid: mp 250°C dec;*H NMR (CDCls;, 300 MHz)
6 0.82 (t, 24H, ®l3, J = 6.8 Hz), 1.26-1.26 [m, 128H, CH(CH,)g],
1.49 [bS, 16H, CHCbCHz(CHg)gCH:;], 2.44 [m, 16H, CHG'Q(CHz)g-
CHj] partially superimposed to 2.60 (bs, 8H,PRH.CH.CH,PPh),
3.11 (bs, 16H, PiPCH.CH,CH,PPh), 3.99 (d, 8H, OCE1i,0,J = 7.3
Hz), 4.39 (t, 8H, €1, J = 8.2 Hz), 6.15 (d, 8H, OB8,,0,J= 7.3 Hz),
7.18-7.55 (m, 80H, GHs), 7.97 (s, 8H, AH); 13C NMR (CDCk, 75
MHz) 6 13.9 CHj3), 21.0, 21.4 [PCH>)sP], 28.0, 28.3, 28.6, 29.1, 29.4,
29.5, 29.6, 30.0, 31.70H>), 36.5 CH), 98.4 (OCH0), 121.2 CF3, J
= 319 Hz), 123.8 (AEN), 129.6, 129.8, 131.8, 132.2, 132.5, 133.3,
138.8, 156.64r); 3P NMR (CDC}, 81 MHz)d —15.7 Jprp) = 3317
Hz); °F NMR (CDCk, 188.3 MHz) 6 —78.1 (21F; CESQO;~ ouf),
—81.6 (3F; CESOs™ in); IR (KBr) 2290 cnt! (C=N); MALDI-MS
m/z 5981 [M - CF38037], [M = Cz7d‘|32(F24N3040P8Pt458]; ES-MS
(acetone/z 2916 [M — 2CRSG;)?", 1894 [M — 3CRSO;)3t.

7e.This cage can also be collected by precipitation from chloroform
and filtration (off-white powder): mp 246C dec;*H NMR (CD,Cl,,
400 MHz) 6 2.58-2.65 (m, 24H, CHEI,CH.Ph and P{PCH,CH,-
CHyPPh), 2.80 (m, 16H, CHCKCH,Ph), 3.04 (bs, 16H, BRCH,-
CH,CH,PPh), 3.98 (d, 8H, OG0, J = 7.4 Hz), 4.44 (t, 8H,
CHCH,CH.Ph), 6.18 (d, 8H, 08,0, J = 7.4 Hz), 7.26-7.56 [m,
120H, CHC6H5 + (CsHs)zP(CHz)3P(C5H5)2], 8.09 (S, 8H, AH); 31p
NMR (CD:Cl;, 121 MHz) & —13.9 {pir) = 3400 Hz);F NMR
(CDCl,, 188.3 MHz) 6 —77.8 (21F, CESOs~ out), —80.5 (3F,
CRSO;™ in); IR (KBr) 2296 cn1t (C=N); ES-MS (CHC}) m/z 2715
[M — 2CRSQ;7)?T, 1761 [M— 3CRSO; ]2, [M = CosaHood24NgOudPs-
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PMSB] Anal. Calcd for QsszonygOmPgPtaSg: C, 5283, H, 366,
N, 1.95. Found: C, 52.59; H, 3.83; N, 1.50.

7f. 'H NMR (C,D-Cl4, 300 MHz, 373 K)d 0.95 (t, 24H, G3), 1.32-
1.35 [m, 128H, CHCHCH,(CH,)sCHs], 1.52 [m, 16H, CHCHCH,-
(CH2)sCHgs], 2.46 [m, 32H, CH®1x(CH,)sCH; + PhPCHCH,CH2-
CH,PPh], 2.80 [m, 16H, PHPCH,(CH,),CH,PPh], 4.12 (d, 8H,
OCH;,O, J = 7.4 Hz), 4.49 (t, 8H, @), 6.40 (d, 8H, OCi,,O, J =
7.4 Hz), 7.4%7.65 (m, 80H, GHs), 7.95 (s, 8H, AH); 3P NMR
(C2DoCls, 81 MHz, 373 K)o 28.3;1%F NMR (C,D,Cls, 188.3 MHz,
373 K) 6 —76.8 (21F, CESG;~ ouf), —80.5 (3F, CESGs in).

79.H NMR (CDCls, 300 MHz, 328 K)d 0.88 (t, 24H, Gi3), 1.27
[m, 216H, CHCH(CH2)sCHs + PCH,CH3], 2.07 (m, 48H, PE,CHj),
2.33 [t, 16H, CHQ®(CH,)sCHg], 4.73 (t, 8H, ), 4.85 (d, 8H,
OCH;,O,J = 7.2 Hz), 5.97 (d, 8H, 08,0, J = 7.2 Hz), 7.64 (s, 8H,
ArH); 3P NMR (CDCh, 81 MHz, 328 K)o 7.8 (prp) = 3590 Hz);
1%F NMR (CDCk, 188.3 MHz, 328 K)d —79.5 (21F, CESQO;~ out),
—81.5 (3F, CESOs in); ES-MS (CHCH) m'z 2558 [M — 2CRS0;7]%Y,
1655 [M — 3CRSOs 13, [M = Ca1eH324724Ng040PsP1iSe].

Procedure for the Self-Assembly of Coordination Cages 7hj.
To a THF solution of M(dppp)Xwas addeda—d (M = Pd, Pt, X=
BF4, PR, 0.048 mmol), prepared in situ from M(dppp}Gnd AgX
(stoichiometric ratio 1:2) cavitantb (30 mg, 0.024 mmol), dissolved
in 20 mL of CHCl,, and the resulting solution was stirred at room

temperature for a few minutes. The solvent was then removed under

vacuum, affording cagesh—j in quantitative yield.

7h.*H NMR (CDCls;, 300 MHz)6 0.82 (t, 24H, Gi3, J = 6.9 Hz),
1.20-1.30 [m, 128H, CH(CH,)g], 1.49 [bs, 16H, CHCHCH,(CH,)s-
CHg], 2.35 [m, 16H, CH®12(CH)sCH3] 2.54 (bs, 8H, PFPCH.CH>-
CH,PPh), 2.94 (bs, 16H, P#CH,CH,CH,PPh), 4.12 (d, 8H, OEi;,0O,
J=7.0Hz), 4.36 (t, 8H, €, = 7.9 Hz), 6.19 (d, 8H, O8O, J =
7.0 Hz), 7.2+7.63 (m, 80H, @Hs), 7.84 (s, 8H, AH); 3P NMR
(CDCls, 81 MHZz) 6 +11.1;'%F NMR (CDCk, 188.3 MHz)6 —150.4
(28F, BR~ ouf), —151.3 (4F; B~ in); MALDI-MS m/z 5191 [M —
BF4 71", [M = CasdHa20BsF32NgO16PsPdy].

7i. Yellow solid: mp 195°C dec;'H NMR (CDCls, 300 MHz) 6
0.82 (t, 24H, G5, J = 6.9 Hz), 1.26-1.27 [m, 128H, CH(CHy)g],
1.51 [bS, 16H, CHCbCHz(CHz)gCHg], 2.37 [m, 16H, CH(HQ(CHz)g-
CHg] 2.51 (bs, 8H, P¥PCHCH,CH,PPh), 3.06 (bs, 16H, PPCH,-
CH,CH,PPh), 4.10 (d, 8H, OE;,O, J = 7.0 Hz), 4.36 (t, 8H, €, J
= 7.9 Hz), 6.24 (d, 8H, O8,,O, J = 7.0 Hz), 7.16-7.60 (m, 80H,
CeHs), 7.92 (s, 8H, AH); 3P NMR (CD,Cl,, 81 MHZz) 6 —14.5 Jp-p)
= 3335 Hz);%F NMR (CDC}, 188.3 MHz)é —150.0 (28F, BE
ouf), —151.0 (4F; BEk~ in); ES-MS (CHC}) m/z 2788 [M-CHCl; —
ZBF4_]2+, 1830 [M‘CHC|3 - 3BF4_]3+, [M = CoegH3zo0BsF32NgO16Ps-
Pt]; ES-MS (acetoneiwz 2758 [M-(CHs),CO — 2BF,7]%t, 1810 [M
(CH3)ch - 3BF47]3+.

7k. This cage is unstable both in solution and in the solid state. It
must be stored in the dark under an Ar atmosphr&lMR (CDCls,
300 MHz) 6 0.84 (t, 24H, G5, J = 6.9 Hz), 1.26-1.25 [m, 128H,
CHs(CHy)g], 1.40 [m, 16H, CHCHCH(CH,)sCHs], 2.35 [m, 16H,
CHCHz(CHz)gCH3], 2.74 (bS, 8H, P&PCHchchQPPb), 2.92 (bS,
16H, PhPCH,CH,CH.PPh), 3.89 (d, 8H, OEi;O, J = 7.0 Hz), 4.39
(t, 8H, CHCuHz3, J = 7.6 Hz), 6.14 (d, 8H, OHouO, J = 7.0 Hz),
7.18-7.54 [m, 80H, (GHs):P(CHy)sP(CsHs)al, 7.74 (s, 8H, AH); F
NMR (CDCl;, 188.3 MHz)6 —71.4 (d, 42F Je-p) = 712 Hz, Pk~
out), —78.1 (d, 6F Je-p) = 712 Hz, Pk~ in).

7j. This cage must be stored in the dark: mp 282dec;*H NMR
(CDClz, 300 MHz)d 0.82 (t, 24H, &3, J = 6.9 Hz), 1.20-1.28 [m,
128H, CH(CHy)g], 1.51 [bs, 16H, CHCHCH,(CH,)sCHg], 2.37 [m,
16H, CHH,(CH,)sCHg], 2.51 (bs, 8H, P¥PCHCH,CH,PPh), 3.02
(bs, 16H, PBPCH,CH,CH,PPh), 3.88 (d, 8H, OE;,0, J = 7.0 Hz),
4.41 (t, 8H, GCyHos J = 7.9 Hz), 6.21 (d, 8H, OBuO, J = 7.0
Hz), 7.16-7.52 [m, 80H, (GHs).P(CH)3P(CsHs)2], 7.80 (s, 8H, AH);
3P NMR (CD:Cly, 81 MHz) 6 —141.0 (m, 8P, PF, Jep) = 712
Hz), —14.0 (s+ d, 8P, dpppJeir) = 3333 Hz);°F NMR (CDCk,
188.3 MHz)6 —71.8 (d, 42F Jep) = 715 Hz, Pk ouf), —78.7 (d,
6F, Jr-p) = 715 Hz, Pk in); ES-MS (acetone and CH{Im/z 2903
[M — 2PF57]2+, 1887 [M — 3PF57]3+, [M = C265J'|320F48N8016P16Pt4].

Procedure for the Self-Assembly of Coordination Cages 8a,b.
To a solution of cavitan@a,b (0.027 mmol) in 20 mL of CKCI, was
added the complex Pt(dppp)(O78g (50 mg, 0.055 mmol) , and the
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resulting solution was stirred at room temperature for a few minutes.
The solvent was then removed under vacuum, affording the &egbs

8a. 'H NMR (C;D.Cls, 300 MHz, 353 K)o 0.83 (t, 24H, Gi3),
1.19 [bs, 64H, CHCKCH2)4CHs], 2.16 [m, 16H, CH®1x(CH,)4CHg],
2.48 (bs, 8H, P#PCH,CH,CH,PPh), 3.20 (bs, 16H, P#?CH,CH,CH,-
PPh), 3.28 (m, 16H, O®,0), 4.45 (m, 16H, OE,,O), 4.90 (t, 8H,
CH), 7.34 (t, 16H,Hp-dppp), 7.45 (m, 32HH-dppp), 7.59 (M, 32H,
Ho-dppp), 7.94 (s, 8H, Ad); 3P NMR (CDCk, 81 MHz, 353 K)o
—15.4 prpy = 3321 Hz);'%F NMR (188.3 MHz, GD.Cls, 353 K) &
—76.8 (21F, &3sSO;~ out), —80.2 (3F, &3SO;™ in); IR (KBr) 2254
cm ! (C=N); ES-MS (CHC}) m/z 2692 [M — 2CRSGs|?", [M =
CoaH256F24N5040PsP L]

8b. 'H NMR (C;D,Cls, 400 MHz, 353 K)6 0.89 (t, 24H, Ci3),
1.26-1.32 [m, 128H, CHCHECH(CH2)sCHg], 1.42 [bs, 16H, CHCht
CH2(CH;)sCHg], 2.28 [m, 16H, CH®(CH,)sCH3], 2.55 (bm, 8H,
PhPCH.CH,CH,PPh), 3.20 (bs, 16H, P CH,CH,CH,PPh), 3.34 (m,
16H, OHi,CH;x,0), 4.52 (m, 16H, OBl,CHouO), 4.95 (t, 8H, &),
7.37 (t, 16H, Hy-dppp), 7.47 (m, 32HH-dppp), 7.66 (m, 32H,
Ho-dppp), 8.07 (s, 8H, A);31P NMR (GD,Cls, 81 MHz, 353 K)o
—16.1 gy = 3337 Hz)F NMR (C:D.Cls, 188.3 MHz, 353 K)d
—76.8 (21F, &:S0O;~ ouf), —80.2 (3F, &3S0 in); IR (KBr) 2254
cm! (C=N); MALDI-MS m/z 6092 [M — CRSG:—]" [M =
CoaH33624Ns040PsPuSe]; ES-MS (CHCE) miz 2972 [M — 2CR:SO;)2*.

Procedure for the Self-Assembly of Coordination Cages 8c,d.
To a THF solution of Pt(dppp)25b/5d (X = BF4, PR, 0.055 mmol),
prepared in situ from Pt(dppp)Cand AgX (stoichiometric ratio 1:2),
was added cavitangb (35 mg, 0.027 mmol), dissolved in 20 mL of
CH,Cl,, and the resulting solution was stirred at room temperature for
a few minutes. The solvent was then removed under vacuum, affording
cages3c,d

8c. 'H NMR (C,D,Cls, 400 MHz, 353 K)o 0.82 (t, 24H, Gi3),
1.18 [bs, 128H, CHCBLCH,(CH,)sCHg], 1.40 [bm, 16H, CHCHCH,-
(CHQ)gCH3], 2.24 [m, 16H, CH(B'z(CHz)gCH:g], 2.81 (bS, 8H,
PhPCHCH,CH,PPh), 3.14 (bs, 16H, P#CH,CH,CH.PPh), 3.45 (m,
16H, O(H;i\CHixO) 4.49 (m, 16H, OBl CHouQ), 4.83(t, 8H, EIC11H23),
7.32 (m, 16H H-dppp), 7.47 (m, 32HH-dppp), 7.65 (M, 32HH.-
dppp), 8.14 (s, 8H, Atl); 31P NMR (GD.Cls, 81 MHz, 353 K)0 —13.1
(J(ppp) = 3320 HZ)%‘QF NMR (CgDzC|4, 188.3 MHZ, 353 Kﬁ —145.0
(4F, BR~ in), —149.1 (28F; BE ouf); ES-MS (CHC}) m/z 2845
[M 'CHC|3 - ZBF4_]2+, 1868 [M‘CHC|3 - 3BF4_]3+, [M = CogdHa3Bs-
F32NgO16PsP ).

8d. 'H NMR (C;D,Cls, 400 MHz, 353 K)o 0.83 (t, 24H, Gi3),
1.07-1.41 (m, 128H, [CHCHCH,(CH,)sCHs], 1.73 [bs, 16H,
CHCH,CH2(CHy)sCHg], 2.21 [m, 16H, CH®,(CH,)sCHs] 2.88 (bs,
8H, PhPCH.CH,CH,PPh), 3.07 (bs, 16H, P CH,CH,CH,.PPh), 3.20
(m, 16H, OGHi,CHi,O), 4.42 (m, 16H, OB, CH..O), 4.84 (t, 8H,
CHC11H3), 7.32 (m, 16H,Hy-dppp), 7.47 (m, 32HH.-dppp), 7.65
(m, 32H, Ho-dppp), 7.94 (s, 8H, Af); 3P NMR (GD,Cls, 81 MHz,
333 K)o — 141.0 (m, 8P, PF, Jep) = 715 Hz),—9.3 (s+ d, 8P,
dppp, Jer-r) = 3350 Hz);*°F NMR (C.D-Cls, 188.3 MHz, 333 K)o
—71.7 (d, 42F, PE out), —76.5 (d, 6F, PF in). ES-MS (CHC}) mvz
2959 [M — 2PF5_]2+, 1924 [M — 3PF5_]3+, [M = CogH33dF48NgO16P16
Pty].

Self-Assembly of Coordination Cage 10To a solution of cavitand
9 (0.02 mmol) in 10 mL of CHCI, was added the complex Pt(dppp)-
(OTf)2 3g (0.06 mmol), and the resulting solution was stirred at room
temperature for a few minutes. The solvent was then removed under
vacuum, affording cag&0 in quantitative yield.

10: mp 125°C; *H NMR (CDCls, 300 MHz) 6 0.83 (t, 24H, Gly),
1.22-1.24 [m, 128H, CHCHCH,(CH2)sCHg], 1.45 [bs, 16H, CHCht
CHz(CHz)gCHg], 2.27-2.42 [m, 16H, CH@'z(CHz)gCH;;], superim-
posed to 2.64 (m, 6H, BRCHCH,CH,PPh), 3.17 (bs, 12H, P CH,-
CH,CH:PPh), 3.99 (d, 4H, Gli,, J = 6.7 Hz), 4.27 (d, 4H, O8,,0,
J=7.2 Hz), 4.42 (t, 4H, €l), 4.50 (t, 4H, G&), 5.81 (d, 4H, OO,
J=6.7 Hz), 6.12 (d, 4H, O8O, J = 7.2 Hz), 6.35 (s, 2H, Ad,),
7.05 (s, 2H, AHy), 7.18-7.58 (m, 60H, GHs), 7.79 (s, 6H, AH,);
3C NMR (CDCk, 75 MHz) 6 14.1 (CHs), 18.5, 22.7 [PKP(CH>)s-
PPh], 28.2, 28.3, 28.8, 29.0, 29.3, 29.7, 29.8, 30.0, 30.2, 3THY),
36.4, 36.5 CH), 98.2, 99.3 (@H,0), 123.1, 123.3 (ACN), 129.1,
129.3, 129.4, 129.5, 129.7, 129.9, 131.3, 131.6, 131.9, 132.4, 132.7,
132.8, 133.1, 133.2, 133.3, 137.7, 137.8, 138.5, 140.1, 154.5, 156.6,
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157.8 (Ar);**P NMR (CDCE, 81 MHz) 6 —16.6 Jpip) = 3340 Hz); benzene solvent molecules were constrained to the regular hexagons.
19 NMR (CDCBk, 188.3 MHz)o —78.4 (18F, CESO;~ outonly); IR One of the phenyl groups of the Pt-cage is disordered between two
(KBr) 2283, 2295 cm! (C=N). positions with site occupation values of 0.5. Altogether five temperature
Ligand Exchange Experiments. 1-Pd Cagercage7b (29 mg, 0.005 factors were equalized. One triflate is disordered (occupancy 0.5) over
mmol) was dissolved in 1 mL of CDgITo this solution was added  two orientations and is included into cavity of the Pt-cage. Their
cavitandlc (11 mg, 0.01 mmol) dissolved in 1 mL of CDGitepwise. temperature factors were fixed to 0.25. The fiRavalues wereR =
The 'H NMR spectrum clearly showed five different species (see 0.1115, wR = 0.2485 [ > 20(l)], R = 0.2684, wR = 0.3164 (all
Supporting Information): cageb (R = R' = Cy1Hy3), heterocagd 1 data) for 2438 parameters, Goodness-of-fit &h= 1.017. A final
(R = CyiH23, R' = CH,CH,CgHs), cagel2 (R = R' = CH,CH,CgHs), difference map displayed the highest electron density of 2.51% A
cavitandlb (R = CiiHz3), cavitandlc (R = CH,CH,CgHs). which is located near to Pt-atoms and triflate anions. The crystal-
'H NMR (CDCls;, 400 MHz, diagnostic peaks only)3.92, 4.07 (d, lographic data have been deposited with the Cambridge Crystallographic
OCH;,O of 11), 3.98 (d, OCH;,0 of 12), 4.02 (d, OCH;,O of 7b), 4.37— Data Centre as supplementary publication no. CCDC 128551. The

4.40 (t, H of 7b 11, 12), 4.59 (d, OGH;,0 of 1b), 4.61 (d, OC1;,O of crystals are stable only in the presence of solvent and are destroyed
10), 4.80 (t, GH of 1b), 4.90 (t, GH of 1c), 7.44 (s, AH of 1¢), 7.94 upon exposure to air within seconds. The selected crystal was placed

(s, ArH of 7b), 7.96, 8.06 (s, Al of 11), 8.08 (s, AH of 12). with loop in oil.
ES-MS (CDC}) of the mixture: m/z2738 [7b — 2CRSO;)%*, 2602 ES-MS Experiments: Electrospray mass spectra were obtained using
[11 — 2CR:SOy%", 2538 [L2 — 2CR:SOy%*. a triple quadrupole Perkin-Elmer APl 365 SCIEX spectrometer with
Ligand Exchange Experiments. 2-Pt cagecage7d (31 mg, 0.005 ~ @n ionspray interface (mass range3000 amu). The sample were
mmol) was dissolved in 1 mL of CDEITo this solution was added  introduced at a flow rate of 0.5 mL/h; the ion spray, orifice and ring
cavitandlc (11 mg, 0.01 mmol) dissolved in 1 mL of CDQitepwise. potentials were set to 5500, 30, and 400 V, respectively. The scan range

Immediately after the addition at 300 K, no ligand exchange was Was setto 15063000 uma, accumulating 10 scans for each experiment.
observed. Equilibration was reached after 4 h. The same experiment MALDI-TOF Mass Spectra. MALDI-TOF mass spectra were

was repeated at 330 K, giving immediate ligand exchange. recqrded on a PerSpective Bio_system Voyager-DE-RP spectrometer
The following compounds were detected %#NMR: cage7d (R equpu_ed with delayed extracti6h.A 337 nm UV nitrogen laser _
= R' = Cy3H23), heterocagé 3 (R = Cy;Ha3, R' = CH,CH,CeHs), cage produc_lng 3 ns pulses was used, and the mass spectra were ob_ta'lned
7e (R = R' = CH,CH,CeHs), cavitand1b (R = CiiH»3), cavitandic in the linear and reflectron mode. The samples were prepared by mixing
(R = CH,CH,CeHs). 10uL of a chloroform solution of the cage with 30 of a solution of
1H NMR (CDCl;, 400 MHz, 330 K)& 3.94-4.05 (d, OGO of 1 mg/L hydroxybenzylidgne malononitrile [H.BM] in chloroform/poly-
7d, 7e, 13), 4.39-4.45 (t, CH di 7d, 7 13), 4.59 (d, OGH;,O of 1b), (ethylene glycol). One microliter of the solution was loaded on a gold-
4.62 (d, OGO of 1¢), 4.82 (t, GH of 1b), 4.89 (t, CH of 1c), 7.45 (s, sample plate, the solvent was removed in warm air, and the sample
ArH of 10), 8.02 (s, AH of 7d), 8.02, 8.14 (s, AH of 13), 8.16 (s, was transferred to the vacuum of the mass spectrometer for analysis.
ArH of 76). Calorimetric Measurements. Reaction heats were measured by

means of a Thermometric Thermo Activity Monitor Microcalorimeter
equipped with a flow-mixing cell (steady-state experiments) by mixing
a freshly prepared 1 mM solution of Pt(dppp)(G:8yg in tetrachlo-
roethane with a 0.5 mM solution of eith&b or 2b in the same solvent

at 298 and 343 K, respectively. The solutions were thermostated at the
experience temperature by means of a Heto cryothermostatic bath and
then injected in the cell of the calorimeter by means of a Gilson
peristaltic pump, Minipuls 2, equipped with Viton tubing (internal
diameter 1.5 mm) at a flow rate of & 1072 g s'%. Heats of reaction
were experimentally corrected for the heats of dilution of both reactant
solutions. The reported values are the average of at least four different
measurements.

After standing a few days, a white solid precipitated from the
solution. It was collected and dissolved in &I Its 'H NMR spectrum
was superimposable on that of pute

ES-MS (CDCH) of the mixture: m/z 2916 [7d — 2CRSOs)?, 2780
[13 — 2CRSGy)?t, 2715 [7e — 2CRSOy)? .

X-ray Structural Analysis of Cage 7d.A suitable colorless crystal
(0.4 x 0.3 x 0.2 mm) of 2[G3sH160N4O0sP4PL]* -8CRSO;+12.5GHs
was obtained from dichloromethanbenzeneM = 7106.50, triclinic
P-1, a = 21.1806(4),0 = 28.9684(7), anct = 29.2633(7) Ao =
81.8122(12)3 = 74.7096(12), ang: = 85.3796(12), V = 17 125.5-
(7) A3, u(Mo Ka) = 1.791 mm? (based on found atoms, see below),
Z=2,D; = 1.308 g cm?, F(000) = 6860,T = 173.0(1) K. Data
were recorded with a Nonius Kappa CCD diffractometer, using 396  Acknowledgment. The paper is dedicated to the memory
frames, each frame covering & dscillation with an exposure time of  of Don Cram. This work was supported by CNR (Nanotech-
2 x 20 s. A total of 112391 collected reflections and 77319 unique nology Program) and MURST (Molecular Nanoelectronics
reflections [30704 > 2o(1)] were used for refinement. The datawere o) Use was made of instrumental facilities at the Centro
processed with Denz8. The absorption correction was made with InterfaC(l)It‘adi Misure G. Casnati of the University of Parma

SORTAV (Blessing, R. HActa Crystallogr 1995 A51, 33—37, ), but . - L
not applied L, correction was applied. Structure solution was done by Financial support from INSTM to P.J. and from the Finnish

direct method® and refinement orF23 The hydrogen atoms were ~ Ministry of Education to E.W. is gratefully acknowledged.
calculated to their idealized positions with isotropic temperature factors Finally, we are grateful to Prof. J. C. Sherman (UBC) for helpful
(1.2 or 1.5 times the C temperature factor) and were refined as riding suggestions.

atoms. A total of 34 hydrogen atoms could not be calculated to the . . . .

located alkyl groups. In addition, 17 alkylic carbon atoms and their H ~ SUPPOrting Informgﬂop Available: Experlmgntal proce-
atoms could not be located. A total of 78 geometrical DFIX restraints dures and characterization of tetrabromo cavitand precursors
were needed to make some of the alkyl chains and three triflate anionsof compound®a,b, metal complexe8a—h, 4a, 5a—d, and6a—
chemically reasonable. The phenyl groups of the Pt-cage and thed; MALDI-TOF spectrum of cagerd; FT-IR monitoring of
CSA; X-ray structural information orvyd. This material is
available free of charge via the Internet at http://pubs.acs.org.
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