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Abstract: The selective formation of a homo or hetero cavitand cage composed of two molecules of tetra-
(4-pyridyl)-cavitand (1), tetrakis(4-cyanophenyl)-cavitand (2), or tetrakis(4-pyridylethynyl)-cavitand (3), and
four molecules of Pd(dppp)(OTf). (4) or Pt(dppp)(OTf). (5) has been studied. A 1:1:4 mixture of 1 with
more steric restriction, 2 with less coordination ability, and 4 or 5 specifically self-assembled into a hetero
cavitand cage 6 or 7, respectively. In contrast, a 1:1:4 mixture of 2, 3, and 4 in CDCI;z at room temperature
assembled into the most labile homo cyanophenyl cavitand cage 8 and the most stable homo pyridylethynyl
cavitand cage 9 in a 1:1 ratio. Upon heating at 50 °C, the thermodynamic equilibrium was shifted to a 1:1:1
mixture of 8, 9, and a hetero cavitand cage 10. When 1 equiv of 3 was added to 8 at room temperature,
8, 9, and 10 were formed initially in a 1:1:3 ratio and finally shifted to a 1:1:1 ratio. In the Pt-system, upon
addition of 1 equiv of 3 to homo cyanophenyl cavitand cage 11 in CDCl; at room temperature, the ratio of
hetero to homo cavitand cage (13/12) initially attained was 8.7 and remained above 5.6 at room temperature.
Upon heating at 50 °C, 13 was finally converted to 11 and 12. Thus, the selectivity for the self-assembly
of the homo or hetero cavitand cage is controlled by the balance between kinetic and thermodynamic
stabilities of cages based on a combination of factors such as coordination ability and steric demand of the
cavitands.

Introduction complementary ionic interaction or hydrogen bondinghe

Self-assembly of preorganized unit molecules with a concave nonsymmetrical nanospace provided by these assemblies has
Botential for novel molecular recognition events. Recently, we

surface provides supramolecular capsules or cages possessin . ; X A g
an isolated nanospaééEncapsulated guest molecules in these have reported (_)rlentatlonal isomerism of a nonsy_mmgtrlcal guest
encapsulated in a hydrogen-bonded hetero dimeric capsule.

nanospaces often show different behavior from bulk phases. For
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However, metal coordination hetero assemblies have been little Chart 1
reported because of the difficulty in controlling the simultaneous
coordination of two kinds of ligands with different coordination
ability as donors on a metal as an acceptor. Metal coordination
hetero assemblies have so far been achieved based on the steric
hindrance of ligands to prevent homo assembly and/or based
on the inducement of a suitable guébtetal coordination hetero
cavitand cages are particularly rare as compared to the corre-
sponding homo cavitand cag&Reinhoudt, Dalcanale, and co-
workers reported the formation of metal coordination hetero

cavitand cages on a gold surface by using two cavitands with
different side chains of alkylthioether and alkyl groups at the

lower rim, but with the same pyridyl or cyano ligands at the
upper rim? Dynamic assembly is another interesting topic, with

a view to mimicking biological processes, as well as a dynamic

combinatorial library of assemblié®.Here, we report the

selective self-assembly of a homo or hetero cavitand cage that
can be controlled by the balance between kinetic and thermo-
dynamic stabilities of cages based on a combination of factors
such as coordination ability and steric demand of the cav-

itands!t12
Results and Discussion

Synthesis of Deep Cavitands and Self-Assembly of Pd-
Based Hetero Cavitand Cage 6! Bowl-shaped deep cavitands
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2a:R' = (CHp)CH;
2b:R'= (CH2)15CH3

thP\M,Pth
TIO" OTf

4:M=Pd
B:M=Pt

Scheme 1

1-3 (Chart 1) were prepared by using tetraiodocavitand as a
starting materiat™13 Tetra(4-pyridyl)-cavitandl) and tetrakis-
(4-cyanophenyl)-cavitan@) were synthesized by the Suzuki
Miyaura cross-coupling reaction of tetraiodocavitand with
4-pyridylboronic acid pinacol ester or 4-(cyanophenyl)boronic
acid pinacol ester, respectively, in the presence of #B€h),

and AsPRh.8™13 The Sonogashira cross-coupling reaction of
tetraiodocavitand with 4-ethynylpyridine was applied to the
synthesis of tetrakis(4-pyridylethynyl)-cavitan8).(

A 1:1:4 mixture of pyridyl cavitand, cyanophenyl cavitand
2a, and square-planar Pd(dppp)(Oat¥) in CDCl; at room
temperature instantaneously and specifically self-assembled into
the hetero cavitand cadé-2a:[Pd(dppp)}} 8*+(TfO")s (6), as
shown in Scheme ¥, wherein 1 and 2a as hemispheres
coordinate to four molecules dfat the equatorial region. The

(12) For kinetic control in metatligand self-assembly, see: (a) Hasenknopf,
B.; Lehn, J.-M.; Boumediene, N.; Leize, E.; Dorsselaer, A.Ahgew.
Chem., Int. Ed1998 37, 3265-3268. (b) Paraschiv, V.; Crego-Calama,
M.; Ishi-i, T.; Padberg, C. J.; Timmerman, P.; Reinhoudt, D.JNAm.
Chem. Soc 2002 124, 7638-7639. (c) Tashiro, S.; Tominaga, M.;
Kusukawa, T.; Kawano, M.; Sakamoto, S.; Yamaguchi, K.; Fujita, M.
Angew. Chem., Int. E@003 42, 3267-3270. (d) Badjiee, J. D.; Cantrill,
S. J.,; Stoddart, J. F. Am. Chem. So@004 126, 2288-2289. (e) Hori,
A.; Yamashita, K.; Fujita, MAngew. Chem., Int. E®2004 43, 5016~
5019.

Sebo, L.; Diederich, F.; Gramlich, \Helv. Chim. Acta200Q 83, 93—
113.

(13)



Formation of a Homo or Hetero Cavitand Cage

ARTICLES

(a)

1l

W

(b)

A

(d)

!

(e)

T
9.0 8.0 7.0 6.0 5.0 ppm

1 T l T T [ I T T | T i T ‘

0 -10 —20 ppm
Figure 1. H NMR spectra (300 MHz, CDGJ 296 K) of (a)1, (b) 2a, (c)
[1] = [2a] = 1 mM and b] = 4 mM immediately after the mixing, (d) a
mixture of [1] = [2a] = 1 mM and ] = 4 mM after the heating at 50C
for 13 h (hetero cavitand cag®, and (e) a mixture of]] = 1 mM, [24]
=2 mM, and p] = 4 mM after the heating at 58C for 13 h (7 and free
23); (f) 3P NMR spectrum (162 MHz, CDg;1296 K) of a mixture of {]
= [2a] =1 mM and B] = 4 mM after the heating at 50C for 13 h (7).

structure of6 was determined byH and 3P NMR spec-

Scheme 2

(a)

Pt= Pt(dppp)  Yabaelom
R =R'= (CH,)gCH; £

the hetero cavitand cadgis specifically formed as the most
thermodynamically stable species.

Self-Assembly of Pt-Based Hetero Cavitand Cage 1n
contrast to the Pd-based hetero cavitand dagbe 'H NMR
spectrum of a 1:1:4 mixture df, 2a, and Pt(dppp)(OT$H(5) in
CDCl; at room temperature showed complicated and broad
signals, although a hetero cavitand cage may be contained

troscopies and cold-spray ionization mass spectrometry (CSI-(Figure 1c). It is well known that the Ppyridine bond is
MS).14 This specific self-assembly would arise from a combi- kinetically more stable than the Pgyridine bondt® Thus, in
nation of factors such as coordination ability and steric demand this mixture, pyridyl cavitandl, with stronger coordination

of the cavitands. The pyridyl group df is more sterically
hindered than the cyanophenyl group?aftoward the dppp on

ability than 2a, and Pt(dppp)(OT#$) (5) would preferentially
assemble into unidentified aggregates based on kinetic control.

the Pd, whereas the inherent coordination ability of the former However, after this mixture was heated at®Dfor 13 h, the

is greater than that of the latter. The rotation of pyridyl and 'H NMR spectrum showed the complete change of the
cyanophenyl groups on the cavitand scaffold is highly restricted complicated aggregates to a single highly symmetrical species
because the ligand moiety is placed between the two oxygen(C,, symmetry), indicating the hetero cavitand cage2ar
atoms on the cavitand scaffold. Thus, simultaneous cis- [Pt(dppp)k}&+(TfO )g (7), as shown in Scheme 2a and Figure

coordination of the pyridyl group of two molecules bfo Pd-
(dppp) did not form a homo cavitand cag@),-[Pd(dppp)}} &

1d. In thel unit of 7, the Ad values AJ = dcage — Ofreeligand
of the inner and outer protons of the methylene-bridge and the

(TfO™)s, but gave complicated aggregates. Upon addition of 1 pyridyl o- andj3-protons weret-0.17,+0.46,+0.31, and+0.05

equiv of 2a, aggregates were convertedad-or these reasons,

(14) Yamaguchi, KJ. Mass Spectron2003 38, 473—490.

(15) Fujita, M.; Ibukuro, F.; Yamaguchi, K.; Ogura, &.Am. Chem. So4995
117, 4175-4176.
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Figure 2. CSI-MS spectra of (a) a mixture &f 2a, and5 (hetero cavitand [T T T T
9 p (@ f 23, ( 30 20 10 o ppm

cage?), (b) a mixture of3 and8 (cavitand cages8, 9, and10), and (c) a
mixture of 3 and 11b (cavitand caged1b, 12, and13) in CHCI; at the
spray temperature of 20 °C.

ppm, respectively, and in tHza unit of 7, the Ad values of the
inner and outer protons of the methylene-bridge andxthend
pB-protons of thep-cyanophenyl group were0.07,—0.42, ca.
—0.2 (overlap), and-0.04 ppm, respectively (Figure la,b vs
1d). The3P NMR spectrum of showed two doublet peaks at
—16.31 and—15.02 ppm with the same coupling constant of
2Jp—p = 31.9 Hz due to the dppp desymmetrized by the hetero
cavitand cage formation (Figure 1f). Further evidence for the
formation of 7 was given by the CSI-MS, wherein the molecular
ion peaks of7 were observed atvz 2948.4 [ — 2(TfO7)]?"
(calcd 2947.8), 1915.87[— 3(TfO™)]3* (1915.5), and 1399.2
[7 — 4(TfO7)]** (1399.2), as shown in Figure 2a.

The hetero cavitand cageonce formed was thermodynami-
cally stable and retained the structure without further transfor-
mation. Exchange between t2a unit of 6 and free2a was
fast on the NMR time scal®,whereas exchange between the
2aunit of 7 and free2awas slow on the NMR time scale (Figure
le). The PENCPh bond is thermodynamically, as well as
kinetically, less stable than the-Rpyridine bond. In fact, the

1534 J. AM. CHEM. SOC. = VOL. 128, NO. 5, 2006

Figure 3. H NMR spectra (300 MHz, CDGJ 296 K) of (a) Rb] = 2
mM and @] = 4 mM (homo cavitand cag®), (b) [3] =2 mM and §] =

4 mM (homo cavitand cag®), (c) [2b] = [3] = 1 mM and B] = 4 mM
immediately after the mixing&and9), (d) [2b] = [3] =1 mM and §] =

4 mM after the heating at 5CC for 6 h @, 9, and hetero cavitand cadé),
and (e) B] =[8] = 1 mM (10/9 = 3.0); (f) 3P NMR spectrum (162 MHz,
CDCl, 296 K) of [3] = [8] = 1 mM. The typical signals of the hetero
cavitand cagel 0 are marked withw.

homo cyanophenyl-cavitand cafa).:[Pt(dppp)k} & (TfO)g
(118 (vide infra) in CDC} at room temperature gradually
underwent ligand exchange with 1 equiv bfto give a 1:1
mixture of 7 and free2a after 24 h (Scheme 2b). THel NMR
spectrum was identical to Figure le.

Self-Assembly of Cyanophenyl Cavitand 2b, Pyridylethy-
nyl Cavitand 3, and Pd(dppp)(OTf), (4). Pyridylethynyl
cavitand3 has an ethynyl moiety between the cavitand scaffold
and the pyridine ring. The pyridyl group 8fis free from steric
hindrance that arises from the restriction of free rotation of the
pyridine ring in pyridyl cavitand.. Consequently, thtH NMR
spectrum of a 2:4 mixture & and Pd(dppp)(OT#$)(4) showed
the quantitative formation of homo pyridylethynyl cavitand cage
{(3)2:[Pd(dppp)}} & +(TfO)s (9), as shown in Figure 3b. In
contrast to a 1:1:4 mixture df, 2a, and4 to form the hetero
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Scheme 3

)
N
C

8
—_—
o=

x4
Pd(dppp)

N M
£
R= (CHz}acHs

R' = (CH)1pCH3

cavitand cages, a 1:1:4 mixture of cyanophenyl cavitar2ih 350

(2 mM), 3, and4 in CDCls instantaneously produced the most 200 4 wmi b

labile homo cyanophenyl cavitand cag@b),-[Pd(dppp)}} &+

(TfO7)s (8) and the most stabl@ in a 1:1 ratio (Figure 3c)! 250 050

The coordination ability of pyridylethynyl cavitar@lis much ;g‘zm_

higher than that of cyanophenyl cavita@d Therefore, homo = T : :
pyridylethynyl cavitand cag® forms prior to homo cyanophenyl § 1.50 1 Time (h)

cavitand cag®. At the initial state of cavitand cage formation,

9 formation based on kinetic control is the driving force of the i - )

self-assembly an@® is the byproduct. However, new signals 0.50 4

appeared from the 1:1:4 solution 2B (1 mM), 3, and4 after 0,00 4—2 e - :

heating at 50C, as marked with & in Figure 3d, in addition 0 2 6 8 10

4

to 8 and 9. We found that these new signals result from the Time (day)
i .3 8+, - Figure 4. Ratios of hetero cavitand cad® to homo cavitand caggas a

geterlo (t:ﬁvganqtca;%%btﬁ [Ta(dpﬁ)p)l} (gTiOé Js (]f) (S( Scheme function of time (day), monitored b4 NMR integration'’ (a) [2b] = [3]
a). In the3 unit of 10, the Ad values (0 = dcage~ Ofreeligand =1 mM and §] = 4 mM in CDCk at 23°C (0 h: 10/9 = 0); (b) [2b] =
of the inner and outer protons of the methylene-bridge and the [3] = 1 mM and f] = 4 mM in CDCk at 50°C (0 h: 10/9 = 0); (c) [3]

pyridyl a- andj-protons were-0.08,—0.03,+0.24, and-0.11 =[8] =1 mM in CDCk at 23°C (0 h: 10/9 = 3.0).

ppm, respectively, and in thzb unit of 10, the Ad values of

the inner and outer protons of the methylene-bridge andithe A 1:1 mixture of homo cavitand cag@sand9 was converted
and ﬁ_protons of thep_cyanopheny| group were ca-0.55 into a mixture Of8, 9, and 10 (SCheme 3a and Figure 4a,b).

(overlap), ca—0.35 (overlap)~0.59, and—0.52 ppm, respec-  The conversion at room temperature was slow, as shown in
tively (Figure 3a,b vs 3d). In Figure 3f, t#& NMR spectrum  Figure 4& Homo cavitand cage4(/9 = 0) were retained for
showed two doublet peaks at 5.18 and 11.88 ppm with the sameat least 2 days. However, hetero cavitand ck@appeared after
coupling constant offJp_p = 27.3 Hz in 10 due to the 4 days L0/9 = 0.14). Afterward, the ratio afO slowly increased
desymmetrization of dppp by the hetero cage formation, together (24 days10/9 = 0.21; 60 days10/9 = 0.46; 134 days]0/9 =

with two singlet peaks o8 (15.71 ppm) an® (6.47 ppm). The 0.97). Finally, the ratio reached the thermodynamic equilibrium
CSI-MS of a 1:1:4 mixture ob, 3, and4 in CHCl; after heating ~ value of 1.0. The conversion at 3¢ proceeded more quickly,

at 50°C showed molecular ion peaks of hetero cavitand cage @s shown in Figure 4b (1 H0/9 = 0.90; 2 h,10/9 = 1.0).

10 at m'z 2933.0 [LO — 2(TfO)]?*+ (calcd 2930.7) and 1905.0  Afterward, the ratio ofl0/9 = 1.0 was remained unchanged.

[10 — 3(TfO7)]3" (calcd 1904.2) as independent peaks from
; ; (17) We usedH NMR integration to determine the molar ratios of homo and
the homo cavitand cages (Flgure 25)' hetero cavitand cages. Inner and outer protons of methylene bridges and
o-protons of pyridine rings of cages were used for the integration ratios.
(16) Cavitand2b [R' = (CH,)10CH3] was used in place o?2a [R' = (CHy)e- Molar ratios based on the integration 3P NMR signals, as well as the

CH;s] because the formula dfa is identical to that of3. Otherwise, the integration of!H NMR signals, were calculated at the initial state. The
molecular weight of the hetero cavitand cage is equal to that of the homo integral ratios of homo and hetero cavitand cages ff#1NMR signals
cavitand cage. were consistent with those frof NMR signals.

J. AM. CHEM. SOC. = VOL. 128, NO. 5, 2006 1535



ARTICLES

Yamanaka et al.

@)

(b)

average energy value of 8 and 9

s
.....................................

average energy value of 11 and 12

Figure 5. Schematic representation of relative energy diagrams for (a) Pd-based cavitan®,cgmsd 10, and (b) Pt-based cavitand cadels 12, and

13

Hetero cavitand cagt0is selectively formed by controlling

from 8 and9 requires dissociation & from the thermodynami-

the addition order and stoichiometry of cavitand ligands. Partial cally most stable® (Figure 5a). The cavitand ligand exchange

ligand exchange between the most labile homo cavitand 8age
and3 based on kinetic control would proceed to form a mixture
enriched in hetero cavitand cad® prior to exchange toward
homo cavitand cag® (Scheme 3b). Upon slow addition of 1
equiv of pyridylethynyl cavitand3 to a solution of homo
cavitand cage®, the ratio ofL0/9 reached up to 3.0 at the initial

to producelO is promoted by heating the mixture at 3C
(Figure 4b).

Self-Assembly of Cyanophenyl Cavitand 2, Pyridylethynyl
Cavitand 3, and Pt(dppp)(OTf), (5). A 2:4 mixture of
cyanophenyl cavitangb and Pt(dppp)(OT$)(5) self-assembled
into homo cavitand cagf(2b),+[Pt(dppp)k} &++(TfO)s (11b)

stage (Figure 3e). The hetero cavitand cage enriched mixture(Figure 6af’ A 2:4 mixture of pyridylethynyl cavitan@ and5

(109 = 3.0) was shifted to the thermodynamic equilibrium state
(10/9 = 1.0) after 1 week at room temperature (Figure 4c).
The 1:1:1 product ratio d, 9, and10 at the thermodynamic
equilibrium state starting fromac1:4 (0 = 1) of 2b, 3, and4
would be explained as follows. The relative energy diagram
for 8, 9, and10is shown in Figure 5a. Homo cavitand ca@e
constructed from pyridylethynyl cavitan@ with stronger
coordination ability is the most stable cage am@®, and
10, whereas homo cavitand ca§ecomposed of cyanophenyl
cavitand2b with weaker coordination ability is thermodynami-
cally the most labile among them. A 1:2:4 mixture 216, 3,
and 4 gave only homo cavitand cadg® In contrast, a 2:1:4
mixture of2b, 3, and4 produced, 9, and10in the 1:1:1 ratio,

gave homo cavitand cagf(3)z:[Pt(dppp)k} e+ (TfO™)s (12)
(Figure 6b). Upon addition of 4 equiv &fto a 1:1 mixture of
2b and3 in CDCl;, the’H NMR spectrum showed the formation
of a 1:1n(n = 1) mixture ofllb, 12, and hetero cavitand cage
{2b-3-[Pt(dppp)k} & (TfO")g (13), marked withw, as shown
in Figure 6¢c and Scheme 4a. In tBeinit of 13, the Ad values
(AS = Ocage — Ofreeligand Of the inner and outer protons of the
methylene-bridge and the pyridgl- and -protons in CDG
were —0.09, —0.02, +0.28, and ca.—0.1 (overlap) ppm,
respectively, and in th@b unit of 13, the Ao values of the
inner and outer protons of the methylene-bridge andxthend
[B-protons of thep-cyanophenyl group in CDglwere +0.13,
—0.44, —0.59, and—0.54 ppm, respectively. Th&P NMR

which is the same as the product ratio obtained from the 1:1:4 spectrum in CRCl, showed two doublet peaks atl7.01 and

system of2b, 3, and4 described above. A 1:3:8 mixture 2b,

3, and4 produced, 9, and10in the 0.33:1.33:0.33 ratio at the
thermodynamically equilibrium state. The thermodynamic sta-
bility of hetero cavitand cag&0 constructed from two different
cavitand ligand2b and3 would lie between those of the two
homo cavitand cage8 and9. In the 1:1:4 mixture o2b, 3,
and 4, the formation of9 is inevitably accompanied by the
formation of8 in the 1:1 ratio. Therefore, the thermodynamic
equilibrium point in this system lies between the average
thermodynamic stability of the two homo cavitand cadearn(d

9) and the thermodynamic stability of hetero cavitand ca@e

—12.37 ppm with the same coupling constanf&f » = 31.9
Hz in 13, in addition to the peaks of homo cavitand cadgéb
(—=15.14 ppm) and.2 (—15.11 ppm), as shown in Figure 6f.
These results support hetero cavitand cag8eFurther identi-
fication of 13was obtained by CSI-MS, wherein the molecular
ion peaks were observed at 636118 - TfO~)* (calcd 6365.4),
3107.0 13 — 2(TfO")]2* (calcd 3108.2), and 2021.43 —
3(TfO7)]®" (calcd 2022.4) as independent peaks from the homo
cavitand cages (Figure 2c).

Addition of cyanophenyl cavitanéb (1 equiv to3) to the
solution of homo cavitand cade and freeb, which is prepared

(Figure 5a). The conversion rate to reach thermodynamic by mixing pyridylethynyl cavitan® and Pt(dppp)(OT§(5) in

equilibrium starting from homo cavitand cag8sand 9 was

a 1:4 ratio, gave only homo cavitand caddband12ina 1:1

much slower than that starting from the hetero cavitand cage ratio (Figure 6d and Scheme 4b). Once homo cavitand cages
10 enriched system (Scheme 3a vs b and Figure 4a vs c¢). Thellb and 12 are formed, they are stable even at 8D and

difference results from the fact that formation 1@ starting
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Figure 6. H NMR spectra (300 MHz, CDGJ 296 K) of (a) Rb] = 2
mM and b] = 4 mM (homo cavitand cagélb), (b) [3] = 2 mM and p]
= 4 mM (homo cavitand cag#2), (c) [2b] = [3] =1 mM and p] = 4
mM (2b, 3, and5 were mixed at once)l(lb, 12, and hetero cavitand cage
13), (d) [2b] = 1 mM, [12] = 0.5 mM, and §] =2 mM (11band12), and
(e) [B] =[11b] = 1 mM (1312 = 8.7); (f) 3P NMR spectrum (162 MHz,

CD,Cly, 296 K) of [3] = [11b] = 2 mM. The typical signals of the hetero
cavitand cagd3 are marked withw.

A kinetic-controlled hetero cavitand cage formation proce-
dure, as demonstrated in the Pd-bagédormation, was also
effective for Pt-based 3 formation. Hetero cavitand cadiS
was formed selectively by adding 1 equiv®fo a solution of
homo cavitand cagélb. The initial ratio of13/12 reached up
to 8.7 in CDC} (Scheme 4c and Figures 6e and ¥cAn

Ratio (13/12)

0.00 T T T4 + —

0 10 20 30 40
Time (day)

Figure 7. Ratios of hetero cavitand cad8to homo cavitand cagéas a
function of time (day), monitored byH NMR integration'” (a) [2b] = 1

mM, [12] = 0.5 mM and §] =2 mM in CDCk at 50°C (0 h: 13/12= 0);

(b) [11b] = [3] = 1 mM in CDCk at 50°C (0 h: 1312 = 5.6); (c) [L1h]

=[3] = 1 mM in CDCk at 23°C (0 h: 1312 = 8.7); (d) [L1b] = [3] =

1 mM in acetoneds at 23°C (0 h: 1312 = 4.4).

the thermodynamic stability of3 (Figure 5b) becaus&? is
thermodynamically much more stable thitb and13. On the
other hand, a solution enriched in hetero cavitand dage/hich

is prepared by the method of Scheme 4c, fairly maintains the
ratio at room temperature, as shown in Figure 7c (0312 =

8.7; 12 h,13/12 = 7.2; 90 days13/12 = 6.0; 175 days1312
=5.6). Transformation to the thermodynamically stable cavitand
cage was influenced by the polarity of the solvent. In acetone-
ds, @ more polar solvent than CD{;the ratio of homo cavitand
cagesllb and12 gradually increased at room temperature, as
shown in Figure 7d (0 h13/12 = 4.4; 90 days 1312 = 1.65;

175 days,13/12 = 1.03).

Conclusions

We have demonstrated selective formation of self-assembling
homo or hetero cavitand cages via metal coordination based on
thermodynamic and kinetic control. A 1:1:4 mixture of pyridyl
cavitandl with more steric restriction, cyanophenyl cavitand
2a with less coordination ability, and Pd(dppp)(OZ{4) or
Pt(dppp)(OTf) (5) in CDCl; self-assembled into the thermo-
dynamically stable hetero cavitand ca@er 7, respectively,
based on a combination of coordination ability and steric
demand of the cavitand ligands. Pyridylethynyl cavit&itas
less steric restriction thahand more coordination ability than
2. A 1:1:4 mixture of2b, 3, and4 at room temperature self-
assembled into kinetically as well as thermodynamically the
most stable homo pyridylethynyl cavitand cé@and the most
labile homo cyanophenyl cavitand ca8e the 1:1 ratio. Upon
heating this mixture at 50C for 2 h, the thermodynamic
equilibrium was shifted to a 1:1:1 mixture 8f9, and the hetero
cavitand cagel0. Upon addition of 1 equiv 08 to 8 at room
temperature, a mixture enriched in hetero cavitand ¢aq&0/9

increase of homo cavitand cages was observed in the heterc= 3.0) was obtained at the initial state. In the Pt-system, a 1:1:4

cavitand cage enriched solutioh3(12 = 5.6) by heating at 50
°C (Figure 7b). The ratio 01312 became 2.0 after 12 h, and

mixture of 2b, 3, and5 gave a mixture of homo cyanophenyl
cavitand cagd 1b, homo pyridylethynyl cavitand cade?, and

further transformation to homo cavitand cages proceeded. hetero cavitand cagE3in a 1:1n (n = 1) ratio. Upon addition

Finally, the hetero cavitand cad® was converted completely
into homo cavitand cageklb and 12 after 30 days at 50C.
The thermodynamic stability df3 would be between those of

of 2 equiv of2b to a 1:4 mixture ofLl2 and5, two homo cavitand
cagesl1lband12were specifically formed in the 1:1 ratio. This
mixture remained unchanged upon heating at’60 due to

11lband12, as was the case with Pd-based cavitand cages. Thethermodynamically the most stabl®. Selective formation of

fact that only 11b and 12 specifically exist at the final

hetero cavitand cagk3 was attained by adding 1 equiv 8to

thermodynamic equilibrium state indicates that the average the solution of homo cavitand cadédb, and the ratio ofl3/12

thermodynamic stability ofl1b and 12 is much greater than

reached up to 8.7 at the initial state and remained above 5.6 at
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Scheme 4

Pt = Pt{dppp)
R= {CHz)scH3
R'= {CH2)1,CH3

room temperature even after a half of a year, due to the kinetic and 162 MHz, respectively, on a JEOL JNM-AL400 spectrometer. CSI-
stability of the Ptligand bond. However, upon heating at 50 MS spectra were measured on a JEOL JMS-700 spectrometer. Syntheses
°C, the ratio 0f13/12 decreased to 2.0 after 12 h, ah8was of cavitands {, 2, and 3) and characterizations of self-assembled
completely converted th1band12 after 30 days. The average ~C@Vitand cagesi( 8, and9) were described previousty.

thermodynamic stability of1b and12 was much greater than {1-2a[Pt(dppp)] 4} ¥*+(TFO ")s (7). '"H NMR (CDCls) 0 0.88 (t,J =

the thermodynamic stability of3. 6.4 Hz, 12H), 0.89 (tJ = 6.7 Hz, 12H), 1.16-1.58 (m, 80H), 2.18&

- 2.50 (m, 24H), 2.953.11 (m, 8H), 3.3%+3.50 (m, 8H), 4.25 (dJ =
Thus, the selectivity for the self-assembly of the homo or ¢ Hz, 4H), 4.39 (4] = 6.5 Hz, 4H), 4.69 (t) = 8.6 Hz, 4H), 4.82
hetero cavitand cage is cqrj@rolled by the balance between.klne.tlc t, J = 8.6 Hz, 4H), 4.83 (dJ = 7.6 Hz, 4H), 5.76 (dJ = 6.5 Hz,
and thermodynamic stabilities of cages based on a combinationgiyy 6.92 (brs, 8H), 7.03 (dl = 6.3 Hz, 8H), 7.06 (s, 4H), 7.10 (d,
of factors such as coordination ability and steric demand of the = 6.9 Hz, 8H), 7.15-7.24 (m, 28H), 7.397.52 (m, 28H), 7.52.7.63
cavitands. Selective formation of hetero cavitand cddgesnd (m, 16H), 7.73-7.90 (m, 16H), 8.92 (brs, 8H}*F NMR (CDCk) ¢
13 has been achieved by controlling the addition order of —80.07;%P NMR (CDCE) 6 —16.31 (d,2Jp-p = 31.9 Hz,Jpp1 =
cavitand ligands through dynamic self-assembly based on kinetic2810 Hz),—15.02 (d 2Jp-p = 31.9 Hz,Jp—pt = 3680 Hz); CSI MS1/z
control. This work presented here could have implications for 2948.4 [ — 2(TfO")]*" (calcd 2947.8), 1915.&[— 3(TfO")]** (calcd
constructing dynamic supramolecular structures akin to biologi- 1915-5), 1399.27 — 4(TfO")]** (caled 1399.2).
cal systems. {2b-3-[Pd(dppp)]a} &+ (TFO ~)s (10). *H NMR (CDCl;) 6 0.89 (t,J
= 7.1 Hz, 24H), 1.221.51 (m, 112H), 2.152.41 (m, 24H), 2.8%
3.02 (M, 8H), 3.143.28 (m, 8H), 4.51 (dJ = 7.3 Hz, 4H), 4.65 (t]
= 8.4 Hz, 4H), 4.76-4.95 (overlap, 12H), 5.99 (d, = 7.3 Hz, 4H),
General. 'H NMR spectra were recorded at 300 MHz on a Bruker 6.62 (m, 8H), 7.06 (dJ = 8.6 Hz, 8H), 7.14 (s, 4H), 7.20 (m, 8H),
AC300 spectrometet’F and®P NMR spectra were recorded at 376  7.28-7.76 (m or overlap, 68H), 7.86 (dd,= 3.3, 8.2 Hz, 16H), 8.85

Experimental Section
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(m, 8H); %F NMR (CDCk) 6 —80.03;3P NMR (CDCE) 6 5.18
(d, 2Jp_p = 27.3 Hz), 11.88 (d2Jp_p = 27.3 Hz); CSI MSmMz 2933.0
[10 — 2(TfO7)]?" (caled 2930.7), 1905.01p — 3(TfO7)]** (calcd
1904.2).

{(2b)*[Pt(dppp)] 4} &+ (TFO ") (11b).*H NMR (CD.Cl,) ¢ 0.88 {t,
J = 6.8 Hz, 24H), 1.26-1.60 (m, 144H), 2.242.42 (m, 24H), 2.94
3.10 (m, 16H), 4.21 (dJ = 7.2 Hz, 8H), 4.70 (tJ = 8.0 Hz, 8H),
5.08 (d,J = 7.2 Hz, 8H), 7.00 (dJ = 8.6 Hz, 16H), 7.11 (d) = 8.6
Hz, 16H), 7.34 (s, 8H), 7.457.60 (m, 48H), 7.74 (dd) = 7.5, 11.8
Hz, 32H):'H NMR (CDCls) 6 0.89 (t,J = 6.9 Hz, 24H), 1.26-1.55
(M, 144H), 2.17-2.42 (m, 24H), 2.993.17 (m, 16H), 4.26 (dJ =
6.4 Hz, 8H), 4.70 (tJ = 7.7 Hz, 8H), 5.12 (dJ = 6.4 Hz, 8H), 7.06-
7.15 (m, 24H), 7.277.46 (m, 48H), 7.487.59 (m, 48H), 7.687.84
(m, 32H);19F NMR (CD,Cl,) 6 —80.61;31P NMR (CDCl,) ¢ —15.14
(Jp—pt = 3420 Hz); CSI MSm/z 3219.5 [L1b — 2(TfO)]?*" (calcd
3220.4).

{(3)[Pt(dppp)] 4} B++(TFO)s (12). 'H NMR (CD,Clo) 6 0.89 (t,J
= 6.9 Hz, 24H), 1.22-1.49 (m, 80H), 2.122.30 (m, 24H), 3.26
3.36 (M, 16H), 4.17 (dJ = 7.3 Hz, 8H), 4.74 (tJ = 8.0 Hz, 8H),
5.90 (d,J = 7.3 Hz, 8H), 7.02 (dJ = 6.3 Hz, 16H), 7.03 (s, 8H),

{2b-3-[Pt(dppp)] 4} 8"+ (TfO )s (13). *H NMR (CD,Cly) 6 0.89 (t,J
= 6.9 Hz, 12H), 0.91 (tJ = 6.6 Hz, 12H), 1.2+1.55 (m, 112H),
2.18-2.50 (M, 24H), 2.873.05 (m, 8H), 3.17-3.34 (m, 8H), 4.19 (d,
J = 7.2 Hz, 4H), 4.38 (dJ = 7.3 Hz, 4H), 4.61 (] = 8.0 Hz, 4H),
4.72 (d,J = 7.2 Hz, 4H), 4.82 (tJ = 7.6 Hz, 4H), 6.03 (d) = 7.3
Hz, 4H), 6.58 (brs, 8H), 7.07 (d,= 8.7 Hz, 8H), 7.19 (dJ = 6.0 Hz,
4H), 7.25 (s, 4H), 7.31 (di] = 2.7, 7.7 Hz, 4H), 7.36 7.55 (m, 44H),
7.56-7.68 (m, 16H), 7.86.7.93 (m, 16H), 8.83 (dJ = 6.0 Hz, 8H);
1H NMR (CDCl) 6 0.88 (t,J = 6.4 Hz, 24H), 1.171.57 (m, 112H),
2.12-2.47 (m, 24H), 2.963.08 (m, 8H), 3.18-3.43 (m, 8H), 4.31 (d,
J= 7.2 Hz, 4H), 4.50 (dJ = 7.0 Hz, 4H), 4.63 (tJ = 7.9 Hz, 4H),
4.81 (d,J = 7.2 Hz, 4H), 4.84 (t] = 8.0 Hz, 4H), 6.00 (dJ = 7.0
Hz, 4H), 6.60 (m, 8H), 7.06 (d] = 8.7 Hz, 8H), 7.19 (ddJ = 6.1,
10.7 Hz, 4H), 7.287.34 (m, 16H), 7.347.55 (m, 16H), 7.557.67
(m, 24H), 7.65-7.94 (m, 16H), 8.89 (s like, 8H}*F NMR (CD.Cl,)
0 —80.47;3P NMR (CD,Clp) 6 —17.01 (d,2Jp-p = 31.9 HZ,Jp_pt =
2860 Hz),—12.37 (d,2Jp-p = 31.9 Hz,Jp_pt = 3610 Hz); CSI MSWz
6361.0 (3 — TfO")* (calcd 6365.4), 3107.4LB — 2(TfO)]?" (calcd
3108.2), 2021.413 — 3(TfO)]3* (calcd 2022.4).

Acknowledgment. We thank Prof. Takayuki Kawashima and
Prof. Kei Goto (The University of Tokyo) for our use of their
19F and3!P NMR spectrometer. This work was supported in
part by Grants-in-Aid from the Ministry of Education, Science,
Sports, Culture, and Technology of Japan (No. 17350067 to
K.K.) and by the Sasakawa Scientific Research Grant from The

7.38-7.52 (m, 48H), 7.587.72 (m, 32H), 8.95 (d] = 6.5 Hz, 16H);
H NMR (CDCly) 6 0.89 (t,J = 6.9 Hz, 24H), 1.19-1.53 (m, 80H),
2.10-2.38 (m, 24H), 3.243.40 (m, 16H), 4.25 (dJ = 7.1 Hz, 8H),
4.76 (t,J = 8.0 Hz, 8H), 5.93 (dJ = 7.1 Hz, 8H), 7.06 (dJ = 6.5
Hz, 16H), 7.13 (s, 8H), 7.357.57 (m, 48H), 7.577.70 (m, 32H),
8.95 (d,J = 6.5 Hz, 16H);2%F NMR (CD:Cl;) & —80.65;3P NMR

(CD,Clp) & —15.11 @p_p = 3060 Hz); CSI MSm/z 6139.5 (2 —
TfO")* (calcd 6141.0), 2994.9p — 2(TfO)]?* (calcd 2996.0), 1946.7
[12 — 3(TfO")]3* (calcd 1947.6).

Japan Science Society (to M.Y.).
JA0555365

J. AM. CHEM. SOC. = VOL. 128, NO. 5, 2006 1539





