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Table 2. Rate constants for the quenching of 1 by pyridinium ion acceptors Q' in 
dcgasscd acctonc (0.1 M NBu,PF,) at 25 'C. 

Quencher [a] €(Qt!Qo);V [b] k:/L mo1-l s - '  [c] 

3.4-dicyano-N-methylpyridinium 
2-chloro-N-inethyl-3-nitropyridinium 
4-cyano-N-methylpyridinium 
4-methoxycarbonyl-N-methylpyridinium 
4-aminoformyl-N-ethylpyridin1uin 
3-aminoformyl-N-mcthylpyridinium 
N-et hylpyridinium 
4-methyl-N-methylpyridinium 

-0.1 1 
-0.37 
-0.67 
-0.78 
-0.93 
- I  14 
- 1.36 
- 1.49 

4.05 x 10' 
1.78 x 10' 
5.23 x 10' 
2.59 x 10" 
9.17 x lo8 

1.13 x 10' 
1 . 4 7 ~ 1 0 "  

9.56 10' 

[a] All the cations have hexafluorophosphate counterions except for 3.4-dicyano- 
N-methylpyridinium and 2-chloro-N-methyl-3-nitropyridinium which have tetra- 
fluoroborate counterions. [b] Measured against the saturated sodium chloride 
calomel electrode. [c] k"' is the rate constant corrected for diffusional effects. 

E,xperimental Procedure 
1: To a solution of trimethylsilylacetylene (0.04 mL. 0.30 mmol) in pre-dried. de- 
gassed T H F  (40 mL) under an inert atmosphere of nitrogen, n-butyllithium ( 1 . 6 h i .  
0.18 mL, 0.30 minol) was added at  room temperature. A solid sample of [Cu,(p- 
dppm),(MeCN),](BF,), (500 mg, 0.43 mmol) was added and stirred at  room tem- 
perature for 24 h. After evaporation to dryness. the resulting solid was extracted 
with acetonc (3 x 8mL). and the solution was filtered and reduced in volume. Sub- 
sequent layering ofn-hexanc into the concentrated solution gave 1 as air-stable pale 
yellow crystals (yield 200 mg. 46%). ' H  NMR (270 MH7, [DJacetone. 25 C. rela- 
tive to TMS): d; = 3.74 (m. 8H; CH,). 7.00-7.43 (m. SOH; Ph): IR (nujol!KBr): 
v[cm-'I: 1057 s. ( v  (B F )  ). UV/Vis (acetone): j.[nm] (~, , , /Lmol- 'cm-')  = 374 
(7420); positive ion FAB-MS: ion cluster at mi; 1901 [ M i ] .  Anal. calcd for 
C,ozH,,P,B,F,Cu,.H,O: C 61 03, H 4.42; found: C 61.13. H 4.45. 
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weight = 2221.72, orthorhombic, space group Pwn (no. 56). a = 21.290(1). 

1.316 gcm-', ~(Mo,,) = 9.25 c m - ' ,  F(OO0) = 4576. T =  298 K. A pale yellow 
crystal of dimensions 0.20 x 0.15 x 0.30 mm mounted inside a capillary glass 
tube in the presence of some solvent was used for data collection at 25°C on a 
Rigaku AFC7R diffractometer with graphite monochromatized Mo,, radiation 
(7. = 0.71073 A).  (0-20 scans were used with ( i ~  scan angle (0 63 f0.35 tan@ at 
a scan speed of 16.0"min-' (up to four scans for reflections with 1<150( / ) ) .  
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Mesoporous Alumina Molecular Sieves"" 
Stephen A .  Bagshaw and Thomas J. Pinnavaia* 

The original synthesis of Mobil M41S mesoporous molecular 
sieves['. utilized electrostatic interactions between a positively 
charged surfactant (S')  and a negatively charged inorganic pre- 
cursor ( I - )  to assemble the mesostructure. The electrostatic 
assembly process has been verifiedc3. 41 and extended to include 
charge-reversed ( S - I + )  and counterion-mediated ( S - M  + I -  
and 5 " X - I + ;  M +  = metal cation, X - )  We re- 
cently demonstrated that mesostructure assembly, a t  least in the 
case of silica, can also be achieved through hydrogen bonding 
interactions between neutral inorganic precursors ( I" )  and neu- 
tral alkylamine ( S O )  or  nonionic polyethylene oxide ( N O )  s u r f x -  
t a n t ~ . [ ~ . ~ ]  More recently, Attard et al.['O1 have shown that N o  
surfactants in liquid crystalline form function as authentic tem- 
plates for the synthesis of M41S silicas with hexagonal, cubic, 
and lamellar structure. Neutral S'I" and N"I" pathways have 
important advantages over the electrostatic pathways, in part, 
because most metals form alkoxides or  other neutral complexes 
suitable for hydrolysis and assembly as I" precursors. The diver- 
sity of compositions of I" precursors allows for the synthesis of 
mesostructured oxides that are difficult or impossible to achieve 
by electrostatic assembly mechanisms. We describe here the ap- 
plication of the concept of neutral surfactant templating to the 
synthesis of the first examples of alumina molecular sieves. 

High surface area aluminas are especially important industri- 
al catalysts and catalyst supports.[' ' 3  1 2 ]  Yet, the performance 
properties of these widely used phases undoubtedly is limited, 
because they possess only textural porosity and lack the selective 
framework/confined pore structure characteristic of a molecu- 
lar sieve. There have been previous attempts to prepare 
mesostructured forms of alumina by electrostatic assembly 
 pathway^,^^ -'I but all afforded products that collapsed upon 
surfactant removal. However, as shown by the present work, 
N'I" assembly processes provide highly effective pathways to 
mesoporous alumina molecular sieves. 
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T.iblc I I'~npci-tic\ o f  MSU-X mesoporous alumina molecular sieves calcined iit 773 K 
~~ ~ 

Viesopore Material Tcinplate Surfactant Amount of Surface (1, 00 H K  BJH 
designation formulae template [a] area pore size pore biLc volume [b] 

[mmol] [ni 'g- '1  [.mI [nlnl [nnil  [IllL g-  I] 

MSU-I Tcrgitol Ci ,  - ,dEOl,> 10.7 49 0 x 0 5 5  3.3 0.40 
15-s-9 [ c ]  
Tcrgitol C , ,  ii[E0112 8 5  425 8.5 6 5  3.5 0.44 
15-5-12 
Tcrgttol c , ,  ~ ,,[EOI',, 5.8 535 9 0 7.0 4.6 0.6X 
15-s-20 

R('-760 [d] 
Igcpal C lPh[EOl, 8 5.9 420 9 6  8.0 4 7  0.64 

Tri ton C,Ph[EO], 9.0 460 > 9 0 8 0 3.3 0.35 
x-I I4 [c] 
TI i toii CaPh[EOlic 11.2 445 > Y . O  8 0 3 6  0 37 

ClSU-3 I'luronic I ~ ~ ~ ~ l , , [ ~ P O I , , , [ ~ ~ O l , ,  2.1 430 6.X 10 2 4  0.21 
h4L  [f]  

X - I 0 0  

MSU-2 

[a] All s>nrhcse\ nc rc  performed iit ii surfactant concentriition of 25wt%. [b] Mesopore volume lor  pore5 hetween 2.0 and 8 0 nm diameter ;iccording 10 the BJH ;inalyst.b. 
[c] Tergitol 15-S-I \tit liictants kindly supplied by Union Carbide. [d] Igepal RC-760 kindly supplied b! Rhone-Poulenc. [el Triton-X rui-fxtcints  supplied hy Aldrich [ f ]  
Pluronic h4 L k i i i t l l ~  \upplied by BASF 

Three forms of mesoporous aluminas, denoted MSU-1. 
MSU-3, and MSU-3. were prepared by the hydrolysis of tri-.w- 
butoxyaluminum at  ambient temperature in the presence of the 
nonionic polyethylene oxide surfactants given in Table 1. Typi- 

0 5 10 
2Hl" - 

t i g .  I Powdci X-ra! ditf'raction 
pattern.; 01 MSU-3 :iIumin;i pre- 
pared w i t h  Pluronic 64L surfac- 
t a i l :  A )  .\~-\!ntIiewed sample 
aftei- iiii- di  ying a t  looin tempera- 
ture lot I h  h .  13) .iS~ci- ~alciniitioii 

at 773 K iii a i r  l o r  h 11. Thc iiiten- 
,114 I i \  i i i  ;ii-hitr:iin units 

cal powder X-ray diffraction 
(XRD) patterns are shown in 
Figure 1 for the as-synthesized 
and calcined forms of MSU-3 
alumina prepared from a co- 
polymer surfactant of the type 
(PEO), J(PPO),o( PEO), based 
on polyethylene oxide (PEO) and 
polypropylene oxide (PPO). 
Analogous single peak patterns 
corresponding to large dspacings 
have been observed for disor- 
dered MCM-41,I3. 51 HMS.[81 and 
MSU-XLY1 silicas. However, the 
reflections for MSU-X aluminas 
are broader, signifying an even 
greater degree of structural disor- 
der. Also, the intensities of the 
X R D  lines are substantially 
larger for the calcined forms of 
MSU aluminas than for the as- 
synthesized materials. Analogous 
changes in X R D  intensities have 
been observed for MCM-41 and 
HMS silicas.1y1 Recent modeling 

studies by S. D. Mahanti['31 have shown that the removal of the 
occluded organic template from hexagonal mesostructures en- 
hances the Bragp scattering cross-section. Similar differences in 
scattering intensities are anticipated for as-synthesized and cal- 
cined forms of disordered mesostructures. 

PEO-based surfactants are known to adopt spherical to long 
"wormlike" micellar structures in aqueous solution.['4- ''I The 
pore structures of MSU-X aluminas prepared with these N o  
surfactants reflect the wormlike motif of the micellar structure, 
a s  evidenced by the representative transmission electron micro- 
scopic (TEM) image (Fig. 2) for a MSU-1 alumina prepared 
from Tergitol 15-S-9. However. the wormlike channels. though 
more or less 1-cgular in diameter, have no discernible long-range 
order. That is, the packing of channel system appears to be 
random, despite the presence of an X R D  reflection. In this latter 

F.ig. 2. T E M  image ofa calcined (773 K )  MSU-l alumina molcciil~ir sieve showing 
the regular wormlike channel mottl. but no discernable long-riinge channel packing 
order. The material was prepared by using Tergitol 15-S-9 a\ the  \urfiictant. The 
length of the ba r  corresponds to 60 nni. 

case the regular separation between single channel walls may be 
giving rise to the X R D  reflection. Clearly. the disordered chan- 
nel system of MSU-X aluminas is in marked contrast to the 
long-range hexagonal arrangement of channels found for 
MCM-41 ['I and HMS mesostructures.[8' 

Figure 3 provides representative N2 adsorption Jdesorption 
isotherms for a MSU-3 alumina calcined at 773 K .  All MSU-X 
aluminas prepared by using PEO surfactants as templates dis- 
play a similar broad but well-defined step in the adsorption 
isotherm at p;po  ~ 0 . 4 5 - 0 . 8  and a hysteresis in the desorption 
isotherm over the same relative pressure range. These features 
result from the condensation of the adsorbate within the frame- 
work-confined mesopores," '] not from interparticle 
The lack of textural mesoporosity is indicated further by the 
absence of a hysteresis loop above p,po = 0.8.IX1 Some necking 
of the pore structure is suggested by the sharp curvature in the 
desorption leg of the hysteresis loop. 

Most previously reported studies of mesoporous molecular 
have made use of the Horvath-Kawaxoe (HK)  mod- 

for the determination of pore size distributions from Nz 
adsorption isotherms. This model. developed for microporous 
lamellar carbon materials, assumes the presence of slitlike mi- 
cropores. Therefore, its applicability to materials with larger, 
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Fig. 3. A) Nitrogen adsorption and desorption isotherms for MSU-3 alumina pre- 
pared with the Pluronic 64L surfactant and calcined at 773 K in air for 4 h. The 
volume of N, sorbed is expressed at standard temperature and pressure; pip,  is the 
partial pressure of nitrogen in equilibrium with the sample at 77 K .  B) Correspond- 
ing Barrett -Joiner-Halender pore size distribution determined from the N, ad- 
sorption isotherm. d WjdR is the derivative of the normalized N, volume adsorbed 
with respect to the diameter of the pores of the adsorbent. Prior to measurement the 
sample was evacuated at 423 K and lo-' Torr for 16 h. 

cylindrical mesopores is likely to be limited. In this report, we 
have applied in addition to the HK model both the Cranston- 
Inkley (CI)['O1 and the Barrett -Joyner-Halender (BJH)'211 
models to the determination of framework pore size. Compara- 
ble pore size values were obtained when the CI and BJH models 
were applied to the N, adsorption and desorption branches, 
respectively. However, HK gave significantly larger pore diame- 
ters. For  instance, as shown in Figure 3B, the pore distribution 
determined by the BJH method for MSU-3 alumina is centered 
at  2.4 nm, whereas the H K  model affords a value of 4.8 nm. 
Measurement of the pores in the TEM image in Figure 2 gave 
diameters of about 2.6 nm, a value in favorable agreement with 
the BJH value of 3.3 nm. 

Table 1 gives the basal spacings d,,, , surface areas, pore vol- 
umes, and the H K  and BJH pore sizes for MSU-X aluminas 
prepared from different families of PEO-based surfactants. A 
mesostructure assembly effect is indicated by an increase in both 
the d spacing and the pore diameters with increasing surfactant 
size. Since the MSU-X aluminas exhibit similar pore sizes but 

~~ ~~~ ~ ~~~ ~~ 

larger d spacings than MSU-X silicas,['l we conclude that the 
channel wall thicknesses is larger for the aluminas than the 
silicas. This is consistent with the observation that the 
Brunauer-Emmett-Teller (BET)['81 surface areas of the alumi- 
nas calcined in air a t  773 K range from 420 to 535 m2 g-',  
whereas MSU-X silicas give values twice as large. Nevertheless, 
the surface areas and pore volumes are substantially larger than 
those of amorphous and crystalline aluminas'221 prepared by 
traditional sol - gel or flash-calcination techniques.[231 

The coordination environment of aluminum in MSU-X alu- 
minas was examined by "A1 MAS N M R  spectroscopy 
(MAS = magic angle spinning). Spectra of as-synthesized and 
calcined MSU-3 alumina (Fig. 4) display three resonance sig- . -  
rials, uncorrected for quadrupo- 
lar shift, at 6 = 0, 35, and 75. 
These lines are indicative of 
six-, five-, and four-coordinate 
metal centers, respective- 
ly.rZ4. 2 5 1  In the as-synthesized 
material the six-coordinate spe- 
cies i s  dominant, but after dehy- 
dration and dehydroxylation at 
773 K the four- and five-coordi- 
nate centers both increase at  the 
expense of the six-coordinate 
centers. The presence of five-co- 
ordinate aluminum centers is 
especially noteworthy as they 
may prove to be of catalytic sig- 
nificance as Lewis acid centers. 

Finally, we note that porous 
aluminas[26. 271 and alumi- 

have been prepared 
previously from alkoxide pre- 
cursors in the presence of or- 
ganic pore regulating agents 
such as methyl cellulose or 

100 0 -100 

-6 

Fig. 4. 27AI MAS NMR spectra of 
MSU-3 alumina prepared with the 
Pluronic 64L surfactant: A) As-syn- 
thesized sample after air drying at 
room temperature for 16 h; B) after 
calcination at 773 K in air for 4 h. 
The chemical shifts are referenced 
to external [AI(H,O),]'+ 

short-chain quaternary ammonium cations. Although these or- 
ganic modifiers exhibited structure-directing properties for zeo- 
lite syntheses/291 they afforded aluminas that were X-ray amor- 
phous. Consequently, these earlier alumina synthesis reactions 
involved modifier encapsulation, but not assembly processes. 
Alumina aerogels with surface areas near 500 m2 g- ' also have 
been but the pore structures of these low bulk den- 
sity materials were purely textural. Because of their thermal 
stability, high surface area, and multiple aluminum coordina- 
tion environments, MSU-X alumina molecular sieves offer 
promising opportunities for new materials applications, partic- 
ularly as catalysts and catalyst supports. 

Experimental Procedure 
The synthesis of a representative product, MSU-3 alumina, prepared by using a 
polyethylene oxide/polypropylene oxide copolymer surfactant illustrates the gener- 
al procedure for the preparation of a mesoporous alumina molecular sieve. The 
specific template employed was Pluronic 64L (BASF), a tri-block copolymer with 
specific stoichiometry (PEO),,(PPO),,(PEO),, . A solution containing deionized 
water (42 mmol) in anhydrous ser-butyl alcohol (10 mL) was added very slowly 
(z 1 mL min") to a stirred homogeneous solution containing surfactant 
(2.1 mmol) and tri-Jer-butoxyaluminum (21 mmol) in anhydrous sec-butyl alcohol 
(25 mL). The overall reaction stoichiometry, therefore, was 0.1 : 1.012.0 surfac- 
tant.Al:water. The resulting gel that formed after stirring for 3 h was diluted with 
sec-hutyl alcohol and allowed to react for an additional 16 h. The product was 
washed with absolute ethanol and dried sequentially at room temperature for 16 h 
and at 373 K for 6 h. The calcination was carried out by heating to 773 K for 4 h. 
XRD patterns were obtained with a Rigaku Rotaflex diffractometer equipped with 
a rotating anode and Cu,, radiation (L = 0.15418 nm). The TEM image was ob- 
tained with a JEOL lOOCX microscope using an accelerating voltage of 120 kV and 
a 20 mm objective lens aperture. N, isotherms were obtained on a Coulter Om- 

1104 @> VCH ~,rlugs~PselI.sschufi mhH. 0-694Sl  Wrinhehii. 1996 OS70-0833~96~3SlO-i l04 s lS.00f .25/0 Angew. Chem. In[. Ed. Engl. 1996. 35. No. 10 
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nisorp 360CX Sorptometer operated under continuous adsorption conditions. "AI 
MAS NMR spectra were obtained with a Varian VXR-400 NMR spectrometer 
equipped with a Varian MAS probe and SiN rotor. The spectrometer frequency was 
104.22 MHz. pulse width 2 ms, and sample spinning rate 6550 Hz 
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Design, Synthesis, and Ion-Transport Properties 
of a Novel Family of Cyclic, Adamantane- 
Containing Cystine Peptides** 
Darshan Ranganathan,* V. Haridas, 
K. P. Madhusudanan, Raja Roy, R. Nagaraj, 
G. B. John, and M. B. Sukhaswami 

Cyclic peptides have attracted considerable attention in re- 
cent years. Apart from acting as templates in the de novo de- 
sign"' of artificial proteins, they serve as useful models[21 for the 
study of preferences in protein secondary structure and also play 
a pivotal role in ion transport across biological membranes.13] 
Recently, a new aspect has developed: the formation of nano- 
tubes from cyclic peptides.l4] 

The problem of delineating conformation in cyclic peptides 
can be overcome by incorporating rigid units in their frame- 
work. The potential of this strategy has recently been shown in 
the design of conformationally constrained, high-affinity lig- 
ands for GPIIbjIIIb receptor proteinsrs1 and in the development 
of minimal glucocorticoid receptors models.[61 Thus, it was en- 
visaged that when rigid and simultaneously lipophilic units are 
incorporated into the cyclic peptide framework, not only would 
the peptide have the desired conformational constraint but it 
would also interact with lipid bilayers. These cyclic peptides 
would thereby effectively and preferentially transport ions 
across biological membranes. 

In this communication we provide the first illustration of this 
strategy and report on the design and synthesis of a unique 
family of adamantane-~ontaining~'~ cystine cyclic peptides with 
the general structure cyclo(Adm-Cyst), (Adm = 1,3-adaman- 
tanedicarbonyl; Cyst = L-cystine dimethyl ester; n = 2-5), 
which were constructed in a single step by the reaction of L- 
cystine dimethyl ester with 1,3-adamantanedicarbonyI dichlo- 
ride. Further, members of this class of cyclic peptides have been 
demonstrated to selectively transport sodium and potassium 
ions in model membranes. 

Treatment of 1,3-adamantane dicarbonyl dichloride with L- 
cystine dimethyl ester in the presence of triethylamine under 
high-dilution conditions afforded a mixture of four products 
with similar TLC behavior, which were separated by chro- 
matography on silica gel with ethyl acetatejbenzene (80/20) as 
eluent. The products were isolated in yields of 55 ( I ) ,  15 (2), 12 
(3), and 2 %  (4), and were fully characterized by spectroscopic 
and analytical data (Scheme 1, Table 1)). 

The highly symmetrical nature of 1-4 was evident from 
the appearance of only single set of resonances for the cystine 
and adamantane units in their 'H and I3C NMK 
The chemical shifts of the adamantane and cystine protons in 
2-4 were essentially identical to those of 1, suggesting that 
these units adopt similar conformations. The ROESY NMR 
spectra of 1-3 and the very enhanced ROE e f f e ~ t 1 ~ ~ 1  between 
the NH and the adamantane methylene protons suggests that 
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