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ABSTRACT

Pyrogallol[4]arene forms discrete hexameric capsules in neat normal, branched, and cyclic alkanes. These hydrocarbon guests fill the available
space and show chemical exchange that is slow on the NMR time scale.

The pyrogallol[4]Jarene macrocycled)(form hexameric || NG

capsuless) both in the crystalline staté and even in @Dg

or CDCk solutiong#(Scheme 1). In the latter solvent, Avram R [

and Cohen deduced a hexameric assemblylfar using

DOSY NMR? Unlike related resorcinarene capsulksioes

not require water for assembiyand we hoped that would |

form capsules in highly apolar media. Accordingly, we }

investigated the behavior dfin aliphatic hydrocarbons and

report here our experiences. : |
We found the amphiphilid to be soluble im-octane after “ J ‘ | . | |

il \-'
-

A
brief heating. In the room temperatutd NMR spectrum ’ /
(Figure 1), the phenolic protons of appear as three Vol | ~ W
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s them in close proximity to the aromatic walls of the host
Scheme 1. Pyrogallol[4]arenes Assemble to Hexameric and in an extended conformation. For longer alkanelsi4¢&-
Capsules in a Variety of Nonpolar Liquid Hydrocarb®ns Ci2Hz6), the methyls are less upfield shifted; the methylenes

are nearer the aromatic walls, and the chains are folded. In

the case of GHas the assignment of encapsulated guest
protons was supported by a two-dimensional COSY experi-
ment. The spectrum withdEl,o shows two broad resonances

in the upfield region, in addition to the major (sharp) peaks

for guest encapsulation. Two-dimensional COSY shows that
these peaks are coupled to each other but not to the other
encapsulated guest protons. These peaks likely result from

1 R=CyHgzs an impurity in the GHo. Capsules are known to be uncanny

hosts for trace impurities in solvert&Typically, a 0.1%
impurity in a solvent can be present at the concentrations
comparable to that of the capsule (mM).
For many capsular systems in solution, molecules occupy
around 55% of the available volume, a measure of the
spacking coefficient (PC): The observed PCs for hexameric
resorcin[4]arene capsules are all lower than this value, e.g.,
Qenzene (0.45%,1,2-cyclohexanediol (0.44y,and tetraalkyl-

a Solubilizing groups (R) have been omitted from the capsule
structure for clarity.

five n-octane molecules per hexaniefwo-dimensional
COSY NMR confirmed the assignment of guest resonance
as shown (green). At lower field strength (400 MHz), the

splitting on the encapsulated methyl resonance appeared a ; a
a triplet of triplets 0 = 7.5 and 1.5 Hz). The observed 2ammonium salts (0.330.48)> X-ray crystallography has

splitting results from spirspin coupling to the protons at  S"OWN @ range of cavity volumes from 1200 to 1520fdx

both C2 and C3 and indicates some slowed@ bond the pyrogallol[4]arene and. gpout 1375 fbr the resorcin-

rotation for the encapsulated guest. Heating the NMR samplel4larene. Even the solubilizing R groups can affect the

to 323 K caused no significant change in the peak intensities V0!ime=*We calculated the PCs in Table 1 using the volume

or shapes. lnout guest exchange is slow on the NMR time

scale, as expected for an encapsulated spécies. _
The host1 dissolves inn-octane at concentrations Table 1. Encapsulation of NondeuterateeAlkanes in

>60 mg/mL, higher than 8 mM in capsule. Most of the NMR  Pyrogallol[4]arene Hexamei; at 298 K

samples were prepared using ca. 5 mdLgfer 400uL of guest volume (A3) guest/1g® PCe

solvent. Many of the other alkane solutions were saturated

. . n-pentane 85 6 0.43
with host even at these lower concentrations. P
. . n-hexane 99 5 0.41
The encapsulatlpn appears to be general for the entire , peptane 116 5 0.48
series of commercial liquid-alkanes from gHi, to CyoHaz n-octane 130 5 0.54
(Figure 2), yet peculiarities are observed in the upfield signals  n-nonane 145 4 0.48
of encapsulated solvents. The terminal methyls of the smaller ~ n-decane 160 3 0.40
alkanes (@H12—CgH2o) are the most upfield shifted, placing n-undecane 178 3 0.45
n-dodecane 190 3 0.48

_ aSize of each guest was based on the van der Waals surface of the fully
extended conformation generated by WebLab Viewer Phategrations
are based on the best-resolved encapsulated guest signal (methyl or
methylene) and the methine df (assumed to be 24 H per hexamer).

Cm”zw Cootyz \L-/M/‘/\L_, ¢ Packing coefficients based on a capsule volume of 1200 A

CwHZM CygHas of the smallest solid-state pyrogallol[4]arene capsule
oH \LV\/L/\_/\/\/'\__ (1200 A¥). For smaller guests such asHG,, up to six
9 20 C..H
M 17786 M molecules are encapsulated; for larger guests such:bissC
CSHmM Crots we observe only three molecules inside (Table 1). While the
o \J{\/\w\_ number of encapsulated guests varies, the packing coef-
7 16M CysHz M ficients are within the range (0.4®.54). Folding or coiling,
CSHM% CraMao % particularly of the longer alkanes, could allow these guests
to occupy an even greater proportion of the available space.
T 1 T l (8) Presence of large nondeuterated solvent peaks and the difficulties in
05 o0 05 pem 05 o6 05 pem shimming lead to higher than normal errors in the integration (at least 20
Figure 2. Upfield H NMR spectra ofl in a series of liquid  30%). , _
n-alkanes (600 MHz). The higher alkanes ddss—CaoHaz) Were 3Oég) Palmer, L. C.; Rebek, J., J@rg. Biomol. Chem2004,2, 3051—

3 9.
measured at 323 K to ensure complete melting; all other spectra (10) Saito, S.; Rebek, J., Bioorg. Med. Chem. Let001,11, 1497—
were acquired at 298 K. 1499.

(11) Mecozzi, S.; Rebek, J., Zhem. Eur. J1998,4, 1016—1022.
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The spectra of the higher alkanes are more complicated|jj A NG

and harder to interpret (Figure 2). As longer alkanes are used,

the spectral baseline intensity increases and the intensity of a

encapsulated peaks decreases, making accurate integration | N~ M

even more difficult. The alkanes; 135 and longer are solids b

at room temperature and must be warmed to form capsule- \—J/\/\JL jL
containing solutions. The NMR spectra of these samples were c

acquired at 323 K (Figure 2). Under these conditions, a single

molecule appears encapsulated; some capsule “melting” was

observed (i.e., monomer in equilibrium with hexamer), o5 o o ppml

possibly resulting from both heating and poor hegtiest ) ’ )

complementarity. Figure 3. IH NMR of 1in (a) n-pentane, (bj-octane, and (c) 1:1
Branched (e.g., isooctane) and cyclic alkanes (e.g., cy-n-pentane/n-octane (V/v).

clopentane, cyclohexane, cyclooctane, decalin) are well

encapsulated, as are 46t and BuGe (see Supporting

Information). Very long alkanes (e.g.,»{El4) show only weakest of interactions, and hydrocarbons cannot be encap-

slight solubilization and encapsulation that may depend on sulated in the presence of better guests. For example, no

the presence of trace impurities. Squalane (2,6,10,14-alkane encapsulation is observed in a fi:bctane/CDG

hexamethyltetracosane), the longest fully saturated liquid (v/v) solution.

hydrocarbon that we could find commercially, shows small  In summary,1 forms a hexameric structure in neat,

but detectable encapsulation at room temperature. aliphatic hydrocarbons and encapsulates them with PCs
TheH NMR spectrum ofl in commercial bulk hexanes between 40 and 55%. Coencapsulation of two different

(a mixture of isomers) was quite complicated, suggesting hydrocz_ar_bon guests also occurs and is_, Iik_ely driven by the

the coencapsulation of multiple species. In another experi- Petter filling of the space by the combinations vs multiple

ment, the pairwise mixing of alkanes (e.g., 1:1 pentane/ copies of a single guest.

octane, v/v) gave new encapsulated peaks at the expense of

those in the spectra of either pure hydrocarbon (Figure 3).

These new resonances speak for the coencapsulation o

several different guests within the large hexamer. The

attractive forces (CHux interaction$?) are among the

Acknowledgment. We are grateful to the Skaggs Institute
for Research and the NIH (GM50174) for financial support
and to Dr. Laura Pasternack for her NMR advice. L.C.P. is
a Skaggs Predoctoral Fellow.

Supporting Information Available: Experimental details

(12) (&) Nishio, M., Hirota, M., Umezawa, . ihe CH/zlnteraction; and additional NMR spectra. This material is available free

Wiley: New York, 1998. (b) Suezawa, H.; Hashimoto, T.; Tsuchinaga,

K.; Yoshida, T.; Yuzuri, T.; Sakakibara, K.; Hirota, M.; Nishio, M.Chem. of charge via the Internet at http://pubs.acs.org.
Soc., Perkin Trans. 2000, 1243—1249. (c) An up-to-date list of apposite
references is maintained online: http://www.tim.hi-ho.ne.jp/dionisio/ OL047673X

Org. Lett, Vol. 7, No. 5, 2005 789



