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Abstract: A cavity-containing metal—ligand assembly is employed as a catalytic host for the 3-aza Cope
rearrangement of allyl enammonium cations. Upon binding, the rates of rearrangement are accelerated for
all substrates studied, up to 850-fold. Activation parameters were measured for three enammonium cations
in order to understand the origins of acceleration. Those parameters reveal that the supramolecular structure
is able to reduce both the entropic and enthalpic barriers for rearrangement and is highly sensitive to small
structural changes of the substrate. The space-restrictive cavity preferentially binds closely packed,
preorganized substrate conformations, which resemble the conformations of the transition states. This
hypothesis is also supported by quantitative NOE studies of two encapsulated substrates, which place the
two reacting carbon atoms in close proximity. The capsule can act as a true catalyst, since release and
hydrolysis facilitate catalytic turnover. The question of product hydrolysis was addressed through detailed
kinetic studies. We conclude that the iminium product must dissociate from the cavity interior and the
assembly exterior before hydroxide-mediated hydrolysis, and propose the intermediacy of a tight ion pair
of the polyanionic host with the exiting product.

Introduction exclusive supramolecular structure, and the utilization of weak
and reversible interactions between the components, such as
hydrogen bonds or metaligand interactions, allows for the
self-correction and formation of the most favorable thermody-
namic product314By binding a reactive organometallic transi-
tion metal catalyst into such molecular containers, an active site
can be installed®2° Alternatively, the supramolecular host can
act as the catalyst itself. Bimolecular catalysis can occur when
two reactive partners are bound within the same capsule and
their relative encounter frequencies are thus incredsé.
Phase-transfer catalysis can be achieved when the solubility
rE)ropertles of the capsule exterior differ notably from those of

Inspired by nature’s ability to control and manipulate chemical
reactions by means of steric confinement and precisely posi-
tioned functional group interactions, synthetic chemists have
developed cavity-containing structures, which could potentially
fulfill similar functions. Lehn, Cram, and Pedersen introduced
crown ethers and cryptands as very simple enzyme mihfics.
Starting in the 1970s, significant advances were made by using
the naturally occurring cyclodextrins as molecular hosts for
chemical reactivity"® However, as the scale and complexity
of the target reactions and their products increase, the preparatio
of patalytlc cgwtands in a covalent fashion becomes very the interior environmerse
difficult, involving costly multistep syntheses that often produce
only milligram yields of materiat®12 For these reasons, the (3 gﬁghﬁs't'x;;ll[)&‘gﬁ' ¥ faég“?“gl'sé;/:\'e}'?fd”?prgﬂfoﬁgbS%or%%tj{?”pp
use of self-assembly is gaining popularity: large and complex  327-355. I : o
structures can be obtained through the self-assembly of relatively®#) Hof F.; Craig, S. L Nuckolls, C.; Rebek, J., Angew. Chem., Int. Ed.

2002 41, 1488-1508.

)
simple subunits. These subunits are programmed to form one(15) Merlau, M. L.; Mejia, M. P.; Nguyen, S. T.; Hupp, J. Angew. Chem.,
Int. Ed. 2001, 40, 4239-4242.
(16) Slagt, V. F.; Reek, J. N. H.; Kamer, P. C. J.; van Leeuwen, P. W. N. M.
)
)

(1) Cram, D. JAngew. Chem., Int. Ed. Endl988 27, 1009-1020. Angew. Chem., Int. ER00L, 40, 4271-4274.

(2) Lehn, J.-M.Angew. Chem., Int. Ed. Endl988 27, 89—112. (17) Slagt, V. F.; van Leeuwen, P. W. N. M.; Reek, J. N.Ahgew. Chem.,
(3) Takahashi, KChem. Re. 1998 98, 2013-2034. Int. Ed. 2003 42, 5619-5623.
(4) Breslow, R.; Guo, TJ. Am. Chem. S0d.988 110, 5613-5617. (18) Slagt, V. F.; Kamer, P. C. J.; van Leeuwen, P. W. N. M.; Reek, J. N. H.
(5) Breslow, R.; Anslyn, EJ. Am. Chem. S0d.989 111, 8931-8932. J. Am. Chem. So2004 126, 1526-1536.
(6) Breslow, R.; Schmuck, Cl. Am. Chem. S0d.996 118 6601-6606. (19) Slone, R. V.; Hupp, J. Tinorg. Chem.1997, 36, 5422-5423.
(7) Breslow, R.; Zhang, X.; Xu, R.; Maletic, M.. Am. Chem. S0d996 118 (20) Wilkinson, M. J.; van Leeuwen, P. W. N. M.; Reek, J. N.®tg. Biomol.
11678-11679. Chem.2005 3, 2371-2383.
(8) Breslow, R.; Huang, Y.; Zhang, X.; Yang,Broc. Natl. Acad. Sci. U.S.A. (21) Kang, J. M.; Rebek, J., JNature 1997, 385 50—52.
1997, 94, 11156-11158. (22) Kang, J. M.; Santamaria, J.; Hilmersson, G.; Rebek, JJ. Am. Chem.
(9) Breslow, R.; Dong, S. DChem. Re. 1998 98, 1997-2012. Soc.1998 120, 3650-3656.
(10) Coolen, H. K. A. C.; van Leeuwen, P. W. N. M.; Nolte, R. J. MAm. (23) Chen, J.; Rebek, J., Jorg. Lett.2002 4, 327-329.
Chem. Soc1995 117, 11906-11913. (24) Yoshizawa, M.; Takeyama, Y.; Kusukawa, T.; Fujita, Mhgew. Chem.,
(11) Clyde-Watson, Z.; Vidal-Ferran, A.; Twyman, L. J.; Nakash, M.; Sanders, Int. Ed. 2002 41, 1347-1349.
J. K. M. New J. Chem1998 493-502. (25) Yoshizawa, M.; Takeyama, Y.; Okano, T.; Fujita, 81.Am. Chem. Soc.
(12) Mattei, F.; Diederich, FHelv. Chim. Actal997 80, 1555-1588. 2003 125 3243—3247
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Figure 1. CAChe model of the MLg supramolecular assembly, encapsulat-
ing an enammonium substrate. Left: View down the two-fold axis. Right:

View down the three-fold axis. The guest molecule is shown in space-

filling view.

[3,3]

Figure 2. General reaction scheme of the 3-aza Cope rearrangement.
Starting from the enammonium catiéy [3,3] sigmatropic rearrangement
leads to iminium catioB, which then hydrolyzes to the aldehydg,

supramolecular host needed to be identified. The cationic 3-aza
Cope rearrangement seemed to be most suitable to be carried
out in the finite environment of the Mg assembly?®-38 The
3-aza Cope (or aza Claisen) reaction is a member of the [3,3]
class of sigmatropic rearrangements and occurs thermally in

The most common limitation in applying these host templates N-allyl enamine systems with varying degrees of facility,
as catalytic containers is product inhibition. Since the design depending on structural featur@s73940hereas neutral allylic

of the cavity relies on the shape complementarity with the

enamines rearrange tbene imines at rather elevated temper-

reaction transition state and/or reaction products, the latter tendatures (176-250°C), the corresponding protonated, Lewis acid

to associate with the host interior with similar or higher binding

coordinated, or quaternized molecules tend to rearrange at

strength, thereby preventing catalytic turnover. Despite these considerably milder temperatures (2020°C),* making these

difficulties, the number of catalytic scaffolds for bimolecular

reactions suitable for complex molecule syntheses. A catalytic

reactions or phase-transfer reactions is increasing, but catalyticenantioselective variant, however, still remains to be devel-

cavities forunimolecularreactions are still very rare. We have
previously described the use of a methfjand assembly as a
catalytic host for unimolecular rearrangemetitddere we

oped?243
The substrates for the cationic 3-aza Cope rearrangement are
enammonium cationsA(. These cations should bind to the

expand on our previous report, accounting for the origins of cavity interior because they closely resemble analogous am-
the observed rate accelerations and providing mechanistic insightmonium cations, such as NMRrt, which are known to

into the separate steps involved in the catalytic cycle.
Results and Discussion

Identification of a Suitable Reaction: 3-Aza Cope Rear-
rangement. Raymond and co-workers have developed su-
pramolecular metatligand assemblies of Mg stoichiometry
(M = G&', AI®Y, Fet, Ge', Ti*", L = 1,5-bis(2,3-
dihydroxybenzamido)naphthalert€)3! In these structures, the

four metal atoms are located on the vertices of the tetrahedron,

strongly associate with the assembly cavity. Sigmatropic rear-
rangement leads to iminium catior®)( which are subsequently
hydrolyzed to the correspondingd-unsaturated aldehydeS)
(Figure 2). Since neutral molecules are only very weakly, if at
all, bound by the supramolecular host, we thereby hope to
circumvent the problem of product inhibition. The hydrolysis
step could potentially be followed by binding of more substrate,
enabling catalytic turnover.

A range of enammonium substrates varying in size, shape,

while six bis-bidentate catecholamide ligands span the edgesand substitution pattern was investigated (Table 1). All enam-
(Figure 1). Though composed of achiral components, the overallmonium salts were synthesized by alkylationMN-dimeth-

structure of the tetrahedron is chiral. The chirality is a result of

ylisobutenylamine with the corresponding allyl bromides or allyl

the tris-bidentate coordination at each metal center, leading totosylates, and were obtained as hygroscopic solids in very good

either A or A configuration, and due to strong mechanical

coupling between the metal centers through the rigid ligands,

the tetrahedra are homochiral (with eiteA,A,A- or A,A,A,A-
configuration) and resolvabf@:33The metat-ligand assemblies
have provided rich hostguest chemistry: a large variety of

yields.

Encapsulation and Rate AccelerationAll of the substrates,
even the sterically more demandi@@nd9, were encapsulated
by the metatligand assembly. This is most easily observed
by IH NMR spectroscopy: shielding by the naphthalene moiety

monocationic guest molecules can be encapsulated into theof the ligand scaffold causes an upfield shift of the guest

hydrophobic cavity, ranging from simple alkylammonium i&ns
to cationic organometallic speci&s3®

resonances by-23 ppm, and placement into the chiral cavity
causes enantiotopic groups to become diastereotopic. Enam-

In pursuing supramolecular catalysis, a chemical transforma- monium cationl (R;, Rz, Rs = H), for example, quantitatively

tion of a cationic substrate which is compatible with the

yielded the hostguest complex JcGaL¢]!™, as confirmed

(26) Ito, H.; Kusukawa, T.; Fujita, MChem. Lett200Q 598-599.

(27) Fiedler, D.; Bergman, R. G.; Raymond, K.Ahgew. Chem., Int. EQ004
43, 6748-6751.

(28) Caulder, D. L.; Powers, R. E.; Parac, T. N.; Raymond, KAhgew. Chem.,
Int. Ed. 1998 37, 1840-1843.

(29) Caulder, D. L.; Raymond, K. Nl. Chem. Soc., Dalton Tran999 1185-
1200

(30) Caulder, D. L.; Brakner, C.; Powers, R. E.; Kig, S.; Parac, T. N.; Leary,
J. A.; Raymond, K. NJ. Am. Chem. So001, 123 8923-8938.

(31) Davis, A. V.; Raymond, K. NJ. Am. Chem. So005 127, 7912-7919.

(32) Ziegler, M.; Davis, A. V.; Johnson, D. W.; Raymond, K.Ahgew. Chem.,
Int. Ed. 2003 42, 665-668.

(33) Terpin, A.; Ziegler, M.; Johnson, D. W.; Raymond, K. Ahgew. Chem.,
Int. Ed. 2001, 40, 157-160.

(34) Fiedler, D.; Leung, D.; Bergman, R. G.; Raymond, K.2NAm. Chem.
So0c.2004 126, 3674-3675.

(35) Leung, D.; Fiedler, D.; Bergman, R. G.; Raymond, K.Ahgew. Chem.,
Int. Ed. 2004 43, 963—-966.

(36) Walters, M. A.J. Org. Chem1996 61, 978-983.

(37) Przheval'skii, N. M.; Grandberg, |. Russ. Chem. Re 1987, 56, 477—
491.

(38) Elkik, E.; Francesch, @ull. Soc. Chim1968 3, 903-910.

(39) Opitz, G.Justus Liebigs Ann. Cherhi961, 122-132.

(40) Blechert, SSynthesis989 71-82.

(41) Nubbemeyer, UTop. Curr. Chem2005 244, 149-213.

(42) Enders, D.; Knopp, M.; Schiffers, Rietrahedron: Asymmetry99§ 7,

)

1847-1882.
(43) Nubbemeyer, USynthesi2003 7, 961—-1008.
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Table 1. Synthesis of the Various Enammonium Salts Table 2. Rate Constants for Free (kiree) and Encapsulated (Kencaps)
Ry Rearrangements (Measured at 50 °C in D,0O) and Their
P Acceleration Factors

H 2 MeNH, R X kfree kencaps
CHyCly, 20 h, RT, ! W compound Ry R, R3 (x1075s7Y)  (x1075s7Y)  acceleration
molecular sieves N Me,N
(o] ——-

N \ MeCN, 0°C, 48 h
|/\( B_<R3 1-Br H H H 3.49 163 5
= 2-Br Me H H 7.61 198 26
Ri Re 3-Br H Et H 3.17 446 141
4-0Ts H H Et 1.50 135 90
Ry R, R3 X~ compound 5-OTs H n-Pr H 4.04 604 150
6-0Ts H H n-Pr 1.69 74.2 44
ue : ',j g; ;_E; 70Ts H i-Pr H 0.37 316 854
H Et H Br 3Br 80Ts H nBu H 3.97 222 56
H H Et OTs 4-0Ts 9-0Ts H TMS H 0.033 1.17 35
H n-Pr H OTs 50Ts 10-Br H Me Me 6.3 331 53
H H n-Pr OTs 6-OTs
: 'r;';r : 8;: 2'82 (3 vs 4, and5 vs 6). Not only the size but also the shape of the
H TM; H OTs 9-0Ts guests seem to be important in achieving optimal rate accelera-
H Me Me Br 10-Br tions. This phenomenon of shape selectivity is not unprecedented

for the MyLg assembly, and aspects of this type of selectivity
have been discussed befdfe>
by NMR spectroscopy (Figure 3); the enantiotopic methyl  The observed rate enhancements might potentially be due to
groups on the nitrogen become diastereotopic upon binding, andthe cavity’s more hydrophobic environment. Control experi-
a total of four upfield-shifted methyl resonances at 0—2@,03, ments, however, in which the free rearrangemenﬂ_oj]ag
—0.60, and—1.08 ppm are displayed for the heguest monitored showed no significant solvent dependence on the rate
complex. Additional confirmation of the 1:1 stoichiometry is  (kp,0 = 3.49 x 10755, kyeop = 3.62 x 1075 571, kepgl, =
obtained by ESI-mass spectrometry, in which peaks correspond-3.84 x 10-5s71). In fact, the larger substrat8sand9 rearranged
ing to a 1:1 hostguest complex are observed. more slowly in methanol than in aqueous solution. The prospect
The rates of rearrangement were measured for the free andthat the host assembly’s negative charge was causing the rate
encapsulated enammonium cations to explore potential changesicceleration was ruled out by adding salt (2 M KCI) in the
in substrate reactivity which may occur upon encapsulation. All absence of the assembly, which again did not result in a notable
rearrangements displayed clean first-order kinetics &G increase in rate for the free rearrangemégg(= 4.02 x 10°°
buffered solution (pD= 8.00). In all cases, though, the s71)
encapsulated substrates rearranged much faster (Table 2). The Origins of Acceleration: Determination of Activation
highest rate acceleration was observed for the isopropyl- Parameters. To investigate the origin of the observed rate
substituted enammonium cati@nbinding into the host interior  accelerations, the activation parameters were measured for
resulted in a rate increase by almost 3 orders of magnitude. substrates3, 4, and 7 for the free and the encapsulated
Interestingly, the trend of higher rate accelerations with an rearrangements. The obtained parameters for the free rearrange-
increase in steric demand of the guest molecule is not ment of substrat8, for example, are\H* = 23.14-0.8) kcal/
monotonic. There appears to be an “optimal fit" for substrate mol andASf = —8(%2) eu. These values are similar to those
7, whereas accelerations for the larger substratesd9 drop reported in the literature for related systethsnd the highly
off significantly. In addition, there are notable differences in organized transition state required for the rearrangement is
the acceleration of the trans- and cis-substituted stereoisomersnirrored in the negative entropy of activation. To ensure that

HDO
NMe;
Me Me /_<
+
MezN
-CH.- L
4 x=CH I —
MLJH L l
' &0 55 80 45 40 a5 a0 28 20 15 ppm
acetone
CH. Me Me Me
|
T
| i<
=CH, =CH, =CH | | I
| . =CH 'l_ | Il | =
||'l '_! A -:. ] Ir'\-r\‘ I-. i rl'
I 4‘.0 3:5 3:0 2‘.5 E.III 1‘.5 1:0 0:5 II:D -0‘.5 -1‘.0 Ppm

Figure 3. H NMR spectra ofl-Br (top) and LcGalL¢]'t~ (bottom), illustrating the effects of encapsulation.
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Table 3. Summary of Activation Parameters for 3, 4, and 7, Free An illustration of the high sensitivity of the supramolecular
and Encapsulated host to guest stereochemistry (and vice versa) are the differences
AH™ AS™ in chemical shift for the bound guest substra@esd4 (Figure
substrate compound  solvent A A1 g-1 .

[keal mol"] [cal mol” K™] 4). The terminal methyl groups (M&9 are separated by more

) _( than 0.7 ppm for 3cGaL¢]'™ versus ACGale)tt™ and
N s resonate at 0.21 and0.52 ppm, respectively. For the unbound

D,0 23.1(8) -8(2) ; .

R 3 and 4, the chemical shifts of these methyl groups are
essentially identical. This seems to imply that their averaged
positions within the host cavity differ significantly from each

&‘N+’—< other. A similar effect is experienced by the methylene protons

R B CeDsCl  23.4(5) -5(2) on the ethyl substituent (GFf); again, a large separation in
— their chemical shifts can be observed (Figure 4).
Taken together, these results imply that the host assembly
\N/=< . b0 23014 ‘0 can selectively bind preorganized, reactive conformations of the
v z 04 o) substrates, and these “exclusive conformations” are dependent
= on the size and shape of the entering guest substrate. The space-
restrictive host cavity allows for encapsulation of only tightly
\N/=< packed conformers, closely resembling the conformations of the
7 D0 236(3) A1) transition states. The predisposed conformers, which have
— already lost several rotational degrees of freedom, are selected
from an equilibrium mixture of all possible conformers, and

,=< thus the entropic barrier for rearrangement decreases. Added
=N encaps. [3¢Galgl'™  D;0 23.0(9) +2(3) strain that is induced by squeezing the ground state into the
R tight cavity is reflected by a lowered enthalpic barrier. This effect

of preorganization and induced strain becomes more significant
. _< for the larger substrates, which fit more tightly in the host cavity.
N ncaps. MCGald™ 0,0 2.8(7) 5(2) If the optimal fit of the reactant transition state with the host
g cavity is exceeded, however, rate accelerations drop off again,
as illustrated by substrat@and9.
,=< Evidence for Encapsulated Ground-State Preorganization.
U encaps. MCGald™ Do 2269) 1(2) The 2D NOESY spectra oSL-Gae] ™ and BcGail¢™
— corroborate the effect of preorganization into reactive conforma-
tions in the hostguest systems (Figure 5 and Supporting

Information). The encapsulated enammonium catnfor

example, displays strong NOE correlations between protons at

this negative entropy of activation was not an artifact of the two ends of the molecule, while unboughows no such

solvation changes specific to the aqueous medium, the activationdipolar couplings between the distal alkyl chains. These

parameters foB were also measured insBsCl, again revealing correlations would be anticipated for a tight, closely packed

a negative entropy of activation (Table 3). The encapsulated conformation of the bound substréfe.

reaction of BCGayLg]'*™ in water gave a very similar value To obtain more quantitative information about the exact

for the enthalpy of activatiom\H* = 23.0@0.9) kcal/mol. The orientation of the bound guest molecules, NOE growth rates

entropy of activation, in contrast, differed remarkably by almost for selected resonances BdGaylLg]''™ and BCGalL ¢t were

10 eu, withASF = +2(£3) eu. The activation parameters are determined. Assuming that the initial rate approximation is valid

summarized in Table 3. (a linear NOE growth), the magnitude of an enhancement
Consideration of the activation parameters for the different between two spins A and B after a periodill be proportional

encapsulated substrates reveals that the reasons for supramd0 the cross-relaxation rate, which in turn depends on the

lecular catalysis are more complex than simply a reduction of distancerag™®. Using a known internal distancey as a

the entropy of activation, since different effects are observed reference, and determining the NOE growth ratefor that

for substratess, 4, and 7. While the rate acceleration for the reference and the unknown distance, the unknown distaace

encapsulate® was exclusively due to lowering the entropic can be calculated according t@s = rxv(oxy/oag)¥/%.%6 Even

barrier, a smallenS' is also observed fo# and7, but for the though the method bears several uncertainties, the success of

latter two the enthalpic barrier to rearrangement is also the approach relies on the insensitivity of the calculaiggdto

decreased. It is possible that, for those two substrates, bindingthe experimental accuracy, due to € dependence (a factor

into the narrow confines of the metaigand assembly induces ~ Of 2 error in the growth rate corresponds to onf0% error

some strain on the bound molecules, thereby raising their in the distance measurement).

ground-state energies compared to those of the unbound

substrates. Even though the differences in the activation (44) Jolidon, S.; Hansen, H.-Bielv. Chim. Actal977 60, 978-1032. .

_ R . (45) The short mixing time of 90 ms ensures that no correrlations due to spin
parameters are small, they are certainly real. It is especially diffusion are observed.
interesting to note that the two stereoisom®isnd 4 respond (46) Neuhaus, D.; Williamson, M. PThe Nuclear @erhauser Effect in

. R Structural and Confomational Analysi&nd ed.; VCH Publishers: New
differently to the effects of encapsulation. York, 2001.
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NMe, Met=ns NMe, Mece
e [T Eid e
Et e=t A
Me MB,.rIr g Q
‘ O HZC&-‘::._-—._,.CH?‘
|| cH, J' CH, 2xCHE o
S R e N A
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MeEt

[
| :
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— L_J lk._.)lm J\. J'\J U\ O By 61
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T T
-0.5 -1.0 -1.5 ppm

Figure 4. Comparison of théH NMR spectra of BcGauLg]*'~ and BCGaylg]*". Significant differences in chemical shifts for the encapsulated guest can
be noted, implying a different orientation for the distinct substrates.

Hnapht. Hcﬂ.
*i Q**ﬂ
H Me, Me Me
: W
N NN J .
| S ppm J .
2 .
Me_/ ,-" . . f
. -1 nﬂ f i
......... - ] ©
no NOE observed 04 .
14 1
2_
]
Q . ”
N
4 ' "
[
Me Me 54 )
NH — gﬁv
-— 4
M: C = H MF-O ° ;¢!
z i 1, strong 4 g % o
Q Mo INOE HiAte
Me.. .- 74 ' |
sy AVil N
=t '
9 T T T T T T T T T T

9 8 7 8 5 4 3 2 1 [ ppm

Figure 5. 2D NOESY spectrum of4cGayLe]*'™ in a D,O/MeOD mixture (70:30) recorded at10 °C, mixing time 90 ms. Indicated in red are selected
NOE correlations. The correlation between the methyl groups at the two distal ends of the molecule is a remarkable demonstration of the cesityesenfor
of a compressed and folded guest conformation.

0.06 1 T molecules. One remarkable correlation is the NOE between
CH3" and CH¥ (highlighted in red). This NOE is not observed
for the unbound substrate and again illustrates the close packing
of the bound guest molecule.

Quantification of the NOE growth rate yields a distance of
3.76 A between the two methyl groups, €@Hand CHk.
Similarly, the distance between?ldnd CH' was determined
to be 3.90 A (Figures 6 and 7). In an analogous fashion, the
02 04 08 08 1 NOE growth rates for 4CcGalg]'l™ were translated into

mixing time [sec] d t . d t d . F 7
Figure 6. NOE buildup curves for 4cGayl¢]''". Remarkable is the Istances as indicated in |gur§ ’
correlation between C#fand CHY; the two distal methyl groups must be For both averaged conformations @®&nd4), the measured

held at close proximity. distances illustrate the close proximity between the two distal
Figure 6 depicts a plot of NOE cross-peak intensity vs mixing ends of the guest molecules, bringing the two bond-forming C

time 7 for a selected diagonal peak @i GaL ]~ and shows atoms into contact distances. In fact, employing MM3 modeling

the typical NOE cross-peak growth for large, slowly tumbling and restricting several intramolecular distances to the calculated

0.05 4 LI

10244 J. AM. CHEM. SOC. = VOL. 128, NO. 31, 2006
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3.19 [3.07]

g 408
Vs ~ ™, 3.40 — cat. / \ &
/ CH,§ CH, CH,§ CHy - L—
/ 3.90 | Meo o7
( | " 3.24[3.29] | S Newy/
' N*- N*.
AN H;C/ H;C/ — Ry
/AT SH chy /
H,C i HL™

H 3.76

HzC""“CHa

Figure 7. Derived intramolecular distances fotdGayL¢]'*~ (left) and .
[B3cGalg)'~ (right). Calculated distances are denoted in parentheses. 0.2 L] i

Distances between methyl groups refer to a pseudoatom located in the cente L "
of the plane of the three hydrogen atoms. o

0.8 e =
values furnishes conformations 8fand 4 in which the two £ ¢ =
reacting C atoms are less thd A apart. The NOE measure-
ments thus demonstrate that the metaand assembly indeed 07 . ’ i
enforces the binding of preorganized, reactive conformations. . .

Catalytic Turnover. Since one of our main goals was the 06
design of catalytic scaffolds, the question arose as to whether . .
the MyLg supramolecular assembly would also be able to
mediate the aza Cope rearrangement catalytically. The stoichio-
metric experiments had shown that, in all cases of the host-
mediated 3-aza Cope rearrangement, the iminium catBhs ( » )
hydrolyzed to the corresponding aldehydés, (eaving behind Figure 8. Initial rates for the catalytic 3-aza Cope rearrangement of

yaroly ; p g - yaes, g ; [3cGaule]*t . Purple ®, 40% catalyst loading; greem, 27% catalyst
an “empty” cavity?” The empty cavity should be able to bind  loading; light bluea, 13% catalyst loading; orange - -, 40% catalyst loading,
more substrate and should therefore make it possible to carryinhibited with 8 equiv of NE{"; dark blue - -, uncatalyzed re?lction- “‘sm”
out the reaction under catalytic conditions. When the reaction giegrr'glis starting material, as determined by integration ofth&iMR
was conducted in the presence of 13 mol % catalyst relative to
enammonium substrate, truly catalytic behavior of the supramo- other catalytic assemblies for different chemical transformations,
lecular host was revealed. Increasing the catalyst loading fromhjs issue needed to be examined.
13 to 27 to 40 mol % resulted in the eXpeCtEd rate aCC'eratiOﬂS; The System of choice for these studies was hgmst

0.5 T T T
2000 4000 6000 8000

time [sec]

the observed initial rate constants atZ5arekys moi% = 0.64 complex LOCGayLg]**". Unlike most other bound enammonium
x 1074574 Ko7 mot o= 1.17 x 107* 571, andkao mol %= 1.80 x substrates, the rearrangementl6fled to almost quantitative
104 s~ (Figure 8). formation of the iminium productOi inside the host cavity at

An inhibition experiment with NEt" further supports theidea  pD 8.00 (Figure 10¥® That is, subsequent hydrolysis of
of the supramolecular assembly providing a catalytic cavity for encapsulatedOi was slow compared to the initial rearrangement
rearrangement. NEt has a very high affinity for the assembly ~ step and therefore could be monitored over time. The decay of
interior and will essentially displace any other guest molecule. [10iCGal¢]'*™ displayed clean first-order kinetics, and a rate
Addition of 8 equiv of NE§* led to almost complete inhibition ~ Of hydrolysis could be obtained (Figure 11).
of the catalytic activity of the supramolecular host (Figure 8).  Other studies by Raymond and co-workers have established
Based on these results, the catalytic cycle illustrated in Figure that negatively charged molecules cannot enter the host cavity,
9 is proposed: (1) The restricted space of the host assembly€Ven tran5|er1tly, due to strong electrostatic repu!smn .Wl.l‘h the
allows for the binding of only closely packed conformers of Nighly negatively charged host structdfetlydrolysis of imi-
enammonium substrates. (2) The rearrangement proceeds wit/]liim cations takes place at neutral pH but can also be catalyzed
significant acceleration within the boundaries of the metal _by _hydrOX|de |on§.° I hydroly_S|s of %OI proceeds exclus_wel_y
ligand assembly, due to lowered enthalpic and entropic barriers.'ns'de the protective host cavity, which prevents hydroxide ions

(3) Equilibration of the rearranged product with the bulk solution from entering, the rate of hydrolysis should be independent of

is followed by hydrolysis to the corresponding aldehyde. This hydromde congentraﬂon. ‘!’he only nucl'eophlle that can potep
. . tially enter the inner space is water, and its concentration remains
enables catalytic turnover by regeneration of the empty assembly o L
- . - constant when it is used as the solvent. If, however, iminium
which can bind additional substrate.

dissociation precedes hydrolysis, a pH dependence is anticipated,;
Iminium Hydrolysis: Inside or Outside the Capsule?One  gytside of the shielded cavity, the iminium ion can be attacked

question that the proposed catalytic cycle did not address is thatpy the hydroxide nucleophile.

of iminium hydrolysis. Does water enter the host cavity and A series of kinetic runs was performed in buffered solutions

hydrolyze the iminium products to the corresponding aldehydes over a pD range from 6.5 to 12.8, and the data are summarized

in the interior, or is dissociation of the iminium products

necessary before hydrolysis can take place? With the goal of (48) For several of the other substra®s9, iminium formation was also
L. . detected, but produciOi is unique in that its rate of formation is
optimizing the supramolecular catalyst and eventually designing substantially greater than its rate of displacement from the cavity.
Presumably,10i has a higher binding constant for the cavity interior
compared to those of the other iminium intermediates, which results in a

(47) “Empty” cavity in this case refers to the host assembly, incorporating 1 longer lifetime.
equiv of NMe. NMe," is a very weakly binding guest molecule and can  (49) Leung, D.; Bergman, R. G.; Raymond, K. N., unpublished results.
easily be replaced by the entering enammonium substrates. (50) Hine, J.; Evangelista, R. Al. Am. Chem. S0d.98Q 102 1649-1655.
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Figure 9. Proposed catalytic cycle for the cationic 3-aza Cope rearrangement.
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Figure 10. Rearrangement oflDCcGaLg]!'™ leads to almost quantitative formation of the encapsulated iminium prod@lQict GayLg] 1.

in Figure 12. In the neutral pD range (pD-8), the rates of for 10i, ks23(10i) = 0.002 s. Prior kinetic experiments also
hydrolysis are almost constant; presumably in this range waterdemonstrated that rates of guest exchange were sensitive to the
acts as the nucleophile. At increasing pD, however, a depen-concentration of “innocent” counterions, cations that did not
dence on hydroxide concentration is observed up to a pD of actively participate in guest exchange, such as NM&hrough-
about 11, at which point the system seems to reach saturation.out the previous experiments, the concentration of biMeas
The linear first-order dependence on hydroxide concentration held constant (6 equiv used in all experiments).
in the pD 9-10.5 range supports a mechanistic model which  To elucidate the role of NMg in the rearrangement reaction
envisions reversible iminium egression before hydrolysis. The and iminum hydrolysis, variable [NMé&] kinetics were con-
rate at saturation implies that iminium dissociation becomes rate ducted at high pD (12.64) and constant ionic strength (0.5 M,
limiting, because hydrolysis becomes faster than re-encapsula-adjusted with KCI). The kinetics revealed a significant depen-
tion. One surprising aspect of this rationale is that the rate of dence of iminium hydrolysis on NMg& concentration (Figure
guest egression did not compare very well to previously reported 13). Increased NMg concentration led to faster hydrolysis,
rates of exchange for guest molecules of similar size and Shape. and a first-order dependence on [NMEwas observed. At
For example, the rate constant for guest exchange a€3or higher concentrations of [NMg], saturation behavior was again
NMesPrt is kas(NMesPr™) = 1020 st, which is about  gpserved.

500 000 times faster than the rate constant reached at saturation The dependence déss on [NMes*] can be interpreted in

(51) Davis, A. V.; Fiedler, D.; Seeber, G.; Zahl, A.; van Eldik, R.; Raymond, two ways. If we assume arNS—pre b|m0|eCUIar pathway for
K. N. J. Am. Chem. So@006 128 1324-1333. guest exchange, added NMemight assist guest displacement
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tight ion pair

from the cavity interior, thus accelerating release of the iminium
cation into the surrounding basic solution. However, NMis
an extremely weakly binding guest, making this explanation
unlikely. In contrast, calorimetric studies have suggested a
significant interaction of NMg" with the assembly exterié?
in fact, the affinity of NMa™ is higher for exterior than interior
binding sites Kext = 50 M™%, Kiny = 33 M™1). This exterior
interaction implies the intermediacy of a tight ion pair of the
tetrahedral host with the iminium cation, as illustrated in Figure
14. We suggest that, in the tight ion pdi6i is closely associated
with the anionic host, not allowing hydroxide to attack the
iminium due to electrostatic repulsion. Only whi@i is released
into solution can hydroxide-catalyzed hydrolysis take place.
To determine which pathway was operating, the rate depen-
dence on [NBuy'] was studied. The tetrabutylammonium cation
is too large to fit into the cavity interior and therefore cannot
displace a guest molecule from that location. Exterior counterion
displacement, in contrast, is viable, since calorimetric studies
indicate a strong exterior interaction of tetrabutylammonium
with the metat-ligand assembl§? As was the case with NMg,
increasing concentrations of NBU led to faster rates of
hydrolysis, and a first order dependence on [NBuwas
observed (see Supporting Informatia)Vith this information,
the mechanistic model illustrated in Figure 14, which proposes
the intermediacy of a tight ion pair between the exiting iminium
cation and the assembly exterior, becomes more persuasive.

Additional proof for an intermediate that contains iminium
10i ion paired to the assembly exterior comes from a trapping
experiment with NE{", which is a very strongly binding guest
molecule that displaces almost all other ammonium cations.
Under the conditions of slowest iminium hydrolysis (pD 6.5
and no added counterions), about 1.5 equiv of NEtas added
to a solution of K1[10iCcGayle]. An exchange reaction took
place within minutes and could be monitored Hy NMR
spectroscopy. NEt now occupies the cavity interior, and two
new broad resonances at 2.43 and 0.78 ppm emerge. Integration
of these peaks suggests that the resonance at 2.43 ppm
corresponds to the NM& methyl groups, whereas the broad
signal at 0.78 ppm accounts for the other four methyl groups
of 10i (see Supporting Information). The slight upfield shift of
those resonances and their broadness imply a tight ion-pairing
interaction with the assembly exterior. As anticipated, slow
hydrolysis of 10i takes place, and the resonances of the ion-
paired exterior iminium ion decay over time.

These observations of strong external interactions of the
exiting guest molecule with the host structure are further
substantiated by the findings of Leung et*alTo determine
the rate for guest passage, several large phosphine ligands were
used to trap a cationic iridium guest species upon egression from
the cavity. Surprisingly, a neutral phosphine could trap the
iridium complex much faster than a trianionic phosphine. When

- — 1z
o)
o |
&

Figure 14. Tight ion pairing might be responsible for the dependence of iminium hydrolysis on the counteriasf NMe
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Figure 16. Rearrangement of #[3CGasle] (shown) and Ki[4CGail¢]
K K ke never hecomes rate-limitin (not shown) leads to almost quantitative formation of the corresponding
e z 9 encapsulated iminium species. Since the iminium cation is chiral, the
formation of two diastereomers is observed.
Q o .
| s disappearance df0i is observed due to a background reaction.
- ’;‘,??1; [0l j,;':#\ + MeNH,* This background reaction is the water-mediated hydrolysis of
5 Q 10i, since water, as a neutral nucleophile, can approach and
‘ O intercept the ion-paired iminium catioks].
[ J This argument is supported by the fact that the rates of
tight ion pair hydrolysis for K1[10ic GayLg] are independent of pD, in the
absence of exterior counterions NMeand NBu'*. The
ks | ks [NMey'] or [NBug'] observed rate constants for the disappearancelGif are
essentially identical at pD 6.5 and 12.8 and correspond to the
o 17 ke background reaction rate. Even at elevated pD, hydroxide
NR* | OH1 cannot approach the ion-paired iminium ion and hydrolysis relies
o + —ﬁ# j,#\ + MeNH on the neutral nucleophile water.
o Chiral Induction in Sigmatropic Rearrangements. In the
Q absence of strongly binding counterions, the iminium intermedi-

Figure 15. Overall proposed mechanism of iminium hydrolysis.

considering the possibility of an intermediate tight ion pair of
the cationic iridium complex with the host exterior, Leung et
al. were able to rationalize their findings: due to electrostatic

repulsion, the anionic phosphine cannot come close enough to

the iridium center when engaged in the ion pair, therefore
slowing the apparent rate of trapping compared to the neutral
phosphine trap.

The overall proposed mechanism is illustrated in Figure 15:
the encapsulated enammonium substidieearranges inside
the cavity interior to the iminium catiodOi (k;). The rear-
rangement step is, as anticipated, independent of pD and;NMe
concentration (see Supporting Information). The prodG¢tan
reversibly dissociate from the interior to the assembly exterior,
where it is tightly ion paired l¢). In the presence of the
counterions NMg" and NBu™, which have significant affinity
for the assembly exteriot0i can be displaced from the exterior
and released into the surrounding solutidg).(Once 10i is
dissociated from the highly negatively charged cage, hydroxide
can attack the iminium ion, catalyzing its hydrolysis to the
corresponding aldehydkyj. In the absence of NMé or NBu, ™,
breakup of the tight ion pair is very slow; in this case, the slow

(52) Michels, M.; Raymond, K. N., unpublished results.

(53) The strong exterior interactions of NBuwith the supramolecular host
are also evidenced by the altered solubility properties of the-tmpstst
assembly. Addition of more than 2 equiv of NBuled to immediate
precipitation of the assembly, presumably due to coordination of the ions
to the exterior. The experimentally accessible concentration range fofNBu
was therefore limited.

(54) Leung, D. H.; Bergman, R. G.; Raymond, K. 8. Am. Chem. Sacin
press.
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ate 10i had a remarkably long lifetime inside (and bound
externally to) the supramolecular host/{~ 4 h). A similar
phenomenon was observed for the other substrate, In the
absence of added NMte the lifetime of the iminium intermedi-
ates was increased, and the formation of the iminium intermedi-
ates was fast compared to their rates of hydrolysis (except for
9), allowing for their detection byH NMR spectroscopy®
Since the rearrangement of prochiral substrate8 led to chiral
iminium products, the formation of two diastereomeric host
guest complexes was the result. A representatileNMR
spectrum of the rearranged products @f[RC GaiL¢] is shown

in Figure 16. The resonances for the two diastereomeric guests
are well resolved and allow for the quantification of the
diastereomeric excesses in these reactions.

Unfortunately, the degree of stereoselectivity in these reac-
tions is very low, and only for the rearrangement of;K
[BCGalg] was a notable discrimination between the two
diastereomeric transition states observed: one of the iminium
enantiomers is formed with a diastereomeric excess2ii%.

These results imply that, in principle, the resolved host
structure could serve as a stereoselective reaction vessel for
pericyclic reactions. The realization of catalytic enantioselective
pericyclic reactions has proven to be a challenge. In particular,
no good method for induction of stereoselectivity exists for
substrates that do not contain any coordinating groups (func-

(55) In previous experiments, 6 equiv of NMewas present, resulting in a
more transient nature of the iminium produ@s-8i. We believe that
NMe,* is able to displace the iminium products from the cavity interior;
concentration of the weakly bourti—8i can only build up in the absence
of competing guest molecules.
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tional groups with which the substrate can coordinate to a chiral cold petroleum ether. The organic phase was washed witrb@2 mL
Lewis acid)*35657The approach employed here thus constitutes of 50% saturated aqueous NaHE#d 1x 50 mL of saturated aqueous
an attractive alternative: instead of employing complicated NaHCQ:. The aqueous layers were combined and extracted with 1
chiral auxiliaries, chirality in these reactions is envisioned to 20 ML of petroleum ether, and the combined organic layers were dried
be transmitted by the chiral host environment. This system over K,CQs. After filtration, the volatile materials were removed by

) . rotary evaporation, leaving behind the allyl tosylates as colorless to
however, still needs to be optimized, and structural features that y evaporal /ing bet y! tosy .
pale yellow oils in quantitative yields. The tosylates were characterized

will lead to higher degrees of recognition and stereoselectivity by *H NMR only and used without further purification. The tosylates
need to be identified and introduced into the structures of either .gn pe stored in a benzene matrix—80 °C for several weeks.

host or guest. Data for Allyl Tosylates, Prepared As Described Abovecis-2-
Pentenyl Tosylate.!H NMR (500 MHz, CDC}): ¢ 7.80 (d,3J = 8.0
Hz, 2H, OTs), 7.34 (d3) = 8.0 Hz, 2H, OTs), 5.66 (m, 1H=CH),
Overall, our findings emphasize the ability of molecular 5.41 (m, 1H,=CH), 4.60 (d,*) = 7.5 Hz, 2H, OCH), 2.45 (s, 3H,
container compounds to provide a well-defined microenviron- OTs), 1.99 (quint.?J = 7.5 Hz, 2H, CH), 0.93 (1,%) = 7.5 Hz, 3H,
ment which can be utilized for the catalysis of unimolecular CHa)-
rearrangements. By binding the substrates in reactive conforma- tganer-Hexenyl Tosylate.*H NMR (500 MHz, CDCY): 6 7.79
tions, as evidenced by kinetic, activation parameter, and (&= 8.0 Hz, 2H, OTs), 7.34 (diJ = 8.0 Hz, 2H, OTs), 5.74 (dt,

31 = 31 = =i 3] = 3] =
guantitative NOE studies, the host assembly accelerates the rate;“-| 0 leai: Zz’éH) 6454: z(d13|3|: C7|_87|452'452}5|dtgcu)1254r?5 J3H

of rearrangement by up to 3 orders of magnitude. The cavity- OTs), 1.97 (m, 2H, Ch), 1.36 (sext.3] = 7.5 Hz, 2H, CH), 0.83 (t
catalyzed rearrangement is followed by product release froms; —'7 5 yz, 3H, CH).
the cavity interior to an exterior binding site, where it can then  js2_Hexenyl Tosylate.XH NMR (500 MHz, CDC): ¢ 7.79 (d,

be hydrolyzed, and this hydrolysis step generates catalytic 3) = 8.2 Hz, 2H, OTs), 7.34 (dJ = 8.0 Hz, 2H, OTs), 5.66 (d8) =
turnover. With this, the large potential of supramolecular 10.9 Hz23J= 7.6 Hz, 1H,=CH), 5.45 (dtt3J = 10.9 Hz,3J = 7.1 Hz,
assemblies as synthetically useful tools in organic chemistry 4J= 1.4 Hz, 1H,=CH), 4.59 (d2J = 7.1 Hz, 2H, OCH), 2.44 (s, 3H,
becomes apparent, and we can be certain that, with the multitudeOTs), 1.94 (qd®) = 7.5 Hz,"J = 1.3 Hz, 2H, CH), 1.32 (sext.3) =
of available supramolecular structures, many transformations 7-4 Hz, 2H, CH), 0.83 (t,%] = 7.4 Hz, 3H, CH).

susceptible to supramolecular catalysis are to be discovered. 4-Methyl-2-trans-pentenyl Tosylate.*H NMR (500 MHz, GDe):
57.76 (d,3) = 8.2 Hz, 2H, OTs), 6.67 (&) = 8.0 Hz, 2H, OTs), 5.32

Experimental Section (dd,3J = 15.4 Hz,%J = 6.5 Hz, 1H,=CH), 5.18 (dtd2J = 15.4 Hz,
3J=6.5Hz,AJ= 1.2 Hz, 1H,=CH), 4.32 (d3J = 6.6 Hz, 2H, OCH),
1.90 (sext.3J = 6.7 Hz, 1H,i-Pr), 1.82 (s, 3H, OTs), 0.70 (&) = 6.8
Hz, 6H,i-Pr).

trans-2-Heptenyl Tosylate.'H NMR (500 MHz, CDC}): 6 7.79
(d, 33 = 8.3 Hz, 2H, OTs), 7.33 (#J = 8.1 Hz, 2H, OTs), 5.74 (dt,
8J = 15.3 Hz,3] = 6.7 Hz, 1H,=CH), 5.44 (dtt*]J = 15.3 Hz,3] =
6.7 Hz,*J = 1.4 Hz, 1H,=CH), 4.49 (d,3] = 6.7 Hz, 2H, OCHj),
2.44 (s, 3H, OTs), 1.99 (m, 2H, GH 1.27 (m, 4H, CH), 0.86 (t,%J

Conclusion

General Considerations.All reagents were obtained from com-
mercial suppliers and used without further purification unless stated
otherwise. Anhydrous solvents were dried over activated alumiga. K
(NMey)s[INMesCGalg], KiGasle], NasGaul ¢, and N,N-dimethyl-
isobutenylamine were prepared according to the published proce-
dures®®5° NMR spectra were obtained on Bruker Avance AV 400 or
DRX 500 MHz spectrometerdH chemical shifts are reported asn
ppm relative to residual protonated solvent resonané€schemical — 7.0 Hz, 3H, CH)
shifts are measured relative to solvent resonances and reporded as tr-ansr3,- (Triimeth.ylsilyl)allyl Tosylate. M NMR (500 MHz
ppm. Coupling constants are reported in hertz. IR spectra were recordedCDCI ). 67.80 (d.%) = 8.3 Hz, 2H OTs.) 7.34 () = 8.0 Hz 2H,
on an Avatar 370 FT-IR instrument. Elemental analyses were performed OTs)Bé 97_'5 86 (’m oH .=CHS 4 ’54 d 31] = 3.9 Hz 2.H O(‘DH) ’
by the Microanalytical Laboratory in the College of Chemistry at the 245 ’(s .3H st) 602 ’(s 9H’ TMS) ' ' e ’
University of California, Berkeley, and amounts of solvent contained e P I : i . .
in the analyses were confirmed Hy NMR spectroscopy. Electrospray . General Procedure for Alkylat|or1 Reactions.This is a modified
mass spectra were recorded on a triple-quadrupole VG Quatttro maséltera_ture p;rocedurég. qnder a mmsture-fre_e atmosphere, a cooled
spectrometer in the Mass Spectrometry Laboratory in the College of _SOlUt'()n (0°C) of N,N-d_m?ethyl|sobuten_ylam|n_e (50aL, 3.76 mmpl)
Chemistry at the University of California, Berkeley. FAB spectra were in 5 mL of ‘,‘ry acetonitrile was combm.ed with a cooled SOIUt'On, of
recorded at the University of California, Berkeley, Mass Spectrometry the appropriate allyl or propargyl bromide/tosylate (4.14 mmol) in 5

facility: the symbol N' denotes the parent ion of the enammonium mL of acetonitrile via cannula. The reaction mixture was stirred at 0
cation’ °C for 48 h. All volatile materials were removed under reduced pressure,

General Procedure for Tosylation ReactionsThis is a modified leading to sticky, aily residues. The residues were washed with 5

literature proceduré in a 500 mL Schlenk flask, 15.0 mM of the 20 mL of dry EtO, yielding the analytically pure products.

appropriate allyl alcohol was combined with 80 mL of dry and degassed Data for Enammonium S+alts: Prepared As Described Above.
THF, and the solution was cooled t78 °C. To this solution was  LVMe2(@lly)(CH=C(CH3);)]"Br~ (1-Br). The product was isolated

addedn-BuLi (9.34 mL, 15.0 mM, 1.6 M in hexanes). Tosyl chloride as a very hygroscopic white powder in 94% yield (778 mg, 3.53 r311mol).
’ . 1 . . 1 . o

(2.86 g, 15.0 mM) was added in a single portion, and the homogeneous_H NMR (SSO_MHZ' CD3CJ31 05.95 (s, t{ 1H=CH), 5'834 det’ J

solution was put in the freezer &80 °C for 2 days. The reaction was . 16:9 H2.J = 9.9 Hz,°J = 7.1 Hz, 1H,=CH), 5.75 (ddJ = 16.9

worked up by diluting the reaction mixture &8 °C with 150 mL of Hz,2) = 1.2 Hz, 1H,=CH,), 5.56 (dd,*J = 9.9 Hz,%) = 1.3 Hz, 1H,
—CHj), 4.50 (d,3) = 7.0 Hz, 2H, CH), 3.50 (s, 6H, N(CH),), 1.92

(56) Hiersemann, M.; Abraham, [Eur. J. Org. Chem2002 1461-1471. (d,"J = 1.3 Hz, 3H, CH), 1.74 (d,"J = 1.3 Hz, 3H, CH). *C{*H}
(57) Abraham, L.; Czerwonka, R.; Hiersemann,Aigew. Chem., Int. E@001, (125.8 MHz, CDCY): ¢ 135.2 &CH), 129.1 €CH), 128.5 (Guan),
40, 4700-4703. 124.8 ECHy), 69.3 (CH), 54.1 (N(CH)2), 25.3 (CH), 19.1 (CH)
58) Caulder, D. L.; Powers, R. E.; Parac, T. N.; Raymond, KAhew. Chem., : » 69, ) % , 29 » 19 '
) e Sa a0 Ao, raas e aymond, KaRgew. Chem., 2 (neat): v = 3065, 3032, 3013, 2934, 1473, 1462, 1444, 1426, 1404,
(59) félgnsbse;gegsl\él.zR.; Dixon, D. A.; Farneth, W. E.Am Chem. Sod.981, 1381, 1086, 1023 cm. LRFAB-MS (+): m/z 140 [N*]. Anal. Calcd
(60) Barta, N. S.; Cook, G. R.; Landis, M. S.: Stille, J.ROrg. Chem1992 for CoHigBrN: C, 49.10; H, 8.24; N, 6.36. Found: C, 48.88; H, 8.39;
57, 7188-7194. N, 6.12.
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[NMez(methallyl)(CH=C(CHs3)2)]"Br~ (2-Br). The product was
isolated as a very hygroscopic white powder in 91% yield (801 mg,
3.42 mmol).*H NMR (500 MHz, CDC}): 6 5.98 (s, br, 1H=CH),
5.47 (d,?) = 1.3 Hz, 1H,=CH), 5.30 (d,2J = 1.3 Hz, 1H,=CH),
4.43 (s, 2H, CH), 3.48 (s, 6H, N(Ch),), 1.91 (d,*J = 1.4 Hz, 3H,
CHy), 1.77 (s, 3H, CH), 1.71 (d,% = 1.4 Hz, 3H, CH). B3C{*H}
(125.8 MHz, CDCY): ¢ 134.3 &CH), 133.4 &CH), 129.5 (Guan),
127.2 &CH), 72.2 (CH), 54.5 (N(CH)2), 25.3 (CH), 22.9 (CH),
19.1 (CH). IR (neat): v = 3010, 2971, 2943, 2736, 1643, 1468, 1440,
1418, 1372, 1085, 1006 cth LRFAB-MS (+): m/z 154 [N*]. Anal.
Calcd for GoH20BrN: C, 51.29; H, 8.61; N, 5.98. Found: C, 51.02;
H, 8.83; N, 5.80.

[NMe(trans-2-pentenyl)(CH=C(CH3),)] *Br ~ (3-Br). The product
was isolated as a hygroscopic colorless oil in 95% yield (887 mg, 3.57
mmol). *H NMR (500 MHz, CDC}): 6 6.20 (dt,3J = 15.3 Hz,3] =
6.4 Hz, 1H,=CH), 5.87 (s, br, 1H=CH), 5.40 (dt,*J = 15.3 Hz,3J
= 7.6 Hz, 1H,=CH), 4.39 (d,%J = 7.4 Hz, 2H, CH), 3.44 (s, 6H,
N(CHs)2), 2.02 (quint.’J = 7.2 Hz, 2H, CH), 1.90 (d,J = 1.3 Hz,
3H, CH), 1.73 (d,%J = 1.3 Hz, 3H, CH). *C{'H} (125.8 MHz,
CDCl): ¢ 148.1 CH), 134.9 £CH), 128.5 (Guar), 115.3 &CH),
69.2 (CH), 53.7 (N(CH),), 25.5 (CH), 25.3 (CH), 19.1 (CH), 12.5
(CHg). LRFAB-MS (+): m/z 168 [N']. IR (neat): v = 3010, 2963,
2935, 2874, 1665, 1462, 1453, 1375, 1086 £Mnal. Calcd for GiHz
BrN: C, 53.23; H, 8.93; N, 5.64. Found: C, 52.88; H, 9.23; N, 5.73.

[NMey(cis-2-pentenyl)(CH=C(CH3),)] "OTs™ (4-OTs). The product
was isolated as a white hygroscopic powder in 94% yield (887 mg,
3.57 mmol).*H NMR (500 MHz, CDC}): 6 7.73 (d,3) = 8.1 Hz, 2H,
OTs), 7.10 (d3J = 7.9 Hz, 2H, OTs), 5.92 (d8) = 10.9 Hz2J = 7.7
Hz, 1H,=CH), 5.83 (s, br, 1H=CH), 5.39 (dt,3J = 10.9 Hz,3] =
7.8 Hz, 1H,=CH), 4.31 (d,%J = 7.7 Hz, 2H, CH), 3.44 (s, 6H,
N(CHs)2), 2.30 (s, 3H, OTs), 2.02 (dquin] = 7.6 Hz,4J = 1.3 Hz,
2H, CHp), 1.91 (d,% = 1.3 Hz, 3H, CH), 1.74 (d,*J = 1.3 Hz, 3H,
CHs), 0.91 (t,3) = 7.5 Hz, 3H, CH). *C{*H} (125.8 MHz, CDC}):

0 145.0 &CH), 143.9 (OTs), 139.0 (OTs), 1345CH), 128.7 (Guan),
128.5 (OTs), 125.8 (OTs), 115.2=CH), 63.9 (CH), 53.9 (N(CH).),
255 (0Ts), 21.2, 21.1, 18.9, 13.5 (¢&hd CH). IR (neat): v = 3028,
2966, 2934, 2872, 1483, 1461, 1205, 1184, 1119, 1032, 1010.cm
LRFAB-MS (+): m/z 168 [N]. Anal. Calcd for GgHadNOsS: C,
63.68; H, 8.61; N, 4.13. Found: C, 63.50; H, 8.79; N, 4.19.

[NMey(trans-2-hexenyl)(CH=C(CH3),)]"OTs™ (5-OTs). The prod-
uct was isolated as a hygroscopic colorless oil in 88% yield (1.12 g,
3.31 mmol) which solidified upon standing in the freezer-&0 °C.
H NMR (500 MHz, CDC}): ¢ 7.73 (d,%J = 8.1 Hz, 2H, OTs), 7.11
(d, 33 = 7.9 Hz, 2H, OTs), 6.06 (dfJ = 15.3 Hz,3J = 6.9 Hz, 1H,
=CH), 5.81 (s, br, 1H=CH), 5.40 (dt,%J = 15.3 Hz,3] = 7.4 Hz,
1H, =CH), 4.23 (d,3] = 7.4 Hz, 2H, CH), 3.39 (s, 6H, N(CH)2),
2.30 (s, 3H, OTs), 2.02 (quart] = 7.0 Hz, 2H, CH), 1.90 (d,J =
1.4 Hz, 3H, CH), 1.74 (d,"J = 1.4 Hz, 3H, CH), 1.36 (sext.3J = 7.4
Hz, 2H, CHp), 0.85 (t,3] = 7.3 Hz, 3H, CH) ppm. 13C{1H} (125.8
MHz, CDCk): ¢ 146.4 (CH), 143.9 (OTs), 139.0 (OTs), 134.8(
CH), 128.7 (Guan), 128.5 (OTs), 125.8 (OTs), 116.#CH), 69.4 (CH),
53.7 (N(CHy)2), 34.6 (CH), 25.4 (OTs), 21.6, 21.2, 18.9, 13.6 (gH
and CH). IR (neat): v = 3030, 2959, 2928, 2871, 1665, 1455, 1378,
1192, 1118, 1033, 1011 cth LRFAB-MS (+): m/z 182 [N']. Anal.
Calcd for GeH3iNOsS: C, 64.55; H, 8.84; N, 3.96. Found: C, 64.18;
H, 9.02; N, 4.16.

[NMey(cis-2-hexenyl)(CH=C(CH3)2)]*OTs™ (6-OTs). The product

128.5 (OTs), 125.8 (OTs), 116.6=CH), 64.2 (CH), 54.1 (N(CH),),
29.7 (CHy), 25.5 (OTs), 22.2, 21.2, 18.9, 13.6 (eknd CH). IR
(neat): v = 3023, 2967, 1657, 1493.1458, 1210, 1191, 1118, 1033,
1010 cmt. LRFAB-MS (+): myz 182 [N*]. Anal. Calcd for GeHas-
NO;S: C, 64.55; H, 8.84; N, 3.96. Found: C, 64.29; H, 8.97; N, 4.20.
[NMe(4-methyl-2-trans-pentenyl)(CH=C(CH3),)| "OTs™ (7-OTs).
The product was isolated as a hygroscopic white solid in 92% vyield
(1.17 g, 3.46 mmol)*H NMR (500 MHz, CDC}): 6 7.77 (d,2J=8.1
Hz, 2H, OTs), 7.13 (B = 7.9 Hz, 2H, OTs), 6.08 (dd) = 15.3 Hz,
3J = 6.8 Hz, 1H,=CH), 5.81 (s, br, 1H=CH), 5.38 (dtd ] = 15.4
Hz,3J = 7.6 Hz,J = 1.2 Hz, 1H,=CH), 4.30 (d,3J = 7.4 Hz, 2H,
CHy), 3.46 (s, 6H, N(CH),), 2.35 (m, 1H, i-Pr), 2.33 (s, 3H, OTs),
1.95 (d,"J = 1.3 Hz, 3H, CH), 1.79 (d,"J = 1.4 Hz, 3H, CH), 0.98
(d, 33 = 6.8 Hz, 3H, CH)). *C{1H} (125.8 MHz, CDC}): 6 153.2
(=CH), 143.9 (OTs), 139.0 (OTs), 135.£CH), 128.6 (Guar), 128.5
(OTs), 125.9 (OTs), 113.HCH), 69.7 (CH), 53.9 (N(CH),), 31.4,
25.5 (OTs), 25.5, 21.6, 21.3, 19.0 (g&hd CH). IR (neat)» = 3027,
2965, 2869, 1494, 1461, 1191, 1120, 1032, 1010'chRFAB-MS
(+): m/z182 [N*]. Anal. Calcd for GoH3iNOsS: C, 64.55; H, 8.84;
N, 3.96. Found: C, 64.36; H, 8.99; N, 4.08.
[NMe,(trans-2-heptenyl)(CH=C(CH3),)] TOTs™ (8-OTs). The prod-
uct was isolated as a white solid in 90% vyield (1.24 g, 3.38 mmidl).
NMR (500 MHz, CDC}): 6 7.74 (d,%J = 8.0 Hz, 2H, OTs), 7.11 (d,
8J = 7.9 Hz, 2H, OTs), 6.07 (d€J = 15.3 Hz,3) = 6.8 Hz, 1H,=
CH), 5.80 (s, br, 1H=CH), 5.39 (dtJ = 15.3 Hz,%J = 7.4 Hz, 1H,
=CH), 4.24 (d3J = 7.4 Hz, 2H, CH), 3.40 (s, 6H, N(CH),), 2.31 (s,
3H, OTs), 2.05 (q3) = 7.0 Hz, 2H, CH), 1.90 (d,%J = 1.2 Hz, 3H,
CHy), 1.75 (d,"J = 1.2 Hz, 3H, CH), 1.35-1.20 (m, 4H, CH), 0.86
(t, 3 = 7.1 Hz, 3H, CH). 23C{1H} (125.8 MHz, CDCJ): ¢ 146.7
(=CH), 143.9 (OTs), 139.0 (OTs), 134.58-CH), 128.7 (Gua), 128.5
(OTs), 125.8 (OTs), 116.5CH), 65.8 (CH), 53.7 (N(CH),), 32.3
(CHy), 30.5 (CH), 25.5 (OTs), 22.2, 21.2, 18.9, 13.8 (¢&hd CH).
LRFAB-MS (+): m/z 196 [N']. Anal. Calcd for GoH33NOsS: C,
65.36; H, 9.05; N, 3.81. Found: C, 65.03; H, 9.20; N, 3.59.
[NMe(trans-3-(trimethylsilyl)allyl)(CH =C(CH3)2)] TOTs™ (9-
OTs). The product was isolated as a white powder in 95% yield (1.37
g, 3.57 mmol)H NMR (500 MHz, CDC}): 6 7.79 (d, = 8.4 Hz,
2H, OTs), 7.14 (d3J = 8.0 Hz, 2H, OTs), 6.42 (¢J = 18.0 Hz, 1H,
=CH), 5.93 (dt,%J = 18.2 Hz,3J = 7.0 Hz, 1H,=CH), 5.86 (s, br,
1H, =CH), 4.40 (d,®J = 6.5 Hz, 2H, CH), 3.53 (s, 6H, N(CH)»),
2.33 (s, 3H, OTs), 1.97 (d¢) = 1.2 Hz, 3H, CH), 1.82 (d,"J = 1.2
Hz, 3H, CHy), 0.02 (s, 9H, TMS)13C{*H} (125.8 MHz, CDCJ): o
147.7 &CH), 143.8 (OTs), 139.1 (OTs), 135.8:CH), 131.1 &CH),
128.7 (Guar), 128.5 (OTs), 125.9 (OTs), 71.5 (GH54.2 (N(CH)»),
25.5 (0Ts), 21.3, 19.0 (CHl —1.8 (TMS). LRFAB-MS (+): m/z212
[N*]. Anal. Calcd for GoH3zsNOsSSi: C, 59.49; H, 8.67; N, 3.65.
Found: C, 59.43; H, 8.77; N, 3.66.
[NMe(3,3-dimethylallyl)(CH=C(CH3),)]*Br~ (10-Br). The prod-
uct was isolated in 82% yield (765 mg, 3.08 mmol) as an off-white
sticky residue which solidified upon cooling t630 °C. *H NMR (500
MHz, CDCk): 6 5.87 (s, br, 1H=CH), 5.26 (t,3J = 7.9 Hz, 1H,
=CH), 4.50 (d,2J = 7.9 Hz, 2H, CH), 3.59 (s, 6H, N(CHh)_), 2.00 (d,
4) = 1.3 Hz, 3H, CH), 1.90 (s, 3H, ChH), 1.83 (s, 6H, 2x CHjy).
8C{H} (125.8 MHz, CDC}): ¢ 148.6 &CH), 135.2 &CH), 128.8
(Cquar), 111.3 CH), 65.6 (CH), 53.8 (N(CH)2), 26.4, 25.7, 19.5,
19.2 (4 x CHz). LRFAB-MS (+): m/z 168 [N']. Anal. Calcd for
CuiH2:BrN-Y/3H,0: C, 51.91; H, 8.99; N, 5.51. Found: C, 51.82; H,

was isolated as a hygroscopic white powder in 94% yield (1.20 g, 3.53 8.98; N, 5.55.

mmol). '"H NMR (500 MHz, CDC}): 6 7.76 (d,3J = 8.1 Hz, 2H,
OTs), 7.12 (43 = 7.9 Hz, 2H, OTs), 5.97 (dfJ = 11.0 Hz,3) = 7.6
Hz, 1H,=CH), 5.84 (s, br, 1H=CH), 5.46 (m, 1H=CH), 4.35 (d,
3) = 7.7 Hz, 2H, CH), 3.49 (s, 6H, N(CH)y), 2.32 (s, 3H, OTs), 2.13
(dg,3] = 7.3 Hz,J = 1.2 Hz, 2H, CH), 1.95 (d,J = 1.3 Hz, 3H,
CHy), 1.78 (d,%) = 1.3 Hz, 3H, CH), 1.36 (sext.3J = 7.3 Hz, 2H,
CHy), 0.86 (,3] = 7.3 Hz, 3H, CH). 3C{'H} (125.8 MHz, CDC}):
6 143.9 (OTs), 143.5¢CH), 139.0 (OTs), 135.1£CH), 128.8 (Guar),
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General Procedure for Encapsulation ReactionsKg(NMey)s-
[NMesCGailg] (26.3 mg, 7.5Qumol) and the enammonium salt (7.50
umol) were combined in a vial and dissolved in 500 of cold D;O.

The solution was transferred to an NMR tube and the spectrum recorded
within 5 min after dissolution. Due to the reactive nature of these-host
guest complexes, the complexes were only characterized in solution.
Representative mass spectrometry data for the allyl enammonium host
guest complexes is given for hegjuest complex Na[1cGal¢]. The
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utilization of Na" as the counterion has the advantage of providing a (s, br, 3H, CH, encaps.);-1.37 (m, br, 1H, CH encaps.);-1.42 (m,
less complicated isotope pattern, thus leading to better signal intensities.br, 1H, CH, encaps.);-1.53 (m, br, 1H, CH, encaps.);-1.64 (m, br,

Data for Host—Guest Complexes, Prepared As Described Above.
Ks(NMeg)s[1CGasl ¢]. *H NMR (500 MHz, DO): 6 13.50 (s, 12H,
N—H), 7.95 (s, br, 12H, ArH), 7.77 (s, br, 12H, Ar-H), 7.25 (d,3J
= 7.9 Hz, 12H, Ar-H), 7.02 (t,%J = 8.0 Hz, 12H, Ar-H), 6.70 (d,3J
= 7.2 Hz, 12H, ArH), 6.56 (t,3) = 7.7 Hz, 12H, Ar-H), 3.09 (d,3J
= 7.2 Hz, 1H,=CH,, encaps.), 2.65 (s, 72H, NMeexterior), 2.44 (s,
br, 1H,=CH, encaps.), 2.32 (m, 1H4:CH, encaps.), 0.24 (s, 3H, GH
encaps.), 0.21 (m, 1H, GHencaps.), 0.05 (m, 1H, GHencaps.);-0.03
(s, 3H, CH, encaps.);-0.60 (s, 3H, CH, encaps.);-1.08 (s, 3H, CH,
encaps.). ES{)-MS (H,O/MeOH, 50:50) ¢ = [GayLg],'*): m/z605
[N*C# + 2Nat + 4H']5~, 610 [N*C# + 3Na" + 3H*]5", 614 [N Cé
+ 4Na™ + 2H']57, 619 [N"C# + 5Na” + 1H'®", 623 [N"Ccé +
6Na‘]>, 764 [N'Cce + 3Na" + 4H'*, 769 [N"Cé + 4Na" +
3H']4, 774 [NFC# + 5Na" + 2H1]4, 780 [Nt + 6Na" + 1H]*",
785 [N"C# + 7Na']*", 1017 [N'C# + 3Na" + 5H']%", 1024 [N"C ¢
+ 4Na" + 4H*]®", 1032 [N'C# + 5Na" + 3H*]3", 1039 [N'C ¢ +
6Na" + 2H*]3", 1046 [N'Cc# + 7Na" + 1H']3~, 1054 [N'Cé +
8Na'®.

Ks(NMeg)s[2CGaul ¢]. *H NMR (500 MHz, D,O): 6 13.44 (s, 12H,
N—H), 7.90 (s, br, 12H, ArH), 7.68 (s, br, 12H, ArH), 7.18 (d,2J
= 8.0 Hz, 12H, ArH), 6.93 (t,3) = 7.8 Hz, 12H, Ar-H), 6.62 (d,3J
= 7.0 Hz, 12H, Ar-H), 6.48 (t,%J = 7.5 Hz, 12H, Ar-H), 2.52 (s,
72H, NMe, exterior), 2.38 (s, br, 1H=CH, encaps.), 1.63 (s, br, 1H,
=CH, encaps.), 0.89 (s, br, 14sCH, encaps.), 0.34 (s, 3H, GH
encaps.), 0.21 (d) = 12.5 Hz, 1H, CH, encaps.), 0.08 (&) = 12.5
Hz, 1H, CH, encaps.)/—0.24 (s, 3H, CH, encaps.)~0.48 (s, 3H,
CHs, encaps.);~1.24 (s, 6H, 2x CHjs, encaps.).

Ks(NMeg)s[3CGayl ¢]. *H NMR (500 MHz, B;0): ¢ 13.48 (s, 12H,
N—H), 7.91 (s, br, 12H, ArH), 7.63 (s, br, 12H, Ar-H), 7.17 (d,3J
= 8.0 Hz, 12H, Ar-H), 6.89 (t,J = 7.9 Hz, 12H, Ar-H), 6.61 (d,3J
= 7.5 Hz, 12H, Ar-H), 6.46 (t,%J = 7.5 Hz, 12H, Ar-H), 2.55 (s,
72H, NMe, exterior), 2.31 (m, br, 1H+=CH, encaps.), 1.54 (s, br, 1H,
=CH, encaps.), 1.34 (m, br, 1H4:CH, encaps.), 0.68 (s, 3H, GH
encaps.), 0.38 (m, br, 1H, GHencaps.), 0.31 (s, 3H, GHencaps.),
0.22 (s, 3H, CH, encaps.);~0.07 (m, br, 1H, CH, encaps.);—0.42
(m, br, 1H, CH, encaps.);-0.57 (m, br, 1H, CH encaps.);1.07 (t,
br, 3H, CH;), —1.28 (s, 3H, CH, encaps.).

Ks(NMeg)s[4CGaul ¢]. *H NMR (500 MHz, D,O): 6 13.45 (s, 12H,
N—H), 7.93 (s, br, 12H, ArH), 7.65 (s, br, 12H, ArH), 7.18 (d,3J
= 8.0 Hz, 12H, ArH), 6.89 (t,3) = 7.7 Hz, 12H, Ar-H), 6.61 (d,3J
= 7.4 Hz, 12H, Ar-H), 6.47 (t,%J = 7.5 Hz, 12H, Ar-H), 2.82 (m,
br, 1H,=CH, encaps.), 2.56 (s, 72H, NMeexterior), 2.29 (s, br, 1H,
=CH, encaps.), 2.19 (m, br, 1H:CH, encaps.), 0.73 (s, 3H, GH
encaps.), 0.36 (m, br, 1H, GHencaps.), 0.14 (m, 2H, G —0.42 (s,
3H, CHs, encaps.);-1.03 (s, 3H, CH, encaps.);-1.13 (t, br, 3H, CH),
—1.32 (m, 2H, CH, encaps.).

Ks(NMes)s[5CGaul ¢]. *H NMR (500 MHz, DO): ¢ 13.42 (s, 12H,
N—H), 7.88 (s, br, 12H, ArH), 7.65 (s, br, 12H, Ar-H), 7.15 (d,3J
= 8.0 Hz, 12H, Ar-H), 6.87 (s, br, 12H, ArH), 6.61 (d,3J = 7.7
Hz, 12H, Ar—H), 6.46 (t,3) = 7.5 Hz, 12H, ArH), 3.11 (s, br, 1H,
=CH, encaps.), 2.54 (s, 72H, NMeexterior), 1.76 (s, br, 1H=CH,
encaps.), 0.90 (s, 3H, GHencaps.), 0.38 (s, 3H, GHencaps.), 0.31
(m, br, 1H, CH, encaps.), 0.16 (m, br, 1H, GHencaps.);~0.21 (s,
br, 3H, CH;, encaps.);-0.46 (m, br, 1H, CH, encaps.);—0.89 (s, br,
4H, CH; and CH, encaps.);-1.14 (s, br, 3H, CH encaps.);—-1.58
(m, br, 2H, CH, encaps.).

Ks(NMeg)s[6CGaul ¢]. *H NMR (500 MHz, D;0): ¢ 13.45 (s, 12H,
N—H), 8.03 (s, br, 12H, ArH), 7.73 (s, br, 12H, ArH), 7.26 (s, br,
12H, Ar—H), 6.96 (s, br, 12H, ArH), 6.70 (s, br, 12H, ArH), 6.57
(s, br, 12H, ArH), 3.58 (m, br, 1H=CH, encaps.), 2.52 (s, 72H,
NMe,, exterior), 2.42 (m, br, 1H=CH, encaps.), 1.37 (s, br, 1
CH, encaps.), 0.79 (s, br, 3H, GHencaps.), 0.61 (s, br, 3H, GH
encaps.), 0.42 (m, br, 1H, GHencaps.), 0.14 (m, br, 1H, GHencaps.),
—0.33 (s, br, 3H, Chl encaps.);-0.95 (s, br, 3H, CHl encaps.);-1.11

1H, CH,, encaps.).

Ks(NMes)e[7CGaul ¢]. *H NMR (500 MHz, DO): ¢ 13.47 (s, 12H,
N—H), 8.05 (s, br, 12H, ArH), 7.69 (s, br, 12H, ArH), 7.26 (s, br,
12H, Ar—H), 6.97 (s, br, 12H, Ar-H), 6.70 (s, br, 12H, ArH), 6.56
(s, br, 12H, Ar-H), 2.70 (m, br, 1H=CH, encaps.), 2.52 (s, 72H,
NMe,, exterior), 1.84 (s, br, 1H=CH, encaps.), 1.66 (m, br, 15
CH, encaps.), 0.93 (s, br, 3H, GHencaps.), 0.85 (s, br, 3H, GH
encaps.), 0.69 (m, br, 1H, GHencaps.), 0.49 (s, br, 3H, GHencaps.),
—0.42 (m, br, 1H, CH encaps.);-1.32 (s, br, 3H, Chl encaps.);-1.63
(s, br, 3H, CH, encaps.);i~1.71 (s, br, 3H, Chl encaps.);-1.79 (m,
br, 1H, CH, encaps.).

K s(NMey)s[8CGasL ). 'H NMR (500 MHz, D:0): 6 13.41 (s, 12H,
N—H), 7.94 (s, br, 12H, ArH), 7.77 (s, br, 12H, ArH), 7.24 (s, br,
12H, Ar—H), 6.99 (s, br, 12H, Ar-H), 6.70 (s. br, 12H, ArH), 6.56
(s, br, 12H, Ar-H), 2.50 (s, br, 72H, NMg exterior), 1.6— (—1.4)
(many broad muliplets, not resolved, encapsulated substrate).

K s(NMe)s[9CGaul ¢]. IH NMR (500 MHz, D,O): ¢ 13.46 (s, 12H,
N—H), 7.93 (d,%J = 7.6 Hz, 12H, Ar-H), 7.88 (d,%J = 8.5 Hz, 12H,
Ar—H), 7.28 (d,%J = 7.4 Hz, 12H, Ar-H), 7.13 (t,%J = 8.1 Hz, 12H,
Ar—H), 6.75 (dd3J = 7.3 Hz,4J = 1.3 Hz 12H, Ar-H), 6.60 (t,3] =
7.8 Hz, 12H, ArH), 2.52 (s, br, 72H, NMg exterior), 3.3— (—1.2)
(many broad resonances, not resolved, encapsulated substrate).

Ks(NMeg)e[10CGaul ). *H NMR (500 MHz, D,O): 4 13.59 (s, 12H,
N—H), 8.08 (s, br, 12H, ArH), 7.83 (s, br, 12H, ArH), 7.34 (d,3J
= 8.0 Hz, 12H, Ar-H), 7.08 (t,%J = 7.9 Hz, 12H, Ar-H), 6.77 (d,3J
= 7.2 Hz, 12H, Ar-H), 6.62 (t,% = 7.6 Hz, 12H, Ar-H), 2.54 (s,
72H, NMe, exterior), 1.72 (m, br, 1H=CH, encaps.), 1.29 (s, 1H,
=CH, encaps.), 0.41 (s, 3H, GHencaps.), 0.35 (m, 2H, GHencaps.),
0.29 (s, 6H, 2x CHjs, encaps.), 0.16 (s, 3H, GHencaps.);-1.42 (s,
3H, CH;, encaps.)~1.51 (s, 3H, CH, encaps.).

Ks(NMeg)e[10icGasl¢. *H NMR (500 MHz, DO, N—H not
observed due to HD exchange):d 8.12 (d,3J = 7.5 Hz, 12H, Ar-

H), 7.83 (d,3) = 8.4 Hz, 12H, Ar-H), 7.29 (d,3] = 8.3 Hz, 12H,
Ar—H), 7.04 (1,3 = 8.0 Hz, 12H, Ar-H), 6.76 (d,2J = 7.5 Hz, 12H,
Ar—H), 6.62 (t,%J = 7.6 Hz, 12H, Ar-H), 4.35 (s, 1H=CH, encaps.),
3.91 (d,% = 10.5 Hz, 1H,=CH, encaps.), 2.56 (s, 72H, NMe
exterior), 2.30 (m, 1H=CH, encaps.), 1.67 (s, 3H, NMeencaps.),
0.86 (s, 3H, NMg, encaps.)~1.86 (s, 3H, CH, encaps.);~2.02 (s,
3H, CH;, encaps.)~2.20 (s, 3H, CH, encaps.)-2.24 (s, 3H, CH,

encaps.).

Kinetic Runs of Enammonium Substrates. Kinetic runs were
performed in RO on a Bruker AVB 400 or DRX 500 MHz
spectrometer. The concentration of all samples was 15 mM, and the
solutions were buffered with 150 mM phosphate buffer, adjusted to
pD 8.00. Sealed capillaries containing adldioxane mixture served
as internal standard for integration. Temperatures in the probe were
measured with an ethylene glycol standard.

NOE Growth Rates. Samples of BcGalg]**~ and BCGauLg]**~
were prepared as 15 mM solutions in 2ddMeOD mixture (70:30).
2D NOESY spectra were recorded-at0 °C on a Bruker Avance AV
500 spectrometer, with varying mixing times (20, 40, 65, 90, 120, 150,
200, 300, 500, 750, and 1000 ms). NOE cross-peak intensity was plotted
versus mixing time ). Using the geminal diastereotopic methylene
protons as a known internal reference distange(1.75 A), the NOE
growth rateso for the unknown distances could be quantitated,
according taag = rxy(oxy/oag)Y6.4¢ Methyl groups are treated as rapid
rotors, and NOE growth rates for methyl groups are divided by 3 to
account for the precence of three correlating protons. Distances to
methyl groups are reported relative to a pseudoatom located in the center
of the plane of the three protons.

Variable pD Kinetics. All solutions were prepared inJD contain-
ing 10 mM Ks(NMe4)s[10C Gasl¢] and 100 mM of the different buffer
solutions. Solutions were buffered at pD 6.5, 7.7, 8.1, 8.3 (phosphate
buffer), 8.5, 8.6, 8.8, 9.1 (tris buffer), 9.7, 10.1, 10.3, 10.5, 10.6, 11.1
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(carbonate buffer), and 12.8 (KOD). The standard conversion for the a stock solution of K[ 10cGaiL¢] (12.5 mM) was combined with-855
pH-calibrated electrode of pB pH + 0.4 was employeét The pD uL of a 0.10 M NBuCI solution (precipitation occurred at higher
was adjusted using either KOD (1 M inD) or DCI (1 M in D;0). temperatures when more than/d5of NBu,Cl was added). All samples
The pD was remeasured after each kinetic run and remained constanivere adjusted to a total volume of 500 and transferred to an NMR
for all samples. The pD was not corrected for temperature. Kinetic tube. Kinetic runs were performed on a Bruker DRX 500 MHz
runs were performed on a Bruker DRX 500 MHz spectrometer at 50 spectrometer at 58C (+0.2 °C). Sealed capillaries containing a@'
°C (£0.2 °C). Sealed capillaries containing a@dioxane mixture dioxane mixture served as internal standard for integration. Temper-
served as internal standard for integration. Temperatures in the probeatures in the probe were measured before each kinetic run with an
were measured before each kinetic run with an ethylene glycol standard.ethylene glycol standard.

Variable NMe4* Kinetics. All solutions were prepared using 0.01
M KOD in D20, and the overall ionic strength was kept at 0.5 M with
added KCI. For each sample, 3@Q of a stock solution of K-
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D,O/dioxane mixture served as internal standard for integration. [3CGale 117, 2D NOESY spectrum ofJcGauL ¢]**"; depen-
Temperatures in the probe were measured before each kinetic run withdence of hydrolysis on NBg concentration; displacement of

an ethylene glycol standard. 10i from the cavity interior with NE{"; independence of the
Variable NBu,* Kinetics. All solutions were prepared using 0.5 initial rearrangement step on pD and NMe&oncentration. This
M KCl in D0, containing 0.01 M KOD. For each sample, 4d0of material is available free of charge via the Internet at
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