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ABSTRACT

Kinetic isotope effects (KIE) of hemicarceplex dissociation for naphthalene and p-xylene hemicarceplexes with partially and fully deuterated
guests have been measured. The KIEs are consistent with the absence of steric effects in the transition states of hemicarceplex dissociation,
which supports an earlier interpretation of constrictive binding energy in hemicarceplexes as being primarily controlled by different forms of
gating.

Hemicarceplexes and rotaxanes have in common the me-
chanical bonding (constrictive binding) between host and
guest or wheel and dumbbell, respectively.1 Cram defined
constrictive binding energy in hemicarceplexes as the steric
interactions that a guest encounters during passage through
one of the host’s size-restricted openings.2 In rotaxanes, it
is the energy needed to slip the wheel over the dumbbell’s
stopper.3 Constrictive binding prevents diffusional dissocia-
tion of the complexes even in the absence of intrinsic binding
interactions (Figure 1).2

Constrictive binding in hemicarceplexes is partially con-
trolled by gating. In a series of computational experiments,
Houk and co-workers analyzed hemicarceplex dissociation

and identified different forms of gating.4 Gating enlarges one
or more openings in the host shell through conformational
changes involving the OCH2O spanners (French door gating)
and the linkers (Sliding door gating and unwrapping). Beyond
this, steric interactions resulting from a mismatch between
the shape and size of the portal and the guest’s cross-section
and solvent effects become important.5

An interesting way to probe constrictive binding is
measuring steric kinetic isotope effects (SKIE). The physical
origin for a steric isotope effect is the smaller zero point
energy (ZPE) of the C-D bond as compared to that of a
C-H bond. In combination with the anharmonicity of the
vibrational potential, this decreases the mean bond length
and vibrational amplitude upon isotopic substitution leading† Current address: Early Development Analytical Research, Merck
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to a bond length difference of∼0.005 Å.6,7 In fact, KIEs on
the deslipping reaction of rotaxanes have been reported
recently by Schalley and support high sensitivity of the
constrictive binding energy toward changes in the cross-
section of the stoppers (Figure 1B).8

Here, we report kinetic isotope effects (KIEs) on hemi-
carceplex dissociation, which show major differences be-
tween constrictive binding in rotaxanes and hemicarceplexes
and which further support the importance of gating for the
kinetic stability of hemicarceplexes.

In light of the substantial KIE (k ∼ 0.91) for the deslipping
reaction of rotaxanes,8 we were surprised to find no differ-
ence in the dissociation rate constants of hemicarceplexes
1.Naph and1.Naph-d8 (Figure 2), even though the barrier

(Ea ) 24 kcal/mol) is similar to that of the deslipping (Figure
S17, Supporting Information). Furthermore, when we inves-
tigatedp-xylene hemicarceplexes1.pX and 1.pX-d10, it

was the larger nonlabeled guest that escaped the fastest, even
though the measured KIE was very smallkH/kD ) 1.05 (Table
1, Figure 3). NMR experiments support that hemicarceplex

dissociation in nitrobenzene yields1.nitrobenzene. Mecha-
nistically, this guest exchange can proceed via a slow, rate-
determining decomplexation yielding empty1 followed by
a fast complexation of one solvent moleculeS (eq 1).9

Alternatively, a solvent molecule may enter1 to form a
transient termolecular complex1.Guest+S followed by
egress of the guest (eq 2). If the first step were rate-
determining, the latter mechanism could explain the absence
of steric isotope effects in hemicarceplex dissociation.

We dismiss mechanism (2) based on the fact that in
mesitylene-d12/4-chlorotoluene (50:1 v/v) decomplexation of
1.pX, which yields 1.4-chlorotoluene, is faster than in
nitrobenzene (Table 1). If mechanism (2) would operate, the
reaction should have been substantially slower, since mesi-
tylene is too large to fit into1 and the concentration of
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Figure 1. Dissociation of hemicarceplexes (A) and rotaxanes (B)
involving the breaking of a mechanical bond.

Figure 2. Isotopomeric hemicarceplexes.

Table 1. Dissociation Rate Constantkdiss (s-1) of p-Xylene
Hemicarceplexes at 120°C in Nitrobenzene and KIE (kH/kD)

hemicarceplex
kdiss

(×10-4)
∆kdiss

(×10-4)
isotopomer

pair kH/kD

1.pX 1.868 0.018 H10/D10 1.05
1.pX-d4 1.848 0.015 H10/D6 1.05
1.pX-d6 1.785 0.016 D4/D10 1.04
1.pX-d10 1.775 0.019 D6/D10 1.01

H10/D4 1.01
1.pX(a) 3.5 0.1

a In mesitylene-d12/4-chlorotoluene (50:1 v/v).

Figure 3. Semilogarithmic kinetic plots for the decomplexation
of 1.pX (red) and1.pX-d10 (blue) at 120°C in nitrobenzene.

1.Guest98
-Guest

slow
198

+S

fast
1.S (1)

1.Guest98
+S

1.Guest+S98
-Guest

1.S (2)

2884 Org. Lett., Vol. 9, No. 15, 2007



4-chlorotoluene is 65-fold lower than that of nitrobenzene
in neat nitrobenzene. The latter observations also exclude a
third mechanism, in which guest egress and solvent encap-
sulation take place simultaneously.

In order to account for the measured KIEs with mechanism
(1), we initially considered that a binding isotope effect (BIE)
may have compensated the expected steric effects in the
transition state (TS). A BIE that decreases the barrier of the
unlabeled relative to that of the deuterated guest may arise
from blue-shifted C-H‚‚‚π-interactions in the ground state
that are lost in the TS.11 This increases the ZPE difference
in the ground state relative to that of the TS. For example,
Rebek and co-workers observed recently an equilibrium
isotope effect between social isomers A and B, which was
explained with blue-shifted C-H‚‚‚π-interactions between
the guest’s methyl group and the resorcinareneπ-faces as
opposed to red-shifted C-H‚‚‚Cl interactions between the
two guests (∆ZPE) 1/2∆Σhνi ) 59 cm-1; Figure 4).12,13

Complexation-induced upfield shifts of guest protons in
thep-xylene hemicarceplex suggest that the guest’s methyl
groups are located inside a host’s cavitand and are able to
form similar C-H‚‚‚π-interactions. Loss of these interactions
in the TS region may have caused the inverted SKIE in the
hemicarceplex (Figure 1A). In order to dissect contributions
of the aryl C-H/D bonds, which should lead primarily to
different steric interactions in the TS, from those of the
methyl groups, we included hemicarceplexes1.pX-d4 and
1.pX-d6, with partially deuterated guests in our investigation
(Table 1). The essentially identical dissociation rate constants
for 1.pX-d4 and1.pX and for1.pX-d6 and1.pX-d10 must
be interpreted with the absence of SKIEs in the dissociation
of the p-xylene hemicarceplex and also of the naphthalene
hemicarceplex. This suggests that steric interactions in the
TS are minimal in hemicarceplexes of this kind and supports

Houk’s interpretation of constrictive binding energy in
hemicarceplexes as being primarily controlled by confor-
mational changes of the host (gating).4 Indeed, Houk’s
approach for computing constrictive binding energy supports
that French door gating substantially lowers the dissociation
barrier for both hemicarceplexes (Figures S18 and S19,
Supporting Information).4c Thus, contrary to rotaxanes, in
which steric interactions between wheel and stopper strongly
contribute to the height of the constrictive barrier, the
dissociation rate of hemicarceplexes at elevated temperature
is primarily controlled by changes in host conformational
energy required to enlarge an opening in the host shell such
that guest passage is essentially without friction.

The second interesting observation of this extended study
is the very small isotope effect for pairs1.pX/1.pX-d6 and
1.pX-d4/1.pX-d10 ((KIE ) 1.05 and 1.04, Table 1). These
KIEs probe the difference in the interactions of methyl C-H
bonds in ground and transition state and are about 1 order
of magnitude smaller than the equilibrium isotope effect (K
) 1.35) observed between social isomerA andB (Figures
1A and 4).12

An IR analysis of1.pX-d4, 1.pX-d6, and 1.pX-d10

shows that incarceration results only in a very small net blue-
shift of the CD3 stretching vibrations relative to those in CCl4

consistent with the very small KIE in pairs1.pX/1.pX-d6

and 1.pX-d4/1.pX-d10 (Table 2).14 Even though other

internal and intermolecular vibrational modes, which could
not be analyzed in our case, also contribute to the ZPE
difference,11 our results point toward considerable differences
in the binding modes of hydrocarbon guests inside Rebek’s
self-assembled capsules and Cram’s hemicarcerands. Both
belong formally to the same family. Yet, small structural
and electronic differences between both resorcinarenes
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Figure 4. Equilibrium isotope effects in social isomers22 +
p-xylene-d3 + CCl4 (A andB).11,12

Table 2. C-D-stretching Vibrations (cm-1) of Free and
Encapsulatedp-Xylene Isotopomers and Encapsulation Induced
Shift (in Parentheses)a

hemi-
carceplex ν(CD) B3u ν(CD) B2u νas(CD3)ip νas(CD3)oop νs(CD3)

pX-d4
b 2268 2245

1.pX-d4 2266
(-2)

2251
(+6)

pX-d6
b 2229 2207 2131

1.pX-d6 2243
(+14)

2195
(-12)

2129
(-2)

pX-d10 2269 2242 c 2206 2120
1.pX-d10 c c c 2197

(-9)
2118
(-2)

a Assignment based on ref 10 and DFT calculations.b Reference 10.
c Frequency could not be determined due to overlap.
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resulting from the different spanners and different restriction
of the guest’s tumbling motions by the capsule express
themselves in the CH‚‚‚π-interactions between host and
guest.
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