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ABSTRACT: Cage catalysis continues to create significant
interest, yet catalyst function remains poorly understood. Herein,
we report mechanistic insights into coordination-cage-catalyzed
Michael addition using kinetic and computational methods. The
study has been enabled by the detection of identifiable catalyst
intermediates, which allow the evolution of different cage species to
be monitored and modeled alongside reactants and products. The
investigations show that the overall acceleration results from two
distinct effects. First, the cage reaction shows a thousand-fold
increase in the rate constant for the turnover-limiting C−C bond-
forming step compared to a reference state. Computational
modeling and experimental analysis of activation parameters
indicate that this stems from a significant reduction in entropy, suggesting substrate coencapsulation. Second, the cage markedly
acidifies the bound pronucleophile, shifting this equilibrium by up to 6 orders of magnitude. The combination of these two factors
results in accelerations up to 109 relative to bulk-phase reference reactions. We also show that the catalyst can fundamentally alter the
reaction mechanism, leading to intermediates and products that are not observable outside of the cage. Collectively, the results show
that cage catalysis can proceed with very high activity and unique selectivity by harnessing a series of individually weak noncovalent
interactions.

1. INTRODUCTION
The development of bioinspired synthetic catalysts that use
noncovalent interactions to encapsulate substrates and
promote their transformation into products has remained a
significant academic challenge for more than 70 years.1 During
this time, several types of artificial receptors have been
explored, from cyclodextrins,2,3 other covalent macrocycles4,5

and three-dimensional structures,6,7 to self-assembled systems
that rely on either hydrogen bonding8−10 or metal−ligand
interactions.11−22 Pioneering studies of coordination cages by
Fujita,23 Stang,24 Raymond,25 and others26−34 means that it is
now relatively easy to design and prepare structures that
possess well-defined cavities. These metallo-organic systems
can be exploited in much the same way that earlier
supramolecular catalysts were, such as by increasing the
effective concentration of two substrates35,36 or by binding a
single substrate in a constricted orientation.37−39

Coordination cages also possess a catalytically useful
property that is absent in many other host systems: they are
invariably charged. It has now been shown several times that
this charge can be used to promote complementary
reactions;11,12,14,38−41 however, the precise origin(s) of the
rate enhancement are often not well understood. For example,
ionogenic reactions often proceed via several charged
intermediates, before or after the rate-determining step. How
the cage interacts with these different species can have a

significant impact on the overall acceleration. Furthermore, the
charge can also be exploited to concentrate nonencapsulated
anions or cations at the periphery, producing higher effective
molarity.15,42 Deciphering how these effects impact or are
responsible for encapsulated catalysis will significantly aid in
the expansion beyond the relatively few cage structures that
currently dominate the field.
Probing the mechanisms of coordination cage catalysis, and

indeed other forms of reactivity that rely on weak noncovalent
interactions,43−48 presents significant challenges. Specifically,
the relatively weak binding to substrates, intermediates, and
products can cause difficulties in quantifying catalyst
speciation. For example, 1H NMR spectra of cage-catalyzed
reactions frequently present a single set of time-averaged cage
signals, with chemical shifts that temporally evolve to reflect
the concentrations of various host−guest complexes. This lack
of detailed information on the catalyst speciation limits studies
to analyzing the consumption of substrates and the evolution
of products. The data from these experiments has typically
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been processed using linearized forms of the Michaelis−
Menten equation, such as Lineweaver−Burk or Eadie-Hofstee
plots.40,49 Host−guest titrations,14−16 isotopic labeling,50

variable-temperature experiments,37 structure−activity rela-
tionships,51 and several computational studies52−58 have also
been used to shed further light on catalysis. A full kinetic
simulation of a cage-catalyzed multistep process requires the
quantification of most or all species; otherwise, there are a
range of possible solutions, leading to uncertainty in some, or
all, of the extracted parameters. Herein, we report the analysis
of coordination cage-catalyzed reactions using numerical-
method-based kinetic simulations, underpinned by the
observation of detectable intermediate complexes. Combining
this approach with computational and variable-temperature
kinetic studies has revealed the dual origins of the very high
activity of the cage.38

2. RESULTS AND DISCUSSION
2.1. In Situ 1H NMR Spectroscopic Monitoring of

Cage-Catalyzed Michael Reactions. The dinuclear Pd-cage
C (Scheme 1) catalyzes the Michael addition of pronucleo-

philes and electrophiles.41 We focus our mechanistic
investigation on two examples of this reaction, using the
same electrophile, E, with different pronucleophiles, Nu1H and
Nu2H (Scheme 1, reactions 1 and 2, respectively). These
transformations were selected because the pronucleophiles
possess different intrinsic properties: Nu1H (pKa = 5.7) is
significantly more acidic than Nu2H (pKa = 11), while
conversely, the Mayr-Patz reactivity index predicts that
[Nu2]− is four orders more reactive than [Nu1]−.59 It was
envisaged that a comparison of these two reactions would
address a key question as to whether activity stems from
pronucleophile acidification through stabilization of the
conjugate anion inside the 4+ coordination structure,

modulated reactivity of the bound nucleophilic anion, or
both effects combined.
We have previously found that the acceleration provided by

C is significantly enhanced using either 18-crown-6 or an
organic base, such as 1,8-diazabicyclo (5.4.0)undec-7-ene
(DBU).41 These additives stabilize proton loss from the
pronucleophile in the case of 18-crown-6 by binding the
hydronium ion that results from the reaction with residual
water. Herein, we focus on the use of DBU which induces
detectable background Michael addition in the absence of cage
C. These base-catalyzed background reactions (kB) usefully
allow comparison with the rate of the cage-catalyzed reactions
(kC) and thus a quantitative estimation of the acceleration
provided by the cage over a reference “bulk phase” process. In
contrast, 18-crown-6 does not induce any detectable back-
ground reaction but does interact with the exterior of the cage,
thus complicating analysis.
The in situ 1H NMR spectroscopic analysis60 of reactions 1

and 2 reveals the presence of multiple, low-intensity signals
(Figures 1, S2, S7, S14, and S21). These can be readily

attributed to different catalytic-cage intermediates because
these resonances are characteristic of the Ha and Hb protons;
these are the inward-facing hydrogen atoms that are sensitive
to bound guests (Scheme 1). Significant shifting of the Ha
signal to >9.5 ppm is indicative of a strong guest binding,61

consistent with a rate of exchange that is slower than the 1H
NMR time scale. These low-intensity signals were assigned to
specific intermediates by comparison with the authentically
generated samples. For example, in reaction 1, three sets of
signals are observed: (i) cage containing only weak binding
guests (Nu1H, Ka ≈ 30 M−1; P1H, Ka ≈ 150 M−1,41 or solvent)
collectively referred to herein as “empty” cage C (Figure 1a);
(ii) the cage containing the nucleophilic anion Nu1−⊂C

Scheme 1. Cage (C)-Catalyzed Michael Addition Reactions
of Electrophile E with Pronucleophiles Nu1H and Nu2H

Figure 1. 1H NMR spectra (600 MHz, CD2Cl2, 298 K) of (a)
reaction 1 immediately following initiation; (b) authentically
generated Nu1−⊂C (by the reaction of C, Nu1H, and DBU); and
(c) authentically generated P1−⊂C (by the reaction of C, P1H, and
DBU). The identities of protons Ha and Hb in cage C are shown in
Scheme 1.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.4c05160
J. Am. Chem. Soc. 2024, 146, 19317−19326

19318

https://pubs.acs.org/doi/suppl/10.1021/jacs.4c05160/suppl_file/ja4c05160_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.4c05160?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c05160?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c05160?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c05160?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c05160?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c05160?fig=fig1&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.4c05160?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(Figure 1b), and (iii) the cage containing the anionic product
P1−⊂C (Figure 1c).
2.2. Kinetics and Mechanism of Cage-Catalyzed

Reaction 1. With a method to analyze both the overall
kinetics of reaction 1 and the major speciation of the cage-
derived intermediates, we considered a range of general
mechanisms for the catalysis. Mechanisms that involve binding
on the outside of the cage were eliminated from consideration
by the complete inhibition of catalysis on addition of a strong-
binding competitor guest.41 Our analysis thus started with the
four pathways illustrated in Scheme 2. Since the total

concentration of protonated DBU matches that of the slow-
exchange cage signals, all of the deprotonated species are
bound by the cage; thus, none of the models include a bulk-
phase DBU-mediated reaction in the presence of C. Common
to all four pathways is the encapsulation-deprotonation of
Nu1H to give Nu1−⊂C, which we simplified to a single rapid
associative deprotonation equilibrium (K1

C). From Nu1−⊂C,
all four pathways involve C−C bond formation (k2C) within the
cage by reaction with E to give Int1−⊂C. At this point, the four
pathways diverge to generate P1H, Scheme 2.

Pathway 1: In this route, Int1−⊂C reacts irreversibly
with Nu1H via proton transfer to release P1H and
regenerate the bound anionic nucleophile, Nu1−⊂C.
This associative endocage mechanism avoids loss in
Coulombic stabilization arising from dissociation of an
anion from the tetra-cationic cage.
Pathway 2: Here, Int1−⊂C undergoes dissociative
exocage protonation by DBUH+ to give cage C, product
P1H, and DBU. In this mechanism, the “empty” cage can

nonproductively bind (K−3
C ) the DBU-deprotonated

product, [P1]−[DBUH]+, resulting in 'off cycle' inhib-
ition.
Pathway 3: In contrast to pathways 1 and 2, Int1−⊂C
undergoes fast irreversible tautomerization, ktaut, to give
P1−⊂C. Product P1H is then released by the associative
proton transfer from Nu1H to regenerate Nu1−⊂C.
While this bypasses “empty” cage C, the reversible
proton-transfer still results in product inhibition.
Pathway 4: This pathway diverges from pathway 3 at the
stage of P1−⊂C through reversible associative proton
transfer (K3

C) from [DBUH]+. This results in catalytic
turnover by pathway 4 involving all four cage species,
Scheme 2.

Each of the models (pathways 1−4) were tested by
numerical methods fitting to full temporal concentration data
(>98% conversion) acquired under two initial sets of
conditions: one with the nucleophile (Nu1H) in 3-fold excess
over the electrophile (E) and the other with them
approximately equimolar (see the Supporting Information
Section S4.2). Models based on Pathway 1 were unable to
satisfactorily fit the substrate and product temporal concen-
trations, with major deviations when the nucleophile was not
in excess (Figure S43). Moreover, the model was wholly
unable to reconcile the experimentally determined concen-
trations of the two detectable cage intermediates (Nu−⊂C and
P1−⊂C, Figures S42 and S44).
Models based on pathways 2−4 gave significantly better

correlations (Figures S46−S59) with all three providing the
subtle but evident inhibition by P1H/P1−. There is a small but
distinct improvement in the correlations using models based
on pathways 2 and 4, with the latter marginally providing the
best overall fit (Figures S56−S59). The optimized fitting

parameters for this model are shown in Table 1. Several key
observations emerge:

a) Under the conditions explored, where [E]0 = 4 mM, the
C−C bond formation step (k2C) is turnover-rate limiting,
with the tautomerization (ktautC ) sufficiently favorable for
Int1−⊂C not to accumulate.

Scheme 2. Pathways 1−4 Used for Numerical Methods
Simulations of the Temporal Concentrations of Nu1H, E,
P1H, C, Nu−⊂C, and P1−⊂C in Reaction 1a

aThe data is not consistent with catalysis solely via pathway 1. The
model based on pathway 4 is marginally more consistent with the
experimental data than models based on pathway 2 or 3, see the
Supporting Information Section S.1.

Table 1. Key Parameters for Models of the Kinetics of
Reaction 1 Catalyzed by C + DBU and DBU Alonea,b

parametera C + DBU parameter DBUc

K1
C (M−1)d >104 K1

B (M−1) 4.2 × 105e

k2C (M−1 s−1) 2.7× 101 k2B (M−1 s−1) 2.2 × 10−2f

K1
C/K−3

C 0.13
k2C/k−3

C 0.17
ktautC (s−1) >1

aThese parameters provide a satisfactory fit to the temporal
concentrations of Nu1H, E, P1H, C, Nu1−⊂C, and P1−⊂C, using
numerical methods modeling of pathway 4, with all proton transfer
equilibria set to be fast. bFor fitting thresholds, see Supporting
Information, Section S6.1.4. cFrom NMR titration (K1

B) and model
optimization (k2B), see Supporting Information, Section S8.1.
dAttempts to obtain this parameter using direct titration were limited
by the instability of C in the presence of excess Nu1H and DBU, see
Supporting Information, Section S7.3. eFor Nu1H + DBU ↔
[Nu1]−[DBUH]+.

fFor the elementary step [Nu1]−[DBUH]+ + E →
[P1]−[DBUH]+.
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b) Analysis of the cage speciation by 1H NMR integration
shows that the deprotonation equilibria for Nu1H and
P1H (K1

C and K−3
C , respectively) are sufficiently favorable

for essentially complete protonation of DBU, and thus,
[Nu1−⊂C] + [P1−⊂C] = [DBU]tot.

c) The cage C has a slightly greater affinity (K1
C/K−3

C < 1
Table 1) for the product anion P1− over the
deprotonated nucleophile, Nu1−. This leads to modest
product inhibition in the catalysis, albeit with all the
limiting reagent (E) eventually being fully consumed.

d) Because the proton transfer equilibria (K1
C, K3

C) are
rapid, the models do not reveal information about their
mechanisms, e.g., dissociative, associative, or intra-
molecular.

e) The models based on pathways 2 and 4 differ only by
their route to the detected species P1−⊂C, and the
fitting values for turnover (k2C) and inhibition (K1

C/K−3
C )

are the same, within experimental error (see Supporting
Information, Section S6.1).

2.3. Kinetics of Reaction 1 Catalyzed by DBU Alone.
To contextualize the kinetics of the cage catalysis, we analyzed
reaction 1 catalyzed by DBU in the absence of C. Under these
conditions, the time for complete consumption of E increases
from about an hour to more than a month. To facilitate the in
situ 1H NMR spectroscopic analysis of the kinetics, the
reaction was conducted at 5- to 10-fold higher concentrations
of all reactants. The reaction kinetics were satisfactorily
simulated using a simple two-stage model comprising (i) the
deprotonation equilibrium (K1

B) between DBU and Nu1H to
give [Nu1]−[DBUH]+ and (ii) an irreversible, turnover-rate
limiting (k2B) 1,4-addition of Nu1−DBUH+ to E, followed by

rapid tautomerization and proton transfer to give P1H and
DBU. Fitting of a 1:1 binding isotherm (Figures S67 and S68)
to data from a 1H NMR titration of DBU with Nu1H in which
the protonated and neutral forms of DBU are in fast exchange
gave the equilibrium constant, K1

B = 4.2 × 105 M−1. The
magnitude of k2B (2.2 × 10−2 M−1 s−1, Table 1) was then
estimated by numerical fitting of the simple two-step model to
experimental temporal concentration data for P1H in reactions
conducted at three different [DBU]tot catalyst concentrations
(Figure S79). Three orders of magnitude acceleration of the
C−C bond-forming step within the cage, compared to the
“bulk-phase” process, is thus evident from the ratio k2C/k2B = 1.2
× 103, independent of any changes in equilibrium between
Nu1H and [Nu1]− exerted by the cage, i.e., K1

C versus K1
B.

2.4. Computational Analysis of Cage-Catalyzed and
Bulk-Phase DBU-Catalyzed Reaction 1. The above results
pose the obvious question: why is the activation barrier within
the cage more than 4 kcal mol−1 lower than that of the “bulk-
phase” process? To better understand the origin of this
acceleration, we used density functional theory (DFT) to
analyze the rate-limiting step, Nu1− + E → Int1−, in the
presence and absence of a cage (Figure 2a,b). For the process
mediated by DBU in the absence of a cage, i.e., k2B, the
computed activation barrier (ΔG‡

uncat = 19.2 kcal mol−1) is in
good agreement with experiment (ΔG‡

exp = 19.8 kcal mol−1).
Approximately 40% of the calculated energetic barrier arises
from bringing the substrates into complex Nu1−·E (ΔGcomplex
= 8.0 kcal mol−1), with significantly more than half of the total
activation barrier stemming from entropic costs (−TΔS‡ =
11.5 kcal mol−1).

Figure 2. (a) Gibbs free energy and corresponding structures for the cage-free (Nu1− + E → Int1−) reaction. (b) Gibbs free energy profiles and
corresponding structures for the cage-mediated (Nu1−⊂C + E → Int1−⊂C) reaction. The ground state was calculated according to Boltzmann
weighting of three states: Nu1−·H2O⊂C1, Nu1−·2H2O⊂C1, and Nu1−·E⊂C1. The magnified region shows the binding of the Nu1− nitronate
group to the H-bond donor pocket on the cage interior. (c) Comparison of the activation parameters predicted by DFT to those determined
experimentally. Calculations on the CPCM(DCM)-M06-2X/def2-TZVP//CPCM(DCM)-PBE0-D3BJ/def2-SVP level of theory.
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The reaction pathway inside the cage, i.e., k2C, was elucidated
through a combination of classical methods, including
molecular dynamics (MD) and docking and DFT calculations
at the CPCM(DCM)-M06-2X/def2-TZVP//CPCM(DCM)-
PBE0-D3BJ/def2-SVP level of theory (see Supporting
Information). MD simulations reveal that Nu1− resides inside
the cage for a significant period (53%), accompanied by either
dichloromethane or one or two residual water molecules.
Nu1− adopts a stable binding mode involving H-bond
interactions between one of the H-bond donor pockets (i.e.,
4 × neighboring Ha atoms) on the cage interior and a single
oxygen atom of the nitronate group (Figure 2b). Representa-
tive structures from MD trajectories, along with the reactant
complex inside the cage, were optimized by DFT. Three
structures were identified to have similar energies within 1.1
kcal mol−1, Nu1−·H2O⊂C, Nu1−·2H2O⊂C, and Nu1−·E⊂C,
that coexist in solution with a ratio of 0.65:0.24:0.11, based on
their Boltzmann-weighted distribution (Figure 2b). Conse-
quently, the energy of the effective ground state was calculated
as the Boltzmann-weighted Gibbs free energy of these three
states, resulting in an activation barrier of ΔG‡

cat = 14.0 kcal
mol−1. The calculated acceleration of the C−C bond-forming
step inside the cage, relative to the bulk phase, thus aligns well
with the experiment (ΔΔG‡

exp−ΔΔG‡
comp = 1 kcal mol−1).

The favorable preassociation of the electrophile and
nucleophile within the cage to give Nu1−·E⊂C1, contrasts
with the high energy needed to form the reactant complex,
Nu1−·E, in the cage-free reaction. Moreover, computational
analysis indicates that the reduced activation barrier in the
cage, ΔΔG‡

comp, stems from a significant reduction in entropy
(−TΔΔS‡

comp = −7.9 kcal mol−1; Figure 2b).
These observations suggest that favorable cobinding of

substrates within the cage accelerates the reaction, as found in
other examples of supramolecular catalysis.3−5,8,35 Perhaps
surprisingly, reaction inside the cage induces a slight electronic
destabilization of the TS, with ΔΔH‡

comp = +2.7 kcal mol−1,
which can be attributed to the distortion needed to reach the
TS geometry (Figure S101). To better understand the origin of
this destabilization, we analyzed the influence of the cage on
the elementary reaction Nu1−·E → TS using a framework
analogous to distortion-interaction analysis (Figure S101).62

The results show that the distortion caused by steric clashes
with the cage destabilizes the TS (ΔE‡

dist = +2.8 kcal mol−1),
outweighing the slightly favorably interaction energy (ΔE‡

inter
= −1.6 kcal mol−1).
The origin of the acceleration in the C−C bond-forming

step has also been investigated experimentally by measuring
the rates of reaction at different temperatures for the cage and
cage-free processes. The activation parameters obtained from
standard Eyring analyses of this data (see Supporting
Information, Section 9) are consistent with the overall trend
obtained from calculations (Figure 2c); compared to the bulk-
phase process, k2B, the cage-catalyzed process, k2C, has a slightly
higher enthalpy of activation (ΔΔH‡

exp = +3.7 kcal mol−1), but
this is notably outweighed by a significantly lower entropy
component (TΔΔS‡

exp = −7.5 kcal mol−1 at 298 K). A
mechanism in which the rate of C−C bond formation is faster
due to the favorable dual encapsulation of both substrates
inside the cage is therefore supported by both calculations and
experiments.
2.5. Kinetic Analysis of Cage-Catalyzed Reaction 2

and Comparison to the Bulk-Phase Process. The in situ
1H NMR data for reaction 2 is considerably more complex

than that of reaction 1 (Figures S14−S28). First, reaction 2
generates two products corresponding to single addition, P2H,
and double addition, P3, of the electrophile, E. Second, a
transient enol tautomer, P2′H, of the single addition product
can be detected during the early stages of the reaction. In
reaction 1, the lower affinity of the substrate anion, Nu1−, for
the cage compared to the product, P1− (K1

C/K−3
C = 0.13, Table

1), means that the evolution of catalytic species from Nu1−⊂C
to P1−⊂C occurs within the dead-time of reaction initiation
(Figures S30 and S32). The concentration of P1−⊂C then
remains approximately constant throughout the reaction. In
contrast, the sequential diminishment of Nu2−⊂C, and the
appearance of P2−⊂C, is readily detected during reaction 2
(Figure 3). Moreover, with the accumulation of the nonacidic

double addition product, P3, the catalyst speciation in reaction
2 progressively reverts to being dominated by the 'empty' cage,
C. Beginning with the optimized model for reaction 1 and
incorporating the additional features noted above, we arrived,
after considerable exploration of alternative possible mecha-
nisms, at the model shown in Scheme 3.
Reaction 2 is also unusual in that enol P2′H is not detected

when the reaction is mediated by DBU alone. In the best-fit
model for the cage-catalyzed process, Int2−⊂C undergoes
tautomerization (Scheme 3, ktaut1) and then the keto-product
P2H is liberated by (a) dissociative protonation (k5) and bulk-
phase enol-keto tautomerism (ktaut3) and (b) enol-keto
tautomerism within the cage to give the bound keto-product
anion, P2−⊂C (ktaut2), followed by dissociative protonation
(k4). The intermediacy of the putative complex P2′−⊂C is
tentative and not easily tested because of the transient nature
of P2′H. Nonetheless, the kinetic simulations suggest that
product P2H is predominantly liberated from P2−⊂C (see
Supporting Information) in competition with the second
addition to E (k3). The two reactions with electrophile E
proceed with similar efficiency (k3 ∼ k2, Table S8) despite the
increase in the steric bulk of the nucleophile.

Figure 3. Partial 1H NMR spectra (600 MHz, CD2Cl2, 298 K) for
reaction 2 showing the time-dependent evolution of Nu2−⊂C and
P2−⊂C. The signals correspond to the Ha atoms of C (Scheme 1).
The first spectrum, obtained immediately after reaction initiation, is
shown at the bottom, with subsequent spectra recorded at 30 s
intervals.
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We also analyzed the kinetics of reaction 2 mediated by
DBU in the absence of cage C (see the Supporting
Information, Section 8.2). The rate of product, P2H,
generation decreases disproportionately with conversion due
to a second-order dependency on the electrophile concen-
tration, [E]. Under some reaction conditions, this can give rise
to temporal concentration profiles that are similar to those of
product inhibition. For a discussion of possible mechanisms for
this, see the Supporting Information, Section S8.2.2. The
fundamental differences in the mechanisms of reaction 2 inside
cage C and in the bulk phase by DBU alone hinder any
meaningful direct comparison. Consequently, we evaluated the
cage against the reference reaction using the same computa-
tional procedures that were applied in reaction 1. For the cage-
free DBU-mediated process, a significant proportion of the
activation barrier (ΔG‡ = 18.3 kcal mol−1, Figure 4a) stems

from the entropically unfavorable generation of the reactant
complex (ΔGcomplex = 6.9 kcal mol−1;−TΔS‡ = 10.3 kcal
mol−1).

For the cage-catalyzed process, MD simulations in dichloro-
methane show that Nu2− stays in the cage accompanied by 1−
4 water molecules for a significant period (48%). In contrast to
Nu1−, no clear binding mode of Nu2− was evident (although it
is clear that there are hydrogen bonding interactions between
the nitrile N atom of the Ha protons,

63 consistent with the
NMR data). Therefore, representative structures of Nu2− and
water molecules in the cage were located by clustering MD
trajectory frames (Figure S104). The most stable structure,
Nu2−·H2O⊂C, is higher in energy than the reactant complex
Nu2−·E⊂C, supporting the hypothesis that C−C bond
formation proceeds via a favorable termolecular Michaelis
complex. The significant difference in entropic contribution to
reach the transition state without and with the cage
(−TΔΔS‡

comp = −6.1 kcal mol−1) provides additional evidence
for this conclusion.
2.6. Estimation of the Cage-Induced Acidification of

the Pronucleophile. Having established that C−C bond
formation, k2C, between Nu1− and E inside the cage is
accelerated relative to the bulk-phase process outside the cage,
k2B, we examined the impact the cage has on the pre-
equilibrium between the pronucleophile, Nu1H, and the active
Nu1−. Under the conditions employed for the analysis of the
C−C bond-forming kinetics in reaction 1 (Sections 2 and 3),
this effect is negligible because deprotonation of Nu1H by
DBU (pKaH ∼ 13, DMSO) is extensive in the absence of the

Scheme 3. Proposed Catalytic Cycle for Reaction 2a,b

aThis mechanism is supported by kinetic simulation of the temporal
concentrations of Nu2H, E, P2H, P3, C and detectable intermediates
Nu2−⊂C, P2−⊂C, and P2′H. DBU and DBUH+ have been omitted
from the catalytic cycle for clarity, as has a decomposition step from
Int2−⊂C, which accounts for a small amount of free ligand (<5%).
bFor key parameter thresholds and relationships, see Table S8.

Figure 4. Energy profile and corresponding structures for reaction 2
(a) without and (b) with a cage. For (b), the ground state was
calculated as the Boltzmann average of the Nu2−·H2O⊂C, Nu2−·
E⊂C states. Calculations were performed at the CPCM(DCM)-M06-
2X/def2-TZVP//CPCM(DCM)-PBE0-D3BJ/def2-SVP level of
theory.
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cage (K1
DBU = 4.2 × 105 M−1). However, cage-catalyzed

reaction 1 using the much weaker bases 2,6-di-tbutylpyridine
(DtBPy, pKaH ∼ 5, DMSO) and diethylaniline (DEA, pKaH ∼
3, DMSO) becomes a function of both K1

C and k2C, and the
bulk-phase background reaction is a function of K1

Band k2B.
Comparison of K1

C and K1
B under these 'weak-base' conditions

then provides an estimation of the 'acidification' of the
pronucleophile by virtue of host−guest complexation of Nu1−

in the tetra-cationic cage.
Reaction 1 catalyzed by DtBPy or DEA alone proceeds very

slowly and required monitoring at 100-fold higher concen-
tration of all components, with the kinetics estimated from the
initial rates of generation of P1H over a period of days (Figure
5a). In contrast, the cage-catalyzed reactions, with DtBPy or
DEA, and at the normal concentration of components, are
complete in about 1 h (Figure 5a, inset). Analogous, although
less pronounced results were obtained with reaction 2 (Figure
5b). Making the approximation that the C−C bond-forming
step within the cage, k2C = 2.7 × 101 M−1 s−1 (Table 1), is
relatively insensitive to the identity of the conjugate acid,
[BH]+, outside of the cage, allows estimation from kinetic
simulations that K1

C ∼ 2.4 × 101 M−1 for DtBPy and K1
C ∼ 6.3

M−1 for DEA (Table 2). Using an analogous approximation
that k2B = 2.2 × 10−2 M−1 s−1 (Table 1) in the analysis of the
initial rates of the cage-free reactions allows estimation that
K1
DtBPy∼ 2.1 × 10−5 M−1 and K1

DEA ∼ 3.1 × 10−4 M−1,
consistent with their much lower basicity relative to DBU. The
analysis shows that the H-bonded encapsulation of Nu1−

within the tetra-cationic cage C has the effect of shifting the
deprotonation equilibrium of Nu1H by a factor of 104−106
(Table 2).
2.7. Generalizing the Overall Rate Acceleration by

the Cage Relative to Bulk-Phase Weak-Base Only
Catalysis. Comparison of the initial rates of catalysis of
reaction 1 by a weak base in the presence (v0C/M s−1) and
absence (v0B/M s−1) of cage C allows evaluation of the
acceleration over the background “bulk phase” process. The
maximum acceleration (krelmax) exerted by the cage is
approached under the conditions shown in eq 1. Steady-state
initial rate approximations for reaction 1 when the base is in
very low concentration and there is a substantial 'acidification'
of the pronucleophile (K1

C ≫ 1, see the Supporting
Information Section S10.2) allow estimation of the maximum
accelerations attainable (eq 2). Under these conditions, the
relative initial rates approach an inverse dependence on the
pronucleophile concentration as the base becomes weaker, i.e.,
when K1

B ≪ 1.
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Consideration of the values in Tables 1 and 2 shows that
very large rate accelerations are feasible. For example, when
[Nu1H]0 ∼ 10 mM and [C]tot ≫ [DtBPy]tot, eq 2 predicts that
krelmax ∼ 6 × 109. This value can be compared to the
concentration-normalized initial rates measured experimentally
using DtBPy as the weak base (Table S20), where krelnorm ∼ 1 ×
109.

3. CONCLUSIONS
A detailed in situ 1H NMR spectroscopic analysis of cage-
catalyzed Michael addition reactions 1 and 2 (Scheme 1) has
allowed the detection and identification of a number of cage-
based species in the catalytic process (Figures 1 and 3).
Numerical methods analyses of the reaction kinetics,
referenced to the background “bulk-phase” base-only catalysis,
including simulation of the temporal concentrations of
substrates, products, and detected intermediates, led to the
estimation of two key rates and equilibria: (i) C−C bond
formation inside, k2C, and outside, k2B, of the cage and (ii) the
pre-equilibrium between the pronucleophile and the active

Figure 5. Kinetic plots for (a) reaction 1 and (b) reaction 2 with
different bases.a,b The fitted curves for the C + base and DBU alone
reactions are kinetic simulations. The DEA and DtBPy alone reactions
are the initial rate. aDEA = diethylaniline and DtBPy = 2,6-
ditbutylpyridine. bReaction conditions. Cage-accelerated reaction 1:
C (0.78 mM), Nu1H (10.5 mM), E (3.95 mM), base (0.27 mM),
CD2Cl2, RT; cage-free reaction 1: Nu1H (1050 mM), E (395 mM),
base (27.3 mM), CD2Cl2, RT. Cage-accelerated reaction 2: C (0.84
mM), Nu1H (34.9 mM), E (12.4 mM), base (0.34 mM), CD2Cl2, RT.
Strong base (DBU) cage-free reaction 2: base (0.34 mM), Nu1H
(34.9 mM), E (12.4 mM) CD2Cl2, RT. Weak base (DEA and DtBPy)
cage-free reaction 2: base (33.7 mM), Nu1H (3490 mM), E (1240
mM), CD2Cl2, RT.
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nucleophile, inside, K1
C, and outside, K1

B, of the cage. The work
reported herein reinforces the importance of modeling
supramolecular catalysis kinetics under more than one set of
initial conditions and, importantly, conditions that give
nonoptimal catalysis. Variable-temperature kinetics conducted
under conditions where the rate is dominated by
k2C[(Nu−⊂C][E] and by k2B[Nu−][E] were used to inform
molecular dynamics (MD), docking, and DFT calculations of
the C−C bond-forming step (Figure 2). The tensioning of
these calculations against experimentally determined activation
parameters (ΔH‡

exp and ΔS‡
exp) allowed the identification of

the origins of the reaction acceleration by the cage. Favorable
electrostatic interactions between the cage and the anionic
intermediates lead to a synergistic combination of raised
concentrations of preorganized active species and transition-
state stabilization in the C−C bond-forming step. The wealth
of reactions that proceed via enolate and equivalent species
suggest that there is significant potential to expand the scope of
reactivity beyond Michael addition (and their asymmetric
variants) using the shape and size of the cavity to match
specific requirements (e.g., different selectivities, etc.).
The largest difference between the rates of cage and cage-

free reactions is obtained at close to neutral conditions by
using weak bases. This effect mirrors the work of Raymond and
Bergman, where the optimal acid catalysis using an anionic
cage occurs under basic conditions.40 In the work presented
here, the overall effects of the cage acceleration (eq 2) are
greatest at low nucleophile concentrations, with weak bases.
This is not dissimilar to the way that enzymes show the largest
enhancement at low substrate concentration, close to pH 7.
Conducting reaction 1, for example, using DtBPy as a weak
base in the presence of cage, C, results in a rate acceleration of
109 over the “bulk phase” reference process catalyzed by the
weak base alone. The magnitude of this enhancement provides
another step toward creating bioinspired catalysts that move
beyond mere concepts to systems that might be able to achieve
enzyme-like activity derived solely from the use of weak
noncovalent interactions.15,38,49
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