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ABSTRACT: Imide-based chlorinating reagents are mild and easy
to use yet can lack the reactivity of charged chlorenium-ion donors.
Here, we present a simple strategy for increasing the reactivity of
these neutral chlorinating species by encapsulation inside a cationic
coordination cage. Using this approach, we demonstrate that two
different-sized Pd2L4 cages can catalyze chlorolactonization and
chlorocycloetherification reactions of acid and alcohol function-
alized α and β-substituted styrene substrates with either 1,3-
dichloro-5,5-dimethylhydantoin (DCDMH) or N-chlorosuccini-
mide (NCS) as the chlorenium sources. A kinetic study shows that
the cages are proficient catalysts with a significant acceleration up
to 105. However, an unexpected dichotomy is revealed wherein the
smaller cage, which is best preorganized to bind and nominally
provide maximum activation of the imide reagent, shows an order of magnitude less acceleration than the larger cage that has
apparently mismatched host−guest chemistry. When the scope of reactions is further extended to the chlorination of simple,
unfunctionalized α-methylstyrene, the same pattern of cage reactivity is observed, suggesting that differences are not explained by
coencapsulation. Computational studies indicate that the trend in reactivity is caused by the transition state being less fixed in the
larger cage, allowing it to find optimal binding and thereby generate stronger interactions. This investigation highlights the
importance of understanding the underlying mechanisms of cage reactivity to design new noncovalent catalysts for a greater range of
transformations.

1. INTRODUCTION
Despite the many examples of ever more structurally complex
self-assembled metallo-organic cages,1−19 their use as catalysts
remains relatively limited to a few privileged structures.20−26 In
principle, cages should be excellent catalysts; their three-
dimensional structure provides a platform to engineer
collections of noncovalent interactions, akin to the way that
an enzyme active site positions multiple amino acids to
selectively bind specific substrates and facilitate their
conversion into products. The modular synthesis of cages
should make it relatively easy to tailor the structure so that it is
optimal for different transformations. It is perhaps surprising
then that the number of studies that study how changes to the
cage structure affect catalytic performance remain rare.27−29

This is perhaps one reason that cage catalysis as a whole
remains relatively underdeveloped.
One of the reoccurring features of coordination cage-

mediated reactivity is the way these systems exploit the
proximity of the charged metal vertices to the substrate binding
pocket,30,31 complementing other examples of supramolecular
catalysts that use either electrostatics,32−40 or rely on the
preorganization of substrate(s).41−45 The use of charge was
first clearly demonstrated by the groups of Raymond and
Bergman, who showed that the binding of weakly basic

substrates inside an anionic cage shifts the propensity to
become protonated by several pKa units,46 thereby allowing
reactions that are normally acid-catalyzed to proceed at high
pH.47−49 Latterly, several groups have shown that cationic
cages can achieve catalysis in much the same way by stabilizing
pathways that involve anionic species,50−52 leading to acid-
ification of substrates thereby facilitating reaction under neutral
as opposed to basic conditions.53−55 Additionally, pioneering
work by Ward and co-workers has shown how the charged
periphery of the cage can attract Coulombically complemen-
tary reactants, thus eliciting rate enhancement through high
effective concentration.23,56,57

An approach that has rarely been used in cage catalysis is to
enhance the reactivity of an electrophile through stabilization
of the leaving group.58 Most powerful electrophiles possess an
electronically stable anionic leaving group, which is commonly
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the conjugate anion of a strong Brønsted acid. Alternatively,
cationic electrophiles are reactive, as the leaving group is a
stable, neutral molecule. We envisaged that we could
complement these strategies using noncovalent binding of a
less reactive neutral electrophile within a cationic supra-
molecular cage. This in situ activation of the electrophile
provides the obvious advantage that it avoids the handling of
inherently reactive species. While this approach has the
potential to be applicable to many different reaction types,
here we choose to demonstrate this concept using the
electrophilic chlorination of olefins. Interestingly, our results
with two different active cages highlight that matching the
host−guest chemistry to the electrophile leaving group is only
part of the role an effective catalyst plays. Instead, we show that
flexible transition state (TS) binding is key, as this maximizes
interactions with the leaving group and stabilizes the reduction
in nucleophile electron density that occurs during the course of
the transformation.

2. RESULTS AND DISCUSSION
2.1. Establishing Cage-Activated Chlorenium-Ion

Donor Catalysis. Cages C1 and C2 are predisposed to
bind certain dicarbonyl compounds due to the spatial
arrangement of the H-bond donor pockets that are positioned
at either end of the cage (Scheme 1a).59 This attribute has
previously been exploited to enhance the Diels−Alder
reactivity of quinones, leading to significant acceleration and
efficient turnover.60 We therefore reasoned that C1 and C2
would bind and activate neutral, mild chlorinating agents such
as N-chlorosuccinimide (NCS) and 1,3-dichloro-5,5-dimethyl-
hydantoin (DCDMH; Scheme 1a). Inspired by the work of
Borhan,61 we initially chose to investigate this concept using
the chlorolactonization of substrate 1a (Scheme 1b(i)). We
were encouraged to see that treating 1a with 2 equiv of
DCDMH in the presence of 10 mol % C1 resulted in a
modestly improved yield of 2a after 1.5 h at room temperature
in CD2Cl2. The better yield appeared limited to C1, with C2
giving approximately the same amount of product as that of the
uncatalyzed reaction. The conversion of alcohol substrate 1b
to chlorinated cyclic ether 2b gave a much clearer increase in
yield from 6% in the uncatalyzed reaction to 86% in the
presence of C1. The methyl analogues 1c/1d also showed a
noticeable improvement in the yield, particularly when C1 was
added to the reaction. The less reactive β-substituted styrene
substrates 3a and 3b produced the corresponding chlorinated
cyclized products 4a and 4b in 62 and 94% yields,62

respectively, in the presence of C1, whereas the equivalent
background reactions gave <10% product. In all cases, the C2-
mediated reactions gave noticeably lower yields. The methyl
analogues of the β-substituted styrenes, 3c and 3d, also showed
clear improvements in yield with notably faster consumption of
the substrate in the presence of cage (Figure S19), generating a
mixture of 5- and 6-membered ring products.
We have previously found that the activity of C1 and C2 is

highly transformation dependent; C1 is a catalyst for Michael
addition yet does not promote Diels−Alder reactions, and vice
versa.53,59 For Michael addition, this is a consequence of their
anion-binding properties; C1 strongly encapsulates charged
guests, whereas the noncoordinating pyridyl lone pairs of C2
significantly neutralize the electrostatic potential of the cavity,
meaning anion binding is much less favored. It was therefore
expected that C1 would be the better catalyst for electrophilic
chlorination due to stabilization of the imidate leaving group.

What we were surprised to find was that when we expanded
the investigation to the larger cage C3, this gave yields
comparable to those of C1 (Scheme 1b). This was unforeseen
as the larger naphthyl spacer of C3 increases the Pd−Pd
distance by over 2 Å relative to C1,63 meaning that C3 should
be mismatched to bind DCDMH through both sets of
carbonyl groups (Scheme 1a) therefore imparting less
activation.
The substrate scope also reveals that the yields of

chlorinated cyclic ethers are uniformly higher than those of
the equivalent lactones. However, it should be noted that all
C1 and C3 catalyzed reactions show complete consumption of
the starting materials. This difference in mass balance appears

Scheme 1. (a) Cage-Activated Chloro-Imide Host-Guest
Complexes and (b) Chlorenium-Induced Cyclization
Catalysisa

aAll yields were determined by 1H NMR integration. Conversion (%
starting material consumption) is given in parentheses.
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to be caused by the formation of small quantities of
byproducts, which we tentatively ascribe to vinylic chloride
acyclic compounds (see Supporting Information).
2.2. Experimental Quantification of Cage-Catalyzed

Chlorocycloetherification. Seeking to gain a better under-
standing of the cage reactivity, we decided to focus on the
conversion of 1b → 2b. Attempts to monitor the reaction over
time revealed that acceleration was too fast to easily follow; 1H
NMR spectra acquired immediately after reactant mixing
showed that the C1 and C3 reactions were essentially finished.
To overcome this problem, we substituted DCDMH for the
less reactive NCS, leading to reactions that could be
conveniently monitored over hours. This data clearly showed
a reactivity pattern of C3 > C1 ≫ C2 ≈ uncatalyzed (Figure
1a).

Various control experiments have been carried out to show
that the activity stems from the encapsulation of NCS (Figures
1b and S20). Adding strong binding guests to the C1 and C3
reactions�pentecenedione and 9,10-dicycanoanthracene for
the smaller and larger cages,59,63 respectively�halts catalysis.
In contrast, when triphenylphosphine oxide was added, which
selectively binds to the outer Hb protons (Figures S32 and
S33),64 only a marginal reduction in activity was observed.
When the cages were replaced by [Pd(Py)4](BArF)2 (Py =
pyridine) to provide a similar H-bond motif but without a
cavity,53 again no catalysis was observed (Figure 1b).
To further probe the differences between C1 and C3, we

performed host−guest titration and saturation kinetics experi-
ments. Gradual addition of NCS to either cage produces a
single set of 1H NMR signals that shift as a function of
equivalents (Figure 2a,b), indicating exchange that is fast on

the NMR time scale. The chemical shift changes are also
consistent with encapsulation; the inward-facing H-bond
donor protons (Ha) move significantly downfield (Δδ > 0.3
ppm), and the “equatorial” Hc protons become shielded. While
the maximal shifts in the signals of the two cages are similar,
the number of equivalents needed to reach cage saturation is
significantly different; 1 mM solutions of C1 and C3 require 2
and 100 equiv of NCS, respectively. Fitting the titration data to
a 1:1 binding model (Figures S29 and S31) reveals that, as
expected, C1 binds NCS much more strongly (Ka = 3.3 × 104
M−1) compared to C3 (Ka = 32 M−1). The chemical shift
changes in the NCS are also markedly different. At low
equivalents with respect to the cage, where the NCS signal is
averaged toward the fully bound species, there is a significant
difference in the amplitude of the chemical shift; the signals of
NCS inside C1 and C3 are shifted by 1 ppm and <0.1 ppm,
respectively. While this is not a direct measure of the
electrophilicity of the chlorine atom, it nonetheless suggests

Figure 1. Kinetic data for the NCS-mediated reaction of 1b → 2b,
showing (a) a comparison of background vs cage-catalyzed reactions;
(b) control reactions for the C3 catalyzed process. The reaction
conditions are the same as those shown in Scheme 1 with NCS
substituted for DCDMH. Triphenylphosphine oxide binds to the
outside of the cage (Ka = 390 M−1), while DCA (9,10-
dicyanoanthracene) is a strong internal guest (Ka = 3.3 × 104 M−1).63

Figure 2. Partial 1H NMR (400 MHz, CD2Cl2, 300 K) spectra for the
titrations of NCS into (a) C1 and (b) C3. The identities of protons
Ha, Hb, and Hc are shown in Scheme 1.
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that NCS is significantly more electron deficient inside C1
compared to C3. The 1H NMR chemical shifts of the substrate
1b shows no discernible changes in the presence of C1 or C3
cage, either in the absence or presence of NCS, indicating that
any interaction is at most only transient.
As expected, the large difference in association constants for

C1 and C3 leads to a pronounced disparity in saturation
kinetics; plots of initial rate versus variable [NCS]0 at fixed
[cage] and [1b] (Figure 3) show that νmax is attained at

significantly higher [NCS]0 for C3 compared to C1. This data
also provides a very good fit to the Michaelis-Menten eq
(Figure 3). As the out rate of the NCS is much quicker than
kcat (based on the fast NMR exchange), then Km serves as a
proxy for 1/Ka (i.e., the dissociation constant). This is indeed
the case for both C1 and C3 (Table 1), which again highlights

the fact that the catalytic properties of the cage are intrinsically
linked to NCS encapsulation. Significantly, the kcat/kuncat value
for C3 is an order of magnitude higher than C1 (Table 1).
2.3. Computational Modeling of Cage-Catalyzed

Chlorocycloetherification. To better understand the mo-
lecular origins of catalysis, we turned to computational
modeling, in particular molecular dynamics (MD) and density
theory functional (DFT) calculations. In the absence of an X-
ray crystal structure, we initially modeled the binding of NCS
to cages C1 and C3 using conventional MD in explicit
dichloromethane (DCM) with four BArF− counterions and 17
water molecules to most accurately represent experimental
conditions. We then extracted representative frames from these
simulations and optimized them using DFT (SI, Section 6).
This analysis revealed that the distance between the two Pd
ions in C1 is indeed well suited for binding NCS through

interactions between the two NCS oxygen atoms and the C−H
bond donor pockets at each end of the cage (Figure 4a). As

also expected, the Pd−Pd distance for C3 is too large to allow
both carbonyl groups of NCS to simultaneously interact with
the two C−H hydrogen-bond donor pockets. Instead, the
predominant complex observed by MD, NCS ⊂ C31, has NCS
positioned symmetrically between two adjacent naphthyl
groups (Figure 4b), with both oxygens too far away from the

Figure 3. Initial rate as a function of variable [NCS]0 for the C1 and
C3 catalyzed conversions of 1b to 2b. The solid lines are fits to the
Michaelis−Menten equation. Reaction conditions are the same as
those in Scheme 1b.

Table 1. Michaelis-Menten Parameters for the C1 and C3
Catalyzed Conversion of 1b to 2b with NCSa

Km (M) 1/Ka (M−1)a kcat (M−1 s−1) kcat/kuncat
C1 6.3 × 10−4 3.0 × 10−5 7.4 × 10−3 3.7 × 104

C3 3.4 × 10−2 3.1 × 10−2 6.0 × 10−2 3.2 × 105
aValues obtained from 1H NMR titration.

Figure 4. Computational analysis of the chlorocycloetherification
reaction. (a,b) DFT-optimized structures obtained from MD
trajectory for (a) NCS ⊂ C1 and (b) NCS ⊂ C3. The magnified
view shows changes in selected Hirshfield charges of bound vs
unbound NCS. TS structures for the (c) cage-free and (d) C1 and C3
catalyzed reactions. Calculations were performed at the CPCM-
(DCM)-M06−2X/def2-TZVP//CPCM(DCM)-PBEh-3c level of
theory.
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Ha atoms to form hydrogen bonds. Such a binding mode is at
odds with the NMR results, which show significant deshielding
of the Ha signal. DFT calculations of a host−guest complex,
NCS ⊂ C32, in which one oxygen atom of NCS interacts with
a single H-bond donor pocket of the cage, shows that this is 3.3
kcal mol−1 less stable than NCS ⊂ C31 (Figure 4b). However,
given the strong experimental evidence, we selected NCS ⊂
C32 as the reference for further calculations involving C3.
Surprisingly, despite the apparent “double” and “single”
activation that the smaller and larger cages provide, both
cages polarize NCS similarly, inducing total net charges of
+0.17 and +0.19 on NCS when bound to C1 and C3,
respectively.
DFT calculations were further used to model the mechanism

of the uncatalyzed reaction and the reaction within the cages
(Figure 4c/d). Building on earlier studies of chlorolactoniza-
tion,65 we identified two transition states (TSs), referred to as
synH- and anti-TS. Both TSs in solution show comparable high
energies at room temperature, with ΔG‡ = 31.7 and 32.9 kcal
mol−1 for the syn- and anti-TS, respectively (Figure 4c). Both
cages decreased the activation energy, with the anti-TSs
showing a lower activation energy (ΔG‡ = 24.6 and 23.1 kcal
mol−1 for C1 and C3, respectively) than the synH-TSs (ΔG‡ =
26.1 and 24.8 kcal mol−1 for C1 and C3) (Figure 4d). While
the computed activation barriers in solution and in the cages
are consistently higher by about 4−5 kcal mol−1 than the
experimental values (derived by converting the observed rates
to energies using the Eyring equation), the observed trends in
rate enhancement follow those from experiments. For C1 and
C3, the reduction in activation energy between the uncatalyzed
reaction and the cage (ΔΔG‡ = ΔGcage

‡ − ΔGuncat
‡) is −7.1

and −8.6 kcal mol−1, respectively, which is within 1 kcal mol−1

of the experimental results (ΔΔG‡ = −6.3 and −7.6 kcal
mol−1, respectively). Examination of the electronic contribu-
tion to the reaction energy revealed that binding of NCS
within the C−H bond pockets of the cages, NCS ⊂ C1 and
NCS ⊂ C32, activate NCS similarly by lowering the lowest
unoccupied molecular orbital (LUMO) energy by 0.4 eV
(Table S9). A similar effect was observed for the Diels−Alder
reaction of benzoquinone in C2.66

2.4. Dissecting the Effects of Different Cage
Structures. The data obtained from the kinetic, host−guest,
and modeling analysis lead to the obvious question: despite the
similar polarization of NCS, why is C3 a more active catalyst
than C1? A hypothesis that we initially considered was that the
larger cavity of C3 could facilitate transient coencapsulation of
1b (i.e., not readily detectable by 1H NMR) through
interactions of the substrate alcohol group with the single
“free” hydrogen-bond pocket of the cage in the NCS ⊂ C32
structure. We have previously observed a similar phenomenon
for Michael addition catalysis, wherein acceleration is a
consequence of binding both the nucleophile and the
electrophile.54 To explore this possibility, we decided to
study the chlorination of α-methylstyrene, 5, which lacks any
obvious polar functional group that can hydrogen bond with
the cage (Scheme 2). Both C1 and C3 catalyze the
chlorination of this substrate, generating products 6-8. Under
NCS saturation conditions, the magnitude of the acceleration
with both cages is 10-fold higher than that observed for 1b →
2b, with again C3 providing greater acceleration (kcat/kuncat)
than C1 by one order of magnitude. This indicates that C3 is a
generally better chlorination catalyst (i.e., not specific to the

reaction of 1b → 2b) and thus is not a consequence of the
formation of a ternary Michaelis complex such as 1b·NCS⊂C3.
The key rate-determining step in the reaction of 5 is the

heterolytic transfer of the chlorenium ion from the cage-bound
NCS to the substrate. In the absence of a cage, this transfer has
a computed activation barrier of 33.1 kcal mol−1, while the
experimentally derived value is 27.1 kcal mol−1. In C1 and C3,
the computed energy barriers decrease to 25.3 and 25.1 kcal
mol−1, respectively, with experimental values of 19.9 and 18.5
kcal mol−1. Similarly to the chlorocycloetherification reaction
(Figure 4), there are consistently higher energy barriers of
about 5−6 kcal mol−1. However, the computationally derived
reduction in the energy barrier of C1 and C3 by 7.8 and 8.0
kcal mol−1, respectively, is in close agreement with the values
obtained experimentally (7.2 and 8.6 kcal mol−1 for C1 and
C3, respectively).
To assess how different parts of the cage contribute to the

observed catalytic activity and thus also better understand the
structure−activity relationship, we partitioned the cage-
catalyzed TS and reactant complex (RC) structures into
various fragments (Figure 5). The electronic activation barrier
for each of these fragments was computed (ΔE‡), which in
turn was used to give the reduction in the electronic energy of
the TS relative to the uncatalyzed reaction (ΔΔE‡ = ΔEcage‡ −
ΔEuncat‡). The fragments used in this analysis corresponded to
a single Pd(Py)42+ unit (F1); two nonconnected Pd(Py)42+
units (F2); a single Pd(L)42+ unit, where L is a ligand
containing the middle aromatic ring connected to the pyridyl
group via an alkyne spacer (F3). From this modeling, the
following observations are made:
(a) Comparison of F1 for the two cages shows that the

“single-site” interaction between one Pd(Py)42+ unit and
the TS is stronger in C3 compared to C1, with ΔΔE‡ =
−4.5 and −3.7 kcal mol−1, respectively. This is in line
with the shorter C−H···O distances in C3 (2.41 ± 0.07
Å) vs. C1 (2.56 ± 0.03 Å). Quantification of this
interaction via natural bond orbital (NBO) analysis
indicates these H-bond interactions contribute 4.2 kcal
mol−1 stabilization in C3 and only 2.3 kcal mol−1 in C1
(Table S13).

(b) The F2 fragments, consisting of two noninterconnected
Pd(Py)42+ units, are overall very similar for C1 and C3
(ΔΔE‡ = − 5.0 and − 5.2 kcal mol−1, respectively).
However, comparing F1 and F2 for both cages shows
that the consequences of adding the second Pd(Py)42+

Scheme 2. Cage-Catalyzed Chlorination of α-
Methylstyrenea

aReaction conditions: 5 (10 mM), NCS (200 mM), cage (1 mM),
CD2Cl2, RT, 48 h. Product yields determined by 1H NMR
integration. bProduct 6 arises from residual water present in the
reaction. cBased on the consumption of substrate 5.
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group are quite different. In the case of C3, the larger
Pd−Pd distance only allows the TS to interact with the
cage through one oxygen atom, leading to only a small
decrease in ΔΔE‡ from −4.5 and −5.2 kcal mol−1.
However, even with C1, where both oxygen atoms of the
TS interact, the decrease from −3.7 to −5.0 kcal mol−1

shows that the two Pd(Py)42+ groups provide a
noticeably unequal contribution to catalysis. This is
even clearer through NBO analysis, which shows that
the H-bond interactions of the “first” Pd(Py)42+ group
provide 2.3 kcal mol−1 stabilization energy and the
second one only 0.9 kcal mol−1. This is also in line with
the different C−H···O distances for both sites, 2.56 ±
0.03 Å vs 2.75 ± 0.07Å (Figure 5). A similar NBO
analysis for C3 shows that the interaction energies of F1
and F2 remain constant at 4.2 kcal mol−1.

(c) The F3 fragments effectively represent “half” of a cage,
consisting of the most strongly interacting Pd(Py)42+
unit and four ligand “arms” that include the central
aromatic rings. Comparing the F3 and F1 fragments
indicates that the inclusion of these “arms” makes a

significant contribution to TS stabilization, providing an
extra 1.8 kcal mol−1 for C1 (total − 5.5 kcal mol−1) and
2.1 kcal mol−1 for C3 (total −6.6 kcal mol−1). It is also
notable that greater secondary stabilization for both
cages comes not through interactions with an additional
Pd(Py)42+ unit but rather through the interactions of the
TS and the aromatic surfaces of the ligand.

This fragment-based analysis sheds significant light on both
the origins of catalysis and points toward why C3 is a better
catalyst than C1. Clearly, the major contribution to catalysis in
both cages is the stabilization of the TS through hydrogen-
bond interactions with one of the Pd(Py)42+ groups. However,
the interactions with the ligand framework also point to a
mechanism in which activity is leveraged from the synergistic
stabilization of charge transfer that occurs as the reaction
progresses toward the TS. In other words, the Pd(Py)42+
groups stabilize the buildup of electron density on the imidate
leaving group while the ligands facilitate the formation of the
chloronium (or carbocation) intermediate. The importance of
the structure of the cage as a whole is also supported by
experiment; if activity was the result of interactions with only
one Pd(Py)42+ group then, in theory, catalysis could also occur
through binding to the outer surface of the cage (i.e., through
H-bonding to the Hb protons). However, the addition of an
external inhibitor only marginally reduces activity, whereas the
internal guest shuts down catalysis (Figure 1). Additionally, if
catalysis was occurring externally, then it would be likely that
C1 and C3 would display similar acceleration. The lack of
activity from [Pd(Py)4](BArF)2 (Figure 1b) provides further
compelling evidence that catalysis is not derived from the
interaction with the coordination sphere of a single metal ion.
The most noticeable difference between C1 and C3 appears

to stem from how the “secondary” Pd ion affects interactions
with the TS. In C3, binding through only one of the oxygen
atoms provides conformational flexibility that allows the
strength of this interaction to be maximized. In contrast, the
TS in C1 is more fixed within the cage by the simultaneous
binding of both oxygen atoms with the two Pd(Py)42+ groups.
This appears to reduce the maximal stabilization by a single
site. Another possible consequence of this fixed versus flexible
binding of the TS is that secondary interactions with the ligand
framework may be reduced in C1 compared to C3. Of course,
the larger π-surface of the naphthyl spacer in C3 may also
enhance this secondary effect.

3. CONCLUSIONS
In conclusion, we have shown that Pd2L4 cages can act as
highly effective noncovalent catalytic activators for mild neutral
chlorinating agents such as DCDMH and NCS, facilitating the
transformation of styrene derivatives into cyclic and acyclic
chlorinated products. The acceleration exhibited by these is
comparable to many of the best cage catalysts so far
described.23,47,54 More importantly, however, this work
contributes to the understanding of how cage catalysis operates
and how structural modifications can impact activity. We
continue to seek to expand these interconnected strands in the
pursuit of growing the area of bioinspired supramolecular
catalysis to create ever more active catalysts for a range of
different transformations using only the power of noncovalent
interactions.

Figure 5. Contributions of fragments F1−F3 of cages C1 and C3 to
the lowered electronic activation barrier (ΔΔE‡). The energy
contributions were calculated for geometries obtained by following
the internal reaction coordinate (IRC) for C1 and C3 cage-catalyzed
reactions at the def2-TZVP//CPCM(DCM)-PBEh-3c level of theory
and subsequent partitioning of the cage into the desired fragment
(hydrogen atoms were added to the unsaturated carbon atoms). The
single point energies were calculated at CPCM(DCM)-M06−2X/
def2-TZVP.
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