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mation of 5- to 8-membered rings in cycloalkane-[b]-indoles
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ABSTRACT: Challenging cyclization of common- to medium-sized rings are promoted by nanoconfinement inside the cavity of a
self-assembled hexameric resorcinarene capsule. While no cyclization occurs outside the capsule, high to excellent yields of cycloal-
kane-[b]-indoles are obtained inside the capsule irrespective of ring size (5-8 members). Kinetic analysis coupled to NMR investiga-
tion of substrate binding shows that the cyclization step under nanoconfinement is not rate-determining, not even for the formation

of an 8-membered ring.

Cyclization reactions have always been key processes in or-
ganic chemistry. In fact, the conformation and the shape of a
molecule are often defined by the presence of cyclic structures.
However, in spite of their ubiquity in organic compounds, forg-
ing rings is not always an easy task. For instance, while there is
a plethora of methods to form common 5- and 6-membered
rings, closing 7-membered, medium-sized (8-12 terms) or
larger rings (macrocycles, > 12 terms) remains challenging. A
combination of enthalpic strain developed at the transition state
level (due to transannular Prelog interactions) and entropic pen-
alty (due to freezing several single bond rotors in an ordered,
cyclic conformation) concur to disfavor the closure of linear
precursors. These effects become apparent and can be quantita-
tively accounted for in the Effective Molarity term.'® Conse-
quently, formation of 7-membered, medium- and large rings
tends to be difficult, and usually requires high dilution condi-
tions to slow down the competing dimerization (or polymeriza-
tion) process. This difficulty is reflected in the paucity of con-
venient methods for the preparation of such cycles. A typical
example is represented by the synthesis of biologically active
2,3-cycloalkane-[b]-indole scaffolds present in several FDA-
approved drugs (Figure 1A).”? This tricyclic core is mainly

prepared via cyclization of the central 5-membered pyrrole ring
with precursors that already contain the lateral ring, especially
when such cycle is large (>7-membered ones).!*'* In contrast,
closure of the lateral [b]-cycle has been less explored. Known
examples rely on some rigidifying element in the precursor,
which favor cyclization by reducing the entropic penalty.!#!

Supramolecular encapsulation inside a nanocavity promotes
cyclization processes.'*2* Nanoconfinement prevents the com-
petition with the dimerization and polymerization reactions.
Moreover, it can accelerate the cyclization by stabilizing reac-
tive intermediates and related transition states via non-covalent
interactions with the cavity walls and by pre-organizing the re-
actant in a folded, cyclic-like conformation.!® In fact, encapsu-
lation inside complex cavitands,**’ molecular grippers®® and
porous materials’! has been shown to promote challenging mac-
rocyclization processes. Although the use of simpler, self-as-
sembled hosts can improve the utility of this approach, this
strategy has been less explored. Capsule 1 (Figure 1B) emerged
as a powerful catalyst 123 for the (poly)cyclization of



A) Tricyclic cycloalkane-[b]-indole scaffold in bioactive compounds
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B) Self-assembly of hexameric resorcinarene capsule 1 and its activity in
forging common rings
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C) Closure of 5-8 membered rings inside capsule 1 (R = C41Hy3), (this work)
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Figure 1. A) Examples of pharmacologically active com-
pounds containing a tricyclic 2,3-cycloalkane-[b]-indole scaf-
fold, together with the outline of the most adopted synthetic
strategy. B) Self-assembled hexameric capsule 1 and literature
examples of cyclization processes mediated by capsule 1 lead-
ing to 5-7 membered rings.>*** C) Capsule 1 (R= C;Has) pro-
motion of the closure of 5-8 membered rings (this work).

terpenes®®3” mostly to common 5- and 6-membered rings, with

only two examples of 7-membered rings.>* This capsule is con-
veniently obtained by the spontaneous self-assembly of six
commercial or readily available resorcinarene units in water-
saturated aprotic solvents.*® The wide hydrogen bond network
confers to the structure a relatively high acidity that can be fur-
ther enhanced by addition of substoichiometric HC1 (10-50

mol%),**! while its electron-rich aromatic panels form a large
cavity (1450 A3) that stabilizes cationic intermediates.'”324243

Hence, cyclization processes that involve (carbo)cationic in-
termediates are facilitated by 1.>*%° Moreover, the confined
space of 1 enforces unusual reaction paths, such as substrate-
selective amidation*? or Friedel-Crafts alkylation and acylation
of pyrroles at the less reactive B-position.**’ Herein, we ex-
plored the impact of nanoconfinement inside capsule 1 on the
cyclization of B-alkyl-indole tertiary alcohols to yield a series
of common- and medium-sized cycloalkane-[b]-indole rings
(Figure 1C).

At first, inclusion of B-alkyl indoles into the cavity of capsule
1 (R= C1Ha;) was investigated by 'H-NMR titration experi-
ments (Figure 2). Homologous substrates 2a-d with lateral
chains of different length were synthesized adapting literature
procedures for similar compounds (see SI, pages S5-S12). Ad-
dition of capsule 1 to solutions of substrate 2a-d in H,O- satu-
rated CDCl; leads to the appearance of an additional set of sig-
nals at higher fields (aromatic signals at 6 = 7-6 ppm, aliphatic
ones up to J = -1 ppm; see Figure 2B for titration of 2a with 1
as an example). Such signals arise from encapsulated substrates
2a-d that lie in the anisotropic shielding cones of the resorcina-
rene aromatic rings, under a slow exchange regime on 'H-NMR
timescale. The equilibrium can be considered reached after 30
minutes, in line with the rather slow uptake kinetics of this cap-
sule.* Direct quantification of these signals is out of reach since
the encapsulated guests can assume multiple conformations and
different arrangements in slow exchange, which prevent a reli-
able assignment of their signals. Hence, we quantified the
amount of encapsulated guest by subtracting free guest concen-
tration (obtained by integration of free guest signals referred to
CH,Br,, used as an internal standard that is not encapsulated,
see also pages S22) from total concentration of 2a-d substrates.
The binding curve shown in Figure 2C was obtained in the ti-
tration of 7.0 mM 2a with capsule 1 in H,O-saturated CDCl; at
25 °C (see SI for titrations of 2b-d). The association constants
obtained applying a 1:1 binding model show a fairly good asso-
ciation (=10%> M), with an affinity generally decreasing upon
increasing substrate-size, with a maximum value of 780 M~! ob-
tained for 2b, and a minimum value of 125 M™! for 2d.

Then, we focused on the cyclization process under nanocon-
finement (Figure 3). In the absence of the capsule, the reaction
does not occur at all, not even the formation of the common 5-
and 6-membered rings 3a and 3b, respectively. In fact, stirring
a wet chloroform solution of 2a or 2b with mineral acid (0.1
molar equiv. of HCI or TfOH) leaves the substrate unaltered
(Figure 3 and SI, pages S34-S35) at 40 °C. Nor an increase of
the acid loading up to 1 equivalent or to a large excess (>100
eq) changes the scenario. Conversely, when capsule 1 is present
(40 mol%, see Table S1 at pages S33 for the optimization), ad-
dition of a catalytic amount of HCI (20 mol%) triggers the cy-
clization. 'H-NMR monitoring shows that the signals of 2a-d
disappear in a few days, along with the concomitant appearance
of a new set of signals (see SI, pages S23-S32; almost quantita-
tive yields after few days). Removal of capsule 1 via filtration
and/or chromatography shows that these signals belong to pure
cyclic products 3a-d that are obtained in high to excellent iso-
lated yields (60-93%). The reaction is remarkably efficient, not
only in closing common 5- and 6-membered cycles, (87% and
93% yields, respectively), but also elusive 7-membered ring,
and medium size 8-membered ring (87% and 60% yields, re-
spectively).



A) Encapsulation of 2a-d in capsule 1
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Figure 2. A) Inclusion of substrates 2a-d into capsule 1. B) 'H-
NMR spectra (H20-saturated CDCl3, 25 °C) of (a) 8 mM capsule
1; (b) a mixture of 2.7 mM 2a and 6.5 mM 1, with enlargements of
encapsulated guest signals; (¢) 7.0 mM 2a. C) Titration of 7.0 mM
2a with capsule 1 (H20-saturated CDCls, 25 °C), and association
constant values obtained for encapsulation of substrates 2a-d into
capsule 1.

Eventually, we analyzed the role of the capsule cavity in pro-
moting this cyclization process. As already stated, the reaction
does not occur in the absence of the capsule, not even the clo-
sure of 5- and 6-membered rings 3a and 3b. Remarkably, the
reaction does not occur also when the capsule cavity is occupied
by a better guest such as tetrabutylammonium iodide, BusN*T~
(pages S36-S43). Addition of an equimolar amount of this salt
(with respect to the substrate 2a or 2b) fully inhibits its cycliza-
tion. Accordingly, 'H-NMR spectra indicate that the cavity is
preferentially occupied by the tetrabutylammonium cation over
the indole substrate 2b.* Remarkably, the presence of both cap-
sule 1 and HCI is required for the cyclization. HCI alone, or 1

alone, do not promote any detectable substrate conversion.
Next, we analyzed the kinetics of the cyclization via 'H-NMR
monitoring of the consumption of substrate 2a-d signals (Table
1 and Figure 3B). The reaction is triggered by inclusion of the
substrate inside the cavity of 1 in the presence of HCI, and pro-
ceeds without formation of any detectable intermediate> under
standard conditions (substrate 5.0 mM, capsule 1 2.0 mM, HCI
1.0 mM, 40 °C, H,O-saturated CHCls). The observed first-order
rate constant values (kops) were obtained with the initial rate
method by 'H-NMR monitoring of substrate decay up to 10-
20% conversion (pages S45-S49). The kinetic data were ana-
lyzed assuming a fast pre-equilibrium between 1 and 2a-d (as-
sociation constant K) followed by conversion of the active spe-
cies (i.e., the adduct between 2a-d, 1 and HCI) into product 3a-
d (rate constant k.., see page S50 in the SI). In other words, we
treated capsule 1+HCIl as a supramolecular catalyst according to
a Michelis-Menten scheme.

Table 1: Kinetic data for the cyclization of 2a-d under nano-
confinement.?

Substrate K M kobs (s1)° keat (s71)4
2a 640 2.5x 107 39x10°
2b 780 1.7x 107 22x107
2¢ 490 0.73 x 10° 1.5x 107
2d 125 0.067 x 10° 0.54x 107

aReaction conditions: 5.0 mM substrate 2a-d, 2.0 mM capsule 1
(40 mol1%), 1.0 mM HCI (20 mol%), H2O-saturated CDCl3, 40 °C.
"From 'H-NMR titration of substrate 2a-d with capsule 1; see SI
(pages S13-S21) for details. “Obtained by initial rate method
(pages S45-S49), kobs = vo/[S]. YCalculated as kcar= kobs/(K[C]), with
[C]= [1*HCI]=1 mM, according to the Michaelis-Menten reaction
scheme, with 1/Km = K (Scheme S2, page S50).

Interestingly, the limited variations found for ke ((0.54 : 3.9)
x 103 s1) strongly indicate that cyclization is not the rate- de-
termining step in our system. In fact, cyclization rates typically
have a strong dependence on ring size (spanning 3-4 orders of
magnitude from 5- to 8- membered rings)"2. Hence, this cy-
clization under nanoconfinement is relatively facile and seems
to be scarcely affected by ring size, in contrast with the typical
reactivity pattern expected for cyclization of free substrates in
solution. Consequently, the slow step must be another one (Fig-
ure 3B), i.e., in principle, either substrate binding, or water
elimination to form the carbocation, or the re- aromatization
step. Substrate binding is slow on NMR timescale but occurs in
few minutes after capsule 1 addition in the NMR tube, while the
reaction takes hours. Hence, a rate-determining substrate bind-
ing can be ruled out. Re-aromatization processes are typically
very fast. Hence, we are inclined to believe that the slow step
should be carbocation formation (Figure 3B). As a matter of
fact, this would be consistent with the almost identical structure
at the reaction site shared by all substrates2a-d (i.e., the tertiary
alcohol that undergoes water elimination) and in line with re-
lated carbocationic cyclizations inside capsule 1.5' The small
differences in k values are likely due to the different accom-
modations of the substrate in the cavity of 1*HCI, which can be
somewhat more (or less) effective in the promotion of carbo-
cation formation. Hence, cyclization under nanoconfinement is
fast enough to be not rate-determining.



A) Cyclization of 2a-d under nanoconfinement
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Figure 3. A) Cyclization of indoles 2a-d catalyzed by capsule 1. n.d. = not detected. *For isolation of product 3d: T=55 °C, HCI 40 mol%,

8 d. B) Proposed mechanistic path.

In conclusion, we explored a nanoconfinement strategy inside a
readily available capsule to unlock the otherwise elusive closure
of common and medium-sized rings in cycloalkane-[b]-indoles.
The reaction is highly efficient and occurs under mild condi-
tions. Nanoconfinement is essential for the observed reactivity
and no products are observed in its absence, or if capsule 1 is
sequestered by addition of a better guest. Remarkably, nanocon-
finement makes the cyclization step faster than carbocation for-
mation, and even allows for the facile closure of a medium-
sized ring in high yields.
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