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tional containers. The strategy is based on the use of the self-assembly properties of an a,y-cyclic octa-
peptide to form toroidal dimers in which two reactive points are incorporated to anchor molecular caps
in the last stage of the synthesis. In this way, the used caps, which are decorated with a catalytic metal

rsc.li/frontiers-organic complex, are easily interchangeable allowing searching for new catalytic properties.
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Introduction

Self-assembled molecular capsules with catalytic properties are
emerging as a powerful tool to carry out chemo-, regio-, and
stereoselective transformations on challenging substrates.
They can differentiate almost identical chemical functions in
molecules with different sizes, since, in principle, only those
that can be confined in the inner space are susceptible to
react. Therefore, supramolecular containers can develop a
unique selectivity unattainable with conventional catalysts.>
However, molecular capsules are complex structures whose
precise and custom-made preparation, generally, requires con-
siderable synthetic effort, therefore, new approaches for their
preparation have yet to be developed.®

An alternative to facilitate the synthesis of these structures
is the use of specific molecular skeletons whose preparation
and assembling properties are well stablished and, at the same
time, allow ad hoc modifications at the end of the synthesis to
accommodate new and specific functional properties. The for-
mation of amide bonds to prepare peptides is an easy, rapid
and consistent reaction that allows the creation of an almost
infinite number of peptide structures.? Furthermore, the possi-
bility of using non-natural amino acids expands this repertoire,
allowing the preparation of structures with customized func-
tionalities and, consequently, properties not previously seen in
nature. In addition, peptides are very versatile molecules that,
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in addition to forming different 3D structures, such as a-helix,
B-sheet or turns, thanks to their ability to fold, can also form
other more complex species, i.e., nanotubes, capsids, fibres,
etc., through molecular assembly processes.” All this allows the
creation of almost an infinite variety of shapes and structures
according to the required functional needs. In particular,
planar cyclic peptides are supramolecular building blocks that
self-assemble into nanotubes by staking these rings guided by
the establishment of hydrogen bond interactions (Fig. 1).°
This method of nanotube formation provides the opportunity
to control size and properties of their internal cavity by chan-
ging the number and type of amino acids used in the cyclic
peptide.” In addition, control over amino acid sequence allows
to tune the external properties according to the characteristics
of amino acid side chains.°'® Methylation of alternating
amide functions in the cyclic peptide (BG for blocking
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Fig. 1 Top, basic properties of self-assembled capsule designs based
on dimerization properties of flat cyclic peptides. Bottom, cyclic peptide
models and corresponding dimers or nanotubes depending on the sub-
stitution (BG, blocking groups) of peptide bonds.
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groups), those with the same chirality, restricts assembly to
discrete dimers or, in some cases, other structures, rather than
forming endless nanotubes.®® The use of these cyclic peptide
dimers allowed to clarify key aspect of nanotube formation, as
well as the development of new applications.’® Using these
hollow supramolecular aggregates, we have already explored
the encapsulation of different molecules, such as xenon
atoms,* Cg, fullerene,”® cis-platinum complex,'? carbonate,®”
or silver ions,'? etc. Furthermore, the group responsible for
preventing nanotube growth, the amide substituent, can also
carry additional functional groups to tune the properties at the
pore entrance.'® All these features make cyclic peptides a versa-
tile tool for the construction of functional supramolecular
components. At this respect, our group has taken a new step in
this direction by incorporating molecular caps on cyclic
peptide dimers thanks to the use of complementary reactive
groups (anchoring sites) in both components (Fig. 1).">"® The
use of click-chemistry-based connectors allowed the incorpor-
ation of these molecular caps at the end of the synthesis."”

This convergent and modular strategy facilitates the con-
struction of a variety of capsules with different properties from
a common adhesive component, the f-sheet type interactions
of CPs. Using this approach we have reported the synthesis of
supramolecular capsules made up of cyclic peptides dimers
decorated with Zn-porphyrins for the encapsulation of bipyri-
dines,"® or tris-triazolylamine components for the recognition
of bis-nitriles or water-anion clusters.'® We envisioned that the
incorporation of active metal complexes with the molecular
cap could represent an attractive alternative for the construc-
tion of nanoreactors that catalyse chemical reactions within
them (Fig. 2). The modular design proposed here, based on
the simple addition of the metallocaps at the end of the
process, not only facilitates its synthesis, but also allows the
study of different reactions. In this article, we would like to
report as a proof of concept our initial findings of our
modular approach of nanoreactors.

Results and discussion

Inspired by Nolte’s toroidal'® and Collman’s “picnic basket”"®
porphyrins (Fig. 3), we decided to transform the previous
described cyclic peptide capsule topped with porphyrin caps
into a multifaceted nanoreactor.”> To do this, we envisaged
that the simple replacement of inert Zn by Mn in the por-
phyrin cap should create a catalytic centre capable of perform-

(Mn-CP1), (Fe-CP2),
Fig. 2 Overview of modular molecular capsules described in this work.

Cychc peptide

dimer Nanoreactor’s

Attachment Stralegy

@) =Me, Naphthalen-2-ylmethyl

i, Hydrazone bond formation;
ii, Triazole formation

2150 | Org. Chem. Front, 2025, 12, 2149-2158

View Article Online

Organic Chemistry Frontiers

J.P. Cullmm“-a

J.R. Granja'®

This work, (Mn-CP1),

Fig. 3 (A) Molecular capsules designed for selective epoxidations. (B)
Cyclic peptide-based capsule designed for bipyridine encapsulation. (C)
Molecular capsules for selective epoxidations designed in this work.

ing oxidation reactions within the capsule.?’ In this way, size-
selective oxidations could be carried out, since only those
molecules that enter the reactor cavity would be oxidized.*!
Furthermore, taking into account the anisotropic shape of the
cavity, a certain regioselectivity could also be expected, since
this would preferably occur in the substrate position closest to
the catalytic centre.

Cyclic peptide 1 and Mn porphyrin 2 were synthesized fol-
lowing the literature procedure and condensed by mixing both
components in dichloromethane (Schemes S1 and S2f), to
provide the corresponding hemicapsule Mn-CP1 in almost
quantitative yield (Fig. 4A)."> The 'H NMR spectrum of this
compound presented most of its signals broad and poorly
defined, even worse than that already observed with the pre-
vious Zn derivative, as a consequence not only of the confor-
mational and dynamic complexity of this species but also of
the paramagnetic properties of Mn(m) complexes.'?
Consequently, the catalytic activity of the nanoreactor was
addressed next. To ensure that substrate oxidation took place
within the capsule, the outer face of the manganese porphyrin
needs to be blocked. For this purpose, sterically hindered
ligands were used, following the precedent of Nolte with his
toroidal reactor.'® Therefore, to carry out these studies we
decided to use the m-disubstituted ligands L1 and L2 (Fig. 4B),

A | Capsule synthesis B | Ligands

(Mn-CP1),

Fig. 4 (A) Synthesis of a molecular capsule based on o,y-cyclic peptide
functionalized with Mn-porphyrin. (B) Hindered ligands.

This journal is © the Partner Organisations 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4qo02270j

Open Access Article. Published on 24 January 2025. Downloaded on 4/3/2025 9:42:47 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Organic Chemistry Frontiers

which, in principle, should not be able to coordinate with
manganese via their internal face.

In first place, we tackled the alkene epoxidation using (Mn-
CP1), as catalyst and iodosobenzene as stoichiometric oxidant.
Both isomers of prop-1-en-1-ylbenzene were used as substrate
together with Mn-porphyrin 2 that was used as control catalyst.
Excess of pyridine ligand L1 was employed due to the low
association constant of pyridines by Mn' as contrast by Zn"
(Kass = 60 M~ about ca. 10 times lower than the association
constant of the corresponding Zn" porphyrin).'"® To our
delight, both isomers were oxidized in good yields (55%).
Once confirmed the efficient catalytic activity, the competitive
epoxidation was tackled. Our first hypothesis was that less hin-
dered substrates such as the Z-isomer would be more easily
encapsulated than more hindered ones. Therefore, Z- and
E-isomers of prop-1-en-1-ylbenzene were compared using
ligand L1 (Table 1, entries 1 and 2), showing a sluggish higher
preference for Z-isomer when compared with control model 2
(1.9:1vs. 1.7:1).

Due to the low association constant of Mn-porphyrins with
pyridine derivatives, L1 was replaced by the hindered phenox-
ide L2, whose increased affinity for manganese complex
should ensure that oxidation took place on the inner face of
the catalyst.'®** In fact, UV studies showed that the Soret band
of the porphyrin did not change appreciably after adding L1,
but it did so after the addition of phenoxide L2 (Fig. S1 and
$2+)."8%?? Therefore, we decided to study L2 as ligand in com-
petitive epoxidation of both isomers of prop-1-en-1-ylbenzene.
Under these conditions, a slight preference for epoxidation of
the Z-isomer (1.2 : 1) was found when (Mn-CP1), was employed
as catalyst (Table 1, entries 3 and 4). No selectivity and lower
yields were obtained when porphyrin 2 was used as catalyst.
Therefore, the Mn capsules are more reactive than porphyrin
model regardless of the ligand used, but unfortunately the

Table 1 Competitive epoxidation of (2) and (E)-prop-1-en-1-
ylbenzene®?
r/\ Ph iodobenzene (0] b4
L1 or L2 |>\ph
Vs 1 mol% Cat o +
N ph solvent \I)\ph E
Entry Cat Ligand Yield (%) Ratio Zvs. E
1 2 L1 33 1.7:1
2 (Mn-CP1), L1° 55 1.9.1
3 2 L2? 22 1:1
4 (Mn-CP1), L2’ 37 1.2:1

“Reaction conditions: both alkenes (0.13 mmol each), iodosobenzene
(0.13 equiv.), ligand L1 (25-500 equiv.) and catalyst (1 mol%) were dis-
solved in CDCl; and stirred overnight and then transferred to an NMR
tube. Yields and ratios were determined by "H NMR.  Reaction con-
ditions: both alkenes (0.1 mmol each), iodosobenzene (0.1 equiv.),
ligand L2 (20 equiv.) and catalyst (1 mol%) were dissolved in CD;CN
and stirred overnight, and then transferred to an NMR tube. Yields
and ratios of epoxides were determined by "H NMR.

This journal is © the Partner Organisations 2025
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selectivity achieved, although slightly better, is not very
significant.

The lack of a clear selectivity that could be attributed to the
preferential confinement of a substrate in the nanoreactor
(Mn-CP1),, led us to carry out new competitive experiments, in
this case comparing two different substrates. For this experi-
ment, mono- and disubstituted olefines were compared using
1-octene and Z-cyclooctene. A preferential epoxidation of the
cyclic derivative was already found with the model porphyrin 2
and the pyridine ligand L1, which was slightly enhanced when
the capsule (Mn-CP1), (8:1) was used (Table 2, entries 1 and
2). Epoxidation in the presence of bulky phenolic ligand L2
resulted in a significant reduction in yield, although selectivity
was improved when the model porphyrin was used (Table 2,
entry 3). Once again, the epoxidation catalysed with (Mn-CP1),
gave better yields than 2, but the selectivity remained similar.
This could suggest that the use of stronger coordinating
ligands, although it reduces their activity, increases their
selectivity. However, the incorporation of the size selectivity
was not observed with a preferent epoxidation of the more sub-
stituted olefine.

To try to shed some light on these results, we modelled the
capsule using DFT methods to understand the catalytic pro-
perties of the molecular cap in relation to the capsule cavity
(see the Computational methods in ESIf). As can be seen in
Fig. 5, using a Zn porphyrin model to simplify the calcu-
lations, there is a large distance between the cyclic peptide
backbone and the porphyrin cap, which creates large channels
through which substrates can enter the reaction chamber
without requiring the disassembly of the dimer but can also
react without being completely encapsulated. Therefore, the
size or shape of the substrates cannot be determinant of the
reaction selectivity.

As alternative to Mn-porphyrin, several groups have devel-
oped nonheme iron oxygenases-like catalysts, which are based
on tetradentate aminopyridine ligands for Fe'.>* These cata-

Table 2 Competitive epoxidation of (Z)-cyclooctene and 1-octene

® ()

vs +
solvent

NN cl)>/\/\/\ B

iodobenzene
L1orlL2
1 mol% Cat

Entry Cat Ligand Yield® (%) Ratio Avs. B
1 2 L1 53 7.5:1
2 (Mn-CP1), L1° 56 8:1
3 2 L2’ 12 10.5:1
4 (Mn-CP1), L2’ 16 10.6:1

?Reaction conditions: both alkenes (0.13 mmol each), iodosobenzene
(0.13 equiv.), ligand L1 (25-500 equiv.) and catalyst (1 mol%) were dis-
solved in CDCl; and stirred overnight. Then it was transferred to an
NMR tube. ? Reaction conditions: both alkenes (0.1 mmol each), iodo-
sobenzene (0.1 equiv.), ligand L2 (20 equiv.) and catalyst (1 mol%)
were dissolved in CD;CN and stirred overnight and then transferred to
an NMR tube. ¢ Yields and ratios were determined by "H NMR.

Org. Chem. Front, 2025, 12, 2149-2158 | 2151
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Fig. 5 Side view of computer-minimized [B3LYP/6-31G(d) (LANL2DZ
for Zn)] model of hemicapsule Zn-CP1 structure using a heterodimeric
model by combining it with cyclic octapeptide c-[(p-Ala-(1R,35)-M°N-
Acp-)a4l.

lysts have found successful applications in the enantioselective
epoxidation of alkenes and C-H oxidation of hydrocarbon
chains.*!

We envisioned that the functionalization of this kind of
ligands with two carbonyl moieties pointing in the same direc-
tion, such as iron complex 3a, would allow to condense with
hydrazide moieties of cyclic peptide 1 (Fig. 6) forming a new
nanoreactor. Therefore, we expected that the catalytic centre
would be oriented towards the internal cavity of the reactor if

A | Capsule synthesis B | Model Compounds

(Fe-CP2),

Fig. 6 (A) Synthesis of the molecular capsule (Fe-CP2), based on
a,y-cyclic peptide functionalized with tetradentate aminopyridine Fe
complex. Reagents i. 4, 1, DCM, rt; ii. Fe(OTf),-2MeCN, THF; (B) structure
of model catalysts 3a, 3b and 5.
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the ligand had formyl groups in the meta-position of the pyri-
dine nucleus. The synthesis of ligand 4 was carried out by
nucleophilic substitution of methyl 6-(chloromethyl)-nicotinate
and N,N-dimethylethane-1,2-diamine and subsequent trans-
formation of the ester group into the corresponding aldehyde
(Scheme S4t). Compound 3b resulting from the condensation
of 4 with phenylhydrazine was used as an additional model cata-
lyst together with commercial White-Chen catalyst 5 (Fig. 6B).

Condensation of 4 with 1 and subsequent metalation with
Fe(OTf),-2MeCN provided the second catalytic capsule (Fe-
CP2), in almost quantitative yield (Fig. 6). As in precedent
works, the catalytic activity of (Fe-CP2), was evaluated and
then competitive epoxidation studies between oct-1-ene and
E-oct-4-ene were carried out. In this case, H,0, was employed
as stoichiometric oxidant. Low discrimination was observed
when capsule (Fe-CP2), was used as a catalyst (Table 3, entry
3). It is notorious that the incorporation of electron withdraw-
ing substituents at the pyridine moieties induces a severe
reduction in the catalytic activity of these complexes compared
with White-Chen catalyst (Table 3, entry 1). In any case,
slightly better ratio in favour of the internal alkene was
obtained when model catalyst 3b and commercial catalyst 5
were employed, suggesting a minor preference for the more
nucleophilic olefin. In any case, the comparation between ole-
fines with different reactivities seems to hinder the selectivity
derived from size restrictions due to confinement.

We reasoned that these results could be due to the use of
two substrates of similar sizes, so we decided to evaluate other
alternatives. Thus, we challenged the competitive epoxidation
comparing reactivity of a cyclic derivative (cyclohexene) with a
linear one [(E)-oct-4-ene]. Our hypothesis was to promote the
preferential epoxidation of the small cyclohexene molecule
which should fit better within the capsule than the linear
E-alkene. Again, control tests were made with commercial
White-Chen catalyst 5 and model dihydrazone 3b. According
to the results showed in Table 4, White-Chen catalyst already
showed a 3-fold preference for cyclic alkene (Table 3, entry 1).
This preference increases to 4.2 when model hydrazone 3b was

Table 3 Competitive epoxidation of 1-octene and (E)-oct-4-ene’

3 mol% Cat
NN Hy0; (1.2 equiv), NN C
AcOH (0.5 equiv), ©
Vs > +
NN MeCN-d; NN D
(6]

Entry Catalyst Yield (%) Ratio Cvs. D
1 5 51 1:1.4
2 3b 36 1:1.4
3 (Fe-CP2), 10 1:1.1

%Reaction conditions: a stock solution of 1-octene and (E)-oct-4-ene
was prepared in MeCN-d;. Then, it was added over a mass vial contain-
ing the catalyst (3 mol%). H,O, (30%, 1.2 equiv.) and AcOH (0.5
equiv.) were added, and the sample was analysed by 'H NMR after
30 minutes.

This journal is © the Partner Organisations 2025
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Table 4 Competitive epoxidation of cyclohexene vs. (E)-oct-4-ene?

O

Vs

3 mol% Cat

; F
AcOH (0.5 equiv), (0]

H20; (1.2 equiv),

+
NN MeCN-d3 NN G
(0]
Entry Catalyst Yield (%) Ratio Fvs. G
1 5 58 34:1
2 4 30 4.2:1
3 (Fe-CP2), 15 7.5:1

“Reaction conditions: a stock solution of cyclohexene and (E)-oct-4-ene
was prepared in MeCN-d;. Then, it was added over a mass vial contain-
ing the catalyst (3 mol%). H,O, (30%, 1.2 equiv.) and AcOH (0.5
equiv.) were added, and the sample was analysed by "H NMR after
30 minutes.

used. Probably, the hydrazone 3b creates some steric hindrance
around the iron ion that favours the epoxidation of small cyclic
alkene (Table 3, entry 2). However, once again, epoxidation
yields decrease with respect to White-Chen catalyst from 58% to
30%. Epoxidation with (Fe-CP2), showed higher selectivity for
cyclohexene, up to 7.5:1, which, as expected, could mean that
cyclohexene encapsulation is favoured. However, the oxidation
yield was only 15% (Table 4, entry 3).

DFT calculations were also carried out to assess the capsule
structure (Fig. 7, see the Computational methods in ESI{). In

Fig. 7 Side view of computer-minimized [B3LYP/6-31G(d) (LANL2DZ
for Fe)] model of hemicapsule Fe-CP2 structure using a heterodimeric
model by combining it with cyclic octapeptide c-[(p-Ala-(1R,35)-M°N-
Acp-)4l. The trifluoromethanesulfonate counterions were removed for
better visualization the metal complex accessibility to carry out catalysis.

This journal is © the Partner Organisations 2025
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this case, although the ligand is closer to the cyclic peptide
backbone, there are two side channels through which sub-
strates can approach the catalytic centre from outside the
capsule. Unfortunately, although better selectivity was
achieved with the supramolecular capsule, the use of electron-
withdrawing linkers reduces its catalytic efficiency, limiting its
use. Therefore, we decided to develop a new capsule model to
also show the versatility of the catalytically active supramolecu-
lar capsules approach.

For the new design, we consider that the observed low
selectivity may derive form the high mobility of the cap
because of the linkers used to connect both components. In
this way, the catalytic centre is quite far from the internal
cavity and, in addition, can oscillate over the channel entrance
(Fig. 8), leaving the metal centre exposed to the medium and,
therefore, being able to catalyse reactions without the full
inclusion of the substrate. Additionally, N-acyl hydrazone
isomers might provide different environments to the catalyst
reducing its selectivity.

To overcome these drawbacks, we decided to introduce
some modifications in the capsule structure. The modular
character of the nanoreactor allows to make these changes
without interfering in the self-assembly properties. To restrict
the oscillation of the catalyst at the entrance of the capsule, we
anticipated that the incorporation of a bulkier group in place
of the methyl moieties would reduce this mobility, fixing it in
front of the entrance of the cavity. Therefore, two naphthalen-
2-ylmethyl moieties were incorporated onto a cyclic octapep-
tide to block the free space between the catalytic centre and
the capsule to avoid the mentioned lateral reactivity.
Furthermore, the conformationally and configurationally flex-
ible hydrazone linker was replaced by a triazole moiety to
provide increased rigidity. Therefore, we decided to use a
copper catalysed alkyne-azide [3 + 2] cycloaddition (CuAAC) to
connect both components (cap and CP) in the last step of the
synthesis. Finally, a BINOL was used as a new cap. The two
phenolic groups of BINOL should be pointing towards the
cavity to ensure that the reaction takes place inside the
capsule. For the preparation of the substituted Acp (3-aminocy-
clohexanecarboxylic acid) derivatives we used the alkylation of
the nosyl-protected derivative 6 (Fig. 9)."*“'>*° After de-
protection of the amino group with thiophenol in basic con-
ditions, the resulting compounds were coupled with Boc-pro-
tected p-Leu. The resulting dipeptides (dp1 and dp2) were
coupled to form the tetrapeptide tpl. This compound was
divided into two fractions, and each was separately depro-

Lateral Activity

Reactivity in the cavity

Fig. 8 Cap flipping which explains the low selectivity observed.
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Fig. 9 Synthetic scheme used for the preparation of CP3. Reaction
conditions: (a) NaphCH,Br, K,COs, DMF, 75%; (b) PhSH, K,COs;, DMF,
55-89%; (c) Boc-p-Leu-OH, N-HATU, DIEA, CH,Cl,, 79-92%; (d) HC=C
(CHp)4-OTs, K,COs, DMF, 97%; (e) TFA, CH,Cly; (f) LiOH, MeOH; (g)
N-HBTU, DIEA, CH,Cl,, 83-86%; (h) N-TBTU, DIEA, CH,Cl,, 45%.

tected at its N- or C-terminus and the resulting tetrapeptides
were coupled under standard conditions. Finally, the octapep-
tide was cyclized, after the corresponding removal of methyl
ester and ¢-butyl carbamate, under diluted conditions to
provide 7 in 45% yield.

As expected, in chloroform, 7 formed the two corres-
ponding dimers, the alternated and the eclipsed one (74, and
742), depending on the matching or mismatching pairing of
N-substituted Acp residues (Fig. S31). This was clearly denoted
by the splitting of the amide proton signals into two pairs of
doublets. Both isomeric dimers are formed in almost 1:2
ratio, although we were unable to assign the structure of each
dimer.

The CuAAC between diazidobinol 8 (Scheme S47) and 7 pro-
vided the corresponding hemicapsule CP3 in 62% yield
(Fig. 10). Although this compound can also form the corres-
ponding alternated or eclipsed dimers (CP3),, it seems that
mostly only one of them is formed (Fig. S41). Unfortunately, as
already mentioned for the previous capsule models, the
signals are broad and not very well defined, making difficult to
differentiate between both species. Finally, MOM groups were
removed by treatment with hydrochloric acid in a mixture of
methanol and DCM to give rise CP4. Once again, NMR studies
did not allow full characterization of the dimeric equilibrium
and structure (Fig. S5t), although it seems that one of the
dimers is predominantly formed. Semiempirical calculations
(PM7)*® of both dimeric models suggest the preferential for-
mation of the alternating dimer (Fig. S61). In both structures
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Fig. 10 (A) Synthesis of a molecular capsule based on «o,y-cyclic
peptide functionalized with (S)-BINOL ligand. (B) Control compounds.

naphthalen moieties are oriented towards the interior of the
assembling filling their cavities.

In any case, the presence of these two species should not
affect its reactivity, so the study of (CP4), was carried out. To
do that, we were inspired on Manchefio metallic complexes of
Ti(O-'Pr), and BINOL decorated with triazoles to catalyse the
enantioselective alkylation of aldehydes with diethylzinc.””
The best results were obtained when using non-polar solvents
as toluene, observing a decrease in yields and enantiomeric
excess as the polarity of the solvent increases. For example,
when using dichloromethane the yields drop to 35% and
almost a racemic mixture was obtained. We envisioned that
capsule (CP4), could be used to catalyse the same reaction
while preferring small aldehydes bulky
Unfortunately, the capsule was not soluble in toluene, forcing
us to carry out the studies in dichloromethane although these
were not the optimal conditions. DFT calculations of a hetero-
dimeric model combining Ti-CP4 with c¢[(p-Leu-(1R,3S)-V°N-
Acp-),] were performed to understand the structure of this
complex (Fig. 11). The presence of titanium complex expels the
naphthyl moieties from the internal cavity, liberating it for the
encapsulation of reagents and facilitating the catalytic process.
Furthermore, these groups are arranged perpendicularly to the
disk-shaped CPs, generating “molecular walls” around the Ti
complex that must restrict the access of the substrates to the
active site. In any case, the length of the linkers between the
CP and the cap still seems quite long to fully protect the Ti-
BINOL complex and prevent it from reacting with substrates
outside the capsule. To confirm the formation of the titanium
complex within the capsule, titanium tetraisopropoxide was
added to a solution of (CP4), in dichloromethane and studied
by UV. The characteristic band shift was observed after the
addition of one equivalent of Ti, confirming the formation of
(Ti-CP4), (Fig. 12, left).

One confirmed the ability of CP4 to coordinate Ti, the reac-
tivity studies were addressed. As it is shown in Table 5, using
CH,Cl, as a solvent, alkylation reaction provided better yields
when hemicapsule CP4 was used as the ligand in comparison
with (S)-BINOL (10) or Manchefio’s ligand 9. Furthermore,
competitive  experiments between benzaldehyde and
2-naphthaldehyde were also carried out. To our delight, a clear
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Fig. 11 Side view of computer-minimized [B3LYP/6-31G(d) (LANL2DZ
for Ti)] model of a heterodimeric complex of titanium coordinated cyclic
peptide bearing a BINOL cap (Ti-CP4) with c-[(o-Leu-(1R,35)-M°N-
Acp-)4l, confirming the role of naphthalen-2-ylmethyl moieties forming
lateral molecular walls around the BINOL cap. Isopropoxide were
removed for better visualization of the metal complex responsible for
catalysis.

0.10 100

0.05:

Absorbance
Yield / (%)

0.00-t T T 1 T T
300 350 400 450 0 10 20

nm time / (h)
— 0Oequiv — 0.5equiv — 1 equiv -+~ (CP4), -e- compound9 -~ compound 10

Fig. 12 Left, UV studies to evaluate the Ti coordination of (CP4), in
which the blue shift of the absorption upon addition of Ti(O-'Pr), is
observed. Right, reaction kinetics for benzaldehyde alkylation (reaction
catalysed by (CP4), in blue, 9 in red and 10 in green).

increase in selectivity from 1.5 to 5 was obtained for the alkyl-
ation of the small aldehyde when nanoreactor (CP4), was used
as catalyst. Clearly, this selectivity can be attributed to the
expected size selection in which the aldehydes that fit better
inside the cavity are more reactive. Enantioselectivity also
showed a sluggish increase when the capsule was used as a
ligand, although, in any case, this was too low to be considered
relevant, further studies should be carried out.

Kinetics experiments to evaluate the influence of the
capsule model on the reaction rates shown a large increase in
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Table 5 Enantioselective alkylation of aldehydes®

)O\H/ P,Ar= ©}€‘

10 mol% ligand
0] 10 mol% Ti(O-Pr),

>

Ar” "H ) = Ar b
Et,Zn (2 equiv), PN N Ar=
CH,Cly, 24 h
Entry Catalyst Yield (%) Ratio Pvs. N ee (P)
1 9 56 1.5:1 6%
2 10 57 2:1 —
3 (cpa), 84 5:1 15%

“Reaction conditions: ligand (10 mol%) and Ti(O-'Pr), (10 mol%) were
stirred in CH,Cl, for 30 min. After this time, the aldehyde (0.25 mmol,
0.3 M) was added and, 30 min later, Et,Zn (0.50 mmol, 2 equiv., 1 M in
hexanes) was also added. The reaction was then stirred at r.t. for 24 h.

product formation when using (CP4),, compared with simple
models (Fig. 11, right). It appears that after 8 h a yield of 70%
is already achieved when using the nanocontainer, while with
the other two simpler catalysts less than 20% is formed. These
differences in reaction rates could explain the low selectivity
found between benzaldehyde and 2-naphthaldehyde. Most
likely, after 8 h, most of the benzaldehyde has already been
consumed while the catalyst is still able to catalyse the trans-
formation of the larger derivative during the rest of the reac-
tion time. The mismatch between rate enhancement and enan-
tiomeric excess might suggest, as already reported by
Manchefio, that the position of triazoles and its substituent
with respect to BINOL is important to generate a better chiral
environment. In any case, this represents the first step to the
development of more efficient catalysts.

Conclusions

In summary, a strategy to create modular molecular capsules
using dimer-forming o,y-cyclic peptide was described. For this
purpose, the cyclic peptides are provided with pendants placed
at the amide nitrogen of two of the amino acids of the same
chirality. Those blocking groups are designed to react with
different kind of molecular caps through click-type connec-
tions. The cyclopeptide skeleton allows the properties of the
cavity to be adjusted in terms of its size, polarity and
functionalization by choosing the appropriate number and
type of amino acids, as well as its external surface according to
the side chains of the amino acids used.® Molecular pendants
endowed with reactive groups involved in orthogonal click
transformations allow the molecular cap to be rapidly attached
to the cyclic peptide. The cap is placed at the entrance of the
dimer cavity, forming the supramolecular capsule. This allows
to use the same peptide skeleton with different molecular
caps, favouring the versatility of the capsule design. By the
introduction of a catalytic component into the stopper, mole-
cular capsules have been transformed into nanoreactors.
Although the selectivity and efficiency of the studied processes
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still need to be improved, we believe in the potential of the
proposed modular strategy, in which different chemical trans-
formations can be developed using a common capsule model
whose catalytic element is incorporated ad hoc at the end of
the synthesis according to the synthetic needs of each
moment. Therefore, we envisage that the strategy can be used
in the functionalization of challenging molecules achieving
selectivity in substrates with different functional groups.
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