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Mapping the Surface Groups of Amine-Rich
Carbon Dots Enables Covalent Catalysis in

Aqgueous Media
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A detailed characterization of nitrogen-rich carbon dots (NCDs) has been
instrumental in unlocking their potential as novel colloidal organocatalysts in water
media. As a result of their multi-functional properties, diverse aminocatalytic
transformations of carbonyl compounds are efficiently mediated by NCDs under
iminium-ion and enamine activation pathways. These include conjugate additions
and aldol reactions occurring with remarkable efficiency (up to 96% yield) and
complete diastereocontrol (d.r. >20:1) and are amenable to asymmetric catalysis
applications in the presence of chiral NCDs.
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Mapping the Surface Groups of Amine-Rich

Carbon Dots Enables Covalent
Catalysis in Aqueous Media

Giacomo Filippini,"* Francesco Amato,' Cristian Rosso," Giulio Ragazzon,'>*
Alberto Vega-Pefaloza,” Xavier Companyd,”* Luca Dell’Amico,” Marcella Bonchio,?

and Maurizio Prato!-34*

SUMMARY

Carbon nanodots stand as the missing link between the molecular
and the nanoscale world, owing to the unique molecular-like
behavior emerging from their synthetic precursors. A converging
set of analytical and spectroscopic data yields a precise inventory
of the surface reactive groups of amine-rich carbon dots (NCDs-1).
As a result, NCDs-1 provide a multi-functional nano-platform that
is able to covalently activate carbonyl groups, form iminium-ions
and enamine intermediates, and efficiently promote diverse amino-
catalytic transformations in water. Remarkably, the catalytic activity
of carbon dots can also govern the stereoselectivity in the bond-
forming event. Indeed, the use of chiral carbon dots (NCDs-7) as cat-
alysts affords the final aldol products with significant enantiomeric
excess. The successful implementation of carbon nanostructures
into chemical roles so far restricted to molecular systems opens
new avenues for advanced applications where the nanoscale and
the molecular realms will merge and complement each other.

INTRODUCTION

Carbon dots (CDs) are ultra-small, quasi-spherical, and non-toxic nanoparticles with a
size below 10 nm, which typically show fluorescence properties and high solubility in
aqueous and polar solvents.'~'” CDs can be designed from readily available molecular
precursors through straightforward and robust procedures so that their structural di-
versity and composition can be easily tailored for specific applications.””"” For these
reasons, CDs are receiving increasing attention for biomedical applications, sensing,
and opto-electronics.'®'? Focusing on applications, the external shell composition,
and the role of the terminal functional groups are of paramount importance. Indeed,
the surface properties regulate their interaction with the surrounding environment in
terms of recognition and binding, reactivity, solvation, as well as the material process-
ability. Therefore, detailed characterization on the nature, amount, and accessibility of
the surface terminal groups will bridge the gap between the nanoscale and the molec-
ular scale, providing fundamental information to engineering the properties of these
nanosized materials. This approach opens new synthetic opportunities via tailored
CD synthesis or post-functionalization protocols and enables advanced applications
such as catalytic transformations.””** In particular, the appeal of CDs as nano-catalysts
relate to their straightforward synthesis, cost-efficiency, and safety that, combined with
high solubility in water, may allow their use even in biological or quasi-biological envi-
ronments.”>*” Despite their high potential, only exploratory applications of CDs as
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The Bigger Picture

What is the breakthrough
expected for the next-generation
nanomaterial? The programming
of its structure and functions using
"green” synthetic and up-scaling
protocols? Low toxicity and
application in advanced
technology platforms? In this
vision, carbon nanodots are a
potential game-changer among
all other forms of nanomaterials.
Carbon nanodots are obtained
under hydrothermal conditions
from a blend of molecular
reagents whose properties turn
out to be encoded within the final
material. Herein, we show that
amine-rich carbon nanodots
display a prominent molecular
behavior in terms of (1) acid-base
properties, (2) distribution of
amino domains with different
chemical environments, probed
by "F-tagging NMR
spectroscopy, (3) formation of
enamine and iminium catalytic
intermediates, and (4) asymmetric
catalysis. Carbon nanodots can,
therefore, bridge the gap
between homogeneous and
heterogeneous catalysis, by
transferring key molecular
prerogatives at the horizon of
nanoscale materials.
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catalysts have been reported relying on simple acid-base or hydrogen-bonding activa-
tion modes.”’”*? Aminocatalysis represents one of the most versatile strategies in
covalent organocatalytic transformations. The robustness of its activation modes, via
enamine or iminium-ion intermediates, has been implemented in several synthetic
applications addressing the requirements of step economy and metal-free catalysis.
In addition, diverse aminocatalytic systems have been recently redesigned to allow
catalytic activity in water media.?” In light of these considerations, detailed information
regarding the amount, diversity, and accessibility of surface functional groups would
be extremely useful to implement CDs as covalent nanosized catalysts, a synthetic
strategy largely unexplored.

An appealing trait of the bottom-up CD synthesis is that part of the functionalities of
the starting molecular reagents are retained in the nanoparticle structure. Therefore,
aiming at amine-rich CDs, for our study, we selected four frequently used CDs that
are obtained from bottom-up synthesis involving readily available amines or their
precursors (Figure 1).

Of particular interest are nitrogen-doped carbon nanodots obtained from the
microwave-assisted hydrothermal reaction of arginine and ethylenediamine
(NCDs-1)."?%%3" The appeal of NCDs-1 originates from the presence of
1,350 pmol/g of primary aliphatic amines, as measured by a standard Kaiser test
(KT)."#2%*" Moreover, other N-doped CDs were prepared from hydro or solvother-
mal protocols that employ citric acid in combination with urea (NCDs-2) or ethylene-
diamine (NCDs-3) as doping agents, as well as from the prolonged thermolysis of
aspartic acid (100 h at 320°C, NCDs-4).°?~3* Furthermore, two other types of non-
doped CDs, obtained from citric acid, were prepared for comparison: graphitic
CDs-5, obtained in similar conditions as NCDs-4, and amorphous CDs-6, obtained
upon a shorter thermolytic treatment at a lower temperature (40 h at 180°C) of the

same precursor.34'35

Herein, we report how the detailed study and characterization of the terminal functional
groups present in the CDs outer shell enables the identification of NCDs-1 as unprece-
dented nano-platforms for covalent catalysis. Converging evidence obtained through
multiple analytical and spectroscopic techniques, including AFM, DLS, electrophoretic
studies, KT, pH titration, thermogravimetric analysis, IR spectroscopy, and in situ 19F.
NMR analysis, provides an accurate description of the surface amino groups present
on NCDs-1 at unprecedented levels of detail. This information gained to address the
type, amount, accessibility, and reactivity of amine terminal groups unlocked the imple-
mentation of NCDs-1 as efficient nano-catalysts in water media according to what are
two fundamental aminocatalytic activation modes: the conjugate additions to o B-unsat-
urated aldehydes via electrophilic iminium-ion intermediates and the aldol reaction of
ketones under nucleophilic enamine catalysis. Remarkably, the chiral derivative, i.e.,
the amine-rich (5)-NCDs-7 is able to impart asymmetric induction in the bond-forming
aldol event, demonstrating that the chiral information retained in the nanomaterial outer
shell can be successfully transferred with molecular control, enabling the most desirable
goal of enantioselective catalysis by carbon-based nanomaterials.

RESULTS AND DISCUSSION

Preliminary Studies

As the first step of our investigation, we evaluated the total number of acid/
base sites present in the selected CDs. This was done using the Gran Plot
analysis of simple pH back titrations, i.e., a linearization of the pH data affording
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A Synthesis of Investigated CDs 1-6
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Figure 1. Overview of Investigated Carbon Dots and Target Application

(A) Precursors and synthesis of the investigated CDs.

(B) Aim of the work: application of NCDs-1 in iminium-ion and enamine-mediated aminocatalytic processes in water media. MW, microwave; E,
electrophile; Nu, nucleophile; HA, acidic additive.

the start- and end-point of the back titration, allowing the intended quantification.

Interestingly, despite the diversity of precursors and synthetic conditions, CDs dis-
played a number of acid/base sites in the order of 9,000 pmol/g in the interval
from pH 12 to 3. CDs-5 had the smallest number of acid/base sites. Indeed, the value
of 11,000 pmol/g in CDs-6 decreases to ca. 6,000 in CDs-5, as a result of a prolonged
thermolysis, likely associated with decarboxylation reactions. A comparison of these
values with those associated with the starting materials allows the quantification of
the acid/base sites retained during the synthesis (Figure 2A).
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Figure 2. Screening of Carbon Dots

(A) Percentage of acid/base sites retained during the synthesis of each CDs.

(B) Postelectrophoresis photograph was taken under UV light (365 nm) of the gel at pH 7 containing
all the investigated CDs.

(C) pH curve was observed upon back titration of NCDs-1 (4.5 mg/mL) with HCI, after the addition of
10.5 equiv of NaOH versus the KT value at 120°C.

(D) Gran plot obtained from the data of Figure 2A,; in the plateau region, the acid/base sites of
NCDs-1 are being protonated. See Figures S1-514; Table S1 for details.

This analysis reveals more general trends: the extensive thermolysis affording CDs-5
and NCDs-4 induces a decrease in the number of retained sites, in both cases close
to 40%. Moreover, in all the investigated multi-component synthesis only ca. 20% of
the acid/base sites are retained, possibly as a consequence of amide-bond forma-
tion, that is reasonably occurring under hydrothermal conditions eventually
following urea decomposition.”’

To gain additional information on the surface charge and diversity of CDs, agarose gel
electrophoresis was performed at neutral pH in phosphate buffer (Figure 2B; Supple-
mental Information). All CDs afforded broad bands. CDs-6, CDs-5, NCDs-4, and
NCDs-2 moved uniformly toward the anode, suggesting the presence of residual
carboxylate functionalities. NCDs-3 generated multiple bands that migrate toward
both poles, in accordance with previous reports.*® Differently from all other investigated
CDs, NCDs-1 migrated uniformly toward the cathode, indicating their positive charge at
neutral pH, which could be consistent with the presence of protonated amino groups.

To complete the screening, the KT was performed on the various N-doped CDs. As
expected, NCDs-4 afforded a negative test, since the X-ray photoelectron spectros-
copy data indicate the presence of nitrogen solely as pyrrolic or pyridinic.** Analysis
of NCDs-2 and NCDs-3 revealed 1,000 and 1,100 pmol/g of primary aliphatic

Chem 6, 3022-3037, November 5, 2020 3025



¢? CellPress

amines, respectively, both values being lower than the reference value of
1,350 umol/g associated to NCDs-1."%3°

Taken together, the data obtained from our preliminary studies point at NCDs-1 as
promising amine-rich platforms. While NCDs-1 display a similar number of acid/base
sites compared with other dots, they show a net positive charge—as evidenced by
electrophoretic studies—and display the highest KT among all the studied CDs.
For these reasons, we decided to focus our attention on NCDs-1.

The ultra-small size of NCDs-1, was confirmed by AFM analysis (see Figure S1), which
confirmed a size of about 2.5 + 0.8 nm."?* The largely amorphous nature of NCDs-
1 was confirmed by thermogravimetric analysis (see Figure S1). Indeed, 94% of
weight loss was observed at 600°C under nitrogen. Focusing on the molecular fea-
tures of NCDs-1, infrared spectroscopy (see Figure S1) clearly points at the presence
of N-H and O-H bonds involved in hydrogen-bond interactions, which provide sol-
ubility in water and polar solvents. An intense band at 1,654 cm ™" is compatible with
the presence of amide bonds, which likely have a relevant role in the formation of
NCDs-1. A solution of 4.5 mg/mL of NCDs-1 in MilliQ water possesses a pH of
9.4, confirming the presence of basic sites in the sample. As-dissolved NCDs-1
were completely deprotonated upon the addition of 10.5 equiv of NaOH with
respect to the KT value (1,350 umol/g). The back titration with HCI afforded the
pH curve shown in Figure 2C. To our surprise, the minimum slope of the curve, which
occurs in correspondence to the highest buffering capacity of NCDs-1, was obtained
between pH 6 and 8, indicating the presence of several functional groups with a pK,
in thatrange. The observed pK, value cannot be explained by the presence of simple
primary aliphatic amines that typically have pK, values around 11. However, such a
low pK, could be tentatively ascribed to the spatial proximity of non-protonated
amines with other protonated groups, as observed in ethylenediamine, whose sec-
ond protonation pK, is 6.9.>7 Alternatively, the formation of imidazole derivatives,
originating from the cyclization of ethylenediamine with guanidinium groups fol-
lowed by aromatization, could provide an explanation.® Sites with pK, close to
physiological pH are employed by Nature as proton shuttles in a biological environ-
ment, thus NCDs-1 may offer a multi-site environment for proton transfer under
physiological conditions.*'

The comparison between the total number of acid/base sites with the KT value in
NCDs-1 indicates that the number of acid/base (10,700 + 800 umol/g) sites is about
8 times higher with respect to the KT value (1,350 umol/g, Figure 2D). Therefore,
several acid/base sites present on the CD surface cannot be detected with the
routinely performed KT. In fact, this colorimetric test exploits the condensation of
primary aliphatic amines with ninhydrin forming an imine intermediate, thus
requiring at least one hydrogen atom attached to the a-carbon of the reactive
amine.**** Secondary and aromatic amines are elusive under KT analysis while re-
maining of prominent interest as catalytic sites in organocatalytic schemes.

"9F-NMR Analysis

In order to obtain additional information on the main amine structural types, we
studied the surface groups of NCDs-1 by NMR spectroscopy. In this case, "TH-NMR
is not a suitable technique because the proton resonances of the NCDs-1 span within
a broad spectral region. Instead, we implemented a covalent fluorine-labeling strat-
egy combined with "’F-NMR analysis."* p-fluorocinnamaldehyde 1a was selected as
molecular fluorinated probe for two main reasons: (1) the well-established ability of
cinnamaldehyde derivatives to condense with a large variety of primary and

3026 Chem 6, 3022-3037, November 5, 2020
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Figure 3. In Situ Imines Formation

(A-D) "F{"H}-NMR spectra of diverse imines la—d formed in situ upon the condensation of p-F-

cinnamaldehyde 1a (10 equiv, 0.125 mmol) with the corresponding model amines 2a-d (1 equiv,
0.0125 mmol) in MeOH-d, after 24 h.

(E) "F-NMR spectra of NCDs-1 solution (18 mg/mL) with 1a (0.125 mmol) in MeOH-d, after 24 h.

secondary amines; (2) its condensation will give rise to conjugated imine or iminium-
ion species, the actual electrophilic catalytic intermediates involved in aminocata-
lyzed conjugated additions.*>™*? In fact, the in situ condensation with the surface
amines of NCDs-1 would form the corresponding fluorinated imine or iminium-ion
species, enabling the direct detection of the different fluorinated intermediates as
a fingerprint of the surface functional groups. To validate this method, we chose a
selection of model primary and secondary amines that are potentially representative
of the population of the NCDs-1 terminals, namely: aniline 2a and 1-naphtylamine
2b as aromatic primary amines, benzylamine 2c and phenylethylamine 2d as
aliphatic primary amines, and dibenzylamine 2e and diphenylamine 2f as secondary
amines. The mixture of p-fluorocinnamaldehyde 1a with the aromatic (2a-b) and
benzylic or aliphatic (2c-d) model primary amines afforded the corresponding fluo-
rinated imines, unambiguously characterized by in situ "H and ""F-NMR analyses
(Figures 3A-3D and S13-546).°° Notably, the treatment of a NCDs-1 solution
(18 mg/mL) with 10 equiv of 1a in MeOH-d4 showed, after 24 h, a set of broad
"F-NMR resonances between —112.6 and —113.6 ppm that are ascribable to the
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formation of fluorinated imines by covalent interaction between the tagged probe
and the reactive groups on the NCDs-1 surface (Figure 3E).

The use of p-fluorothioanisole as an internal standard allows a rough quantification
of the surface imines that correspond to 4,100 umol/g of available primary amines at
the NCDs-1 surface. Remarkably, this number is 3-fold higher compared with the KT
value at 120°C (1,350 pmol/g), revealing that PF-NMR analysis with a fluorinated
probe is a more effective technique for the determination of the available superficial
primary amines. To expand the portfolio of detectable functional groups to second-
ary amines, we next implemented the fluorinated probe to the in situ generation of
iminium-ion species (Figure 4).°" Hence, the treatment of the different primary (2a—
d) and secondary (2e-f) model amines with 1a under acidic conditions afforded the
corresponding fluorinated iminium ions lla—f (Figures 4A-4G).*° Interestingly, the
T2E{'"H}-NMR signals of the iminium ions formed in solution are more sensitive to
structural variations with respect to the imines.

The "F{"H}-NMR analysis of the solution NCDs-1 (18 mg/mL) with 4 equivof laand 4
equiv of trichloroacetic acid (TCA) in MeOH-d4 is shown in Figure 4G, which clearly
shows the appearance of a new set of signals corresponding to the iminium ions
generated between the fluorinated aldehyde 1a with the surface amine groups. By
comparison with the model iminium-ions spectra (Figures 4A-4F), we were able to
identify three main amine types present in the NCDs-1 external surface as: (1) sec-
ondary aliphatic amines, (2) primary aromatic amines, and (3) primary aliphatic
amines. Instead, as shown in Figure 4, secondary aromatic amines, such as diphenyl
amine 2f, are not present on NCDs-1 surface. In agreement with the imine R H)-
NMR (Figure 3) and with the titration experiments (Figure 2), the major type of reac-
tive groups present on the NCDs-1 surface turn out to be aliphatic primary amines.

The "F{'H}-NMR quantification on the imines revealed a 3-fold enhancement in the
determination of the amount of available reactive amine with respect to classical KT anal-
ysis and accounts approximately for the 40% of all the acid/base active sites predicted by
the titration experiments. With these studies, we have established ""F{"H}-NMR as a use-
ful and fast technique for the determination of the amine content on the NCDs-1 surface.

Kaiser Test Studies

To gain more information on the accessibility of the terminal amines, we performed a
deeper investigation of the KT on NCDs-1 using benzylamine (2c) as the model
amine. As expected, under the standard conditions (120°C for 15 min) both
NCDs-1 and benzylamine afforded a positive test, with a quantitative conversion
of the latter. Additionally, the normalized absorption spectra for the two samples
were almost identical (Figure 5A), confirming that the KT can be safely performed
on NCDs-1 unlike some simple amines such as proline or ethylenediamine (see Sup-
plemental Information). To test the hypothesis of a limited accessibility of amines at
room temperature, additional KTs were performed at room temperature and fol-
lowed in time (Figure 5B). Under these conditions, the conversion of benzylamine re-
mained quantitative (see Supplemental Information). On the other hand, taking the
results of the KT at 120°C as a reference, the conversion of NCDs-1 leveled off at
around 64% =+ 7%. These experiments confirmed the hypothesis of a limited acces-
sibility of the amines at room temperature. Taking this factor into consideration, the
actual amount of primary amino groups within NCDs-1 might be even higher than
the value measured through 'F-NMR analysis at ambient temperature
(4,700 pmol/g). Thus, assuming a similar accessibility for all amino moieties (about
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Figure 4. In Situ Iminium-lon Formation

(A=F) "F{"H}-NMR traces of the diverse iminium ions lla—f formed upon condensation of p-F-
cinnamaldehyde 1a (4 equiv, 0.4 mmol) and trichloroacetic acid (TCA) (4 equiv, 0.4 mmol) with the
corresponding model amines 2a-f (1 equiv, 0.1 mmol).

(G) "F{"H}-NMR spectra of NCDs-1 solution (18 mg/mL) with 1a (0.4 mmol) and TCA (1 mmol) in
MeOH-d44

64%), a calculated overall value of approximately 6,400 pmol/g of primary amines for
NCDs-1 could be tentatively proposed.

This rationalization suggests that a high portion of the acid/base active sites on the

surface of NCDs-1 are primary amines, albeit some are less accessible to carbonyl
compounds and, therefore, not reactive at room temperature. These deductions
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Figure 5. Kaiser Test Studies

(A) Normalized absorption spectra recorded, performing the KT at 120°C of benzylamine (2c¢, red)
and NCDs-1 (black).

(B) Representative kinetic traces observed at 570 nm while monitoring the KT at room temperature
of 2¢ (red dots) and three batches of NCDs-1 (black indicators).

are also consistent with the positive charge observed with electrophoresis as well as
with the elemental analysis of NCDs-1 (C 62%, H 9%, N 21%, and O 7%). These data
would assign to N 9% of the total weight of NCDs-1, and the residual 12% N content
could be reasonably present in undetected moieties, such as amides, that are known
to form at relatively low temperature during CD synthesis, and heterocycles or sec-
ondary amines, that cannot be quantified via imine formation.® The experiments
presented so far establish both the nature and the amount of available primary
amines located on the surface of the NCDs-1. Such a detailed characterization be-
comes of fundamental importance for the implementation of CDs in advanced appli-
cations relying on the chemical behavior of their surface.

N-Doped Carbon Nanodots as Aminocatalysts

Building on the extensive characterization of the amino-rich CDs domains, we envi-
sioned the use of NCDs-1 as water-soluble catalysts tackling the activation of aldehydes
and ketones, which are both expected to occur vis-a-vis the structural diversity of the
reactive amine groups identified by '"F-NMR.>*? Indeed, the iminium-ion species de-
tected by in situ NMR analysis are the electrophilic catalytic intermediates responsible
for the LUMO-lowering activation in aminocatalysis, able to engage in conjugate addi-
tion with a series of nucleophiles.*®“? To this aim, we first evaluated the reactivity be-
tween p-F-cinnamaldehyde (1a) and N-methylindole (3a) as biologically relevant C-
rwucleophile.63 Operating in methanol, the conditions at which the iminium ions (Il)
were identified on the surface of NCDs-1 (Figure 4G), a catalytic amount of NCDs-1
(3.6% w/v), and trifluoroacetic acid (TFA) (20 mol %) furnished the product 4a in 47%
yield (Figure 6). An optimization study revealed that in the water-dioxane 1:1 mixture,
the reaction occurs smoothly, delivering the product 4a in 63% isolated yield (Figure 6)
similarly to well-established aminocatalytic systems.®®? The catalytic activity of NCDs-1
was then compared with that of free-model amines— i.e., 2a, 2d, 2e, and pyrrolidine—
demonstrating that in all cases, NCDs-1 outperforms the isolated amine precursors in
terms of the substrate conversion and product yield (see Table S4 and Figure S63). To
prove the generality of NCDs-1 as a water-compatible catalytic system for iminium-ion
activation, different carbonyl compounds (1a-d) and nucleophiles (2a or 3a-e) were
tested, affording the corresponding B-funtionalized products 4a-h in isolated yields
spanning from 53% to 92% (see Figures S64-572). Control experiments confirmed the
envisaged aminocatalytic scheme by NCDs-1. In the absence of NCDs-1, the conjugate
addition of dimethyl malonate (3b) to cyclohexenone (1¢c) is completely suppressed (Fig-
ure 6, 4c, 0% yield). Also, the catalytic performance is strongly inhibited in the absence of
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NCDs-1-catalyzed conjugate additions of different nucleophiles (2a or 3a—e) to enals and enones 1a-d. Reaction was performed on 0.1 mmol scale. TFA

and dioxane/MilliQ water (1:1) were used for the synthesis of compounds 4a-b. Benzoic acid (HA) and pure MilliQ water were used for the synthesis of

compounds 4c-h. Yields of the isolated products are indicated below each entry.

acid (Figure 6, 4c, 5% yield), delineating a close correlation with the TF-NMR experi-
ments in which the presence of acid was essential for the formation of the iminium-
ions intermediates Il (Figure 4).

The requirement of surface amines that are able to condense with the carbonyl com-
pounds was further corroborated by the use of CDs where nitrogen sites are present solely
as pyridinic and pyrrolic-type residues (NCDs-4) or nitrogen-free CDs (CDs-5 and CDs-
6).>* In both cases, the product 4c was not formed. Further, NCDs-2 and NCDs-3, which
afforded a positive KT, were also tested as catalysts, however, displaying a broad struc-
tural inhomogeneity, as evidenced by their multiple-band electrophoretic behavior (Fig-
ure 2B). Even in these cases, the product 4c was not detected, thus indicating that a strin-
gent control of CD surface environment and composition is crucial for reactivity.

To expand the portfolio of catalytic activation modes performed by the NCDs-1,
we turned our attention to the formation of enamine intermediates toward
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HOMO-rising catalysis.”*>7** In fact, primary and secondary amines can also be
used to catalyze the enamine-mediated addition of a-enolizable aldehydes and ke-
tones to electrophiles. After the screening of the diverse reaction parameters, we
found that the present nanosized catalytic platform successfully activates simple
acetone (1e) toward aldol-type addition to isatin derivatives (5) in pure MilliQ water.
We then studied the generality and limitations of the proposed aldol protocol cata-
lyzed by NCDs-1 (0.9% w/v). A diverse set of isatins was transformed into the corre-
sponding 3,3-disubstituted oxindole derivatives (Figures 7A and S73-581). Thus,
isatins 5a—e bearing both electron-withdrawing and electron-donating substituents
afforded the corresponding products 6a—e in excellent isolated yields (81%-96%).
Moreover, 2-pentanone 1f and the cyclic ketones cyclohexanone 1g and cyclohep-
tanone 1h actively participated in the catalytic functionalization of isatin (products
6f-h). Remarkably, products 6g-h were obtained with complete diastereocontrol
(d.r. > 20:1). The observed selectivity likely originates in the increased steric hin-
drance of cyclic ketones 1g and 1h. Furthermore, common water sources, such as
tap water and seawater, can also be used as solvents, providing éa in comparable
excellent yields. This demonstrates the robustness of the described methodology
to variations of pH and ionic strength in the reaction medium.

Building on these results, we applied the NCDs-1-catalyzed protocol to the synthesis
of Convolutamydine A (6i) in 60% isolated yield (Figure 7B). It is worth mentioning
that (R)-Convolutamydine A is a natural product with a potent inhibitory activity on
the differentiation of HL-60 human promyelocytic leukemia cells and can be success-

fully synthesized as a racemic mixture using NCDs-1 as a catalyst in water.®> ¢’

Finally, we turned our attention toward the challenging implementation of asym-
metric catalysis by chiral CD derivatives.®® So far, the use of carbon nanomaterials
in enantioselective transformations has only been addressed relying on post-func-
tionalization |orocedures.69'7O While, due to the harsh synthetic reaction conditions,
the enantiopure building blocks undergo racemization generally leading to optically
inactive CDs, as in the case of NCDs-1,"” recently, chiral NCDs (NCDs-7) have been
successfully prepared by employing (R,R)- or (5,5)-1,2-cyclohexanediamine in com-
bination with L-arginine as precursors (Figure 8A)." Therefore, we studied the cat-
alytic behavior of (5)-NCDs-7 in the aldol addition of acetone 1e to isatin 5a under
enamine catalysis conditions (Figure 8B; Table S2). The reaction in aqueous media
at room temperature affords the aldol adduct (S)-6a quantitatively (99% yield) with
6% of enantiomeric excess (ee). Importantly, the direct use of (S,5)-1,2-cyclohexane-
diamine as catalyst under the same reaction conditions yields the final product in
62% yield and with ee as low as 4%. The poorer performance of (S,5)-1,2-cyclohex-
anediamine confirms again the superior catalytic activity of the NCDs in comparison
with the free-amine constituents, demonstrating that the inclusion of chiral diamines
into the carbon-based nanomaterial scaffold enhances their catalytic activity while
preserving a similar asymmetric induction. By lowering the reaction temperature
to 0°C the enantiocontrol imparted by the chiral nanosized catalytic platform can
be increased to 9%. Interestingly, when dichloromethane is used as a solvent, the
final aldol adduct (S)-6a is formed with a remarkable and reproducible 38% ee
(see Figures S15 and S16). To the best of our knowledge, these results represent
the first example of asymmetric catalysis promoted by a chiral CD nanomaterial,
whereby molecular chirality is transferred at the nanoscale. Notably, the isolated
(5,9-1,2-cyclohexanediamine probed under analogous experimental conditions
provides a similar enhancement of asymmetric induction (46% ee), albeit with a
much lower product yield (25%). These results highlight the still unexplored
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(A) NCDs-1-catalyzed aldol additions of ketones 1e-h to isatins 5a—e. Reactions were performed on 0.1 mmol scale using MilliQ water. Yields and
diastereoselectivities of the isolated products are indicated below each entry. For the synthesis of compounds 6f and 6éh, the reactions were performed

over 24 h.

(B) NCDs-1-catalyzed aldol additions of acetone (1e) to 5,7-dibromoisatin (5f). The reaction was performed on 0.1 mmol scale using MilliQ water.

potential of carbon nanomaterials for enantioselective recognition and do confirm

the effective molecular encoding of CDs for asymmetric catalysis.

Conclusion
The use of a wide set of analytical and spectroscopic molecular techniques provides

unprecedented evidence on the nature, amount, availability, and reactivity of termi-

nal amino functionalities present in the outer shell of commonly used CDs. This
knowledge reveals that nitrogen-rich CDs exhibit a unique molecular-like behavior

Chem 6, 3022-3037, November 5, 2020 3033



- ¢ CellPress Chem

A
240°c MW HoN
O o 22 QU0
H,oN N
NH, ref. [17] 2 H 3
H,N
(5,5)-1,2-cyclohexanediamine + ARG (S)-NCDs-7
B ,O '
E NH
\ﬂ D HN e /O
o : : ;
' H,N Hong
)J\ * o (5)-NCDs-7 (1.5% w/v) ! HN\]/OL
a N |
H Solvent [0.25 M], T [°C], t [h] ¢ (Sl ((5)-NCDs-7)
| via enamine
(7 equiv.) (1 equiv.) '
Te 5a |
Entry T(°C) Solvent Time (h) yield (%) e.e. (%)
H,O
1 25 2 6 >99 6
2 0 H,O 6 62 9
3 25 DCM 24 59 38

Figure 8. Enantioselective Catalysis Using Chiral CDs
(A) Synthesis of chiral (5)-NCDs-7.
(B) (S)-NCDs-7 catalyzed aldol addition of acetone (1e) to isatin (5a). Reactions were performed on 0.1 mmol scale.

while retaining the typical nanocolloidal features. As a result, these nanosized multi-
functional materials have been successfully implemented into amino-catalyzed reac-
tivity schemes enabling the activation of carbonyl compounds via covalent bonding
in water solution. Different benchmark aminocatalytic transformations, including
conjugate additions and aldol reactions, are efficiently catalyzed by NCDs catalysts
proceeding via iminium-ion and enamine intermediates. Furthermore, the use of
optically active CDs as catalysts allows to govern the stereodetermining bond-form-
ing event, demonstrating that the chirality retained in the CD outer shell can be
transferred with molecular control in the catalytic process. In summary, this study
proves that the accurate characterization of the nanomaterial surface enables
advanced applications commonly considered out of reach for nanostructures, such
as covalent asymmetric catalysis, and provides the proof of principle for the imple-
mentation of nanomaterials into chemical roles previously considered only attain-
able by the molecular realm.

EXPERIMENTAL PROCEDURES
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