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A new protocol to obtain carbon nanoparticles (CNPs) covalently
functionalized with a chiral Mn-Salen catalyst is described here. The
new nanocatalyst (CNPs-Mn-Salen) was tested in the enantioselective
epoxidation of some representative alkenes (CN-chromene, 1,2-dihydro-
naphthalene and cis-p-ethyl styrene), obtaining better enantiomeric
excess values than that of the catalyst single molecule, highlighting
the role of the nanostructure in the enantioselectivity.

Olefin epoxidation is one of the most important and useful
reactions due to the possibility of obtaining a wide range of
organic derivatives. This reaction has found application in
several technological fields." In this context, chiral Mn(m)-Salen
derivatives play a central role due to their huge employment in
the synthesis of chiral epoxides, which represent an important
target for pharmaceuticals and industry.>™* However, exposure to
transition metal ions, in particular manganese, at concentra-
tions more than 5 pg m ™3, can lead to important neurological
disorders.’ Therefore, many efforts have been devoted towards
reducing the amount of this metal ion in catalytic systems. One
of the most used strategies is to heterogenize Jacobsen’s catalyst
onto a solid surface.®"® Another strategy is to obtain
nanocatalysts'* in which the amount of metal atoms is signifi-
cantly reduced compared to standard catalysts.

Carbon nanoparticles (CNPs) are a new class of carbon nano-
materials which exhibit interesting photo-chemical and redox
properties.”> CNPs are nanoparticles about 10 nm in diameter,
with a quasi-spherical shape. Due to their high optical and
chemical stability, good water solubility, photobleaching resistance,
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biocompatibility and low cost, nowadays CNPs are successfully
applied to a wide range of application fields, such as analytical
chemistry,"®'” biosensing,'®'® bioimaging,>>*" theranostics,****
molecular communication®**® and photocatalytic energy
conversion.”*2® However, very few examples of CNPs used as
catalysts have been reported.>**” Among them, no example of
catalyst for epoxidation has been described.

Although the one pot synthesis of CNPs is green, simple and
versatile, the obtained CNP derivatives do not display yet the
properties achieved by covalent functionalization of their external
shell. Attractive hybrid approaches that combine one-pot synthesis
with covalent functionalization of the functional groups of the
external shell may lead to a versatile and efficient preparation
of new CNPs having different surface functionalities. Thus,
decorating CNPs with a functional substrate/catalyst is a promising
option to enhance their properties.

Here, the first example of covalent functionalization of CNPs
with a chiral Mn-Salen catalyst (Mn-Salen-OH, Scheme 1) is
reported. The Salen ligand has been functionalized in order to
covalently react with carboxylic groups on the surfaces of the
native CNPs, leading to the formation of an ester bond. The new
nanostructure was tested as a catalyst for the enantioselective
epoxidation of alkenes, by using 1,2-dihydronaphthalene,
CN-chromene and cis-B-ethyl styrene as model substrates.
Scheme 1 shows the synthetic pathway to obtain the Mn-Salen-OH
catalyst. Salicylaldehyde was chloromethylated by using aqueous
formaldehyde in hydrochloric acid, obtaining aldehyde 1 which,
after reaction with CuSO, in DMSO/H,0, was converted into
5-hydroxymethyl-2-hydroxy-benzaldehyde 2.*® The chiral Salen
ligand 4 was obtained by reaction of 2 with (1R,2R)-diphenyl-
ethylendiamino-monochloride derivative 3,>**° in the presence
of triethylamine. Then, manganese was introduced into the
Salen ligand obtaining Mn-Salen-OH in almost quantitative
yield.**> All new compounds have been characterized by
NMR and ESI-MS (see the ESIt). The presence of the hydroxylic
group on the Salen backbone allows anchoring of this catalyst
onto the surfaces of the native CNPs. These, in fact, contain
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Scheme 1 Synthesis of Mn-Salen-OH. Reagents and conditions: (a) form-
aldehyde (37% aqueous solution), concentrated HCl 90 °C, 16 h 85%;
(b) CuSQOy4, H,O/DMSO (1/2), 110 °C, 2 h, 87/0
and (d) Mn(OAc)s, EtOH, RT, 16 h, 95%.

several free carboxylic groups on their surfaces which, after
activation, can react with Mn-Salen-OH, leading to the formation
of a stable covalent bond. Native CNPs were synthesized by
hydrothermal decomposition.**

The covalent functionalization of their surfaces is shown in
Scheme 2. The carboxylic groups of the CN h
were activated by using pentafluorophenol a Hm
(N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide hydrochlor-
ide) in solvolysis at 50 °C overnight. The functionalized CNPs
(CNPs-PFF) were purified by extraction in water/dichloromethane,
due to their higher solubility in organic solvent compared to the
starting CNPs-COOH. Then, reaction of CNPs-PFF with a large
excess of Mn-Salen-OH leads to the formation of the nanocatalyst
CNPs-Mn-Salen, which was purified by dialysis. CNPs-Mn-Salen
was characterized by "H NMR, XPS, TEM and SEM. In particular,
its '"H NMR spectrum shows broad signals, according to the
presence of manganese metal ions, in the region relative to the
Salen complex (see the ESIt).

F
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Scheme 2 Functionalization of CNPs with chiral Mn-Salen-OH.
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asymmetric due to the chemical shift of C 1s related to
carboxylate species having a higher binding energy.

Fig. 1a shows the XPS Mn 2p;,, 1/, spin-orbit components at
642.3 and 654.1 eV, partially overlapping with the high energy
shake-up satellites typical of Mn(m) species,">"*>*>** while the
XPS spectrum of the O 1s states for the CNPs-Mn-Salen sample
shows two evident signals at 532.5 and 530.2 eV (Fig. 1b). The
first peak is largely due to the SiO, substrate, and the shoulder
at a lower binding energy is assigned to the chemical shift
related to the O-Mn and -COOH groups. Moreover, the XPS of
the CNPs-Mn-Salen sample in the N 1s binding energy region
exhibits a signal at 400.0 eV (Fig. 1c), since the Mn-Salen

Plex po s es_tw ine groups.'>™® Although XPS is a
6r$face a{ 1 technique, and since the diameter
the C 1S sm

n the sampling depth of the XPS, we
were able to probe the whole CNP particle. Considering that the
area of a Mn-Salen molecule is 1.4 nm?,"* we expect, in the case
of complete surface coverage, 150 atoms of Mn per CNP having
a diameter of 7 nm. The XPS C/Mn atomic concentration ratio
is found to be 195, corresponding to 55 atoms of Mn per

CNP matchl withpa coverag 33%. Taking into account the

@lﬁ& adv@d T ntamination, omnipresent in

alr-eipesed m e is satisfactory in view of the
catalytic purpose of such organic nanostructures.

TEM analysis reveals the presence of nanoparticles having
an average diameter of 8 nm (Fig. 2). Moreover, images taken
at high resolution (HR-TEM, see the ESI,T Fig. S11) reveal the
presence of graphite-like carbon crystal structures in the nano-
particles’ cores. The external shell around the CNPs is even
visible as a slightly dark contrast around the cores of the CNPs
(inset of Fig. 2). This is compatible with the presence of the
functionalized complex anchored onto the CNPs’ surfaces. SEM
analysis is in good agreement with TEM results. SEM images
confirm the formation of carbon nanoparticles with dimensions
ranging from a few nanometers (see the ESL,t Fig. S10 red arrows)
to 20-40 nm. However, particle aggregation on the substrate
cannot be excluded during solvent evaporation.

ox1dat10n results by using CNPs-Mn-Salen are

1,2- Dlgydronaphthalene was chosen as the substrate to set

up the epoxidation conditions. In particular, by using a nano-
catalyst concentration of 0.05 mg mL™ ', good enantiomeric

g th s' draft
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Fig. 1 Al Ka excited XPS of the CNP sample, measured in the (a) Mn 2p,
(b) O 1s and (c) N 1s binding energy regions. The structure due to satellite
radiation has been subtracted from the spectra.

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 BF-TEM image acquired at 200 keV at a low e™ do
presence of small CNPs with an average S|ze U

excesses but low conversion values were obtained (Table 1,
entries 1-3). By increasing the concentration of CNPs-Mn-Salen
(0.5 mg mL ") the conversion values increased (Table 1, entries 4-6).
This setup was used with CN-chromene (Table 1, entries 7-9)
and cis-B-ethyl styrene (Table 1, entries 10-12). In particular, with
CN-chromene, the conversion values were lower than se
obtained with 1,2-dihydronaphthalene, but tatri 1
excess values were 95-96%, higher than tho i it
Mn-Salen-OH (see control reactions in Table 1). These results
suggest that the presence of CNPs increases the enantiomeric
excess, in the case of CN-chromene, although the conversion is
low. The origin of the high enantioselectivity in Jacobsen’s
epoxidation has been extensively studied,*® but, until now, not
fully elucidated. The most common rationalization is attributed
to the directions of approach of the alkene to the manganese
active site (manganese-oxo). Cavallo and co-workers reported
theoretical calculations that support this hypothesis.*” More
recently, a new justification about the origin of the enantioselectivity
was proposed by Corey and coworkers.”® In this hypothesis, the
transition state assembly is slightly similar to a [3+2] cycloaddition
between the alkene and the catalyst. A possible explanation for
the high enantioselectivity With CN-chromene can be ascribed
to the chemical structure of

ﬁd FQ
possible interactions can occur witl the surfaces of the CNPs

the presence of an oxygen at

(e.g H-bonding with some unfunctionalized groups) that decrease
the reactivity, leading to low conversion values but, at the same
time, increase the geometric constraints, thus resulting in high
enantiomeric excess values.

Epoxidation reactions with cis-B-ethyl styrene showed good
conversion values after 1 hour (59%, Table 1, entry 10),
higher than those of the other examined alkenes. This higher
reactivity led to lower enantiomeric excess values (~71%,
Table 1, entries 10-12) than those of the other substrates, as
well as that of Mn-Salen-OH (Table 1, entry 13).> Furthermore,
the [cis]/[trans] ratio (~7, with ~50% ee values) suggests a
short lifetime of the radical intermediate, invoked by Jacobsen
and co-workers,*® leading to the partial isomerization of the
radical intermediate.

This journal is © The Royal Society of Chemistry 2019
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Qi X|dation of 1,2-dihydronaphthalene, 6-CN-
IS B-ethyl styrene with NaClO catalyzed by
NPs-Mn-Salen in H2C12 at 25 °C?

Nanocat. Time ¢ Conv.® TON/ CB"

Alkene Entry (mg mL™Y)? (h) (%) (%)  (TOF¥ (%)
d 8264

1 0.05 1 80? 10 (8264) 97

2 0.05 12 819 12 9917 95
(4959)

‘ 3 0.05 24 80? 15 12397 94
(1033)

Q 4 0.5 1 79¢ 35 2893 95
(2893)

5 0.5 12 80? 49 4050 93
(337)

24 80? 50 4132 92

(82)) (100 (172) (97)

(200)
95° 30 2479 94

on (75) (100 (103) (96)
Alkene Entry Time €€.is cis/ Conv. TON/ CB"
(h) eemmc (%) trans (%) (TOFY (%)

4876
59 (4876) &7
65 5372 95

(448)
66 5455 95

\ (227)
13/ 24 85 5 100 1176 97

594 (49)

“ In all experiments [alkene] = [NaClO] 117 x 10> M, buffered with 1
mL of 0.05 M Na,HPO, at pH 11.2 in a total volume of 2 mL. ? A stock
solution of CNPs-Mn-Salen was prepared dissolving 5 mg of nanocata-
lyst in 5 mL of CH,CL. © Determined by GC analysis us1ng a chiral
column (see the ESI) and n-dodecane as an internal standard Config.
(1R,2R) determined by measurlng the optical rotation. ¢ Config. (3R,4R)
determined by measuring the optical rotatlon JTON = [overall pro-
ducts]/[catalyst]. £ TOF = TON/reaction time (h). * Carbon balance CB =
(total carbon detected/total carbon feed).* ! [CNPs-Mn-Salen] 0.5 mg
mL~".7/ Control reaction was performed by using [Mn-Salen-OH] =
8.50 x 10~* M, and [alkene] = [NaClO] = 1.17 x 10> M, buffered with
1 mL of 0.05 M Na,HPO, at pH 11.2 in a total volume of 2 mL. With
1,2-dihydronaphthalene as the substrate, after 24 h, total conversion
and 82% enantiomeric excess were obtained. With CN-chromene as the
su strate, afte, h, total conversion and 75% enantiomeric excess

@ r h czs-B ethyl styrene as the substrate, after 24 h, total
v rs

% enantiomeric excess were obtalned

Recycling tests were performed by using 1,2-dihydro-
naphthalene as the selected substrate (see the ESI, Fig. S9).
CNPs-Mn-Salen can be recovered from the reaction media by
extraction with CH,Cl, (to remove the aqueous phase), and
vacuum treatment at 100 °C for two hours (to remove the
organic products/byproducts). After 4 cycles the enantiomeric

== SLrthors ot

dation of the nanocatalyst.

In summary, a new synthetic protocol for the covalent
functionalization of CNPs was reported. In particular, we anchored
a chiral Mn-Salen catalyst onto CNPs, leading to a new nanocatalyst
able to catalyze the enantioselective epoxidation of some selected
alkenes. This new catalytic system, using CN-chromene as the

Chem. Commun., 2019, 55, 5255-5258 | 5257
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substrate, allows chiral epoxides vxallgj tﬁr
excess values than that with the al e 4

obtained. We are still testing this nanocatalyst with other
substrates in order to shed light on the origin of this enantio-
selectivity. Preliminary results revealed that the role of the
nanostructure is essential in increasing the enantioselectivity.
Compared to commercial catalysts used for the oxidation of
organic substrates,” chiral Mn-Salen allows control over the
enantioselectivity of the reaction. Furthermore, the function-
alization of carbon materials with Mn-Salen catalysts allows the
amount of Mn in the reaction media to be reduced and, in
addition, an improvement in the stability of these nanocatalysts
under alkaline conditions, which requires the presence of NaClO
as the oxidant. Basic conditions, in fact, are harmful for silica

supports, which are largely used for t eter ization of
Jacobsen’s catalysts. th‘ Q
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