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ABSTRACT: Herein, the synthesis and catalytic activity of two
ephedrine-based catalysts and two ephedrine-based magnetic nano-
particle-supported catalysts are reported. All catalysts developed were
tested in the addition of diethylzinc to aromatic aldehydes and in the
Henry reaction. The homogeneous catalysts showed moderate catalytic
activity in the organozinc addition and good activity in the Henry
reaction, whereas in the case of the nanocatalyst, it was not effective in
the addition of diethylzinc to aldehydes and gave reasonable results in
the Henry reaction. Moreover, the nanocatalyst remained unchanged
over the course of up to three catalytic cycles. To the best of our
knowledge, the proposed system is the first recyclable ephedrine-based
magnetic nanocatalyst employed in an enantioselective reaction.

1. INTRODUCTION

In recent times, the need for sustainable development inspired
and directed the path of research, and chemistry, among all
sciences, has the duty to make sustainable the processes now
essential for human modern life.
Asymmetric catalysis, one of the most powerful strategies for

the synthesis of precious optically active compounds, embodies
many of the Green Chemistry principles,1 making it possible to
work under very mild conditions and with little waste. The
large industrial use, however, is seriously hampered by the high
production costs of the chiral catalysts and by their difficult
recovery from the reaction mixture. These issues actually
cancel out the benefits derived from the catalytic approach.2

The immobilization of the catalyst on solid supports is an
intuitive solution to the problem of catalyst recovery and reuse;
papers addressing these issues have been growing in the last
decades, exploring various materials and immobilization
strategies.3 Unfortunately, the activity and enantioselectivity
of supported chiral catalysts are usually lower compared to the
unsupported ones due to their scarce dispersibility. The use of
nanoparticles could overcome this problem since their small
size has advantages of dispersion. Moreover, the high surface
area/volume ratio of the nanoparticles results in an activity
close to the homogeneous catalysts. In this contest, our
attention has been drawn to the opportunity to anchor
catalysts on magnetic materials, so as to overcome the recovery
step by means of agile magnetic decantation.4 Specifically,
nanoparticles of magnetite (Fe3O4) with size up to roughly 20
nm exhibit a special form of magnetism called super-

paramagnetism that makes them extremely dispersible in
solvents in the absence of an external magnetic field.5

2. RESULTS AND DISCUSSION
In the last years, our group has investigated the catalytic
efficiency of β-aminoalcohols and their immobilization on
nanomaterials. The new aminoalcohol ligand A was
developed,6 suitably modified to be anchored on super-
paramagnetic nanoparticle B and employed in the asymmetric
catalysis, that is, the addition of organozinc to aldehydes7 and
the addition of nitroalkanes to carbonyl compounds (Henry
reaction)8 (Scheme 1).
Herein, we describe the catalytic activity of a new magnetic

nanocatalyst derived from the immobilization of a well-known
β-aminoalcohol catalyst, ephedrine (Figure 1). Since its
successful employment in the asymmetric addition of alkylzinc
reagents to aldehydes reported by Soai, it has been widely
studied as a chiral catalyst in various asymmetric trans-
formations.9 Although ephedrine has been studied extensively
as a chiral catalyst, only a few examples of immobilization onto
mesoporous silica nanoparticles have been reported.10 To the
best of our knowledge, no superparamagnetic ephedrine-type
catalyst has been developed for asymmetric reactions.11
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2.1. Development of the Catalysts. Since the hydroxyl
group must remain free to carry out the catalytic activity, we
decided to use the amino group for the immobilization.
Moreover, several examples in the literature prove that the
dialkylation of the amino group is beneficial for the catalytic
efficiency. First, we thought about building a catalyst following
a strategy based on a nucleophilic substitution between the
ephedrine and the nanoparticles functionalized with iodosilane
(Scheme 2).
Core−shell Fe3O4@SiO2 nanoparticles7 were treated with

iodopropyltrimethoxysilane in anhydrous toluene, obtaining
the iodo-functionalized nanoparticles 1. Then, the reaction
with ephedrine was performed in the presence of DIPEA as a
base, leading to the immobilized chiral catalyst 2. Catalyst 2
was evaluated in the addition of diethylzinc to o-methoxy
benzaldehyde in the conditions optimized in our previous
work. Very poor results were observed with yield and
enantioselectivity comparable to the uncatalyzed reaction.
Trying to rationalize the bad results obtained, we

reconsidered the structure of the synthesized linker, question-
ing whether the catalytic site was too close to the oxide surface

to be adequately free to coordinate the reagents. In analogy to
the strategy adopted in our previous work, we decided to
immobilize ephedrine through a copper(I)-catalyzed azide
alkyne cycloaddition (CuAAC) and introduce a longer spacer
between the catalytic active moiety and the nanoparticles. With
this in mind, catalysts 3a and 3b were devised (Figure 2).

The terminal alkynes 4a and 4b were easily obtained in a few
steps starting from ephedrine and tyrosol (Scheme 3). First,
tyrosol was selectively alkylated with propargyl bromide or
with 6-iodo-1-hexyne on the phenolic position to give ethers

Scheme 1. Asymmetric ZnR2 and CH3NO2 Addition to Aldehydes Catalyzed by Ligands A and B

Figure 1. Ephedrine-based nanocatalyst.

Scheme 2. Preparation of Nanocatalyst 2 and Its Catalytic Evaluationa

a(a) Fe3O4@SiO2, toluene, 105 °C, 12 h; (b) ephedrine, DIPEA, toluene, 105 °C, 48 h, loading: 0.22 mmol/g; (c) toluene, 6 mol % of 2, 0 °C, 6 h,
25% yield, 0% ee.

Figure 2. Immobilization strategy to obtain catalysts 3
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6a and 6b. The primary alcohol was then halogenated with the
CBr4/PPh3 system affording bromides 7a and 7b in a high
yield.
Finally, the anchorable ligands 4a and 4b were obtained by

nucleophilic substitution of ephedrine on substrates 7a and 7b;
the subsequent immobilization onto azido-functionalized
nanoparticles 5 was realized in the usual CuAAC conditions.
Catalysts 3a and 3b were obtained with 0.33 and 0.26 mmol/g
loadings, respectively.6 In parallel, we synthesized the
corresponding catalysts 3c and 3d with the aim to use them
in homogeneous conditions in order to compare the catalytic
efficiencies of structures as similar as possible.
Scanning electron microscopy (SEM) image of 3a shows

nanoparticles with diameters in the range of 10−15 nm (Figure
3).

2.2. Enantioselective Catalysis. First, the developed
catalysts were evaluated in the addition of diethylzinc to
aldehydes in the usual conditions (Table 1).
Catalysts 3c and 3d employed in homogeneous conditions

led to good-to-excellent yields, proving that the new structures
retain the catalytic effect showed by the reference compound,
the Soai’s DBNE. The asymmetric induction12 appeared

instead slightly decreased (entries 1−10). Both catalysts 3c
and 3d showed similar results, implying that the linker moiety
is not affecting the reaction. We then tested the magnetic
nanocatalyst 3a (entry 11), but the results obtained suggested
no catalytic activity for this system. Following a reported
procedure, a second test was performed by adding BuLi to the
reaction mixture. The additive is supposed to have a dual
action: the inactivation of the vicinal free silanols on the
surface of the nanoparticles by lithiation and the formation of
an active lithium amino alkoxide species by reaction with

Scheme 3. Preparation of Catalysts 3a

a(a) Propargyl bromide, K2CO3, acetonitrile, reflux, 12 h, 93% (6a) or 6-iodo-1-hexyne, K2CO3, acetonitrile, reflux, 12 h, 64% (6b); (b) CBr4,
PPh3, CH2Cl2, 0 °Cr.t., 12 h, 94 (7a), 94% (7b); (c) K2CO3, acetonitrile dry, reflux, 12 h, 86 (4a), 82% (4b); (d) 5, CuI, DIPEA, THF, r.t, 48 h,
0.33 mmol/g loading (3a), 0.26 mmol/g loading (3b); (e) (3-azidopropyl)benzene, CuI, DIPEA, THF, r.t, 12 h, 79% (3c), 82% (3d).

Figure 3. SEM image of functionalized silica-coated magnetite
nanoparticles 3a.

Table 1. Addition of Et2Zn to Different Aldehydes
Catalyzed by Ligands 3a−3d

entry R 3 yield (%)b ee (%)c 8

1 H 3c 80 60 8a
2 H 3d 80 50 8a
3 2-Cl 3c 87 61 8b
4 2-Cl 3d 87 60 8b
5 2-MeO 3c >95 74 8c
6 2-MeO 3d >95 79 8c
7 4-Br 3c >95 77 8d
8 4-Br 3d >95 78 8d
9 4-CN 3c >95 38 8e
10 4-CN 3d >95 38 8e
11 H 3a 25 10 8a
12d H 3a 22 18 8a
13e H 3a 20 3 8a
14 H 3b 15 0 8a

aAll experiments were performed under identical conditions unless
otherwise stated: toluene, 6 mol % of 3, 0 °C, 6 h. bDetermined by
NMR analysis. cDetermined by chiral HPLC analysis. dBuLi (0.72
mmol/g solid) was added. eNanoparticles previously treated with
hexamethyldisilazane were used (see Experimental Section).
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Et2Zn.
13 Anyway, the result obtained in this experiment was

similar to the previous one (entry 12). As a further test, we
decided to convert the surface-free silanols in trimethylsilil-
oxides by reacting them with hexamethyldisilazane to obtain a
nonpolar surface.14 Also in this case, however, we obtained
poor results (entry 13). The only test carried out using 3b led
to an even worse result.
Nonetheless, considering that ephedrine-based catalysts

were successfully employed in the Henry reaction9e and that
this reaction would not be affected by problems related to the
presence of vicinal free silanols, we decided to evaluate the
catalysts in this reaction. Nitromethane was added to several
aromatic aldehydes in the presence of catalysts 3a−3d and
Cu(OAc)2 under the conditions previously optimized by our
group. Both catalysts 3c and 3d in the homogeneous phase
showed similar good catalytic activity, leading to the
corresponding nitroalcohols in high yields and good
enantioselectivities in almost all cases, mainly using 3c
(Table 2).
Once the catalytic activity of 3c and 3d in the Henry

reaction was verified, we decided to study the same reaction in
the heterogeneous phase by testing nanocatalysts 3a and 3b.
This time, quite a difference in the catalytic activity of the two

ligands was observed. Ligand 3b was not able to induce
asymmetry in this reaction, leading in all cases to racemic
nitroalcohols, often in very poor yields. On the contrary, ligand
3a catalyzed the addition of nitromethane to benzaldehyde
with fairly good results, leading to nitroalcohol 9a with
satisfactory yield and acceptable ee, even if not comparable to
those obtained in the homogeneous phase with the
corresponding ligand 3c (entries 1, 4). The flexible chain of
ligand 3b probably causes an undesired folding, thus making its
interaction with reagents difficult.
Ligand 3a confirmed a moderate catalytic efficiency in the

addition of nitromethane to other aromatic aldehydes,
unfortunately noticeably worse than the homogeneous
counterpart. Evidently, working in the heterogeneous phase,
the accessibility of catalytic sites from reagents could be
considerably decreased.
We also tested the catalytic efficiency of the fully silylated

nanoparticles (entry 2), but a negative effect on the
enantioselectivity was observed.
Finally, we investigated the recyclability of the super-

paramagnetic nanocatalyst 3a. The catalyst was easily
recovered by magnetic decantation, washed, and reused up
to three times in a new reaction. As showed in Table 3, the

catalytic activity remained high in the first three catalytic cycles
performed to recycle the functionalized nanoparticles, proving
that highly efficient catalysts can be easily recovered and
reused by being immobilized on suitable nanosupports.
Unfortunately, the fourth cycle resulted in a decrease in
efficiency, and the reasons behind this decrease are under
investigation.

3. CONCLUSIONS
The focused modification of ephedrine, with a view to
developing a nanoparticle-supported form, led to the synthesis
of two ephedrine type catalysts 3c and 3d and two ephedrine-
based magnetic nanoparticle-supported catalytic systems 3a
and 3b. All catalysts developed were tested in the addition of
diethylzinc to aromatic aldehydes and in the Henry reaction.
Catalysts 3c and 3d used in homogeneous conditions showed
moderate catalytic activity in the organozinc addition and good
results in the Henry reaction. On the other side, the
semiheterogeneous system 3a, although not effective in the
addition of diethylzinc to aldehydes, produced encouraging
results in the Henry reaction: The resulting nitroalcohols were
collected in high yield and with reasonable ee, and moreover,

Table 2. Henry Reaction Catalyzed by Ligands 3a−3d

entry R 3 yield (%)b ee (%)c 9

1 H 3a 77 57 9a
2d H 3a 75 56 9a
3 H 3b 44 0 9a
4 H 3c 90 75 9a
5 H 3d 87 91 9a
6 2-Cl 3a 71 47 9b
7 2-Cl 3c 90 74 9b
8 2-Cl 3d 90 70 9b
9 2-MeO 3a 43 39 9c
10d 2-MeO 3c 85 80 9c
11d 2-MeO 3d 67 84 9c
12 2-Me 3a 59 49 9d
13 2-Me 3c 90 89 9d
14 2-Me 3d 77 79 9d
15 4-Me 3a 47 47 9e
16 4-Me 3c 65 88 9e
17 4-Me 3d 36 84 9e
18 3-Me 3a 58 44 9f
19 3-Me 3c 72 84 9f
20 3-Me 3d 72 84 9f
21 4-CN 3a 60 36 9g
22 4-CN 3c 90 50 9g
23 4-CN 3d >95 48 9g
24 3-NO2 3a 65 37 9h
25 3-NO2 3c >95 53 9h
26 3-NO2 3d 83 33 9h

aAll experiments were performed under identical conditions unless
otherwise stated: 2-PrOH, 10 mol % of 3, 10 mol % of Cu(OAc)2, rt,
72 h. bDetermined by NMR analysis. cDetermined by chiral HPLC
analysis. dNanoparticles previously treated with hexamethyldisilazane
were used (see Experimental Section).

Table 3. Recyclability of the Superparamagnetic
Nanocatalyst 3a in the Addition of Nitromethane to
Benzaldehyde

entry cycle yield (%)b ee (%)c

1 I 77 57
2 II 70 54
3 III 70 50
4 IV 55 25

aAll experiments were performed under identical conditions: 2-PrOH,
10 mol % of 3a, 10 mol % of Cu(OAc)2, rt, 72 h. bDetermined by
NMR analysis. cDetermined by chiral HPLC analysis.
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the nanocatalyst remained unchanged over the course of up to
three catalytic cycles. To the best of our knowledge, the
proposed system 3a is the first superparamagnetic recyclable
ephedrine-based catalyst employed in an enantioselective
reaction.

4. EXPERIMENTAL SECTION
All chromatographic purifications, NMR spectra, optical
rotation measurement, enantiomeric excess (ee) determina-
tion, elemental analysis, and morphological and structural
investigations were performed as reported in ref 6. Liquid
aldehydes were freshly distilled before use.
The following compounds were synthetized according to

reported procedures: (3-azidopropyl)benzene, silica-coated
magnetite nanoparticles (Fe3O4@SiO2), 5,5-TMS (obtained
by end-capping treatment).7

4.1. General Procedure for the Synthesis of 6. 1 mmol
tyrosol was dissolved in 5 mL of acetonitrile, 1 mmol alkyl
bromide (80 wt % solution in toluene), and 1.5 mmol (207
mg) K2CO3 were added under an argon atmosphere. The
reaction was refluxed for 12 h. Filtration allowed to eliminate
the solid residue, and the reaction mixture was diluted with
AcOEt and washed with water. The aqueous layer was
extracted with AcOEt. The organic layer was washed with
brine and then dried over Na2SO4. The solvent was removed in
vacuo. The crude product was purified by flash chromatog-
raphy (Hex/AcOEt 70:30) to obtain product 6 as a yellowish
oil.
4.1.1. 2-[4-(Prop-2-yn-1-yloxy)phenyl]ethanol (6a). Yield

93%. 1H NMR (400 MHz, CDCl3): δ 7.14 (d, J = 8.7 Hz, 2H,
Ph), 6.92 (d, J = 8.7 Hz, 2H, Ph), 4.65 (d, J = 2.4 Hz, 2H,
OCH2CCH), 3.78 (td, J = 6.7, 1.6 Hz, 2H, CH2OH), 2.79
(t, J = 6.6 Hz, 2H, CH2Ph), 2.52 (t, J = 2.4 Hz, 1H, CCH),
2.1 2−1.95 (m, 1H, OH). 13C NMR (101 MHz, CDCl3): δ
156.2, 131.6, 130.0, 115.0, 78.7, 75.6, 63.7, 55.9, 38.3. Anal.
Calcd for C11H12O2: C, 74.98; H, 6.86. Found: C, 75.22; H,
7.15.
4.1.2. 2-[4-(Hex-5-yn-1-yloxy)phenyl]ethanol (6b). Yield

64%. 1H NMR (400 MHz, CDCl3): δ 7.13 (d, J = 8.7 Hz, 2H,
Ph), 6.85 (d, J = 8.7 Hz, 2H, Ph), 3.97 (t, J = 6.3 Hz, 2H,
PhOCH2), 3.82 (t, J = 6.5 Hz, 2H, CH2OH), 2.81 (t, J = 6.5
Hz, 2H, CH2Ph), 2.28 (td, J = 7.0, 2.6 Hz, 2H, CH2CCH),
1.97 (t, J = 2.7 Hz, 1H, CCH), 1.95−1.85 (m, 2H,
OCH2CH2), 1.72 (m, 2H, CH2CH2CCH), 1.51 (bs, 1H,
OH). 13C NMR (101 MHz, CDCl3): δ 158.0, 130.6, 130.3,
115.0, 84.4, 68.9, 67.6, 64.2, 38.6, 28.6, 25.4, 18.5. Anal. Calcd
for C14H17O2: C, 77.39; H, 7.89. Found: C, 77.57; H, 8.18.
4.2. General Procedure for the Synthesis of 7. 1.2

mmol (401 mg) CBr4 was added to a solution of 1 mmol 6 in
2.5 mL of CH2Cl2. The solution is cooled to 0 °C, and 1.88
mmol (493 mg) triphenylphosphine was added in portions.
The reaction is stirred at room temperature for 12 h, and then
the solvent was evaporated in vacuo. The residue was dissolved
in Et2O, and the insoluble white solid was eliminated by
filtration. This operation was repeated several times until the
complete removal of the solid. The crude product was purified
by flash chromatography (Hex/AcOEt 95:05) to give product
7 as a clear oil.
4.2.1. 1-(2-Bromoethyl)-4-(prop-2-yn-1-yloxy)benzene

(7a). Yield 94%. 1H NMR (400 MHz, CDCl3): δ 7.15 (d, J
= 8.4 Hz, 2H, Ph), 6.94 (d, J = 8.5 Hz, 2H, Ph), 4.68 (d, J =
2.2 Hz, 2H, PhOCH2), 3.54 (t, J = 7.6 Hz, 2H, CH2Br), 3.11
(t, J = 7.6 Hz, 2H, CH2Ph), 2.55−2.50 (m, 1H, CCH). 13C

NMR (100 MHz, CDCl3): δ 156.7, 141.7, 132.1, 129.8, 115.2,
78.7, 75.6, 56.0, 38.7, 33.4. Anal. Calcd for C11H11BrO: C,
55.25; H, 4.64. Found: C, 55.57; H, 4.91.

4.2.2. 1-(2-Bromoethyl)-4-(hex-5-yn-1-yloxy)benzene (7b).
Yield 94%. 1H NMR (400 MHz, CDCl3): δ 7.12 (d, J = 8.4 Hz,
2H, Ph), 6.86 (d, J = 8.6 Hz, 2H, Ph), 3.98 (t, J = 6.3 Hz, 2H,
PHOCH2), 3.53 (t, J = 7.7 Hz, 2H, CH2Br), 3.10 (t, J = 7.7
Hz, 2H, CH2Ph), 2.29 (td, J = 7.0, 2.6 Hz, 2H, CH2CCH),
1.99 (t, J = 2.7 Hz, 1H, CCH), 1.96−1.86 (m, 2H,
OCH2CH2), 1.79−1.68 (m, 2H, CH2CH2CCH). 13C NMR
(100 MHz, CDCl3): δ 158.0, 131.0, 129.7, 114.6, 84.2, 68.8,
67.3, 38.7, 33.5, 28.4, 25.1, 18.2. Anal. Calcd for C14H16BrO:
C, 60.01; H, 5.76. Found: C, 60.23; H, 5.98.

4.3. General Procedure for the Synthesis of 4. 1 mmol
(201 mg) (1R,2S)-(−)-ephedrine hydrochloride was dissolved
in 4 mL of MeOH, and 1 mmol (106 mg) Na2CO3 was added.
The reaction was stirred for 30 min and then filtered through a
pad of celite with methanol. The solvent was evaporated in
vacuo, and the residue was dissolved in AcOEt and filtered
through a paper. The solvent was evaporated in vacuo to give
(1R,2S)-(−)-ephedrine that was then dissolved in 10 mL of
dry CH3CN under an argon atmosphere. 1.2 mmol bromide 7
and 2 mmol (276 mg) K2CO3 were added, and the reaction
was refluxed for 12 h. The solid residue was separated by
filtration, and the solvent was evaporated at reduced pressure.
The crude product was purified by flash chromatography
(CHCl3/MeOH 96:04) to give 4 as a light brown oil.

4.3.1. (1R,2S)-2-{Methyl[4-(prop-2-yn-1-yloxy)phenethyl]-
amino}-1-phenylpropan-1-ol (4a). Yield 86%. [α]D

25: −11.4 (c
6.7, CHCl3).

1H NMR (400 MHz, CDCl3): δ 7.36−7.21 (m,
5H, Ph), 7.10 (d, J = 8.6 Hz, 2H, Ph), 6.92 (d, J = 8.7 Hz, 2H,
Ph), 4.79 (d, J = 4.2 Hz, 1H, CHOH), 4.67 (d, J = 2.4 Hz, 2H,
PhOCH2), 3.39 (bs, 1H, OH), 2.93−2.82 (m, 1H, CHN),
2.78−2.66 (m, 4H, NCH2CH2), 2.52 (t, J = 2.4 Hz, 1H, C
CH), 2.35 (s, 3H, NCH3), 0.89 (d, J = 6.9 Hz, 3H, CHCH3).
13C NMR (100 MHz, CDCl3): δ 156.3, 142.5, 133.5, 130.0,
128.3, 127.2, 126.4, 115.2, 79.1, 75.8, 73.3, 64.0, 57.1, 56.2,
39.4, 33.4, 10.4. Anal. Calcd for C21H25NO2: C, 77.98; H, 7.79;
N, 4.33. Found: C, 78.35; H, 7.98; N, 4.72.

4.3.2. (1R,2S)-2-{[4-(Hex-5-yn-1-yloxy)phenethyl](methyl)-
amino]-1-phenylpropan-1-ol (4b). Yield 82%. [α]D

25 − 14.5 (c
2.1, CHCl3).

1H NMR (400 MHz, CDCl3): δ 7.34−7.22 (m,
5H, Ph), 7.08 (d, J = 8.6 Hz, 2H, Ph), 6.82 (d, J = 8.6 Hz, 2H,
Ph), 4.85 (d, J = 2.9 Hz, 1H, CHOH), 3.96 (t, J = 6.3 Hz, 2H,
PhOCH2), 3.71 (bs, 1H, OH), 2.95−2.85 (m, 1H, CHN),
2.79−2.70 (m, 4H, NCH2CH2), 2.39 (s, 3H, CH3N), 2.27 (td,
J = 7.0, 2.6 Hz, 2H, CH2CCH), 1.97 (t, J = 2.6 Hz, 1H, C
CH), 1.94−1.84 (m, 2H, OCH2CH2), 1.78−1.67 (m, 2H,
CH2CH2CCH), 0.89 (d, J = 6.9 Hz, 3H, CHCH3).

13C
NMR (100 MHz, CDCl3): δ 157.6, 142.2, 132.0, 129.7, 128.1,
127.0, 126.2, 114.6, 84.3, 72.9, 68.7, 67.4, 63.9, 57.0, 39.2, 33.0,
28.5, 25.2, 18.3, 9.9. Anal. Calcd for C24H30NO2: C, 79.08; H,
8.30; N, 3.84. Found: C, 79.39; H, 8.61; N, 4.12.

4.4. Synthesis of 3a and 3b. Synthesis of 3a and 3b were
performed as reported in ref 7.

4.4.1. 3a. Obtained 186 mg. Loading: 0.33 mmol/g
calculated by elemental analysis: N 1.89% C 8.84%. Fourier
transform infrared (FTIR) (neat/ν cm−1): 3329, 2934, 2856,
1510, 1181, 1043, 813, 551.

4.4.2. 3a-TMS (End-Capped). Obtained 280 mg. Loading:
0.46 mmol/g calculated by elemental analysis: N 2.62% C
10.58%. FTIR (neat/ν cm−1): 2934, 1608, 1510, 1207, 1043,
840, 551.
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4.4.3. 3b. Obtained 296 mg. Loading: 0.26 mmol/g
calculated by elemental analysis: N 1.46% C 2.98% FTIR
(neat/ν cm−1): 3282, 2934, 2869, 1511, 1128, 1037, 711, 557.
4.5. Synthesis of 3c and 3d. 1 mmol terminal alkyne 4

(4a or 4b) and 1.1 mmol (177 mg) (3-azidopropyl)benzene
were treated as reported in ref 7.
4.5.1. (1R,2S)-2-{methyl[4-(1-(3-phenylpropyl)-1H-1,2,3-

triazol-4-yl)methoxyphenethyl]}amino-1-phenylpropan-1-ol
(3c). Yield 79%. [α]D

25: −8.1 (c 4.2, CHCl3).
1H NMR (400

MHz, CDCl3): δ 7.55 (s, 1H, CHN−NN), 7.33−7.19 (m,
8H, Ph), 7.14 (d, J = 7.3 Hz, 2H, Ph), 7.09 (d, J = 8.5 Hz, 2H,
Ph), 6.92 (d, J = 8.6 Hz, 2H, Ph), 5.20 (s, 2H, CH2OPh), 4.74
(d, J = 4.2 Hz, 1H, CHOH), 4.30 (t, J = 7.1 Hz, 2H, N−N
NCH2), 3.28 (bs, 1H, OH), 2.89−2.81 (m, 1H, CHN), 2.74−
2.66 (m, 4H, CHNCH2CH2), 2.62 (t, J = 7.5 Hz, 2H,
NCH2CH2CH2Ph), 2.33 (s, 3H, CHNCH3), 2.27−2.17 (m,
2H, NCH2CH2CH2Ph), 0.87 (d, J = 6.9 Hz, 3H, NCHCH3).
13C NMR (100 MHz, CDCl3): δ 156.7, 144.4, 142.2, 140.2,
133.0, 129.8, 128.7, 128.5, 128.0, 126.9, 126.4, 126.2, 122.7,
115.0, 73.0, 63.8, 62.3, 56.9, 49.6, 39.1, 33.1, 32.5, 31.6, 10.2.
Anal. Calcd for C30H36N4O2: C, 74.35; H, 7.49; N, 11.56.
Found: C, 74.71; H, 7.78; N, 11.88.
4.5.2. (1R,2S)-2-{Methyl[4-(3-(1-(3-phenylpropyl)-1H-

1,2,3-triazol-4-yl)propoxy)phenethyl]}amino-1-phenylpro-
pan-1-ol (3d). Yield 82%. [α]D

25: −10.3 (c 7.4, CHCl3).
1H

NMR (400 MHz, CDCl3): δ 7.39−7.15 (m, 11H, CHN−N
N, Ph), 7.09 (d, J = 8.6 Hz, 2H, Ph), 6.84 (d, J = 8.6 Hz, 2H,
Ph), 4.82 (d, J = 4.1 Hz, 1H, CHOH), 4.32 (t, J = 7.1 Hz, 2H,
N−NNCH2), 3.99 (t, J = 5.7 Hz, 2H, PhOCH2), 3.61 (bs,
1H, OH), 2.94−2.87 (m, 1H, CHN), 2.81 (t, J = 7.0 Hz, 2H,
CH2CHN−NN), 2.78−2.69 (m, 4H, NCH2CH2Ph), 2.66
(t, J = 7.5 Hz, 2H, NCH2CH2CH2Ph), 2.38 (s, 3H,
CHNCH3), 2.30−2.20 (m, 2H, NCH2CH2CH2Ph), 1.94−
1.82 (m, 4H, PhOCH2CH2CH2), 0.91 (d, J = 6.9 Hz, 3H,
NCHCH3).

13C NMR (100 MHz, CDCl3): δ 157.5, 148.0,
142.3, 140.3, 132.1, 129.7, 128.7, 128.5, 128.0, 126.9, 126.4,
126.2, 120.7, 114.5, 72.9, 67.6, 63.8, 57.0, 49.4, 39.1, 33.1, 32.6,
31.8, 28.9, 26.1, 25.4, 10.1. Anal. Calcd for C33H42N4O2: C,
75.25; H, 8.04; N, 10.64. Found: C, 75.56; H, 8.38; N, 10.92.
4.6. Addition of Diethylzinc to Aldehydes Catalyzed

by Free Catalysts 3c and 3d in Homogeneous Phase.
The reaction was carried out as reported in ref 7 obtaining the
products 8a−8e.
4.7. Addition of Diethylzinc to Aldehydes Catalyzed

by Functionalized Nanoparticles 3a and 3b. The reaction
was carried out as reported in ref 7 obtaining 8a.
Absolute configurations of the final alcohols were assigned

by comparing the retention time on high-performance liquid
chromatography (HPLC) chromatograms with the literature
value. The data reported are related to the use of ligand 3c or
3d. For the results obtained with other catalysts, refer to the
data reported in Table 1.
4.7.1. (R)-1-Phenylpropan-1-ol (8a).15 Yield 80%, ee = 60%

(HPLC: Column Chiralpak IB, Hex/i-PrOH = 98:2, 1 mL/
min, 258 nm, major 9.8 min and minor 10.7 min). 1H NMR
(400 MHz, CDCl3): δ 7.39−7.24 (m, 5H, Ph), 4.60 (t, J = 6.6
Hz, 1H, CHOH), 1.90−1.69 (m, 3H, OH, CH2), 0.92 (t, J =
7.4 Hz, 3H, CH3).

13C NMR (100 MHz, CDCl3): δ 144.7,
128.6, 127.7, 126.1, 76.2, 32.0, 10.3.
4.7.2. (R)-1-(2-Chlorophenyl)propan-1-ol (8b).16 Yield

87%, ee = 61% (HPLC: Column Chiralpak IA, Hex/i-PrOH
= 99.5:0.5, 1 mL/min, 225 nm, major 30.0 min and minor 33.6
min). 1H NMR (400 MHz, CDCl3): δ 7.54 (dd, J = 7.7, 1.7

Hz, 1H, Ph), 7.35−7.26 (m, 2H, Ph), 7.23−7.16 (m, 1H, Ph),
5.07 (dd, J = 7.6, 4.8 Hz, 1H, CHOH), 1.91−1.68 (m, 3H,
OH, CH2), 0.99 (t, J = 7.4 Hz, 3H, CH3).

13C NMR (100
MHz, CDCl3): δ 142.1, 132.1, 129.5, 128.5, 127.3, 127.2, 72.1,
30.6, 10.2.

4.7.3. (R)-1-(2-Methoxyphenyl)propan-1-ol (8c).6 Yield >
95%, ee = 78% (HPLC: Column Chiralpak IB, Hex/i-PrOH =
97:3, 0.8 mL/min, 220 nm, minor 10.0 min and major 10.6
min) 1H NMR (400 MHz, CDCl3): δ 7.33−7.21 (m, 2H, Ph),
6.96 (td, J = 7.5, 1.0 Hz, 1H, Ph), 6.88 (dd, J = 8.2, 0.8 Hz, 1H,
Ph), 4.79 (t, J = 6.6 Hz, 1H, CHOH), 3.85 (s, 3H, OMe), 2.43
(s, 1H, OH), 1.87−1.76 (m, 2H, CH2), 0.96 (t, J = 7.4 Hz, 3H,
CH3).

13C NMR (100 MHz, CDCl3): δ 156.8, 132.5, 128.3,
127.2, 120.8, 110.6, 72.6, 55.4, 30.3, 10.6.

4.7.4. (R)-1-(4-Bromophenyl)propan-1-ol (8d).17 Yield >
95%, ee = 78% (HPLC: Column Chiralpak IC, Hex/i-PrOH =
99/1, 1.5 mL/min, 220 nm, major 7.5 min and minor 8.7 min).
1H NMR (400 MHz, CDCl3): δ 7.45 (d, J = 8.4 Hz, 2H, Ph),
7.18 (d, J = 8.2 Hz, 2H, Ph), 4.53 (t, J = 6.6 Hz, 1H, CHOH),
2.18 (bs, 1H, OH), 1.82−1.63 (m, 2H, CH2), 0.88 (t, J = 7.4
Hz, 3H, CH3).

13C NMR (100 MHz, CDCl3): δ 143.8, 131.8,
128.0, 121.5, 75.6, 32.2, 10.3.

4.7.5. (R)-4-(1-Hydroxypropyl)benzonitrile (8e).18 Yield >
95%, ee = 38% (HPLC: Column Chiralpak IA, Hex/i-PrOH =
95:5, 0.8 mL/min, 220 nm, major 17.3 min and minor 18.7
min); 1H NMR (400 MHz, CDCl3): δ 7.58 (d, J = 8.3 Hz, 2H,
Ph), 7.43 (d, J = 8.1 Hz, 2H, Ph), 4.64 (t, J = 6.4 Hz, 1H,
CHOH), 2.39 (bs, 1H, OH), 1.80−1.67 (m, 2H, CH2), 0.89
(t, J = 7.4 Hz, 3H, CH3).

13C NMR (100 MHz, CDCl3): δ
150.2, 132.2, 126.7, 119.0, 110.9, 75.0, 32.1, 9.8.

4.8. General Procedure for the Addition of Nitro-
methane to Aldehydes Catalyzed by Free Catalysts 3c
and 3d in Homogeneous Phase. The reaction was carried
out as reported in ref 6 obtaining products 9a−9h.

4.9. General Procedure for the Addition of Nitro-
methane to Aldehydes Catalyzed by Functionalized
Nanoparticles 3a and 3b. The reaction was carried out as
reported in ref 6 obtaining products 9a−9e.
Absolute configurations of the final alcohols were assigned

by comparing the retention time on HPLC chromatograms
with the literature value. The data reported are related to the
use of ligand 3c or 3d. For the results obtained with other
catalysts, refer to the data reported in Table 2.

4.9.1. (S)-2-Nitro-1-phenylethanol (9a).19 Yield 90%, ee =
91% (HPLC: Column Chiralpak IB, Hex/i-PrOH = 95:5, 1
mL/min, 220 nm, minor 16.7 min and major 18.4 min). 1H
NMR (400 MHz, CDCl3): δ 7.44−7.34 (m, 5H, Ph), 5.47 (dd,
J = 9.5, 3.0 Hz, 1H, CHOH), 4.62 (dd, J = 13.4, 9.6 Hz, 1H,
CHαNO2), 4.52 (dd, J = 13.4, 3.0 Hz, 1H, CHβNO2), 1.99
(bs, 1H). 13C NMR (100 MHz, CDCl3): δ 138.2, 129.2, 129.1,
126.1, 81.4, 71.2.

4.9.2. (S)-1-(2-Chlorophenyl)-2-nitroethanol (9b).7 Yield
90%, ee = 74% (HPLC: Column Chiralpak IB, Hex/i-PrOH =
99:1, 1.3 mL/min, 220 nm, minor 23.4 min and major 24.5
min). 1H NMR (400 MHz, CDCl3): δ 7.66 (dd, J = 7.6, 1.8
Hz, 1H, Ph), 7.41−7.27 (m, 3H, Ph), 5.84 (dd, J = 9.6, 2.3 Hz,
1H, CHOH), 4.67 (dd, J = 13.6, 2.4 Hz, 1H, CHαNO2), 4.45
(dd, J = 13.6, 9.6 Hz, 1H, CHβNO2), 3.07 (bs, 1H, OH). 13C
NMR (100 MHz, CDCl3): δ 135.6, 131.6, 130.0, 129.8, 127.7,
127.6, 79.4, 67.9.

4.9.3. (S)-1-(2-Methoxyphenyl)-2-nitroethanol (9c).7 Yield
85%, ee = 84% (HPLC: Column Chiralpak IB, Hex/i-PrOH =
95:5, 0.8 mL/min, 273 nm, minor 16.6 min and major 18.4
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min). 1H NMR (400 MHz, CDCl3): δ 7.44 (dd, J = 7.6, 1.4
Hz, 1H, Ph), 7.36−7.30 (m, 1H, Ph), 7.01 (td, J = 7.5, 0.9 Hz,
1H, Ph), 6.91 (dd, J = 8.3, 0.7 Hz, 1H, Ph), 5.63 (dd, J = 9.2,
3.2 Hz, 1H, CHOH), 4.65 (dd, J = 13.0, 3.3 Hz, 1H,
CHαNO2), 4.57 (dd, J = 13.0, 9.2 Hz, 1H, CHβNO2), 3.88 (s,
3H, CH3), 2.95 (bs, 1H, OH). 13C NMR (100 MHz, CDCl3):
δ 156.1, 129.9, 127.3, 126.1, 121.3, 110.6, 80.0, 67.9, 55.5.
4.9.4. (S)-2-Nitro-1-(o-tolyl)ethanol (9d).7 Yield 90%, ee =

89% (HPLC: Column Chiralpak IB, Hex/i-PrOH = 95:5, 0.8
mL/min, 220 nm, minor 16.0 min and major 21.4 min). 1H
NMR (400 MHz, CDCl3): δ 7.54−7.49 (m, 1H, Ph), 7.31−
7.23 (m, 2H, Ph), 7.21−7.16 (m, 1H, Ph), 5.67 (dd, J = 9.7,
2.6 Hz, 1H, CHOH), 4.54 (dd, J = 13.3, 9.7 Hz, 1H,
CHαNO2), 4.43 (dd, J = 13.3, 2.7 Hz, 1H, CHβNO2), 2.67
(bs, 1H, OH), 2.39 (s, 3H, CH3).

13C NMR (100 MHz,
CDCl3): δ 136.4, 134.6, 131.0, 128.8, 126.9, 125.7, 80.3, 68.0,
19.0.
4.9.5. (S)-2-Nitro-1-(p-tolyl)ethanol (9e).7 Yield 65%, ee =

88% (HPLC: Column Chiralpak IB, Hex/i-PrOH = 95:5, 1
mL/min, 220 nm, minor 15.1 min and major 17.9 min). 1H
NMR (400 MHz, CDCl3): δ 7.29 (d, J = 8.1 Hz, 2H, Ph), 7.21
(d, J = 8.0 Hz, 2H, Ph), 5.42 (dd, J = 9.5, 2.9 Hz, 1H, CHOH),
4.60 (dd, J = 13.3, 9.6 Hz, 1H, CHαNO2), 4.49 (dd, J = 13.3,
3.1 Hz, 1H, CHβNO2), 2.79 (bs, 1H, OH), 2.36 (s, 3H, CH3).
13C NMR (100 MHz, CDCl3): δ 139.1, 135.3, 129.8, 126.0,
81.4, 71.0, 21.3.
4.9.6. (S)-2-Nitro-1-(m-tolyl)ethanol (9f).7 Yield 72%, ee =

84% (HPLC: Column Chiralpak IB, Hex/i-PrOH = 95:5, 1
mL/min, 220 nm, minor 12.6 min and major 13.5 min). 1H
NMR (400 MHz, CDCl3): δ 7.29 (t, J = 7.5 Hz, 1H), 7.23−
7.15 (m, 3H), 5.41 (dd, J = 9.6, 3.0 Hz, 1H), 4.59 (dd, J =
13.3, 9.6 Hz, 1H, CHαNO2), 4.49 (dd, J = 13.3, 3.1 Hz, 1H,
CHβNO2), 2.90 (bs, 1H, OH), 2.37 (s, 3H, CH3).

13C NMR
(100 MHz, CDCl3): δ 139.0, 138.2, 129.8, 129.0, 126.7, 123.1,
81.4, 71.2, 21.5.
4.9.7. (S)-4-(1-Hydroxy-2-nitroethyl)benzonitrile (9g).7

Yield > 95%, ee = 50% (HPLC: Column Chiralpak IB, Hex/
i-PrOH = 90:10, 0.4 mL/min, 220 nm, major 50.7 min and
minor 55.2 min). 1H NMR (400 MHz, CDCl3): δ 7.70 (d, J =
8.4 Hz, 2H, Ph), 7.56 (d, J = 8.1 Hz, 2H, Ph), 5.54 (dd, J = 8.5,
3.8 Hz, 1H, CHOH), 4.63−4.50 (m, 2H, CH2NO2), 3.21 (bs,
1H, OH). 13C NMR (100 MHz, CDCl3): δ 143.4, 132.9,
126.9, 118.4, 112.8, 80.8, 70.2.
4.9.8. (S)-2-Nitro-1-(3-nitrophenyl)ethanol (9h).7 Yield >

95%, ee = 53% (HPLC: Column Chiralpak IB, Hex/i-PrOH =
90:10, 1.2 mL/min, 220 nm, minor 15.1 min and major 16.4
min). 1H NMR (400 MHz, CDCl3): δ 8.31 (t, J = 1.9 Hz, 1H,
Ph), 8.20 (ddd, J = 8.2, 2.2, 0.9 Hz, 1H, Ph), 7.77 (d, J = 7.7
Hz, 1H, Ph), 7.61 (t, J = 8.0 Hz, 1H, Ph), 5.61 (dd, J = 8.3, 4.1
Hz, 1H, CHOH), 4.68−4.55 (m, 2H, CH2NO2), 3.27 (bs, 1H,
OH). 13C NMR (100 MHz, CDCl3): δ 148.7, 140.4, 132.2,
130.3, 123.9, 121.3, 80.8, 70.0.
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