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ABSTRACT

This study has been carried out to extend the validation of an amino alcohol catalyst in the asymmetric transfer hydrogenation

(ATH) of ketones. Previously, the catalyst was tested in asymmetric addition to several aromatic aldehydes with good to excellent

results. After having optimized the reaction conditions and tested different amino residues, the best catalyst was tested in ATH of

various aromatic ketones, leading to generally high yields (up to >95%) and moderate to good enantioselectivities (ee 24%-69%).

Moreover, considering the lack of examples of recoverable and reusable amino alcohol-based nanostructured catalysts for the

ATH, the catalyst of choice was immobilized on proper functionalized superparamagnetic core—shell magnetite-silica nanopar-

ticles and employed in an ATH reaction in semi-homogeneous phase. The obtained nanocatalyst exhibited a moderate catalytic

efficiency in the ATH, that remains unchanged in the three catalytic cycles performed, even if noticeably worse than in the

homogeneous counterpart.

1 | Introduction

The asymmetric transfer hydrogenation of ketones is a par-
ticularly useful method to obtain chiral secondary alcohols.
It requires a transition metal as catalyst, a hydrogen donor
(usually alcohol or formic acid), and a chiral ligand [1-5]. The
main chiral catalysts have been -amino alcohols [6-8] and
monotosylated [9-11] diamines, which have generally led to
high yields and enantiomeric excesses with a large variety
of substrates [12]. It has several advantages over other re-
duction systems, such as small amounts of catalyst required,
safe manipulation, environmentally friendly solvents, vol-
atile by-products, and possible application to industrial pro-
cesses [13], though this last advantage is subject to difficulties

© 2025 Wiley Periodicals LLC.

in recycling and reuse of chiral catalysts. Despite the small
amount of catalyst necessary for this reaction, and in general
for asymmetric catalysis, the demanding purifications nec-
essary to recover the catalyst prevent this technique's use in
Industrial processes. In fact, it has been calculated that homo-
geneous catalysis is used in less than 20% of industrially rele-
vant processes [14]. To overcome this problem, recent decades
have seen efforts to immobilize catalysts on solid supports,
such as resins or inorganic materials. In particular, nanopar-
ticles represent a valuable support for chiral catalysts due to
their small dimensions that enable high dispersion in solvents
[15]. Moreover, their high surface areas allow functionaliza-
tion with a large number of chiral catalysts. All these char-
acteristics render the efficiency of a nanostructured catalyst
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comparable to that of a homogeneous catalyst, beyond the
relatively easy recovery of the catalyst through many tech-
niques depending on the nature of the nanoparticle [16]. Some
nanostructured catalysts have been developed for asymmetric
transfer hydrogenation [17-19], but only one is composed of
an amino alcohol ligand immobilized on magnetic nanopar-
ticles, and, moreover, its recycling cycles were unsatisfactory
[20]. We recently developed a chiral amino alcohol 1 poten-
tially anchorable onto nanomaterials, which showed excellent
catalytic efficiency in the asymmetric addition of dialkylzinc
to aldehydes and in the Henry reaction [21, 22]. Lately, studies
of its immobilization on Fe,0,@SiO, magnetic nanoparticles
led to the nanostructured catalyst 2, which showed the same
catalytic efficiency of ligand 1 in the Henry reaction and good
catalytic efficiency in the dialkylzinc addition to aldehydes
(Scheme 1) [22, 23]. Furthermore, it maintained its efficiency
for up to three cycles in both reactions. We then decided to ex-
tend the validation of this type of catalysts to the asymmetric

OH

O
REYH R',Zn, 1 (6 %mol) RES R'
& Z Toluene dry > R'= Et, iPr

0°C
yields: 44- >95 %
ee: 81-98 %

OH

(o]
1, Cu(OAc), 10% mol NO
- I_(j)LH T > R@/'\/ 2
g 3 2 L
Z 2-PrOH

yields: 71-91 %
ee: 62-80 %

(@)

l = N ;\N \
O/\‘N/\)LH NN -sio_
(] , L\‘S‘;(?Jg

_8io

/

OH

R—(j/LR'
=

yields: 46- 77 %
ee: 47-58 %

O
" N H R',Zn, 2 (6 %mol)
" Toluene dry, 0 °C
(0] OH
R ©)LH 2, Cu(OAc), 10% mol . (j/'\Noz
B CH4NO
Z 2-PrOH 7

yields: 50 - >95 %
ee:45-711 %

SCHEME 1 | Catalytic efficiency of homogeneous amino alcohol li-
gand 1 and its magnetically recoverable counterpart, catalyst 2.

transfer hydrogenation of ketones, given the lack of examples
of recoverable and reusable amino alcohol-based nanostruc-
tured catalysts for the ATH.

2 | Materials and Methods

Purification of reaction products was carried out by flash chro-
matography using Kiesegel F Merck silica gel (230-400 mesh).
Thin-layer chromatography (TLC) was performed on Kiesegel
F254 pre-coated silica gel plates, and visualization was
achieved by inspection under UV light (Mineralight UVG
11 254nm) followed by staining with phosphomolybdic acid
dip [polyphosphomolybdic acid (12g), ethanol (250mL)] or
2,4-dinitrophenylhydrazine dip [2,4-dinitrophenylhydrazine
dip (4 g) ethanol (100mL), water (20 mL), sulfuric acid]. "H NMR
spectra were recorded using a Bruker Advance 400 (400 MHz).
Residual solvent peaks were used as internal references for 'H
NMR spectra: chloroform (8 7.26 ppm) and acetone (8 2.05 ppm).
Chemical shifts (8) are reported in parts per million (ppm), and
coupling constants (J) are reported in Hz. Splitting patterns are
designated as s, singlet; bs, broad singlet; d, doublet; bd, broad
doublet dd, doublet of doublets; ddd, doublet of doublet of dou-
blets; t, triplet; bt, broad triplet; dt, doublet of triplets; q, quar-
tet; and m, multiplet. 13C spectra were recorded using a Bruker
Avance 400 (100MHz). Chemical shifts () are reported in parts
per million (ppm) relative to the internal standard of the residue
solvent peak: chloroform (77.00 ppm). Optical rotations were
measured on a digital polarimeter Jasco DIP-370 with a cell path
length of 1cm; solution concentrations are reported in grams
per 100 mL. Enantiomeric excesses were determined by way of
an Agilent 1260 Infinity HPLC system equipped with a diode
array detector (DAD) and chiral stationary phase; chiral col-
umns used were Chiralpak TA, Chiralpak IB, Chiralpak IC, and
Chiralpak IF. Attenuated total reflectance Fourier transform
infrared (ATR-FTIR) spectra were recorded on a Shimadzu
IRPrestige-21. Elemental analyses for C, H, and N were per-
formed on an EA 1110 CHNS-O element analyzer. Morphologic
and structural investigations were performed using a LEO 1530
field emission scanning electron microscope (FE-SEM).

The synthesis and characterization of 1, 5, 9, 11, and 12 have
already been reported [21-23].

2.1 | General Procedure for the Synthesis
of Ligands 6a—-6g

To a solution of 1 mmol of epoxy amide 5 in acetonitrile (3mL)
were added LiClO, (1.59g, 15mmol) and the proper amine
(10mmol), and the mixture was stirred at 55°C overnight. Then
water was added, and the aqueous layer was extracted three
times with dichloromethane. The combined organic layers were
dried over Na,SO,, and solvent was removed in vacuo. The crude
product was purified by flash chromatography (CHCI,/MeOH
98:02).

(4R,5S,E)-N-allyl-5-cyclohexyl-4-(cyclohexylamino)-5-
hydroxypent-2-enamide (6a): Obtained using cyclohexyl-
amine. 191 mg (57%). '"H NMR (400 MHz, CDCl,): § 6.71 (dd,
J=15.7, 8.6Hz, 1H, CH=CHCONH), 6.44 (bs, 1H, CONH),
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6.04 (d, J=15.7Hz, 1H, CH=CHCONH), 5.92-5.77 (m, 1H,
CH=CH,), 5.16 (ddd, J=13.7, 11.4, 1.2Hz, 2H, CH=CH,),
3.92 (t, J=5.6Hz, 2H, CONHCH,), 3.65-3.49 (m, 3H, CHOH,
NH), 3.40 (dd, J=8.9, 2.8 Hz, 1H, NHCHCH=), 2.57-2.47 (m,
1H, NHCH,,,,), 1.99-1.56 (m, 10H, cHex), 1.33-0.89 (m, 11H,
cHex). 3C NMR (100MHz, CDCL,): § 165.7 (CONH), 139.7
(CH=CHCO), 134.3 (CH=CH,), 127.4 (CH=CHCO), 117.0

(CH=CH,), 76.8 (CHOH), 57.7(NHCHCH=), 54.1 (NHCH,_ ),

42.4 (NHCH,CH=CH,), 40.2 (CH_ ), 33.5 (CH,_;.)» 32.7
(CHZC—Hex)’ 29.8 (CHZC—Hex)’ 29.0 (CHZC—Hex)’ 26.6 (CHZC—Hex)’
26.0(CH,_ ;) 26.0(CH,_ ;.),25.9 (CH,_ ;.),25.2(CH,_ ;).
25.0 (CH,_ p;.,)-

(4R,5S,E)-N-allyl-4-(allylamino)-5-cyclohexyl-5-
hydroxypent-2-enamide (6b): Obtained using allylamine.
155mg (53%). 'H NMR (400MHz, CDCL,): § 6.69 (dd, J=15.6,
8.1Hz, 1H, CH=CHCO), 6.27 (bs, 1H, CONH), 5.96 (d,
J=15.6Hz, 1H, CH=CHCO), 5.88-5.76 (m, 2H, CH=CH,
X2), 5.21-5.05 (m, 4H, CH=CH, x2), 391 (t, J=5.7Hz, 2H,
CONHCH,), 3.40-3.32 (m, 2H, CHOH, CHNH), 3.22 (dd,
J=14.1, 59Hz, 1H, CHNHCHQHB), 3.12 (dd, J=14.0, 6.1Hz,
1H, CHNHCH_H,), 2.76 (s, 2H, OH, NH), 1.99-1.92 (m, 1H,
CH,;,. ) 1.71-1.54 (m, 4H, cHex), 1.34-0.86 (m, 6H, cHex). 13C
NMR (100 MHz, CDCL,): 8 165.5 (CONH), 140.4 (CH=CHCO),
136.1 (CH=CH,), 134.1 (CH=CH,), 126.7 (CH=CHCO), 116.8
(CH=CH,), 116.7 (CH=CH,), 76.7 (CHOH), 60.0 (NHCHCH=),
49.4 (NHCH,CH=CH,), 421 (CONHCH,CH=CH,), 40.1
(CH_ ;.)» 29.6 (CH,_,,.), 28.8 (CH,_,,.), 26.4 (CH,_,..), 25.8
(CH ), 25.7 (CH,_j1.,)-

c-Hex 2c-Hex 2c-Hex

2c-Hex

(4R,5S,E)-N-allyl-4-(benzylamino)-5-cyclohexyl-5-
hydroxypent-2-enamide (6¢): Obtained using benzylamine.
253mg (74%). '"H NMR (400 MHz, CDCL,): § 7.32-7.21 (m, 5H,
Ph), 6.76 (dd, J=15.6, 8.2Hz, 1H, CH=CHCO), 5.98-5.79 (m,
3H, CONH, CH=CHCO, CH=CH,), 5.17 (ddd, J=13.7, 115,
1.4Hz, 2H, CH=CH,), 3.94 (t, J=5.8Hz, 2H, CONHCH,), 3.77
(d, J=13.2Hz, 1H, PhCHaHBNH), 3.68 (d, J=13.2Hz, 1H,
PhCH,HGNH), 3.41 (dd, J=8.5, 3.4Hz, 1H, CHOH), 3.37 (dd,
J=8.2,3.2Hz, 1H, CHNH), 2.44 (s, 2H, OH, NH), 1.95 (m, 1H,
CH 4.,)» 1.73-1.54 (m, 4H, cHex), 1.37-0.89 (m, 6H, cHex). '*C
NMR (100MHz, CDCL): & 165.3 (CONH), 140.7 (CH=CHCO),
139.5 (CH,C, ). 134.1 (CH=CH,), 128.6 (CH,, ), 128.3
(CH,,,,). 127.4(CH, ), 126.7 (CH=CHCO), 116.9 (CH=CH,),
76.5 (CHOH), 60.3 (NHCHCH=), 51.0 (NHCH,Ph), 42.2
(NHCH,CH=CH,), 40.0 (CH 29.6 (CH, ), 288
(CH, .. ),26.5(CH ), 25.7 (CH

c-Hex)’

), 25.9 (CH

2c¢c-Hex 2c-Hex 2c-Hex- 2c—Hex)'

(4R,5S,E)-N-allyl-5-cyclohexyl-5-hydroxy-
4-(phenethylamino)pent-2-enamide (6d): Obtained using
2-phenylethylamine. 260 mg (73%). 'HNMR (400 MHz, CDCL,): §
7.32-7.15 (m, 5H, Ph), 6.71 (dd, J=15.6, 7.8 Hz, 1H, CH=CHCO),
5.92-5.79 (m, 3H, CH=CHCONH, CH=CH,), 5.23-5.10 (m,
2H, CH=CH,), 3.92 (bt, J=5.8 Hz, 2H, CONHCH,), 3.40-3.31
(m, 2H, CHOH, CHNH), 2.86-2.47 (m, 6H, CH,CH,Ph, OH,
NH), 1.97-0.92 (m, 11H, cHex). *C NMR (100 MHz, CDCl,):
§ 165.2 (CONH), 140.6 (CH=CHCO), 139.7 (CH,C, ), 134.1
(CH=CH,), 128.8 (CH, ), 128.6 (CH,, ), 126.5 (CH, )
126.4 (CH=CHCO), 116.8 (CH=CH,), 76.5 (CHOH), 61.0
(NHCHCH=), 48.5 (NHCH,CH,Ph), 42.2 (NHCH,CH=CH,),
40.0 (CH_,,,,), 36.4 (CH,Ph), 29.6 (CH,_,,.), 28.7 (CH

c-Hex 2c-Hex- 2c»Hex)’
26.4 (CH ), 25.8 (CH ), 25.7 (CH

2c-Hex- 2c-Hex 2c-Hex)'

(4R,5S,E)-N-allyl-5-cyclohexyl-5-hydroxy-4-(((R)-1-
phenylethyl)amino)pent-2-enamide (6e): Obtained using
(R)-(+)-a-methylbenzylamine. 303 mg (85%). 'H NMR (400 MHz,
CDCL,): § 7.32-7.19 (m, 5H, Ph), 6.65 (dd, J=15.6, 7.8 Hz, 1H,
CH=CHCO), 5.97-5.71 (m, 3H, CH=CHCONH, CH:CHZ),
5.22-5.09 (m, 2H, CH=CH,), 3.91-3.86 (m, 2H, CONHCH,),
3.82 (q, J=6.5Hz, 1H, CHCH3), 3.39 (dd, J=9.1, 3.1Hz, 1H,
CHOH), 3.27 (ddd, J=7.9, 3.1, 1.0Hz, 1H, CHNH), 2.17-0.66
(m, 16H, OH, NH, CH,, cHex). 13C NMR (100MHz, CDCIS): 9}
165.6 (CONH), 145.2 (CH,CHC, ), 141.0 (CH=CHCO), 134.1
(CH=CH,), 128.6 (CH, ), 127.2 (CH, ), 126.5 (CH, ),
126.1 (CH=CHCO), 116.7 (CH=CH,), 75.5 (CHOH), 57.9
(NHCHCH=), 54.8 (CH,CHNH), 42.1 (NHCH,CH=CH,), 39.9
(CH 29.9 (CH,_ ;) 28.5 (CH, ;.)» 26.4 (CH,_,,..), 25.7
(CH 25.7 (CH,_ ;) 24.1 (CH,).

c»Hex)’ 2c-Hex

2c»Hex)’ 2c-Hex

(4R,5S,E)-N-allyl-5-cyclohexyl-5-hydroxy-4-(((S)-1-
phenylethyl)amino)pent-2-enamide (6f): Obtained
using (S)-(-)-a-methylbenzylamine. 146mg (41%). 'H NMR
(400MHz, CDCL,): 8 7.34-7.19 (m, 5H, Ph), 6.70 (dd, J=15.5,
8.8Hz, 1H, CH=CHCO), 5.93-5.69 (m, 3H, CH=CHCONH,
CH=CH,), 5.27-5.13 (m, 2H, CH=CH,), 3.96 (t, J=5.7Hz, 2H,
CONHCH,), 3.77 (g, J=6.5Hz, 1H, CHPh), 3.28 (dd, J=7.6,
3.8Hz, 1H, CHOH), 3.08 (dd, /=8.8, 3.8 Hz, 1H, NHCHCH=),
2.31 (bs, 2H, OH, NH), 1.81-1.56 (m, 4H, cHex), 1.37-0.84 (m,
11H, cHex, CH,). 13C NMR (100 MHz, CDCL,): § 165.4 (CONH),
1449 (CH,CHC,, ), 141.2 (CH=CHCO), 134.2 (CH=CH,),
128.6 (CH, ), 127.2(CH,, ), 126.9 (CH, ), 126.6 (CH,, ),
126.5 (CH=CHCO), 1169 (CH=CH,), 78.2 (CHOH), 58.4
(NHCHCH=), 55.1 (CH,CHNH), 42.2 (NHCH,CH=CH,), 39.9
(CH, 10) 290 (CH,_ p.,)» 28.8 (CH,_ 1., 26.4 (CH,_ 1), 25.9
(CH, 10,)s 25-8 (CH,_;.), 25.1 (CH,).

c-Hex 2c-Hex

2c-Hex 2c-Hex

(4R,5S,E)-N-allyl-5-cyclohexyl-5-hydroxy-4-((2-
phenoxyethyl)amino)pent-2-enamide  (6g):  Obtained
using 2-phenoxyethylamine. 127 mg (34%). 'H NMR (400 MHz,
CDCl,): 6 7.31-7.23 (m, 2H, Ph), 6.98-6.88 (m, 3H, Ph), 6.76
(dd, J=15.6, 7.8Hz, 1H, CH=CHCO), 5.97 (d, J=15.8Hz, 1H,
CH=CHCO), 5.90-5.69 (m, 2H, CONH, CH=CH,), 5.27-5.11
(m, 2H, CH=CH,), 4.06 (t, J=5.1Hz, 2H, CH,OPh), 3.93 (bt,
J=5.4Hz, 2H, CONHCH),), 3.48-3.37 (m, 2H, CHOH, CHNH),
3.05-2.85 (m, 2H, NCH,), 2.57 (bs, 2H, OH, NH), 2.04-1.95
(m, 1H, CH ), 1.75-1.59 (m, 4H, cHex), 1.33-0.92 (m, 6H,
cHex). 3C NMR (100MHz, CDCL): & 165.2 (CONH), 158.7
(OC, ) 140.5 (CH=CHCO), 134.1 (CH=CH,), 129.7 (CH,, . ),
126.7 (CH=CHCO), 121.1 (CH, ), 116.9 (CH=CH,), 114.6

Arom

(CH, ), 76.6 (CHOH), 67.3 (CHOPh), 61.0 (NHCHCH=), 46.2
(NHCH,CH,0), 42.2 (NHCH,CH=CH,), 40.1 (CH_,,.), 29.7
(CH,_ ;1.0 28.8 (CH,_ ;. ), 26.5 (CH,_ ;. ), 25.9 (CH,_ ;. ), 25.7
(CHZC»He )

(4R,5S,E)-N-allyl-4-amino-5-cyclohexyl-5-hydroxypent-
2-enamide (6h): 1mmol of epoxy amide 5 was dissolved
in 10mL of NH, (33%wt aqueous solution). The reaction
mixture was stirred at 65°C overnight. Later, the mixture
was dispersed in methanol, the solvent was removed in
vacuo, and the crude was purified by flash chromatogra-
phy on basic alumina (CHCl,/MeOH 95:05) to afford 91 mg
of 6h (36%). '"H NMR (400 MHz, CDCL,): § 6.87 (dd, J=15.5,
6.7Hz, 1H, CH=CHCO), 6.34 (bt, J=5.8Hz, 1H, CONH),
6.01 (d, J=15.5Hz, 1H, CH=CHCO), 5.90-5.76 (m, 1H,

30f 11
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CH=CH,), 5.24-5.06 (m, 2H, CH=CH,), 3.92 (bt, J=5.8Hz,
2H, CONHCH,), 3.67-3.56 (m, 1H, CHOH), 3.31-3.22 (m, 1H,
CHNH,), 2.48 (s, 2H, OH, NH,), 1.960.81 (m, 11H, cHex). 13C
NMR (100 MHz, CDCL,): § 165.8 (CONH), 143.2 (CH=CHCO),
134.2 (CH=CH,), 124.9 (CH=CHCO), 116.7 (CH=CH,), 78.9
(CHOH), 54.0 (NHCHCH=), 42.2 (NHCH,CH=CH,), 40.5
(CH_ ;100 29-4 (CH,_ .,), 29.1 (CH,_yy. ), 26.4 (CH,_ ;. ), 26.0
(CH,_ 5. 25.8 (CH,_1..)-

c-Hex: 2c-Hex 2c-Hex:

2c-Hex

(4R,5S,E)-4-(Benzylamino)-5-cyclohexyl-5-hydroxy-
N-(4-(prop-2-yn-1-yloxy)phenethyl)pent-2-enamide
(8): Synthetized from epoxy amide 11 and benzylamine fol-
lowing the general procedure described for ligands 6a-6g.
290 mg (63%). 'H NMR (400 MHz, CDCL,): § 7.34-7.20 (m, 5H,
PhCH,NH), 7.12 (d, J=8.6 Hz, 2H, PhO), 6.92 (d, J=8.6Hz,
2H, PhO), 6.74 (dd, J=15.6, 8.2Hz, 1H, CH=CHCO), 5.87 (d,
J=15.6Hz, 1H, CH=CHCO), 5.76 (bt, J= 5.8 Hz, 1H, CONH),
4.66 (d, J=2.4Hz, 2H, CH,OPh), 3.76 (d, J=13.2Hz, 1H,
NHCH_CH_Ph), 3.68 (d, J=13.2Hz, 1H, NHCH_CHPh), 3.54
(g, J=6.7Hz, 2H, CONHCH,), 3.41 (dd, J=8.6, 3.5Hz, 1H,
CHOH), 3.36 (dd, J=8.1, 3.6 Hz, 1H, CHNH), 2.79 (t, J = 7.0 Hz,
2H, CH,PhO), 2.51 (t, J=2.4Hz, 1H, C=CH), 2.38 (bs, 2H,
OH,NH), 1.95 (bd,J=12.9Hz, 1H, CH_,,_), 1.75-1.50 (m, 4H,
c-Hex), 1.40-0.86 (m, 6H, c-Hex). *C NMR (101 MHz, CDCL,):
§ 165.4 (CONH), 156.4 (OC,. ), 140.6 (CH=CHCO), 139.7
(NHCH,C, ), 131.9 (CH,CH,C, ), 129.8 (CH, ), 128.6
(CH,,.),128.3(CH,, ), 127.3(CH, ), 126.7(CH=CHCO),
115.2 (CH,,,.), 78.7 (C=CH), 76.5 (CHOH), 75.6 (C=CH),
60.2 (NHCHCH=), 55.9 (OCH,C=), 51.0 (NHCH,Ph), 40.9
(NHCH,CH,Ph), 40.0 (CH_ ), 34.8 (NCH,CH,Ph), 29.5
(CH,_ 4p.,) 28.8 (CH ), 26.5 (CH ) 25.9 (CH,_ .0,
25.8 (CH,_ 11

Arom:

2c-Hex 2c-Hex

(4R,5S,E)-4-(benzylamino)-5-cyclohexyl-5-hydroxy-
N-(4-((1-(3-phenylpropyl)-1H-1,2,3-triazol-4-yl)me-
thoxy)phenethyl)pent-2-enamide (10): The terminal alkyne
8 (1mmol, 461 mg) and the azide 12 (1.1 mmol, 177 mg) were
dissolved in 4mL of tetrahydrofuran. Cul (0.2mmol, 38 mg)
and N,N-diisopropylethylamine (1.1 mmol, 0.19mL) were then
added, and the reaction was stirred for 12h. The reaction mix-
ture was diluted with ethyl acetate and washed with water. The
aqueous layer was extracted three times with ethyl acetate,
and the combined organic layers were washed with NH,Cl s.s.,
brine, and then dried over Na,SO,. The solvent was removed
in vacuo, and the crude product was purified by flash chroma-
tography (CHCL,/MeOH 96:04) to afford 342 mg (55%) of 10. 'H
NMR (400 MHz, CDCL,): §7.55 (s, 1H, C=CH-N-N=N), 7.31-7.10
(m, 12H, Ph), 6.92 (d, J=8.6Hz, 2H, PhO), 6.74 (dd, J=15.5,
8.1Hz, 1H, CH=CHCO), 5.92-5.79 (m, 2H, CH=CHCONH),
517 (s, 2H, PhOCH,), 4.33 (t, J=71Hz, 2H, CH,N-N=N),
3.76 (d, J=13.1Hz, 1H, NHCH,CH_Ph), 3.68 (d, J=13.2Hz,
1H, NHCHaCHﬁPh), 3.53 (g, J=6.7Hz, 2H, CONHCH,), 3.42
(dd, J=8.5, 3.4Hz, 1H, CHOH), 3.35 (dd, J=8.2, 3.3Hz, 1H,
CHNH), 2.78 (t, J=7.0Hz, 2H, CH,PhO), 2.64 (t, J=7.5Hz,
2H, CH,CH,Ph), 2.45 (bs, 2H, OH, NH), 2.30-2.18 (m, 2H,
CH,CH,Ph),1.96 (bd,J=12.8Hz,1H,CH_,_),1.75-1.51 (m, 4H,
c-Hex), 1.40-0.85 (m, 6H, c-Hex). 3C NMR (101 MHz, CDCL,):
8 165.4 (CONH), 157.0 (OC,,..), 144.3 (HC=C-N-N=N), 140.5
(CH=CHCO), 140.1 (CH,CH,CH,C,..), 139.6 (NHCH,C, ),
131.6 (NCH,CH,C, . ),129.9 (HC=C-N-N=N), 128.7 (CH,, . .),

128.7(CH, ),128.6(CH, ),128.5(CH, ), 128.5(CH

Arom Arom Arom Arom)’

128.3 (CH,,.). 127.3 (CH, ), 126.8 (CH=CHCO), 126.5
(CH,,,.)» 122.7 (CH, ), 1151 (CH,, ), 76.4 (CHOH), 62.2
(OCH,C=CH), 60.2 (NHCHCH=), 51.0 (NHCH,Ph), 49.7
(NCH,CH,CH,Ph), 41.0 (NHCH,CH,Ph), 40.0 (CH_,.,), 34.8
(NCH,CH,Ph), 32.5 (CH,CH,CH,Ph), 31.6 (CH,CH,CH,Ph),
29.5 (CH,_ ;.. )» 28.7 (CH,_,;.)» 26.4 (CH,_ ;. ), 25.9 (CH
257 (CH, 1.,)-

2c-Hex 2c-Hex 2c-Hex 2c-Hex)’

2.1.1 | Synthesis of Magnetite-Silica Core-Shell
Nanoparticles

Mohr salt (NH,),Fe(SO,),-6H,0) (3.82mmol, 1.5g), Fe,(SO,),
(3.82mmol, 1.5g), and polyvinylpyrrolidone (PVP) (19 mmol,
2.12g) were dissolved in 200mL of water. The Fe?*/Fe3* solu-
tion thus prepared was filtered and added into a filtered solution
of 19mmol (2.12g) of PVP and 150mL of NH, (33wt % aque-
ous solution) in 500 mL of water under mechanical stirring and
continuously flowing argon gas. The solution was reacted for
30min at room temperature, and then it was heated to 80°C for
30min. After cooling down the reaction mixture, the product
was separated by magnetic decantation and dialyzed overnight.
The magnetite nanoparticles were dispersed in 30 mL of water
by sonication, and a solution of 0.4mL of tetraethylortosilicate
(TEOS) and 3.25mL of NH, (33wt % aqueous solution) in 150 mL
of 2-PrOH were added dropwise under vigorous mechanical stir-
ring. The reaction was stirred at room temperature for 3h, and
the product was separated by magnetic decantation and repeat-
edly washed with 2-PrOH and water. The as-synthesized silica-
coated magnetite nanoparticles were stored in 20mL of water.
Obtained: 770 mg. FTIR (neat/v cm™1): 3341 (v O-H), 1634, 1049
(v Si-0), 965, 813, 551 (8 Fe-O-Fe).

2.1.2 | Synthesis of 3-Azidopropyltrimethoxysilane

In a flame-dried pear-shaped flask, 4.5mmol (0.88mL) of
3-iodopropyltrimethoxysilane were dissolved under an inert
atmosphere in 15mL of anhydrous dimethyl sulfoxide. NaN,
(9mmol) was added, and the reaction was stirred at 60°C for
12h. A 10mL solution of hexane was injected under argon gas,
and the mixture was vigorously stirred for 1h. The hexane
layer was then collected via cannula, and this procedure was
repeated twice. The combined hexane layers were concentrated
in vacuo under an inert atmosphere to give 766 mg of the prod-
uct (83%). 'H NMR (300 MHz, CDCL): § 3.57 (s, 9H, OCH, x3),
3.26 (t, 2H, J=7.0Hz, N,CH,), 1.71 (m, 2H, CH,CH,Si), 0.69
(m, 2H, CH,CH,Si). 13C NMR (75MHz, CDCL,): § 54.0 (OCH,,),
50.8 (CH,N,), 22.7 (CH,CH,Si), 6.5 (CH,CH,Si). FTIR (neat/v
cm™): 2941 (v C-H), 2840 (v C-H), 2092 (b N,), 1080 (v Si-O),
809 (v Si-C).

2.1.3 | Surface Modification with Azidosilane

Silica-coated magnetite nanoparticles (750mg) were dis-
persed in 36mL of deionized water. A solution of 2.6 mL of
3-azidopropyltrimethoxysilane in 80mL of EtOH was added
under mechanical stirring. A 64uL solution of NH, (33wt %
aqueous solution) was added, and the reaction was mechan-
ically stirred for 3h. The product was separated by magnetic
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decantation and repeatedly washed with 2-PrOH and water.
The azido-modified silica-coated magnetite nanoparticles
were stored in 20mL of water. Obtained: 558 mg. Loading:
0.17mmol/g calculated by elemental analysis: N, 0.71%; C,
0.82%. FTIR (neat/v cm™): 3394 (v O-H), 2928, 2868, 2097 (v
N,), 1627, 1444, 1049 (v Si-0), 807, 559 (5 Fe-O-Fe).

2.1.4 | End-Capping of the Free Silanols 9

Azido-functionalized silica-coated magnetic nanoparticles
(390mg) were dispersed in 10mL of toluene. A solution of
9.5mmol (2mL) of hexamethyldisilazane in 8 mL of toluene was
then added under mechanical stirring. The solution was heated
to 110°C and stirred at this temperature for 3h. The product was
separated by magnetic decantation and repeatedly washed with
toluene and acetone. The dispersibility of the as-synthesized
nanoparticles in organic solvents appeared remarkably in-
creased. The silylated azido-modified silica-coated magnetite
nanoparticles were stored in 20 mL of toluene. Obtained: 480 mg.
Elemental analysis: N, 0.62%; C, 1.73%. FTIR (neat/v cm™'): 3421
(v O-H), 2948, 2094 (v N,), 1627, 1444, 1260, 1030 (v Si-0), 846,
800, 551 (8 Fe-O-Fe).

2.1.5 | Immobilization via Click Reaction 7

The azido-functionalized silica-coated magnetic nanoparti-
cles 9 (150mg) were dispersed in 10mL of THF. The terminal
alkyne 8 (0.3mmol, 140mg) and Cul (0.09 mmol, 19mg) were
added under mechanical stirring. A 0.4mL solution of N,N-
Diisopropylethylamine was injected dropwise into the mixture,
and the reaction was mechanically stirred for 72h at room tem-
perature. The product was separated by magnetic decantation
and repeatedly washed with tetrahydrofuran and then with
NH,CI s.s., water, acetone, and toluene. The functionalized
silica-coated magnetite nanoparticles were stored in 20mL of
2-propanol. Obtained: 384 mg. Loading: 0.12 mmol/g calculated
by elemental analysis: N, 0.85%; C, 4.84. FTIR (neat/v cm™):
3421 (v O-H), 2934, 2849, 1510, 1056 (v Si-0), 551 (5 Fe-O-Fe).

2.2 | General Procedure for the Asymmetric
Transfer Hydrogenation of Aromatic Ketones
Catalyzed by Ligands in Homogeneous Phase

Procedure A: To a solution of [Ru(p-cymene),Cl,], (0.005mmol,
3mg) in 4mL of degassed anhydrous 2-PrOH, 0.04mmol of
amino alcohol ligand were added, and the mixture was stirred
at the reflux temperature for 30 min. Later, the mixture was left
to cool at room temperature, and 30mL of anhydrous 2-PrOH
and a solution of acetophenone (1 mmol, 0.117mL) in 10mL of
2-PrOH were added. Finally, a freshly prepared 1.0M solution
(1mL) of KOH in 2-PrOH was added, and the reaction mixture
was stirred at room temperature for 5days. Later, the reaction
mixture was neutralized with 10 drops of HCl 1.0M and con-
centrated at reduced atmosphere. Then, water is added, and the
aqueous layer was extracted with ethyl acetate three times. The
combined organic layers were washed with brine and dried over
Na,SO, s.s. The solvent was removed in vacuo, and the crude
product was purified by flash chromatography (Hex/AcOEt 8:2).

Procedure B: To a solution of [Ru(p-cymene),Cl,], (0.01mol,
6mg) in 5mL of degassed anhydrous 2-PrOH, 0.03mmol of
amino alcohol ligand were added, and the mixture was stirred
at the reflux temperature for 30 min. Later, the mixture was left
to cool at room temperature, and a solution of aromatic ketone
(Immol) in 2mL of anhydrous 2-PrOH was added. Finally, a
freshly prepared 0.08 M solution (1 mL) of KOH in 2-PrOH was
added, and the reaction was stirred at room temperature for
4days. Later, 10 drops of HCI 1.0M were added, and the mix-
ture was concentrated at reduced atmosphere. Then, water was
added to the mixture, and the aqueous layer was extracted with
dichloromethane three times. The combined organic layers were
washed with brine and dried over Na,SO, s.s. The solvent was
removed in vacuo, and the crude product was purified by flash
chromatography (Hex/AcOEt 8:2).

2.3 | General Procedure for the Asymmetric
Transfer Hydrogenation of Phenones Catalyzed by
Functionalized Magnetic Nanoparticles

To a solution of 128 mg of magnetic nanoparticles 7 (0.022 mmol
of amino alcohol ligand) in 3.6mL of degassed anhydrous 2-
PrOH, NH3 and 0.007mol of [Ru(p-cymene),Cl,], (4mg) were
added, and the mixture was mechanically stirred at the reflux
temperature for 30 min. Later, the mixture was left to cool at room
temperature, and a solution of aromatic ketone (0.725 mmol) in
1.4mL of anhydrous 2-PrOH was added. Finally, a freshly pre-
pared 0.08 M solution (0.73mL) of KOH in 2-PrOH was added,
and the reaction was stirred at room temperature for 4days.
The reaction vessel was placed over an external magnet until
the reaction mixture became transparent, and the solution was
separated from the nanoparticles. Seven drops of HC1 1.0 M were
added, and the supernatant was concentrated at reduced atmo-
sphere. Then, water was added to the mixture, and the aque-
ous layer was extracted with dichloromethane three times. The
combined organic layers were washed with brine and dried over
Na,SO, s.s. The solvent was removed in vacuo, and the crude
product was purified by flash chromatography (Hex/AcOEt 8:2).
The recovered nanoparticles were repeatedly washed with 2-
PrOH and then stored in 5mL of anhydrous 2-PrOH.

The optical configurations of final alcohols were determined
by comparison of the retention times on HPLC chromatograms
with the literature values.

(S)-1-Phenylethanol (4a) [24]: 120mg, 91%; ee=65% (HPLC:
Chiralpak IB, Hex/2-PrOH 98:2, 0.9 mL/min, A 220nm, minor
11.5min and major 13.4min). '"H NMR (400MHz, CDCL,): §
7.37-7.24 (m, 5H, Ph), 4.83 (q, J=6.5Hz, 1H, CHOH), 2.83 (s, 1H,
OH), 1.46 (d,J=6.5Hz, 3H, CH,). *C NMR (100 MHz, CDCL,): §
146.3, 128.8, 127.7, 125.8, 70.5, 25.5.

(S)-1-(2-Bromophenyl)ethanol (4b) [24]: 194mg, >95%;
ee=24% (HPLC: Chiralpak IB, Hex/2-PrOH 99:1, 1.0mL/min, A
220nm, minor 11.4 min and major 12.1 min). '"H NMR (400 MHz,
CDCL,): 8 7.57 (d, J=7.7Hz, 1H, Ph), 7.50 (d, J=7.9 Hz, 1H, Ph),
7.32 (t, J=7.5Hz, 1H,, Ph), 7.11 (t, J=7.2Hz, 1H,, Ph), 5.21 (g,
J=6.3Hz, 1H, CHOH), 2.44 (s, 1H, OH), 1.46 (d, J=6.4Hz,
3H,CH3). 13C NMR (100MHz, CDC13): 6 145.0, 133.0, 129.1,
128.2,127.0,122.0, 69.5, 23.9.
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1-(3-Bromophenyl)ethanol (4c): ee 54% (HPLC: Chiralpak
IF, Hex/2-PrOH 98:2, 1 mL/min, A 220nm, minor 11.5min and
major 12.8 min). '"H NMR (400MHz, CDCl,) § 7.53-7.49 (m, 1H,
Ph), 7.38 (dt, J="7.8, 1.6 Hz, 1H, Ph), 7.28-7.24 (m, 1H, Ph), 7.19
(t,J=7.7Hz, 1H, Ph), 4.82 (q, J=6.5Hz, 1H, CHOH), 2.33 (s, 1H,
OH), 1.45 (d, J=6.5Hz, 3H, CH,). *C NMR (101MHz, CDCl,) §
148.2, 130.5, 130.2, 128.6, 124.1, 122.7, 69.8, 25.3.

1-(4-Bromophenyl)ethanol (4d): 121mg, 60%; ee=50%
(HPLC: Chiralpak IC, Hex/2-PrOH 99:1, 1.2mL/min, A 220nm,
minor 12.0 min and major 13.0 min). "H NMR (400 MHz, CDCL,):
8 7.45 (d, J=8.5Hz, 2H, Ph), 7.22 (d, J=8.6 Hz, 2H, Ph), 4.83 (q,
J=6.4Hz,1H, CHOH), 2.20 (bs, 1H, OH), 1.44 (d, J=6.5Hz, 3H,
CH3). 13C NMR (100MHz, CDC13): 6 145.1, 131.7, 127.5, 121.5,
70.1, 25.5.

1-(o-Tolyl)ethanol (4e): ee 22% (HPLC: Chiralpak IF, Hex/2-
PrOH 98:2, 1mL/min, A 220nm, minor 10.9min and major
12.5min). '"H NMR (400MHz, CDCL,): § 7.51 (dd, J=7.6, 1.7Hz,
1H, Ph), 7.27-7.11 (m, 3H, Ph), 5.12 (q, J=6.4Hz, 1H, CHOH),
235 (s, 3H, PhCH,), 1.96 (s, 1H, OH), 1.47 (d, J=6.4Hz, 3H,
CH,). 3C NMR (101 MHz, CDCL,): § 144.0, 134.3, 130.5, 127.3,
126.5,124.6, 66.9, 24.0, 19.0.

(S)-1-(m-Tolyl)ethanol (4f) [24]: ee 59% (HPLC: Chiralpak
1B, Hex/2-PrOH 98:2, 1mL/min, A 220nm, minor 9.0 min
and major 10.9min). 'H NMR (400MHz, CDCL): & 7.25
(t, J=7.5Hz, 1H, Ph), 7.18 (t, J=8.0Hz, 2H, Ph), 7.10 (d,
J=7.5Hz, 1H, Ph), 4.86 (q, J=6.5Hz, 1H, CHOH), 2.37 (s,
3H, PhCH,), 1.99 (s, 1H, OH), 1.49 (d, J=6.5Hz, 3H, CH,).
BBCNMR (101 MHz, CDCIS): 6145.9,138.2,128.5,128.3,126.2,
122.5, 70.5, 25.2, 21.6.

(S)-1-(p-Tolyl)ethanol (4g) [24]: 41 mg, 30%; ee=62% (HPLC:
Chiralpak IA, Hex/2-PrOH 98:2, 1.0mL/min, A 220nm, minor
11.3min and major 12.0min). '"H NMR (400MHz, CDCL,): §
7.27 (d, J=8.0Hz, 2H, Ph), 7.17 (d, J=7.9Hz, 2H, Ph), 4.85 (q,
J=6.4Hz, 4H, CHOH), 2.37 (s, 3H, PhCH,,), 2.19 (bs,1H, OH),
1.48 (d, J=6.5Hz, 3H, CH3). 13C NMR (100MHz, CDC13): )
143.3,137.4,129.5,125.7, 70.5, 25.4, 21.4.

(S)-1-(3-Methoxyphenyl)ethanol (4h) [24]: ee=69% (HPLC:
Chiralpak IB, Hex/2-PrOH 98:2, 1.0mL/min, A 280nm, minor
16.6 min and major 19.6 min)."H NMR (400MHz, CDCl,): § 7.26
(t, J=8.1Hz, 1H, Ph), 6.96-6.91 (m, 2H, Ph), 6.81 (ddd, J=8.2,
2.5,1.1Hz, 1H, Ph), 4.86 (g, J=6.5Hz, 1H, CHOH), 3.81 (s, 3H,
OCH,), 2.01 (s, 1H, OH), 1.48 (d, J=6.5Hz, 3H, CH,). 3C NMR
(101 MHz, CDC13): 6159.9, 147.7, 129.6, 117.8, 113.0, 111.0, 70.4,
55.3,25.3.

(S)-1-Phenylpropan-1-ol (4i) [21]: 132mg, >95%; ee=44%
(HPLC: Chiralpak IB, Hex/2-PrOH 98:2, 0.9 mL/min, A 220nm,
minor 10.1 min and major 11.2min). '"H-NMR (400 MHz, CDCL,):
§ 7.38-7.23 (m, 5H, Ph), 4.58 (t, 1H, J=6.7Hz, CHOH), 2.10 (bs,
1H, OH), 1.88-1.68 (m, 2H, CH,CH,), 0.92 (t, 3H, J=7.4Hz,
CH,). *C NMR (100MHz, CDCL,): 6 144.7, 128.5, 127.6, 126.1,
76.1, 32.0, 10.2.

(R)-(4-Nitrophenyl)(phenyl)methanol (4j) [25]: 195mg,
85%; ee=56% (HPLC: Chiralpak IA, Hex/2-PrOH 90:10,
0.8mL/min, A 280nm, minor 15.9min and major 13.6 min). 'H

NMR (400MHz, CDCL,): & 8.16 (d, J=8.8Hz, 2H, Ph), 7.55 (d,
J=8.5Hz, 2H, Ph), 7.40-7.27 (m, 5H, Ph), 5.89 (s, 1H, CHOH),
2.58 (bs, 1H, OH). *C-NMR (100MHz, CDCL,): § 151.1, 147.5,
143.0, 129.3, 128.7, 127.4, 127.0, 124.0, 75.8.

3 | Results and Discussion

We tested ligand 1 in the reduction of acetophenone 3a using
[Ru(p-cymene),Cl,], as metal catalyst, often used in this re-
action with excellent results, and KOH as base in isopropa-
nol as solvent and hydrogen donor. Unfortunately, ligand 1
was completely ineffective in the reaction, leading to racemic
2-phenylethanol 4a in poor yield (15%). This result supports the
observation of Noyori's group, the first to study the employment
of amino alcohols as chiral ligands in the ATH of ketones, test-
ing various ephedrine-type ligands. In their case, ligands with a
tertiary amino group were totally ineffective, and they proposed
a peculiar mechanism, the “NH effect,” to explain the experi-
mental evidence [26]. To verify whether in our case the absence
of at least one hydrogen in the amino group led 1 to be ineffi-
cient as a ligand for the reaction, we decided to replace morpho-
line residue with a secondary amino group. The introduction of
the amino group is the last step of the ligand 1 synthesis; thus,
through the simple aminolysis of epoxy amide 5, it was easy to
synthetize several other amino alcohol ligands 6, which vary in
the steric hindrance and unsaturation of the substituent R in the
amino group (Scheme 2).

All ligands were tested in the asymmetric transfer hydrogenation
of acetophenone using [Ru(p-cymene),ClL |, as the metal catalyst
and 2-propanol as the solvent (Table 1). The first procedure used,
the same followed for the test with ligand 1, involved a highly di-
luted substrate solution and a very small amount of Ru complex
(0.5mol%), which led to a very low yield and a moderate asymmet-
ric induction using ligand 6a (Entry 1), but with ligand 6b, there
was no conversion of acetophenone (Entry 2). Choosing a proce-
dure that concerned a more concentrated acetophenone solution
in 2-propanol and a higher amount of ruthenium catalyst, the al-
cohol product was collected quantitatively in 4days, but asymmet-
ric induction was not affected (Entry 3). This new procedure also
allowed determination of the catalytic activity of ligand 6b (Entry
4), which was slightly lower than that of 6a. We tried to change the
base using potassium tert-butoxide in place of KOH, but that led to
a decrease of asymmetric induction (Entries 5 and 7). Ligand 6c

o o) OH o)
NN g NN
H = HN H
5 ‘R 6
6d:R=/\/© o
F G
R 6g: R= \©

6a: R= \O
6b: R= ~~F 6e: R= /\E:|
6h: R=H
6f: R= /'\©

6c: R= /\©

SCHEME 2 | RNH,, LiClO4, CH3CN dry, 55°C, 31% for 6a, 40% for
6b, 74% for 6¢, 73% for 6d, 85% for 6e, 41% for 6f, 34% for 6g; NH,, 65°C,
36% for 6h.
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TABLE1 | Catalytic tests on the ATH of acetophenone with ligands 6a-6h.

? [Ru(p-cymene),Clyl, o
©)’k 6, Base ©)\
3a 2-PrOH 4a

Entry Ligand Ru % Base Conversion (%)? ee (%)°
1¢ 6a (4%) 0.5 KOH, 10% 17 44
20 6b (4%) 0.5 KOH, 10% — —
3d 6a (6%) 3 KOH, 24% 71 43
4d 6b (6%) 3 KOH, 24% >95 37
5d 6a (6%) 3 tBuOK, 24% >95 29
64 6c (6%) 3 KOH, 24% >95 62
74 6c (6%) 3 tBuOK, 24% 90 47
8d 6c (6%) 0.5 KOH, 24% 20 60
9d 6c (6%) 1 KOH, 24% 50 65
104 6c (3%) 1 KOH, 24% 91 65
114 6d 3%) 1 KOH, 24% >95 54
124 6e (3%) 1 KOH, 24% 20 rac
134 6f (3%) 1 KOH, 24% 42 58
144 6g (3%) 1 KOH, 24% 25 63
154 6h (3%) 1 KOH, 24% 90 35

2Determined by NMR analysis.

"Determined by chiral HPLC analysis.

°Reaction conditions: 3a (0.025 mmol/mL), 6days, r.t.

dReaction conditions: 3a (0.1 mmol/mL), 4days (except entry 9, 3days), r.t.

showed the higher catalytic efficiency in terms of ee, and this was TABLE2 | Catalytic tests on other aromatic ketones with ligand 6¢2.

maintained even decreasing both the ligand and catalyst amounts
(Entries 8-10): Using 3% of ligand and 1% of the ruthenium com-
plex, 91% of yield and 65% of ee were obtained. The Ru/ligand ratio
seemed highly important for the rate of reaction, probably because
of saturation phenomena on the metal center. Given the good re-
sults with 6¢, and a hypothesis that displacing the phenyl group
might increase the effectiveness of coordination for the asymmet-
ric induction, we then synthesized ligand 6d. However, synthesis
of ligand 6d did not lead to a higher ee (Entry 11). On the other
hand, ligand 6g was designed for increasing the number of coor-
dination centers, in hopes that a three-dentate ligand would have
been more efficient. Unfortunately, whereas the asymmetric in-
duction with ligand 6g was similar to those of other ligands, its cat-
alytic activity in terms of yield was very low (Entry 14). This could
be attributed to an excessive coordination of metallic catalyst by
the ligand, slowing down its interaction with the substrate. Our
lack of satisfaction with these results led us to attempt improve-
ment of the asymmetric induction introducing a chiral amine in
the catalytic site. Thus, we opened epoxide 5 with the (R)- and (S)-
enantiomers of a-methylbenzylamine, which might have induced
asymmetry in a different way. Actually, the enantiomers behave
differently: Whereas ligand 6f showed almost the same asym-
metric induction of ligand 6c but a lower catalytic activity, ligand
6e did not show any asymmetric induction, together with poor

[Ru(p-cymene),Cl,], (1 %mol)

o 6¢ (lic';/onol)
RAED)L R 2-PrOH R©/L R
Conversion ee

Entry R R’ (%) (%)¢ Product
1 2-Br Me >95 24 4b
2 3-Br Me >95 54 4c
3 4-Br Me 60 50 4d
4 2-Me Me 20 22 4e
5 3-Me Me 25 59 af
6 4-Me Me 30 62 4g
7 3-OMe Me >95 69 4h
4 H Et >95 44 4i
5 H 4-NO,Ph 85 56 4j

2All experiments were performed under identical conditions: 4 days, r.t.
"Determined by NMR analysis.
‘Determined by chiral HPLC analysis.
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catalytic activity (Entries 12 and 13). We also tried to introduce a
primary amino group in the catalytic site, in an effort to obtain a
tighter complexation between the ligand and ruthenium, and sub-
sequently improved Re,Si-face discrimination for the hydride at-
tack. However, unfortunately, that hypothesis was incorrect, and
ligand 6h provided product 4a with merely a discrete ee (Entry 15).

\
/SI\O\/,
OH o) 0 \
SRR SN 2 (e
N BEN N\
NH o 4
7 —sio
7\
\
: \
N
N 0
" )
—Sio
7\

SCHEME 3 | Immobilization strategy for catalyst 7.

FIGURE 1 | SEM image of functionalized silica-coated magnetite
nanoparticles 7.

Having found 6c to be the best ligand, we proceeded to verify its
catalytic efficiency in the reduction of other aromatic ketones,
variously substituted in the aromatic ring or in the o position
(Table 2). Unfortunately, its catalytic efficiency was highly influ-
enced by the ketone substituents. The use of the methyl group, as
EDG, decreased the yield (Entries 4-6), but the use of the bromide

TABLE 3 | Catalytic tests on different aromatic ketones with ligand
10°.

[Ru(p-cymene),Cl;], (1 %mol)
o 10 (3 %mol)

KOH OH
RE : R 2-PrOH R{j/'\ R
Conversion

Entry R R’ (%)® ee %° Product
1 H Me >95 65 4a

2 3-Br Me >95 49 4c

3 3-OMe Me >95 68 4h

4 H Et >95 46 4i

5 H 4-N02Ph 85 51 4j

2All experiments were performed under identical conditions: 4 days, r.t.
"Determined by NMR analysis.
‘Determined by chiral HPLC analysis.
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SCHEMES5 | a:Cul, DIPEA, THF, r.t., 72h, 0.12mmol/g.

O
\

Benzylamine

/\/©/ _tco,
CH,CN, 55 °C, 12h

o
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SCHEME 4 | Synthesis of both anchorable ligand 8 and homogeneous phase analogue 10.
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TABLE 4 | Catalytic tests on different aromatic ketones with catalyst 7%,

[Ru(p-cymene),Cl,], (1 %mol)

R TR 2-PrOH ©/L R
=

Entry Cycle R R’ Conversion (%) ee %° Product
1 I H Me 60 63 4a

2 11 H Me 58 61 4a

3 111 H Me 55 59 4a

4 v H Me 31 29 4a

5 I 3-Br Me 62 40 4c

6 1 H 4—N02Ph 51 45 4j

2All experiments were performed under identical conditions: 4days, r.t.
YDetermined by NMR analysis.
‘Determined by chiral HPLC analysis.

in para position unexpectedly did as well (Entry 3). Conversely,
the use of the methoxy group did not lead to the same inactivation
of ketone, and product 4h was obtained with a quantitative yield
(Entry 7). The decreasing yield in the case of 4-nitrobenzophenone
was attributed to the scarce solubility of the substrate in the re-
action solvent (Entry 5). Asymmetric induction seemed to have
been affected largely by steric effects; in fact, ketones with ortho-
substituents led to poor enantioselectivities. As already observed,
electronic effects affected the stereoselection: EWG decreased the
enantioselectivity, whereas EDG enhanced it.

3.1 | Ligand Immobilization Onto Nanomaterials

As catalyst 2 is the heterogeneous version of ligand 1, showing
the same catalytic efficiency in the Henry reaction, we designed
catalyst 7 as the heterogeneous version of ligand 6c (Scheme 3),
which can be synthetized by a click reaction between amino
alcohol 8 and azido-functionalized silica-coated magnetite
nanoparticles 9, a well-known strategy for functionalization
of nanomaterials [27, 28]. The nanoparticles’ morphology was
investigated by means of scanning electron microscope (SEM)
measurements. Figure 1 shows the functionalized silica-coated
magnetic nanoparticles of about 20 nm. Before immobilizing the
new ligand onto the nanoparticles, a homogeneous phase an-
alogue of catalyst 7, ligand 10, was synthesized and evaluated
in homogeneous phase catalysis tests to verify that the intro-
duced aromatic and triazole groups would not affect the cata-
lytic efficiency. To this purpose, epoxy amide 11 was subjected
to aminolysis with benzylamine to obtain amino alcohol 8. The
latter underwent click reaction with (3-azidopropyl)benzene 12
(Scheme 4).

Once obtained, ligand 10 was evaluated in the ATH of ketones
with the best results in terms of both yield and ee (Table 3). As
for our previous work, even in the case of ATH the homogeneous
phase analogue 10 showed the same catalytic activity of ligand
6¢ in most cases, whenever the introduction of linker in the
amidic moiety did not affect enantioselectivity. Only products 4c

and 4j were obtained with a slightly lower ee than those obtained
with ligand 6c, due perhaps to steric hindrance of substituents.

At this point, we immobilized chiral amino alcohol 8 into azido-
functionalized silica-coated magnetite nanoparticles 9 through
a Cul-catalyzed alkyne-azide cycloaddition (Scheme 5).
Nanostructured catalyst 7 was obtained with a 0.12mmol/g
loading, determined by elemental analysis (See experimental
section). In fact, FTIR spectra (see Supporting Information S4)
showed the complete disappearance of azido group absorption,
confirming the quantitative functionalization. So, the N w/w %
value is totally related to the organic moiety of 7, and it is diag-
nostic for the loading.

Finally, we performed the heterogeneous phase tests with
nanostructured catalyst 7 on some aromatic ketones (Table 4).
Although catalyst 7 has proved to maintain a significant cata-
lytic efficiency in the ATH, the results are rather worse than the
homogeneous counterpart, especially in terms of conversion.
Evidently, working in the heterogeneous phase, the accessibil-
ity of catalytic sites from reagents appears to be considerably
decreased.

Moreover, the recyclability of the superparamagnetic nanocat-
alyst 7, which is easily recovered by magnetic decantation and
subsequent washing, was proved by its catalytic activity having
remained almost unchanged for the first three catalytic cycles.

Unfortunately, the fourth cycle resulted in a marked decrease in
efficiency, the causes of which are under investigation.

4 | Conclusion

Given the efficiency of the anchorable amino alcohol 1 already
reported in the enantioselective addition of diethylzinc and ni-
tromethane to different aldehydes in the homogeneous phase,
the extension of its capability in the asymmetric transfer hydro-
genation of ketones was carried out.
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After examining different amino residues and testing the
synthesized ligands in the ATH of acetophenone with [Ru(p-
cymene),Cl,], as the catalyst, ligand 6c showed the best cata-
lytic activity.

Its catalytic efficiency remained quite good also in the reduc-
tion of other aromatic ketones, although a strong dependence on
the ketone substituents was observed. Finally, the chiral amino
alcohol 8, the anchorable derivative of ligand 6c, has been im-
mobilized into azido-functionalized silica-coated magnetite
nanoparticles. The nanocatalyst obtained (7) continues to ex-
hibit a moderate catalytic efficiency in the ATH, that remains
unchanged in the three catalytic cycles performed, even if rather
worse than that of the homogeneous counterpart.
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