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A new catalytic heterogeneous system, very efficient and highly reusable, for the preparation of enantioenriched
secondary alcohols through the addition of diethylzinc to benzaldehyde has beendeveloped. This system is based
on a chiral bis(hydroxyamide) ligand supported on crosslinked polystyrene. The catalyst has been shown to be
very efficient, leading to the corresponding secondary alcohol with an enantiomeric excess of 93% in a time as
short as 2 h and using just 4% of the heterogeneous catalyst and just 1.5 equivalents of the organozinc reagent.
We have demonstrated that the new catalyst is very stable and can be efficiently recycled with no decrease in
yield or enantioselectivity. The presented system has an unquestionable interest for the potential transfer of
the reaction to the industry by using catalytic fluidized-bed reactors.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

Chiral secondary alcohols are key intermediates for the preparation
of socio-economically valuable natural and non-natural products with
biological activity, including drugs, and new materials with interesting
physicochemical properties [1–4]. These intermediates are usually pre-
pared in the industry by asymmetric reduction of ketones, either with
chiral boranes or by chiral hydrogenation based on Noyori asymmetric
hydrogenation [5–13]. However, the first option produces large
amounts of borane waste and the second one requires expensive and
non-environmentally friendly metal-ligand combinations. In this
sense, the enantioselective addition of organozinc reagents to aldehydes
[14–24] offers a very interesting alternative, with the advantages that a
new C\\C bond is created at the same time and that only a catalytic
amount of a more environmentally friendly zinc complex is needed. Be-
cause of the relevance of thementioned reaction, a large effort has been
devoted to the development of ligands able to promote the addition
enantioselectively. However, the most efficient ligands needed for this
reaction are usually synthetically elaborated (and thus very expensive).
In addition, because many of them are relatively unstable (most are
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amino alcohols), they cannot be recovered from the reaction medium
and reused in further reactions. These two facts have hampered the
transfer of the reaction to the industry, despite its big interest.

A possible solution for the implementation of this reaction in the in-
dustry is the immobilization of chiral ligands or catalysts by covalently
anchoring them onto an insoluble polymeric matrix (heterogenization)
[20,25–30]. The heterogeneous catalysts offer very interesting advan-
tages for the industry, such as improved operation and control of the in-
dustrial process; easy separation of the catalyst after the reaction and
possibility of recycling and reusing it, a key issue for sustainability; im-
portant savings in solvents, energy and labor time; minimization of cat-
alyst-derived toxic traces in the product (e.g., metals); improved
stability and in special cases, improved activity, including selectivity
[31–33]. All these advantages help improving the economic and envi-
ronmental sustainability of the process, therefore being critical to the in-
dustry [25–27,34–39].

Among all the possible solid supports, crosslinked polystyrene (PS)
is the most commonly used polymer because of its availability, low
price, functional group compatibility for the reaction, easy
functionalization, and so on [40–47]. In this sense,many efficient homo-
geneous ligands have been successfully anchored onto PS to provide ef-
ficient heterogeneous ligands that could be reused several times [32,48,
49]. However, the development of a polymer-supported catalyst is not
trivial. In many cases, the catalyst efficiency can be diminished by the
polymeric matrix, particularly in that concerning the reaction rate,
which is usually negatively affected by the well-known diffusion-rate
effect in heterogeneous processes, with the corresponding adverse in-
fluence in the process economy [25–27,34,35,40–44].
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Some research groups have made interesting works on designing
flow reactors including these heterogeneous catalysts [49,50]. Flow re-
actors are a very attractive solution for the transfer of asymmetric cata-
lytic reactions to the industry, because they improve mass and heat
transfer; entail a significant intensification of the process, making avail-
able systems working 24 h a day, 7 days a week; and allow easier opti-
mization through the adjustments of simple parameters such as flow,
pressure, and temperature [51–54]. However, they often have a com-
plex design and use: they need a high amount of catalyst, and, more-
over, they are subjected to frequent flow obstructions produced by the
formation of salts during the reaction or by decomposition of the cata-
lyst. Therefore, this kind of reactors requires highly stable catalysts.
These drawbacks of the flow reactors are the reason for their more lim-
ited use at industrial scale than the catalytic fluidized-bed reactors,
where the solid is suspended in the fluid, with a continuousmovement,
and thus avoiding flow obstructions [55,56].

Among the various reported ligands for the enantioselective addi-
tion of organozinc reagents to aldehydes, chiral hydroxyamides [57]
are very attractive, mostly because of two advantages: (1) they can be
easily prepared by straightforward coupling reactions (amidation) of
cheap starting materials (e.g., hydroxy acids and amines, or acids and
amino alcohols), which can be obtained enantiopure from the Chiral
Pool and (2) this functional group combination is much more stable
than the amino alcohol combination, commonly used for the said reac-
tion. Among all the chiral hydroxyamides, the ones derived from
ketopinic acid (e.g., 1 in Fig. 1) must be outlined [58]. These ligands, de-
veloped by us from a seminal result early reported by Oppolzer [59–61],
have the advantages of easy preparation from commercial (1S)-
ketopinic acid (an enantiopure starting material derived from renew-
able natural camphor), high enantioselective efficiency [62], and tun-
able enantioselectivity reversal [63].

Our group took advantage of the high chemical stability of the amide
functional group for the design and development of PS-supported
bis(hydroxyamide) 3 (Fig. 1). This heterogeneous ligand was obtained
by anchoring bis(hydroxyamide) 2 to a crosslinked PS. Heterogeneous
3was proven to be a cheap, long-life and highly reusable supported sys-
tem for the enantioselective addition of organozincs to aldehydes in the
absence of titanium (greener organozinc catalysis) at room temperature
(energy-saver process) [64]. Unfortunately, a negative effect on the re-
action rate was observed when heterogenizing the ligand: the reaction
time increased from 1 h for the homogeneous reactions (catalyzed by 1
or by2) to 20h for the heterogeneous reaction (catalyzed by 3) [64].We
attribute this effect to the low diffusion rates of the substrate and the re-
actant through the PS chain to reach the catalytic sites. Thus,we thought
that this adverse effect could be diminished in new PS-supported
bis(hydroxyamides)where the key structure of 2 (indeed, the function-
al moiety) was located further away from the supportingmatrix, there-
by enhancing the rate of reactants to reach the catalytic sites (see Fig. 1).

Thus, with regard to our previouswork in this area, hereinwe report
an important improvement in the catalytic efficiency (reaction rate en-
hancement with no loss of enantioselectivity) for PS-supported
ketopinic acid-derived bis(hydroxyamides) and the structural factors
Fig. 1. Development of polystyrene-supported (PS-supported) hydroxya
controlling it. The catalytic behavior of the designed functional poly-
mers has been investigated for the enantioselective ethylation of benz-
aldehyde as the test reaction.

2. Experimental

2.1. Materials and instrumentation

Common solvents were dried and distilled by standard procedures.
All starting materials and reagents were obtained commercially and
used without further purifications. Flash chromatography purifications
were performed on silica gel (230–400 mesh ASTM). Melting points
were uncorrected. NuclearMagnetic Resonance (NMR) spectrawere re-
corded at 20 °C and the residual solvent peaks were used as the internal
standards. FTIR spectra were obtained using the thin-layer technique.
GC analyses were performed at 120 °C in a chromatograph equipped
with a capillary silicon-gum (SGL-1) column and a FID and using nitro-
gen as themobile phase. Chiral-HPLC analyses were performed at room
temperature (r.t.) in a chromatograph equippedwith a Chiralpak-IC col-
umn and a DAD and using hexane/isopropanol as the mobile phase.
Mass spectrometry (MS) and high-resolution mass spectrometry
(HRMS) were performed using the electron impact technique. Elemen-
tal analyses (C, H and N)were performed by the dynamic flash combus-
tion technique. The nitrogen composition of the functionalized PSs was
used to estimate the bis(hydroxyamide) loading (f) in the said
polymers.

2.2. Preparation of 11

2.2.1. Synthesis of diazepane 18
Under argon, anhydrous ammonium formate (2.56 g, 40.6 mmol)

and 10% Pd/C (1.67 g, 200 mg/mol) were added to a stirred solution of
17 [65] (3.45 g, 8.1 mmol) in methanol (60 mL), and the resulting mix-
ture was refluxed for 2 h. After cooling down to r.t., the mixture was fil-
tered through a Na2SO4 pad to remove the catalyst, and the filtrate
submitted to solvent evaporation under reduced pressure. The residue
was dissolved in CHCl3 (60 mL), washed with H2O (4 × 20 mL) and
dried over anhydrous Na2SO4. Filtration and solvent evaporation
under reduced pressure gave 18 (1.88 g, 92%) as a pale brown viscous
oil, which was used in the next step without further purification. 1H
NMR (CDCl3, 300 MHz), δ: 3.43 (dd, J = 6.2, 6.2 Hz, 2H), 3.01 (dd, J =
13.7, 5.6 Hz, 2H), 2.82 (m, 4H), 2.65 (dd, J = 13.7, 7.5 Hz, 2H), 2.44
(bs, 2H), 1.90 (m, 1H), 0.85 (s, 9H), 0.00 (s, 6H) ppm. 13C NMR (CDCl3,
75 MHz), δ: 64.6, 52.6, 50.6, 44.9, 5.8, 18.1,−5.5 ppm.

2.2.2. Synthesis of bis(ketoamide) 20
Amixture of 19 (2.58 g, 14.2 mmol),N-[3-(dimethylamino)propyl]-

N′-ethylcarbodiimide hydrochloride (EDC·HCl, 2.73 g, 14.2 mmol), 4-
(dimethylamino)pyridine (DMAP, 1.73 g, 14.2 mmol) and 18 (1,73 g,
7.1 mmol) in CH2Cl2 (50 mL) was stirred at r.t. for 72 h. Then, CHCl3
(50 mL) and H2O (50 mL) were added to the reaction mixture, and
the organic layer was separated, washed successively with 10% HCl
mides for the enantioselective addition of organozincs to aldehydes.



Fig. 2. Experimental set-up for the prototype of fluidized-bed reactor used for the reuse of
heterogeneous ligands.
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(1 × 50mL), H2O (1 × 50mL), 10% NaOH (1 × 50mL), H2O (1 × 50mL)
and brine (1 × 50mL), and dried over anhydrous Na2SO4. Filtration and
solvent evaporation under reduced pressure, followed by flash chroma-
tography (silica gel, hexane/ethyl acetate 6/4) gave 20 (3.05 g, 75%
yield) as a pale yellow solid. M.p.: 143.7–145.0 °C. [α]D20 +32.1 (CHCl3,
c = 0.14 g/100 mL). 1H NMR (CDCl3, 300 MHz, mixture of rotamers),
δ: 4.39–3.11 (m, 6H), 2.97–1.61 (m, 16H), 1.41–1.20 (m, 2H), 1.18–
0.97 (m, 13H), 0.72 (ms, 9H), −0.11 (s, 6H) ppm. 13C NMR (CDCl3,
75 MHz, mixture of rotamers), δ: 212.2, 211.6, 169.6, 168.4, 67.5, 63.5,
54.1, 51.0, 50.8, 47.8, 47.0, 46.5, 43.8, 43.7, 43.2, 43.1, 41.4, 28.4, 28.0,
27.5, 26.0, 21.7, 21.6, 21.3, 20.9, 18.3, −5.4, −5.3 ppm. FTIR, υ:
3462.1, 1739.5, 1625.2 cm−1. MS, m/z (%): 572.4 (M+, 5), 515.3 (100),
487.3 (18), 407.3 (19), 351.2 (84), 275.2 (47), 187.1 (44), 165 (78),
123.1 (34), 95.1 (31). HRMS, m/z: 572.3643 (calcd. for C32H52N2O5Si:
572.3645).

2.2.3. Synthesis of bis(ketoamide) 21
Under argon, amixture of 20 (2.32 g, 4.0mmol), 18-crown-6 (1.06 g,

4.0mmol) and CsF (1.24 g, 8.0mmol) in acetonitrile (50mL)was stirred
at 50 °C for 18 h. Then, the solvent was evaporated under reduced pres-
sure, and ethyl acetate (20 mL) and water (20 mL) were added. After
phase separation, the aqueous phase was extracted with ethyl acetate
(3 × 20 mL). The combined organic extracts were washed with water
(3 × 10 mL) and brine (1 × 20 mL) and dried over anhydrous Na2SO4.
Filtration and solvent evaporation under reduced pressure, followed
by flash chromatography (silica gel, CH2Cl2/ethyl acetate: 4/6) gave 21
(1.66 g, 90%) as a white solid. M.p.: 179.7–181.9 °C. [α]D20 −5.1
(CHCl3, c = 0.19 g/100 mL). 1H NMR (CDCl3, 300 MHz, mixture of
rotamers), δ: 4.60–2.61 (m, 10H), 2.81–1.80 (m, 13H), 1.54–1.40 (m,
2H), 1.26–1.17 (m, 12H) ppm. 13C NMR (CDCl3, 75 MHz, mixture of
rotamers), δ: 212.5, 170.2, 169.4, 67.8, 63.3, 52.3, 51.0, 43.8, 43.2, 43.0,
28.1, 27.2, 21.5, 21.1, 20.9 ppm. FTIR, υ: 3425.2, 1738.2, 1621.3 cm−1.

2.2.4. Synthesis of bis(hydroxyamide) 11
Under argon, NaBH4 (0.90 g, 24.1mmol)was slowly added to a solu-

tion of 21 (1.38 g, 3.0 mmol) in methanol (30 mL), and the resulting
mixture was refluxed for 24 h. The mixture was then cooled to r.t. and
the solvent was evaporated under reduced pressure. Then, CHCl3
(20 mL) and water (20 mL) were added. After phase separation, the
aqueous phasewas extractedwith CHCl3 (3× 10mL). The combined or-
ganic extracts were washed with water (1 × 10 mL) and brine
(1 × 10 mL) and dried over anhydrous Na2SO4. Filtration and solvent
evaporation under reduced pressure, followed byflash chromatography
(silica gel, ethyl acetate) gave 11 (1.29 g, 92% yield) as a white solid.
M.p.: 225.4–227.3 °C. [α]D20 + 14.1 (MeOH, c = 0.76 g/100 mL). 1H
NMR (CDCl3, 300 MHz, mixture of rotamers), δ: 4.66–3.86 (m, 6H),
3.75–3.03 (m, 6H), 2.99 (m, 2H), 2.33 (m, 1H), 2.00–1.42 (m, 13H),
1.34 (s, 3H), 1.29 (s, 3H), 1.12–0.87 (m, 8H) ppm. 13C NMR (CDCl3,
126 MHz mixture of rotamers) δ: 175.0, 173.7, 63.2, 61.7, 60.7, 53.0,
51.0, 50.9, 49.0, 46.5, 46.1, 45.4, 45.1, 42.6, 42.3, 41.3, 30.0, 29.9, 29.7,
27.1, 22.3, 22.2, 22.1 ppm. FTIR, υ: 3330.6, 1603.9 cm−1. MS-ESI, m/z
(%): 462 (M, 15). HRMS-ESI: 462.3088 (calcd. for C26H42N2O5:
462.3094).

2.3. Synthesis of PS-supported bis(hydroxyamide) 12a

Under argon, NaH (60% inmineral oil, 29mg, 0.73mmol)was slowly
added to amixture of 11 (102mg, 0.22mmol), tetrabutylammonium io-
dide (TBAI, 82 mg, 0.22 mmol) and 18-crown-6 (58 mg, 0.22 mmol) in
dry THF (10 mL). The resulting mixture was stirred for 30 min. Then,
commercial Merrifield StratoSpheres™ (27, chloromethyl-functional-
ized PS resin, f = 2.0 mmol·g−1, 1% crosslinked with 1,4-
divinynilbenzene (DVB), 100–200 mesh, 124 mg, 0.24 mmol) was
added, and the mixture was stirred for 3 days. The polymer was
filtrated, washed with CH2Cl2 (10 mL), water (10 mL) and methanol
(10 mL), and dried under vacuum at 50 °C for 4 h to give 12a
(162 mg, 91%) as a white solid. FTIR, υ: 3425.7, 1601.1 cm−1. EA: C
80.21, H 7.64, N 2.35 (bis(hydroxyamide) loading: f=0.84mmol·g−1).
2.4. Catalytic tests

2.4.1. General procedure for the heterogeneous enantioselective ethylation
of benzaldehyde

Under argon, a suspension of PS 12 (0.04 mmol) in toluene (1 mL)
was stirred for 30 min to swell the polymer. Then, diethylzinc (1.5 M
in toluene, 1.50 mmol) was slowly added, and the mixture was stirred
for 30 min. Then, 22 (1.00 mmol) was slowly added, and the resulting
mixture was stirred for 2 h and finally quenched with 3 M HCl (3 mL).
The quenched mixture was filtered, the filtrate was extracted using
ether (3 × 3 mL), and the obtained organic layers were combined and
filtered through celite™. After solvent evaporation under reduced pres-
sure, the obtained residue was dissolved in HPLC-grade hexanes and
was analyzed by GC to estimate the yield (22 conversion) and by chiral
HPLC to estimate the enantiomeric excess (ee) and absolute configura-
tion for the major enantiomer of 23.
2.4.2. General procedure for the recycling and reusing of heterogenized chi-
ral ligands by using a fluidized-bed reactor prototype

The reactor shown in Fig. 2, made of a recipient with a porous bottom
(filter funnel) capped with a rubber septum and a needle, was used. The
recipient was charged with the heterogenized bis(hydroxyamide)
(0.08 mmol) and an argon current was passed through the funnel, from
bottom to top. Then, toluene (2.0 mL) was added to swell the polymer
and the mixture was stirred for 30 min at r.t. Then, diethylzinc (1.5 M,
2mL, 3.00mmol)was added and stirred for further 30min. Finally, benz-
aldehyde (2.00mmol)was added and themixturewas stirred for 2 h. The
reaction was quenched by inverting the direction of the argon current to
separate the catalyst by filtration. The filtrate was poured into a separa-
tion funnel and washed with 3 M HCl (3 mL) and the aqueous phase
was extracted with ether (3 × 3 mL). The obtained organic layers were
combined and filtered through celite™. After solvent evaporation under
reduced pressure, the obtained residuewas analyzed as described in sec-
tion 2.4.1. The supported ligand, which remained on the porous bottom
of the reactor, was washed with 3 M HCl (3 × 5 mL), water (3 × 5 mL),
acetone (3 × 5 mL) and methanol (3 × 5 mL) and dried under vacuum
at 50 °C for 4 h to be used in the next catalytic reaction.



Fig. 3. Proposal of polystyrene-supported (PS-supported) hydroxyamides 12 based on 11.
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3. Results and discussion

3.1. Synthesis of the ligands

Two initial synthetic strategies (Scheme 1) were considered for the
preparation of the desired PS-supported chiral hydroxyamides 10, hav-
ing a relatively rigid spacer helping to allocate the ligand far away from
the PSmatrix. The two strategies were: (1) functionalization of ligand 2
with a spacer before its incorporation into the PS matrix and (2) radical
copolymerization of styrene with the ligand, previously functionalized
with a spacer having vinylphenyl units (8). The second strategy is
based on the dendritically crosslinked ligand methodology described
by Seebach to prepare porous polymers functionalized with chiral
diols [66].

Unfortunately, several attempts to selectively O-alkylate (through
the diazepane oxygen) 2with 4 or 7 failed, probably because of the ste-
ric hindrance of the central hydroxyl group of 2. To avoid this problem,
hydroxyamide 11 (Fig. 3) was designed as a convenient, more reactive
analogue of 2, having a primary instead of secondary hydroxyl group,
while keeping the basic active structure of seminal hydroxyamide 1.
Moreover, the anchoring site is further away from the catalytic site in
this new hydroxyamide, that is, the additional methylene group is itself
a small spacer between the polymermatrix and the ligand catalytic site.
This could have a positive effect on the diffusion problem.

For the preparation of enantiopure 11 (Scheme 2), key diazepane in-
termediate 18was obtained in 50% yield according to a patent [65], but
with two slight modifications that improved the experimental proce-
dure: (1) the use of chloroform as a solvent in the first step (coupling
of 13 and 14) and (2) the use of ammonium formate/Pd-C for the
debenzylation of 17. Then, O-protected diazepane 18 was diacylated
with (1S)-ketopinic acid (19) using EDC/DMAP as the coupling agents,
according to the previously optimized procedure to prepare ketopinic-
derived bis(hydroxyamides) [62]. The so-obtained 20 was desilylated
with CsF to generate 21, whichwas finally subjected to selective ketone
reduction with NaBH4 to yield 11 with high diastereoselectivity (only
the exo,exo-dihydroxyl diastereomer was detected by 1H NMR).

Following the initially proposed strategies for the preparation of
heterogenized bis(hydroxyamides) from 2, having a spacer between
Scheme 1. Initial proposal for polystyrene-supported (PS-su
the ligand and the solidmatrix (see Scheme 1),we essayed the selective
O-alkylation of new ligand 11with 4 andwith 7. Additionally, we decid-
ed to prepare ligand 25 (Scheme3) as a homogeneousmodel for the an-
choring onto solid matrixes. First, bromobenzyl derivative 24 was
obtained by Williamson etherification of 11 with 4. However, its high
reactivity made its purification impossible. On the contrary, ligands 25
and 26 could be easily obtained (byWilliamson etherification with cor-
responding bromobenzyl derivatives), demonstrating the possibility of
selective O-alkylation of 11 through its central hydroxyl group (see
Scheme 3).

The new ligands based on 6-methyl-1,4-diazepane (11 and its deriv-
atives 25 and 26) were evaluated in the enantioselective addition to
diethylzinc to benzaldehyde (Table 1) to check any possible influence
of the centralO-substitution on the catalytic activity of the ligand. Satis-
factorily, ligand 11 provided an enantioselectivity even higher than that
of its homologous 2 and very similar to that of 1, which has no substit-
uents on the diamine moiety. These results support the use of 11 as a
useful analogous of 2 for the preparation of functionalized PS. Addition-
ally, the fact that the catalytic activities of 25 and 26were comparable to
the ones displayed by 1 and 11 demonstrates that the central substitu-
tion of the diazepane moiety has no negative effect on the catalytic ac-
tivity of 1,4-diazepane-derived bis(hydroxyamides). Therefore, the
heterogeneous catalytic activity should not be negatively influenced
pported) chiral hydroxyamides 10. Synthetic strategies.



Scheme 2. Synthetic route for the preparation of enantiopure 11.
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by themethylene-ether group introduced for anchoring the ligand onto
the polymeric matrix.

Once we had demonstrated that the new bis(hydroxyamides) 11,
25, and 26 are highly efficient homogeneous ligands to promote the
Scheme 3. Preparation of 24, 25 and 26 and related polystyren
enantioselective addition of diethylzinc to benzaldehyde, we proceeded
to heterogenize 11. For this purpose, we followed strategy 2, initially
proposed for 2 (see Scheme 1). Thus, the radical copolymerization of 9
and derivative 26, initiated by the thermal decomposition of AIBN led
e-supported (PS-supported) hydroxyamides 12a and 12b.



Table 1
Activity of homogeneous chiral hydroxyamides in the enantioselective ethylation of
benzaldehyde.a

Ligand Reaction time (h) Yield (%)b ee (%)c

1d 1 98 93 (R)
2 2 84 87 (R)
2 5 99 90 (R)
11 1 97 93 (R)
25 1 96 92 (R)
26 1 94 92 (R)

a Reaction conditions: 22 (1 mol equiv), ligand (2% mol equiv), Et2Zn (1 M in hexanes,
1.1 mol equiv.), r.t.

b Determined by GC.
c Determined by chiral HPLC.
d Data from ref. [58].

Table 2
Activity of polystyrene-supported (PS-supported) hydroxyamides 12 in the
enantioselective ethylation of benzaldehyde.a

Ligand f (mmol·g−1) Yield (%)b ee (%)c

12a 0.84 95 93 (R)
12b 0.59 38 81 (R)
12c 0.25 25 34 (R)
12d 0.16 54 31 (R)

a Reaction conditions: 22 (1mol equiv), ligand (4%mol equiv), Et2Zn (1.5M in toluene,
1.5 mol equiv.), r.t., 2 h.

b Determined by GC.
c Determined by chiral HPLC
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to functionalized polymer 12b (81% yield, f = 0.59 mmol−1·g−1,
Scheme 3). Additionally, because the additional methylene group in li-
gand 11 is a small spacer itself, we prepared heterogeneous 12a by di-
rect coupling of 11 with commercial Merrifield resin 27 (Scheme 3).
Merrifield Stratospheres™ was used for this purpose. The conditions
for the anchoringwere the ones previously used for preparingheteroge-
neous 3 (see experimental part) [64], leading to 12awith 91% yield (li-
gand loading, f = 0.84 mmol−1·g−1).

However, strategy 1 (see Scheme 1) required the functionalization
of 11 with 4, followed by the anchoring of the obtained bromobenzyl
derivative onto a hydroxylated PS. However, because of the difficulties
encountered for the purification of 24, we decided to invert the steps
in the proposed synthetic route: first, we functionalized commercial hy-
droxylated PS 6with 4 and, second, we anchored ligand 11 onto the so-
obtained functionalized resin (Scheme 4). As starting material for 6,we
used commercial PSs functionalized with benzyl alcohol (hydroxyl
loading, f = 1.2 mmol·g−1, 6a) and commercial PS functionalized
with phenol (hydroxyl loading, f = 1.3 mmol·g−1, 6b). Unfortunately,
the etherification of 6a or 6b with 4 followed by functionalization
with 11 did not lead to the anchoring of the ligand, as detected by EA.
Next, we tried to carry out a one-pot procedure, mixing together PS 6a
or 6b with 11 and 4, without isolating the corresponding intermediate
bromomethyl PSs 28 (Scheme 4). In this case, we did obtained PS 12c
and 12d, with 89% and 92% yield, respectively, albeit with low f values
(see Table 2).
Scheme 4. Preparation of polystyrene-supported
3.2. Catalytic activity of the heterogenized ligands

Next, we measured the catalytic activity of functionalized PS 12 in
the enantioselective ethylation of benzaldehyde. As a preliminary
study, we chose a short reaction time, 2 h. The results (Table 2) reveal
that PS 12b, 12c and 12d provided low conversions of benzaldehyde
in this short time, whereas PS 12a showed an excellent behavior, both
in terms of yield (95%) and ee (91%), comparable to that of the homoge-
neous ligand 11. The low catalytic activity of 12b (although with mod-
erate enantioselectivity) can be explained by the methodology used
for its preparation (mass copolymerization), thus resulting in a high
number of non-accessible catalytic sites. In other words, the effective
functionalization (peripheral) of 12b would be lower than the one de-
termined by EA. The use of higher amounts of the heterogeneous ligand
(8% mol equiv.) did not lead to any better results, probably because of
the diffusion problems originated from the double amount of polymeric
matrix used. With regard to PS 12c and 12d, the presence of free hy-
droxyl groups originating from the starting PS (6a or 6b) can account
for the low ee obtained. (Note the low catalyst loading reached for 12c
and 12d).

Next, we ran a kinetic study to evaluate the influence of the struc-
tures of the different functionalized polymers 12 on the diffusion phe-
nomenon. Homogeneous 11 was introduced in the study to compare
homogeneous and heterogeneous behavior (Fig. 4). PS 12b, 12c and
12d showed slow reaction rates and low conversions in 2 h, as it could
be anticipated from the results in Table 2. The reaction did not go to
(PS-supported) hydroxyamides 12c and 12d.



Fig. 4. Kinetic study on the activity of polystyrene-supported (PS-supported)
hydroxyamides 12 in comparison with homogeneous 11 in the enantioselective
ethylation of benzaldehyde (see Table 2 for reaction conditions).
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completion even at long reaction times and the ee remained low (less
than 40%). However, PS 12a displayed an excellent behavior, providing
almost the same yield and enantioselectivity for the reaction product
than that by homogeneous 11 after 2 h. This result confirms the initial
hypothesis of introducing a spacer between the polymer matrix and
the chiral ligand to minimize the negative effects of diffusion.

Finally, the possibility of recovery and reuse of heterogenized 12a
was studied using the prototype of fluidized-bed reactor designed for
reusing 3 [64]. The catalytic reaction was repeated eight times, recover-
ing 12a after each cycle and reusing it in the next one with no further
purification, other than simple washingwith some solvents (see Exper-
imental section). As shown in Fig. 5, 12a had a high stability, which
made it to be easily and efficiently recovered, recycled and reused,
with constant enantioselectivities (95–97%) and yields (94–97%) in a
reaction time of just 2 h.
Fig. 5. Enantioselectivity (% R, dashed, estimated by chiral HPLC) and yield (bold,
estimated by GC) for the formation of 23 catalyzed by 12a in eight consecutive cycles.
(see Table 2 for reaction conditions).
4. Conclusions

The results achieved with heterogenized ligand 12a confirm the ini-
tial hypotheses. First, the stability of the functional group combination
hydroxyamide (compared to the commonly used amino alcohol)
makes possible the design of an efficient heterogeneous ligand, very sta-
ble and therefore highly reusable, which is based on the said functional
group combination. Second, the introduction of a spacer between the
catalytic site of the ligand and the polymer matrix results in a solution
to the diffusion problem encountered by its analogous 3, leading to a
significant increase in the reaction rate (reaction completed in 2 h, in-
stead of 20 h). These results support ligand 12a as a perfect candidate
for the implementation of the enantioselective addition of organozinc
reagents to aldehydes in the industry by using catalytic fluidized-bed
reactors, which are frequently used in industrial processes. Research
on the behavior of this systemwith other organozinc reagents, different
from diethylzinc is under progress. Moreover, this system can be a
starting point for the development of other highly reusable systems to
be applied in other asymmetric processes involving chiral organozinc
catalysts.
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