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A B S T R A C T   

Catalysis in pharma manufacturing processes is typically homogeneous, expensive and with hard catalyst re-
covery/regeneration. Herein an enzyme-inspired dry-powder molecularly imprinted polymeric (MIP) system was 
designed for fast, selective oxidation of a cholesterol derivative and easy catalyst regeneration. The strategy 
involved the synthesis of a template-monomer (T:M) complex followed by the crosslinked polymerization in 
supercritical carbon dioxide (scCO2). A 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO)-MIP catalyst is obtained 
after the template cleavage from the matrix, and the oxidation of the N–H groups turns available TEMPO 
moieties within the MIP. The oxidation of benzyl alcohol, 5α-cholestan-3β-ol and cholic acid was fast, in high 
yield and with selective oxidation capacity.   

1. Introduction 

Enzymes are ubiquitous in nature and catalyze chemical reactions 
with a remarkable selectivity [1]. However, these high-cost enzymes are 
typically sensitive depending on their environment and can denature 
under harsh conditions. The preparation of engineered enzyme-like 
polymeric powder particles, with the same selectivity and catalytic 
performance of natural enzymes has been a major driving force in the 
development of synthetic counterparts that are able to work under 
extreme conditions without degradation. To achieve this goal, noble 
metals, cyclodextrins, affinity polymers and biomolecules (e.g. nucleic 
acids, antibodies and proteins) have been proposed to replace natural 
enzymes [2]. 

Affinity particles based on molecularly imprinted polymers (MIPs) 
have been investigated as artificial enzymes [3], thus providing high 
stability, long-lasting, reusable and low-cost alternatives for a wide 
range of applications. By taking advantage of the molecular imprinting 

technique (MIT), in which an affinity cavity is produced within a rigid 
crosslinked material, the cavity size, shape and functionality can be well 
defined by selecting the functional monomer and target template mol-
ecules. The template choice is key for a successful recognition and is of 
utmost importance, playing a crucial role in the materials performance. 

Common approaches to MIP design are based in non-covalent, semi- 
covalent and covalent strategies [4,5], mainly differing in the estab-
lished template-monomer interactions. Non-covalent imprinting is by 
far the easiest way to prepare MIPs, where only a template and func-
tional and cross-linking monomers are required. In contrast, covalent 
imprinting is a much more challenging strategy since it requires a 
template-monomer complex (T-M), which is not always commercially 
available, such as bisphenol dimethacrylate (BPADM) [4]. T-M com-
plexes need to be specifically designed and synthesized for a target 
molecule. In many cases, special storage and handling of these mono-
mers is required due to inherent lack of stability. Consequently, the 
design and synthesis of covalently imprinted polymers for catalytic 
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applications is more difficult but allows to produce more efficient and 
selective materials. 

Enzyme mimics [6] have been achieved by taking advantage of af-
finity polymers produced using different approaches, namely non- 
covalent imprinting of i) transition state analogues (TSAs) [7], ii) 
enzymatic reaction products, iii) substrate analogues and iv) cofactors 
[8]. The TSA approach has drawbacks since it needs to be specific for a 
particular catalytic reaction. However, often TSAs cannot be used as 
templates due to high instability and a dummy TSA is generally used [9]. 
The molecular imprinting of enzymatic reaction products has shown 
notable results, with MIPs exhibiting the highest catalytic activity ever 
reported. Nitroxide-based MIPs using modified templates have been also 
explored [10], although without reaching the desired selectivity. 

MIP-based catalysts have been produced as polymers or grafted on to 
a variety of supports by surface-imprinting techniques. However, all 
published works use a non-covalent imprinting approach and are 
focused on photocatalytic degradation applications. For example, sur-
face imprinted layers on titanium particles were reported [11] to work 
as a photocatalyst for degradation of contaminants in aqueous solutions. 
This system comprises a covalent pre-functionalization of the support 
with silane coupling agents and further MIP layer grafting using organic 
solvents. Imprinted mesoporous silica-based catalysts, produced by a 
sol-gel method, have been used for cellulose hydrolysis c and to convert 
cellobiose into glucose [12]. Other examples include environment- 
friendly and low-cost imprinted magnetic nano-catalyst for degrada-
tion of polluting dyes [13] and MIP-layered TiO2-functionalized parti-
cles, produced by a hydrothermal method, which improve the catalytic 
degradation of non-functionalized TiO2 particles by 30% [14]. Other 
strategies have been proposed, with the aim of creating catalytic scaf-
folds, but involving non-selective catalytic processes, such as radical 
species immobilized on non-specific polymers [15], silica [16], carbon 
nanotubes [17], ionic liquids [18], deep eutectic solvents [19] or mag-
netic particles [20]. 

Homogeneous catalysts are widely used in industry, however the 
difficulties in the catalyst separation step from the final material, limit 
their application in an economic and environmental way. It is crucial to 
remove until trace levels of catalyst from the end product since their 
contamination is highly regulated, especially by the pharmaceutical 
industry. Even with the extensive use of techniques such as chroma-
tography, distillation or extraction, the removal of trace amounts of 
catalyst remains a challenge. To overcome the separation drawbacks, 
researchers have investigated a wide range of strategies to produce 
heterogeneous catalyst systems, providing excellent stability (chemical 
and thermal), good accessibility, porosity, and the organic groups can be 
covalently anchored to the surface to provide catalytic centers, pro-
ducing a robust material enough to withstand the harsh conditions and 
the catalyst can be reused several times [21]. 

Industry is seeking new, highly selective heterogeneous catalysts, 
environmentally friendly, reusable, longer lasting and affordable cata-
lytic processes to replace current, less attractive homogeneous catalyst 
solutions. Allying molecular imprinting to catalytic processes can 
potentially meet this need, thus allowing the production of tailor-made, 
selective and cost-effective catalysts. ScCO2 is a green alternative sol-
vent that has been used in polymer synthesis and processing wherein 
many beneficial aspects are brought about in comparison to traditional 
approaches, being considered a green technology. This applies to the 
development of MIPs, where nano- to micron-sized homogeneous par-
ticles with highly controlled morphology and porosity, are obtained 
ready-to-use, in a single-step, as dry-powders in high purity without 
solvent residues [22–24]. 

Herein, green enzyme-inspired polymeric dry powder particles, were 
developed to work as catalysts in the oxidation of a cholesterol deriva-
tive. The followed synthetic route involved four steps: 1) the synthesis of 
a template:monomer (T:M) (2,2,6,6-tetramethylpiperidin-4-ol-choles-
terol) complex; 2) the production of a cholesterol-imprinted polymer 
from T:M complex in supercritical carbon dioxide (scCO2); 3) the 

cleavage the cholesterol from the matrix in scCO2 and, 4) the polymer 
was then oxidized by 3-choroperbenzoic acid, to obtain the catalytic 
ability of the polymer. The final material has a dual-function MIP, 
combining affinity and catalytic ability: an empty cavity with size and 
shape complementary to cholesterol, produced by the cholesterol-MIP 
and; in the last step of their production (Fig. 1, compound 10) when 
the polymer was oxidized in N–H group, making to appear a 2,2,6,6-tet-
ramethyl-1-piperidinyloxy (TEMPO) moiety entrapped into MIP matrix, 
providing a TEMPO-MIP catalyst. 

TEMPO has several industrial applications as selective oxidation 
catalyst for the production of pharmaceuticals, flavors, fragrances and 
agrochemicals [25]. Specially, TEMPO is used for oxidations of alcohols 
to aldehydes, ketones or carboxylic acids [26]. Cholesterol was used as a 
cheap starting molecule to produce, in the end, a large affinity cavity 
within the TEMPO-MIP, providing a cavity size large enough to promote 
the diffusion and the oxidation of the selected alcohol-based molecules, 
from small (benzyl alcohol) to larger molecules (5α-cholestan-3-β-ol), 
envisaging their potential use in other alcohol-based oxidations. 

2. Experimental section 

2.1. Materials 

Available at Supporting Information. 

2.2. Synthesis 

The synthesis and characterization of intermediate monomers 3–7, 
polymer precursors 8 and 9 and the final TEMPO-MIP 10 is described 
below. FTIR and NMR spectra can be found at Supporting Information 
(Fig. S1-S10). 

2.2.1. Compound 3 
The epoxide intermediate (3) [27] was obtained as follow. KOH (9.1 

g, 16.2 mmol) dissolved in 6.35 mL of water, toluene (16 mL), 2 (5.0 g, 
31.9 mmol) and TBABr (1.2 g, 3.7 mmol) are mixed in a bottom-rounded 
flask and the mixture heated to 55 ◦C. Epichlorohydrin (5 mL, 63.8 
mmol) is then added dropwise, and the mixture stirred vigorously 
keeping the temperature constant at 55 ◦C for 10 h. The reaction was 
followed by TLC, using a mixture of ethyl acetate/methanol (50:50) as 
the eluent phase. Next, ice was added to the reaction mixture while the 
mixture was immersed in an ice bath. The phases were separated, and 
the aqueous phase was further extracted with ethyl acetate (10 × 10 
mL). The combined organic phases were dried over anhydrous Na2SO4, 
filtered and the solvent evaporated. A yellow oil was obtained in 61% 
yield. IR (film) νmax (cm− 1): 3500 (OH, NH), 3000 (CH), 2999 (CH) 2888 
(CH), 1500, 1400, 1250, 1100 (CH-O), 800. 1H NMR (CDCl3, 400 MHz): 
4.01–3.96 (1H, m, Ha), 3.74–3.69 (1H, m, Hd/d’), 3.44.3.40 (1H, m, Hd/ 

d’), 3.1 (1H, bs, He), 2.76 (1H, t, J = 4.0 Hz, Hf/f’), 2.57 (1H, t, J = 4.0 Hz, 
Hf/f’), 1.95–1.86 (2H, m, Hb/b’), 1.14 (6H, s, Hc), 1.11 (6H, s, Hc), 1.14 
(6H, s, Hc), 0.98 (2H, t, J = 8.0 Hz, Hb/b’). 

2.2.2. Compound 5 
Cholesteryl hydrogen succinate (5) was synthesized following a re-

ported protocol [28]. Cholesterol (4) (2 g, 5.2 mmol) and succinic an-
hydride (0.6 g, 6.3 mmol) were dissolved in 25 mL of 1,4-dioxane. Then, 
DMAP (0.7 g, 6.3 mmol) was added, and the reactional mixture was 
stirred at room temperature for 24 h. At the end of reaction, a solution of 
6 M HCl was added dropwise to precipitate the product. A white fluffy 
solid was obtained in 90.5%. 1H NMR (CDCl3, 400 MHz): 5.37 (1H, bs, 
Ha), 4.63 (1H, bs, Hb), 2.64 (2H, dd, J = 4.0, 10.0 Hz, Hd/d’), 2.02–0.85 
(42H, m, Hcholesterol), 0.67 (3H, s, Hc). 

2.2.3. Compound 6 
Compound 6 was synthesized in one step from cholesteryl succinate 

(5) following a reported protocol [29]. Briefly, cholesteryl succinate (5) 
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(3.4 g, 6.7 mmol) and epoxide 3 (1.26 g, 5.89 mmol) were added to 
[bmim]Br (3.1 g, 14.2 mmol). The resulting mixture was heated in an oil 
bath at 75 ◦C and stirred for 12 h. At the end of reaction, the mixture was 
cooled to room temperature. Next, brine was added to the reaction 
mixture and kept under stirring for 10 min. Finally, the product was 
extracted with chloroform, the organic phase was dried over anhydrous 
Na2SO4, filtered and the solvent evaporated. A white sticky solid was 
obtained in 95.8%. IR (film) νmax (cm− 1): 3416 (OH, NH), 2942 (CH), 
1728 (O-C=O), 1463, 1384, 1171, 800. 1H NMR (400 MHz, CDCl3) δ 
(ppm): 5.35 (bs, 1H), 4.20–4.00 (m, 1H), 3.98–3.93 (m, 1H), 3.74–3.46 
(m, 5H), 2.63–2.52 (m, 2H), 2.31–2.28 (m, 2H) 2.02–0.85 (m, 54H), 
0.67 (s, 3H). 13C NMR (100.9 MHz, CDCl3) δ (ppm): 172.93, 172.40, 
171.70, 140.77, 139.82, 139.48, 122.75, 122.65, 122.42, 121.66, 74.48, 
74.27, 73.71, 71.54, 71.74, 70.33, 69.49, 68.85, 65.77, 56.75, 56.66, 
56.14, 50.12, 49.99, 42.28, 39.77, 39.70, 39.49, 37.24, 36.93, 36.58, 
36.55, 36.48, 36.17, 35.76, 31.88, 31.83, 31.64, 28.20, 27.98, 27.72, 
24.27, 23.80, 22.79, 22.53, 21.06, 21.00, 19.37, 19.28, 18.69, 11.83. 

2.2.4. Compound 7 
Compound 7 was synthesized by allylation of compound 6 following 

a reported protocol [30]. In brief, NaH (185 mg, 4.62 mmol) was added 
to compound 6 (1.65 g, 2.31 mmol) in 50 mL of anhydrous THF, under 
argon atmosphere, and the mixture stirred at room temperature for 5 
min. The reaction mixture was further stirred for more 30 min at room 
temperature. Next, allyl bromide (400 μL, 4.62 mmol) was added to the 
reaction mixture and stirred at room temperature for 42 h. After this 
period, ice was added to the reaction and the mixture evaporated. The 
mixture was then re-suspended in methanol and insoluble materials 
were removed by filtration and the organic phase evaporated. A light- 
yellow sticky solid was obtained in 61% yield. IR (film) νmax (cm− 1): 
3500 (OH, NH), 3000 (CH), 2990 (CH), 1700 (COO), 1400 (CH-O) 1300, 
1000 (CH-O), 800 (CH-O). NMR (400 MHz, DMSO‑d6) δ (ppm): 6.46 (m, 
1H), 6.05 (m, 1H), 5.26–5.01 (m, 2H), 4.61 (m, 1H), 4.20–4.00 (m, 1H), 
3.98–3.93 (m, 1H), 3.97 (m, 2H), 3.74–3.46 (m, 5H), 2.63–2.52 (m, 2H), 
2.31–2.28 (m, 2H), 2.02–0.85 (m, 54H), 0.67 (s, 3H). 

Fig. 1. Schematic synthesis of enzyme-inspired polymer particles, TEMPO-MIP 10.  
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2.2.5. Synthesis of precursor affinity polymer particles 8 
The precursor (cholesterol-templated) affinity polymer particles 

were obtained by a scCO2-assisted polymerization. Methacrylic acid 
(MAA) was used as co-monomer and divinylbenzene (DVB) as cross-
linker and the reaction was performed using a molar composition of 
1:4:20 respectively to template-monomer (T:M) complex:co-monomer: 
crosslinker in which 150.3 mg of 7 were dissolved in 1.5 mL of DMF, 
67.6 μL of MAA and 567 μL of DVB and AIBN (1 wt% of total monomers) 
were introduced in a 33 mL high-pressure cell and CO2 was added under 
stirring for 24 h at 65 ◦C and 28 MPa. A single phase was observed. After 
polymerization, a homogeneous fluffy white powder was obtained in 
26.5% yield. 

2.2.6. Synthesis of affinity polymer particles 9 
The removal of cholesterol from 8 was also performed using a scCO2- 

assisted methodology. In a typical experiment, 369 mg of MIP (8), n- 
Bu4NOH 1.0 M in methanol (202.5 μL, 1.6 mmol) and a magnetic stir bar 
were introduced into a 33 mL high-pressure cell. The cell was immersed 
in a thermostated water bath at 65 ◦C and pressurized with CO2 until a 
final pressure of 20 MPa was reached. After 24 h of reaction the polymer 
was washed with a fresh stream of CO2 for 1 h. 

2.2.7. Production of TEMPO-MIP 10 
In a typical procedure, 49.6 mg of the oxidizing agent, 3-choroper-

benzoic acid (m-CPBA) was added to 105.1 mg of precursor 9. After 
the addition of the oxidant, the polymer did not exhibit any differences 
in color and appearance. EPR analysis was performed to confirm the 
formation of TEMPO radicals (Fig. 3). 

2.3. Catalytic assays 

2.3.1. Benzaldehyde oxidation 
Benzyl alcohol (6.74 μM) in dichloromethane (20 mL), KBr (0.5 M) in 

water (5 mL), 4-methoxyacetophenone (500 mg, internal standard) and 
10 (74.9 mg, placed inside a dialysis membrane) were added to a round- 
bottom flask. The reaction mixture was stirred (300 rpm) at 0 ◦C before 
the addition of aqueous NaOCl (0.35 M, pH 8.7, 90 mL). Sample aliquots 
were regularly taken from the organic phase for a 20-min period. The 
reaction was followed by TLC, and the plates sprayed with 2,4-DNP 
solution to detect the formation of benzaldehyde. 

2.3.2. 5α-Cholestan-3-β-ol oxidation 
5α-cholestan-3-β-ol (6.74 μM) in dichloromethane (20 mL), KBr (0.5 

M) in water (5 mL), n-dodecane (500 mg, internal standard) and 10 
(74.9 mg, packed inside a SnakeSkin™ dialysis membrane) were added 
to a round-bottom flask. The reaction mixture was stirred (300 rpm) at 
0 ◦C before adding aqueous NaOCl (0.35 M, pH 8.7, 90 mL). Sample 
aliquots were regularly taken for 15 min and followed by TLC, and the 
plates sprayed with a 2,4-DNP solution to detect the formation of cho-
lestanone. In a second test, a 10× concentration of 5α-cholestan-3-β-ol 
(67.4 μM) was used. The samples were further analyzed after derivati-
zation, following a reported protocol (Fig. S11, SI) [31] using cholestane 
as an internal standard. 

2.3.3. Cholic acid oxidation 
Cholic acid (6.74 μM) in chloroform (20 mL), KBr (0.5 M) in water (5 

mL) and 74.9 mg of 10 (packed inside a SnakeSkin™ dialysis mem-
brane) were added to a round-bottom flask. The reaction mixture was 
stirred (300 rpm) at 0 ◦C before addition of aqueous NaOCl (0.35 M, pH 
8.7, 90 mL). Sample aliquots were regularly taken for 30 min and fol-
lowed by TLC, and the plates sprayed with 2,4-DNP solution to detect 
product formation. The samples were further derivatized, following a 
reported protocol [32] (Fig. S12, SI) using hyodeoxycholic acid as an 
internal standard. The quantification of the oxidation products was 
further accessed by GC-FID analysis using a Konik, HRGC 4000 B 
instrument. 

2.3.4. Turnover number (TON) and turnover frequency (TOF) calculations 
[33] 

Considering that TEMPO has one catalytic active site, the TON and 
TOF are calculated related to their moles as follows: 

TON =
nalcohol.η
nTEMPO 

where the nalcohol are the number of moles of alcohol, η, the yield of 
the reaction and nTEMPO the number of moles of TEMPO. 

TOF
(
h− 1) =

TON
Time of reaction (h)

2.4. Methods 

Available at Supporting Information. 

3. Results and disscussion 

3.1. Production of enzyme-inspired polymer particles 

As a strategy to develop new and green enzyme-inspired polymeric 
powder particles, a 4-hydroxy-TEMPO moiety was immobilized in a pre- 
designed MIP pocket to function as a selective oxidation catalyst. The 
synthetic route involved the preparation of a TEMPO-templated mono-
mer 7, which upon a scCO2-assisted polymerization and template 
removal ultimately led to the desired catalyst, TEMPO-MIP 10 (Fig. 1). 

The synthesis started with the preparation of key intermediates 3 and 
5. The reaction of 3 with 5 followed a green ionic liquid-catalyzed 
epoxide ring opening methodology [29], which furnished 6 in excel-
lent yield. Allylation of 6 led to monomer 7, which was readily copo-
lymerized with MAA, using DVB as a crosslinker and AIBN as an 
initiator, in scCO2. This polymerization led to a precursor copolymer 8 
carrying the cholesterol template and displaying a physical appearance 
consistent with reported polymers obtained by scCO2-assisted poly-
merization [22]. Although cloud points or phase diagrams studies were 
not investigated, a very important aspect in this polymerization is the 
solubility of the T-M complex in porogenic scCO2. The solvent plays an 
important role in the formation of porous structures within the affinity 
polymer particles and will determine the morphological properties such 
as porosity and surface area [34]. To proceed, template removal was 
needed. The cleavage of cholesterol from 8 was also performed in scCO2. 
For the first time, we describe the hydrolysis of cholesterol from a semi- 
covalent MIP crosslinked in scCO2, taking advantage of the solubility of 
cholesterol in scCO2 and using methanol as co-solvent. Following our 
protocol, using n-Bu4NOH 1 M in methanol, polymer 9 was successfully 
obtained [35]. The n-Bu4NOH–methanol–scCO2 system is a very effec-
tive hydrolysis method for highly crosslinked polymers due to a synergic 
effect: (i) n-Bu4NOH is the hydroxide source, (ii) CO2 diffusivity power 
increases the hydrolysis efficiency, and (iii) methanol with high solvent 
power for cholesterol enhances its desorption from highly crosslinked 
matrices. After hydrolysis, the cholesterol removal efficiency (~ 90%) 
was determined by HPLC [36], thus showing that the scCO2-assisted 
cholesterol cleavage is a highly efficient process. 

Fig. 2 shows a scanning electron microscopy (SEM) image of the 
affinity polymer particles 9. As it can be seen, the particles were ob-
tained as small agglomerates of primary nanoparticles, which is typi-
cally observed in precipitation polymerization in scCO2 [22,23]. 

The FTIR spectrum of 9 (Fig. S9, SI) shows a new broad band at 3345 
cm− 1, characteristic of hydroxyls groups, which confirms a successful 
hydrolysis. High-resolution solid-state NMR (13C-CP/MAS) [37] was 
also performed to further characterize polymers 8 and 9, and in 
particular to evaluate the cleavage of the cholesterol from the matrix 
(Fig. S10, SI). 

A comparative CP/MAS-NMR analysis of cholesterol and polymers 8 
and 9 was performed. The broadness of the spectra is typical of an 
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amorphous polymer. Polymer 8 displays peaks at 185.6, 183 and 172 
ppm (esters carbonyls), at 122, 123, 128 and 142 ppm (aromatic car-
bons, DVB crosslinker), and in the region 10–15 ppm (methyl groups, 
MAA). The cholesterol within the matrix shows peaks in the region 
15–60 ppm, at 121 ppm and 140.8 ppm). There are three peaks around 
200 ppm, marked with (*), which are spinning side bands (ssb). The 
peaks at 180 ppm and 175 ppm probably correspond to a small mole-
cule, perhaps bicarbonate entrapped in the matrix generated by the 
reaction of scCO2 and n-Bu4NOH. The removal of cholesterol from 8 was 
found to be very efficient since the characteristic ester peaks in the re-
gion 172–186 ppm are absent, in accordance with the proposed struc-
ture of 9, as well as the peaks from cholesterol (more easily observable in 
the region around 15 ppm). 

Additionally, nitrogen porosimetry was also assessed (isotherm and 
BET parameters, Fig. S13, SI). Although the BET surface area is consis-
tent with previous work [22], pore volume and average pore diameter 
were significantly higher than the values typically obtained for MIPs 
prepared in scCO2. Nevertheless, the contribution from cholesterol, a 
larger template, should not be ruled out. 

Finally, enzyme-inspired polymeric powder particles, TEMPO-MIP 
10, were synthesized by simple oxidation of 9. This reaction is well 
described in literature using 3-choroperbenzoic acid (m-CPBA) as the 
oxidant [38]. To quantify the TEMPO radical species in 10, an EPR 
analysis was also performed (Fig. 3). 

The EPR spectrum is characteristic of a nitrogen-centered radical (I 
(N) = 1, gav ≈ 2) present in a rigid matrix (g1 ∕= g2 ∕= g3; anisotropic 

signal), like other TEMPO-containing systems (Table 1). The absence of 
clear nitrogen‑nitrogen super-hyperfine interactions suggests that each 
radical center is more than ≈15 Å apart. The concentration of TEMPO 
radicals in 10 was estimated to be 32.9 μmol.g− 1. 

3.2. Catalyst performance 

3.2.1. Conversion of benzyl alcohol into benzaldehyde 
Firstly, to evaluate the catalytic activity of 10, a preliminary assay 

using benzyl alcohol as a model substrate, small enough to fit into the 
imprinted cholesterol pocket. A hypochlorite solution was used to 
regenerate the NO radicals [40]. The catalytic performance of 10 in 
oxidation reactions was evaluated by GC analysis (Fig. 4). The reaction 
was found to occur in quantitative yield and much faster (ca. 8 min), in 
comparison with the same reaction performed using other non- 
molecularly imprinted TEMPO-based catalysts [40–42]. A turnover 
number (TON) of 5.47 and a turnover frequency (TOF) of 41.03 h− 1 

were achieved, better than other reported TEMPO polymeric catalysts 
[43–45]. No oxidation was observed in a control experiment without 10. 

The several catalytic systems previously developed using TEMPO as 
the oxidant species, all anchor the TEMPO on the surface, and none are 
designed to be specific. Also, most of them have low stability, thus 
precluding recycling over long periods of time. In the present strategy 
we have incorporated the TEMPO units tethered in well-defined pockets 
of a crosslinked polymer, providing a very stable and reusable matrix. 

3.2.2. Conversion of 5α-cholestan-3-β-ol into 5α-cholestan-3-one 
After establishing the oxidation protocol using 10 and benzaldehyde, 

the selective oxidation of target cholesterol derivatives was investigated. 
Therefore, recycled 10 was used as catalyst for the oxidation of 5α- 
cholestan-3-β-ol to 5α-cholestan-3-one (Fig. 5). 

Two different concentrations were evaluated, and once again an 
outstanding catalytic performance was observed. After only 15 min of 
reaction time ~ 70% of 5α-cholestan-3-one was obtained. However, 
when the concentration of 5α-cholestan-β-ol was increased ten times a 
poor yield was obtained (~12%). For the lower concentration, a turn-
over number (TON) of 2.68 and a turnover frequency (TOF) of 10.72 h− 1 

were achieved better than other reported TEMPO polymeric catalysts 
[43–45].This is not surprising as the rate of the reaction is only pro-
portional to the concentration of the active sites, thus limiting substrate 
concentration. Concentrations above this maximum value will not in-
fluence this absolute achievable rate. Even so, the catalyst to substrate 
ratio using a higher 5α-cholestan-3-β-ol concentration compares favor-
ably with other reported methods [46,47]. For the quantities indicated, 
good conversion yield would take around 2 h. 

3.2.3. TEMPO-MIPs selectivity – cholic acid 
The selectivity of TEMPO-MIP 10 was also investigated using cholic 

Fig. 2. SEM image of TEMPO-MIP particles. The inset shows a picture of the 
polymer collected at the end of the polymerization. 

Fig. 3. Experimental EPR spectrum of TEMPO-MIP 10 and its simulation using 
the parameters summarized in Table 1. 

Table 1 
EPR parameters of TEMPO radicals in TEMPO-MIP 10 and similar systems.  

Samples g-factor*1 Hyperfine Constant*2 

g1 g2 g3 a1
N 

(mT) 
a2

N 

(mT) 
a3

N 

(mT) 

TEMPO-MIP 10 
(this work*3) 

2.0105 2.0072 2.0038 0.80 0.80 3.38 

TEMPO grafted on 
silica [38] 

2.0084 2.0053 2.0019 0.71 0.71 3.71 

TEMPO in a lipid 
phase [39] 

2.0098 2.0068 2.0025 0.65 0.50 3.56 

*1: g1, g2 and g3 stand for the low-field, medium-field and high-field lines, 
respectively. 
*2: Hyperfine constants arising from the coupling with nitrogen atom; a1

N, a2
N, 

and a3
N stand for the splitting of low-field, medium-field and high-field lines, 

respectively. 
*3: Simulation as described in section 2.4 Methods (SI). 
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acid. Cholic acid has three oxidizable hydroxyl groups in the cholesterol 
skeleton (Fig. 6). In addition, the A and B rings are fused in a cis fashion, 
which differs from trans cholesterol derivatives configurations. Thus, is 
not expected that cholic acid, having a higher 3D volume, would fit 
better in the MIP cavities than cholesterol. 

Although TEMPO-MIP 10 can oxidize cholic acid to some extent, this 
oxidation was found to be unspecific since several oxidation products 
were detected (Fig. S14-S15, SI). The most intense peak observed ap-
pears at tR = 19.26 min, which corresponds to dehydrocholic acid 
(Fig. S15-S16, SI). The corresponding fragmentation pattern is shown in 
Table 2. 

4. Conclusions 

We can conclude that the minimal oxidation of the cholic acid hy-
droxyl groups by TEMPO-MIP 10 is indicative of a catalytic system 
highly specific for cholestanol derivatives in this molecular weight 
range. Such selectivity, combined with faster reaction times, makes 
enzyme-inspired polymeric powder particles (TEMPO-MIPs) a new 
generation of cheap greener heterogeneous catalysts with high potential 
for industrial applications. 
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