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Abstract

A new hybrid organic/inorganic HPLC chiral stationary phase (CSP1) has been synthesizedatthg from(g-from) radical polymer-
ization of an enantiopure diacryloyl derivativetodins-1,2-diaminocyclohexane in the presence of mesoporous, azo-activated silica particles.
The new chiral stationary phase has been fully characterized by elemental analysis, differential scanning calorimetry, diffuse reflectance in-
frared spectroscopy, scanning electron microscopy, inverse size exclusion chromatography and Van Deemter analysis. CSP1 shows improvec
chromatographic performances compared to its analog CSP2 synthesized by the altgrattivg to (g-to) approach in which the azo
initiator is kept in solution. CSP1 can successfully resolve several chemically diverse chiral compounds, using both organic and water-based
eluents (normal phase, polar organic, etc.).
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction However, research on CSPs based on totally synthetic,
surface-linked optically active polymers is also rapidly evolv-
In recent years, the chromatographic separation of enan-ing. Attractive features of these types of CSPs are the large
tiomers on chiral stationary phases (CSPs) has emerged ashemical and structural variability that can be exploited in the
one of the most efficient technique applicable from the ana- preparation of the chiral selectors, the possibility of having
lytical to the preparative scaj&é—3]. the two enantiomeric versions of the CSP, and the chemi-
CSPs for high-performance liquid chromatography cal and thermalinertness of the packing material that derives
(HPLC) can be divided in two classes according to the molec- from the covalent attachment of the chiral polymer to the
ular size of the chiral selector they contain: brush-type CSPssolid support. However, CSPs based on chiral polymers co-
based on low-molecular mass selectftp and polymeric valently linked to an HPLC silica matrix, may suffer from
CSPs having large macromolecular selectors like proteinsslow analyte mass transfer kinetics and reduced efficiency if
[5], polysaccharides and their derivatiyé§ synthetic poly- the degree of polymerization, grafting density and polymer
mers[7]. architecture are not properly controlled. Polymeric materials
CSPs, containing surface-adsorbed polysaccharidesforming a thin, ordered layer on the silica surface without al-
derivatives, especially cellulose and amylose carbamatestering the pores morphology, are therefore, highly desirable
are extensively used at analytical and preparative levels asfor the preparation of improved polymeric CSPs.
they can resolve the enantiomers of a wide range of chiral ~ Several strategies are available for the preparation of
compoundg8]. uniform, polymeric materials for non-chromatographic
applications, where a polymer layer is end-grafted to flat or

* Corresponding author. Tel.: +39 06 499 12776; fax: +39 06 499 12780, POrous surfaces like gold, silicon or sili¢8,10]. Achiral
E-mail addressfrancesco.gasparrini@uniromal.it (F. Gasparrini). polymer brushes linked to silica particles that are effective in
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reversed phase HPLC separations have also been describeahethyl benzoate, acetophenone and warfarin were pur-
[11]. chased from Aldrich (Sigma—Aldrich Company, Buchs,
Here, we describe a procedure for the generation of a Switzerdand); 1-methoxy-2-methyl-1-(trimethylsyliloxy)-1-
new hybrid silica/chiral polymeric material (CSP1) using propene was purchased from Lancaster (Clariant group, UK);
a radical polymerization process that begins directly from ammonium acetate was purchased from T.J. Baker (Division
the surface of azo-activated silica particles and employs theof Mallinckrodt Baker Inc., Phillipsburg, NJ). HPLC-grade
N,N'-diacryloyl derivative of R R)-1,2-diaminocyclohexane  solvents were purchased from Merck (Darmstadt, Germany).
as chiral monomer. To the best of our knowledge, it is the Narrow molecular weight poly(styrene) standards were sup-
first example of the application of tlgefromapproachtothe  plied from Waters (Milford, MA). Other chiral solutes were
synthesis of a chiral stationary phase for HPLC applications. available from previous studies. Chloroform was dried by
The complete physico-chemical and chromatographic filtration through an open glass column filled with neutral
characterizations of CSP1 are reported. In addition, a com-alumina under inert atmosphere and then degassed with he-
parison with the related CSP2 prepared by the alternative lium.
approach@-to) in which the azo initiator is kept in solution
is presented. 2.3. Preparation of N-(2-acryloylamino-(1R,2R)-
cyclohexyl)-acrylamide (DACH-ACR)

2. Experimental To a solution of (R,2R)-diaminocyclohexane (4.0g,
35.03 mmol) in 50 mL of an anhydrous chloroform/toluene
2.1. Apparatus (2.5/1, viv) mixture is added 12.0mL of diisopropylethy-

lamine (70.06 mmol). To the cooled {Q, ice bath) solu-

Analytical liquid chromatography was performed on a tion, is added dropwise over a period of 1.5 h, with magnetic
Waters chromatograph equipped with a Rheodyne modelstirring under an argon atmosphere, a solution of acryloyl
77251 20uL loop injector (20QuL loop for the loading chloride (5, 7mL; 70.06 mmol) in 100 mL of an anhydrous
studies), a 1525 binary HPLC pump, a dual wavelength chloroform/toluene (2.5/1, v/v) mixture. The reaction mix-
absorbance detector, and a Jasco Mod 995-CD detectorture is kept at OC for 35 min, with magnetic stirring un-
Chromatographic data were collected and processed usingler an argon atmosphere. The white precipitate that forms is
Empower software (Waters, Milford, MA, USA). DRIFT collected by filtration, washed with toluene and hexane and
and transmission IR (potassium bromide pellets or liquid dried at reduced pressure (0.1 mbar;€%to yield 6.34 g of
paraffin dispersion) spectra were recorded on a Jasco 43Ghe title compound (82% vyield). TLC: Merck plates Si-60-
Fourier transform (FT) IR spectrometer (Jasco Europe, Italy) Fos4eluent CHCIl2/MeOH 90/10R; = 0.41. Elemental anal-
at a resolution of 4cmt. NMR spectra were recorded on a ysis: found %C, 63.31; %H, 7.99; %N, 12.06; calculated for
Bruker Avance 400 spectrometer. Melting points were deter- C12H18N20, %C, 64.83; %H, 8.16; %N, 12.61. Mp: 23G.
mined on a Bichi B-545 instrument (Flawil, Switzerland). [«]2°=+85.4 ¢=1.0; DMSO).'H NMR (?HgDMSO) é:
Optical rotation values were obtained on a Jasco P10301.20-1.30 (m, 4H), 1.60-1.70 (m, 2H), 1.85-1.95 (m, 2H),
polarimeter (Jasco Europe, Italy). DSC traces were recorded3.60-3.70 (m, 2H), 5.52 (dd)J=9.90Hz, 2.44Hz, 2H),
on a Mettler Toledo STARe System (Columbus, OH, USA) 6.02 (dd,J=17.09 Hz, 2.44 Hz, 2H), 6.15 (dd=17.09 Hz,
at a scan rate of 16C min—. Scanning electron microscopy  9.90 Hz, 2H), 7.85 (d, 2H)-3C NMR (*HgDMSO0) §: 23.93,
was performed on a LEO1450VP instrument; samples were31.30, 52.24, 124.74, 130.28, 166.14. FT-IR (KBr): 3284,
gold-sputtered to reduce charge effects. 3075, 3033, 1656, 1625, 1550, 1410¢h

2.2. Reagents 2.4. Preparation of the dichloride of
4,4-azobis-4-cyanopentanoic aditi?]
Spherical Daisogel SP-300-5P (&, particle size,
115 g~1) silica gel was purchased from Daiso (Japan). Phosphorous pentachloride (8.0g; 38.4mmol) is dis-
Spherical Kromasil Si-100 (@m particle size, 340 fg—1) persed in 40 mL of anhydrous GBI, (dispersion A). 4,4
and spherical Kromasil Si-200 (Bn particle size, Azobis-4-cyanopentanoic acid (2.0 g; 9.6 mmol) is dispersed
213 nf g~1) were purchased from Eka Chemicals (Sweden). in 55 mL of anhydrous ChCl, (dispersion B). Dispersion A
(1R,2R)-diaminocyclohexane, diisopropylethylamine, acry- is placed in a three necked round bottom flask equipped with
loyl chloride, 3-aminopropiltrietoxysilane, vinyltriacetoxysi-  addition funnel and magnetic stir bar and cooled t€vith
lane, phosphorous pentachloride, naphthalene, biphenyl.an ice bath. Dispersion B is then added dropwise over a 1 h
nitrobenzene, 1,3-dinitrobenzerid;aminoacid derivatives,  period with continuous stirring under an argon atmosphere.
1,7-bi-2-naphthol, dry toluene and hydrogen fluoride The cooling bathisremoved and stirring is continued &0
pyridine solution ¢70% HF) were purchased from for 6 h. Solid materials formed during the reaction or left over
Fluka (Sigma—Aldrich Company, Buchs, Switzerland); by reagents are removed by filtration, and the solution is con-
4,4-azobis-4-cyanopentanoic acigterphenyl, anthracene, centrated to about 20 mL by evaporation at reduced pressure
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(rotary evaporator, 250 mbar). Solid material formed upon
concentration is removed by filtration. To the remaining so-
lution is added hexane (20 mL) and the solution is kept at
4°C for 12 h, under an argon atmosphere. The solid material
that precipitates is isolated by suction filtration and dried at
reduced pressure (0.1 mbar,°ZE) to yield 1.80g (77%) of
the title compound!H NMR (C?HCl3) §: 1.69 (s, 3H), 1.75

(s, 3H), 2.43-2.54 (m, 2H), 2.56-2.64 (m, 2H), 2.92-3.08 (m,
2H), 3.11-3.22 (m, 2H):3C NMR (C?HCl3) 8: 23.75, 23.90,
33.04, 41.82, 41.92, 71.42, 71.57, 116.90, 117.00, 172.24
172.32. FT-IR (Nujol): 2240, 1789, 1462 cth

2.5. Preparation of 3-aminopropy! silica gel (3-APSG)

Silica Daisogel SP-300-5P (10.09) (particle size Bim
surface area 115%y1; pore diameter 308, pore vol-
ume 0.93mL g?) is dried at reduced pressure (0.1 mbar) at
150°C for 2 h (weight loss 2.5%). Dried silica is placed in
a 500 mL three-necked round bottom flask equipped with a

Dean Stark trap, reflux condenser and inert gas inlet, and

240 mL of toluene are added. The slurry is heated to re-
flux temperature{110°C) with mechanical stirring under
an argon atmosphere, and 25 mL of distillate are collected
over a 1 h period. After cooling to room temperature, 5.0 mL
of 3-aminopropyl-triethoxysilane (21.5 mmol) are added at
once and the slurry is heated to reflux temperature for 4 h,
with mechanical stirring under an argon atmosphere. Af-
ter cooling to room temperature, modified silica is collected
by filtration and washed with 200 mL portions of toluene,
methanol, CHCI, and dried at reduced pressure (0.1 mbar,
T=60°C) up to constant weight (10.4 g; weight increment:
4.0%). Elemental analysis: %C, 1.35; %H, 0.54; %N, 0.48;
375pmolesgl. FT-IR (DRIFT): 3432, 2978, 2935, 1874,
1630, 1095, 954, 802 cm.

The following values from elemental analysis were ob-
tained using Kromasil Si-200: %C, 2.31; %H, 0.96; %N, 0.83;
641pmoles g 1; and Kromasil Si-100: %C, 2.75; %H, 0.83;
%N, 0.94; 764umoles g L.

2.6. Activation of 3-aminopropyl silica gel with the
dichloride of 4,4-azobis-4-cyanopentanoic acid
(3-APSG-AZO)

Aminopropyl silica gel (3.09) is dispersed in 25mL of
anhydrous toluene with mechanical stirring and under an
argon atmosphere. To the cooled°(@ ice bath) slurry
is added dropwise a solution of 1-methoxy-2-methyl-1-
(trimethylsyliloxy)-1-propene (50Ql; 2.45 mmol) in 5mL
of anhydrous toluene followed by a solution of the dichlo-
ride of 4,4-azobis-4-cyanopentanoic acid in anhydrous
toluene (336 mg; 1.22mmol in 10mL). The ice bath is re-
moved and stirring is continued at 26 for 3h. Mod-
ified silica is then isolated by filtration, washed with
100 mL portions of acetone, methanol, acetone,,Cli
and dried at reduced pressure (0.1 mfax,25°C) (3.1q;
weight increment: 3.5%.) Elemental analysis: %C, 3.70;

27

%H, 0.78; %N, 1.21; 27amoles g*. DSC: Tgec= 120°C;
lgec=44.77Jg*. FT-IR (DRIFT): 2978, 2941, 2898, 2244,
1649, 1548, 1446 crt.

The following values from elemental analysis were ob-
tained using Kromasil Si-200: %C, 6.20; %H, 1.24; %N, 2.13,;
478umoles g1; and Kromasil Si-100: %C, 8.64; %H, 1.67;
%N, 2.35; 48Gumoles g 1.

2.7. One-step activation of 3-aminopropyl silica gel with

'4,4’-azobis-4-cyanopentanoic acid and EEDQ

(3-APSG-AZOJ13]

4,4-Azobis-4-cyanopentanoic acid (1.0g, 3.6 mmol) is
dissolved in 30 mL of anhydroul,N-dimethylformamide
(DMF), with mechanical stirring and under inert at-
mosphere at room temperature. To the stirred solution
is added 2-ethoxy-1-ethoxycarbonyl-1,2-dihydroquinoline
(EEDQ, 1.78g, 7.2mmol) and, after complete dissolution,
3.0 g of 3-aminopropyl silica gel. The mixture is then kept at
room temperature with continuous stirring and under inert at-
mosphere for 16 h. The modified silica gel (3-APSG-AZO) is
collected by filtration, washed with successive 100 mL por-
tions of DMF, methanol, dichloromethane and dried under
reduced pressure (0.1 mbar) at room temperature to constant
weight (3.1g; weight increment: 3.5%). Elemental analy-
sis: %C, 3.70; %H, 0.78; %N, 1.21; 2@®nolesg . DSC:
Taec=120°C; lgec=44.77JgL. FT-IR (DRIFT): 2978,
2941, 2898, 2244, 1649, 1548, 1446Tm

2.8. Preparation of CSP[1L4]

To a heated (60C) solution of N-(2-acryloylamino-
(1R,2R)-cyclohexyl)-acrylamide in anhydrous, degassed
CHCI3 (450 mg in 50 mL) is added 3.0g of 3-APSG-AZO
with mechanical stirring and under an argon atmosphere. The
slurry is heated with stirring at 6@ for 5 h and then heated
at reflux temperature for 1 h. After cooling to room temper-
ature, modified silica is isolated by filtration, washed with
100 mL portions of methanol, acetone, &y and dried at
reduced pressure (0.1 mbar: 60°C) (3.4 g; weight incre-
ment: 12%). Elemental analysis: %C, 10.36; %H, 1.68; %N,
2.19; 392umoles gl. FT-IR (DRIFT): 3078, 2941, 2860,
2237, 1646, 1542, 1451 crh.

The following values from elemental analysis were ob-
tained using Kromasil Si-200: %C, 12.87; %H, 2.06; %N,
2.92; 393.moles g1; and Kromasil Si-100: %C, 14.88; %H,
2.53; %N, 2.99; 39g.moles g L.

2.9. Dissolution of the CSP1 silica matrix by HF
treatment

An hydrogen fluoride pyridine solution{(70% HF, 2 mL)
is cooled to OC in an ice bath, with magnetic stirring. CSP1
(100mg) is then added in a single portion and stirring is
continued at OC for 1 h and at 28C for additional 3 h.
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The mixture is then centrifuged at 2000 rpm, the liquid phase ~0.25% ethanol (90/10) as eluent, delivered at a flow rate of
is discarded and the remaining solid is washed several timesl mL/min at 30°C. Each injection was repeated at least two
with methanol and finally dried at reduced pressure. The times.

amount of recovered material (amouvit5 mg) is consistent Inverse size exclusion chromatography was performed us-
with a complete destruction of the silica matrix. FT-IR ing a total of 17 compounds (polystyrenes 470000-590,
(KBr): 3078, 2941, 2860, 2237, 1646, 1542, 1451¢m terphenyl, anthracene, biphenyl, naphthalene, toluene) with
molecular masses ranging from 470,000 to 92. Individual
2.10. Vinyl silica gel (VSG) compounds were injected into each column using THF as

eluent, delivered at a flow rate of 1 mL/min at 0. Each
Silica Daisogel SP-300-5P (3.2 g) is dried at reduced pres- injection was repeated at least two times.

sure (0.1 mbar) at 150 for 2 h (weight loss 2.5%). Dried Racemic and enantiomerically pure samples were eluted
silica (3.013 g) is dispersed in 30 mL of toluene in a 100mL in normal phase (NP) mode using a mobile phase con-
three necked round bottom flask equipped with a Dean Starksisting of one or two apolar organic solventshexane,
trap, reflux condenser and inert gas inlet, and 2.04 mL of dichloromethane) mixed with one or two polar organic modi-
vinyltriacetoxysilane are added. The slurry is heated to re- ficators (2-propanol, ethanol, methanol, dioxane, tetrahydro-
flux temperature{110°C) with mechanical stirring under  furane) and in polar organic mode (POM) using a mixture
an argon atmosphere for 5 h. After cooling to room temper- of polar organic solvents (acetonitrile, methanol) buffered
ature, modified silica is collected by filtration and washed with 20 mM ammonium acetate, delivered at a flow rate of
with 100 mL portions of toluene, methanol, @El, and 1 mL/min at 25°C.
dried at reduced pressure (0.1 miax,60°C) up to constant All the chromatograms were recorded at the wavelength
weight (3.074 g; weight increment: 2.0%). Elemental analy- of 254 nm; for compound44-16 and 22 a wavelength of
sis: %C, 1.14; %H, 0. 42; 476moles g *. FT-IR (DRIFT): 210 nmwas used. Chiroptical detection by circular dichroism
3069, 3028, 2992, 2964, 2851, 1876, 1726,1604, 1412, 1090was used in some instances to check elution order of the
797cntl. enantiomers from the column.

2.11. Preparation of CSPEL5]
3. Results and discussion

VSG (3.0429) is dispersed in a solution of DACH-ACR
in anhydrous, degassed chloroform (0.450g in 50 mL). The 3.1. Synthetic strategy for the preparation of CSP1
reaction mixture is heated to gentle reflux and a solution of
AIBN in chloroform (0.045g in 2mL) is added via syringe, In this work, we describe the preparation, characterization
with mechanical stirring and under an argon atmosphere.and chromatographic applications of a new polymeric chiral
The mixture is then kept at reflux temperature for 8 h. Af- stationary phase, CSP1. The results are compared with those
ter cooling to room temperature, modified silica is collected obtained on the related CSP2, prepared by the classical solu-
by filtration and washed with 200 mL portions of CHCI  tion polymerization approach. In the classical method of rad-
methanol, CHCI, and dried at reduced pressure (0.1 mbar, ical polymerization for the preparation of polymeric CSPs,
T=60°C) up to constant weight (3.280 g; weight increment: the chiral monomer and the radical initiator are both kept in
8.0%). Elemental analysis: %C, 6.82; %H, 1.08; %N, 1.13; solution and the solid supportis usually activated with a poly-
401pmolesgl. FT-IR (DRIFT): 3077, 2939, 2862, 1872, merizable group, such as a vinyl or acryloyl fragment. With

1639, 1543, 1452, 1087, 805 cth this approach, the chiral polymer is mainly formed in solu-
tion, and subsequently, it becomes end-grafted to the support
2.12. Chromatographic procedures surface. In general, only a reduced amount of polymer can

be immobilized following such g-totechnique, because the
The analytical stainless-steel columns (250mm  steric constraint generated by the already grafted polymeric
4.6 mm,L x i.d.), supplied by Alltech (lllinois, USA), were  fragments inhibits the covalent attachment of additional poly-
packed at 9500 psi using the slurry packing procedure. mer chains FFig. 1, top left). Pore occlusion by large poly-
The kinetic parameters related to column permeability meric fragments can additionally lead to uneven and incom-
characteristics were obtained usimghexane/acetonitrile  plete surface coverage. The more succesgsfttmapproach
(99/1) as eluent, delivered at a flow rate of 1 mL/min at@0 is based on immobilized initiators that permit the generation
The column dead timestg) were determined from  of grafted polymer molecules directly on the surface of meso-
the elution times of an unretained marker (1,3,5-tri- porous silica particles. In the ideal case, thfomprocess
tert-butylbenzene, using dichloromethane/methanol 97/3 asis not onlysurface-initiatecbut is alsosurface-confingdso
eluent). that polymer growth is not occurring in solutioRig. 1, bot-
Columns efficiency towards achiral solutes (methyl tom left). In the real case, however, the presence of reactive
benzoate, acetophenone, nitrobenzene, 1,3-dinitrobenzenejpecies escaping the surface and the internal volume can-
was evaluated using n-hexane/chloroform stabilized with not be completely excluded, and polymerization is no longer
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Fig. 1. g-to (top left) andg-from (bottom left) polymerization approches. Synthetic strategy for the preparation of CSP1 (right). (1) ACPA-dichloride, 1-
methoxy-2-methyl-1-(trimethylsyliloxy)-1-propene; anhydrous;Cl or ACPA, EEDQ, DMF. (2) Heat; anhydrous and degassed GHCI

surface-confined. Nonetheless, polymer growth fromthe sur-  The azo-activated silica particles are then heated in the

face will represent the favored process, and polymeric chainspresence of theN,N'-diacryloyl derivative of RR)-1,2-

grown in solution, if do not undergo subsequent end-grafting diaminocyclohexane. Thermal decomposition of surface-

during the reaction period, can be easily removed from the tethered APCA initiates the polymerization from the silica

final material. surface, yielding the final CSP, containing the covalently
In our work, we used an azo compound as radical initiator, grafted chiral polymer in the form of a uniform, thin layer.

4,4-azobis-4-cyanopentanoic acid (ACPA), that was cova-

Igntly grafFed tothe surface ofAI?SG silicathoughthe forma- 3 5 chemical and physical characterization of

tion of amide bonds with the aminopropyl groups. The whole 5,4_activated silica and of CSP1

processFig. 1, right) starts with the silanization of the silica

surface with 3-aminopropyltriethoxysilane. The radical ini-  chemical characterization of the azo-activated phase and
tiator, in the activated form of the dichloride of ACPA, isthen ¢ the final CSP1 was based on results from elemental anal-

condensed with the 3-aminopropyl groups using 1-methoxy- ysis, diffuse reflectance infrared spectroscopy (DRIFT), and
2—m.ethyl—_1—(tr|methylsyllony)—l—propene as HCI scavenger. gitferential scanning calorimetry (DSC).

During this step, a concomitant end-capping of the residual  htormation on the composition of the initiator layer of
free silanols is probably realized by the trimethylchlorosilane 3 ApsG-AZO was gained by combining the results from el-
released from the scavenger itself. emental analysisTable J) with those coming from DSC.

Alternatively, activation of 3-APSG can be more conve- pata on carbon and nitrogen contents of 3-APSG and 3-
niently obtainedin a single step using ACPA and a condensing ApsG-AzO show that all the aminogroups of 3-APSG are
agent like EEDQ. Amide linkages between the silica amino-

propyl groups and the diacid are formed smoothly at room Table 1
temperature and by-products are eaS|Iy removed by filtration Characterization by elemental analysis of CSP1 and CSP2 prepared on

and exhaustive WaShing_- _ 3 . Daisogel SP-300-5P Calculations are based on carbon
Thetwo procedures yield azo-activated silica matrixes that 3APSG 3APSGAZO CSPL _ VSG  CSP2

are very similar in their physico-chemical properties and the

. . . Carbon (%) 135 370 1036 114 682
final CSPs prepared from the two.lntermedlates have almostHydrog en (%) B4 078 168 042 108
the same chromatographic behavior. For small-scale preparayitrogen (%) 048 121 219 _ 113
tions, the EEDQ mediated coupling of ACPA to aminopropyl pmolesg? 375 279 392 475 401

silica is more convenient than the two-step route based on thexmoles m2 3.37 261 413 424 393

dichloride of APCA. The chiral monomer unit is considered as the substrate for the last step.
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converted to amide groups in the activation stage, giving a also be used to extract information on the amount of active
surface density of azo-initiator of 2.Gdnoles nT2, corre- azo groups present on the activated silica. Here we assume
sponding to 279.moles g ! of matrix. Theoretical %C val-  thatthe azo thermal decomposition, studied by DSC at a heat-
ues for the one-to-one and two-to-one reactions between theng rate of 10C min—1, occurs in the same way as that of
surface aminogroups and the dichloride of ACPA (i.e. one- bulk ACPA and is not affected by the immobilization on the
end tethering and two-end bridging) ar®.5% and~2.7%, silica surface. Accordingly, based on the molar enthalpy of
respectively. The experimental value is found between thesedecompositiorAHacpa = 160 kJ mot ™ of bulk ACPA[16],
two extremes and is consistent with a complete conversionthe amount of immobilized, reactive azo fragments can be
of the aminogroups, about 65% of them having reacted in calculated from the ratio of the integral of the DSC signal of
the bridging mode. The fraction of ACPA groups that is one- 3-APSG-AZO (gqec=44.77J g’l) andAHacpa. The surface
end tethered will release, upon thermal activation, a radical coverage calculated in this way (28tolesg?) is in ex-
fragment that escapes the silica surface. Although these freecellent agreement with that obtained by elemental analysis
fragments are no longesurface-confingdthey are mainly (279pumoles g1).
restricted within the micropores of silica particles where the ~ Data on carbon content for the final CSP1 show an aver-
growth of long polymeric chains is prevented by the steric age surface density of monomer units of 4uiBoles nT2,
constraints generated by the pores dimension and architeceorresponding to 392moles of monomer units per gram of
ture. matrix. If the chiral polymer were assumed to have a uniform
Activation of 3-APSG by the azo initiator is accompanied distribution giving a complete coverage of the silica surface,
by small changes in the DRIFT spectra. These changes, how-t would be composed by short oligomeric chains, according
ever, are diagnostic of the presence of azo and amide groupso the results of elemental analysis. However, steric consid-
on the silica surface (weak signal at 2244AmCN stretch- eration and the results of ISEC studies (see below) suggest a
ing; and signals at 1649 and 1548 chamide vibrations). surface organization characterized by longer polymer chains
The thermal decomposition behavior of the immobilized evenly spaced at lower grafting densities.
azo molecules, as studied by DSC, adds further evidence In the DRIFT spectrum of CSP1, intense signals aris-
about the presence of reactive azo fragments on the surfaceng from the chiral polymer are clearly visible in the
of 3-APSG-AZO and confirms the elemental analysis results amide-stretching region (3078, 1646 and 1542 &mand
about the surface coverage. Thermal decomposition of bulkin the aliphatic stretching and bending regions (2941, 2860,
ACPA, a solid at room temperature, shows a sharp exotherm1451 cnt1). Similar results in terms of surface coverage were
of decomposition with a peak temperature of 220[16]. obtained for CSP2 (average value of 3880les nT?2, cor-
Unlike AIBN and other azo initiators, bulk ACPA does not responding to 40fumoles g ! of matrix).
show a melting endotherm. Thus, the DSC results of bulk  The DSC trace for CSP1 no longer shows the exother-
ACPA and 3-APSG-AZOKig. 2) can be directly compared. mic transition due to azo decomposition, indicating that a
3-APSG-AZO shows the azo decomposition peak at’®@4  large fraction of the surface-bound initiator molecules were
thus very close to the value of bulk ACPA. However, the DSC thermally decomposed during the last synthetic step (the de-
curve of ACPA is very broad, with left and right limits at 82 tection limit of the DSC measurements can be considered
and 159 C, respectively. This is probably the result of local, around 3qumol g™1).
microenvironmental differences experienced by the surface-  Surface characterization of CSP1 was also carried out
grafted azo initiator. The DSC curve of 3-APSG-AZO can using scanning electron microscopy (SEM). Under low

Fig. 2. DSC trace of 3-APSG-AZO. Heating rate =IDmin 1.
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Fig. 3. SEM images of Daisogel SP-300-5P (left) and CSP1 (right). Magnification 208 (top) and 70x 10° (bottom).

magnification conditions, CSP1 appears as consisting ofinternal surface of CSP1, and persistence of the spherical
micron-sized particles with intact spherical shape and with shape is certainly due to partial cross-linking between adja-
no evident sign of interparticle aggregation. At higher mag- cent polymer chains. Size reduction and collapse of the orig-
nifications, details of the pores structure are recognizableinal microspheres are due to the lack of mechanical strength
(Fig. 3, right). Comparison of SEM images of CSP1 and of the organic material and are the result of the high vacuum
of Daisogel SP-300-5P, taken under identical conditions, treatment of the samples required to obtain the SEM images.
reveals that the pore morphology is not greatly affected by  Attempted characterization of the free chiral polymer
the polymer grafting procesEig. 3 left). The pore structure  grown in the absence of a solid support (chloroform solution,
is still clearly observable for CSP1, although the average AIBN as a radical iniator) was unsuccessful due to the com-
dimensions of the observable holes is substantially reducedplete insolubility of the polymeric material in all the common
compared to the starting silica matrix. This finding is in solvents.
agreement with ISEC studies (see below).

Additional SEM analyses were carried out on the organic 3.3. ISEC determination of the external and internal
material recovered after HF treatment of CSPig(4). At porosities of the polymeric stationary phases
low magnification, several spheroidal objects with average
dimensions of 2um are observed, together with some com- The influence of pore-size distribution on a column
pletely collapsed, flat objects of the same dimensions. The performance is widely recognized particularly for polymeric
spheroids are most likely a negative image of the original stationary phases. Moreover, critically important to the
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Fig. 4. SEM images of CSP1 before (top right) and after the HF treatment (top left and bottom). Magnifications 4@ 2tbp), 9x 10° (bottom left) and
5 x 10° (bottom right).

usefulness of a polymeric stationary phase is the porethe three columns. In each plot, two different curves, approx-
accessibility, because a large extent of pore blockage canimately linear, can be identified in the low to medium elution
result in very low chromatographic efficiency. Therefore, itis volume regions. They correspond to the retention contribu-
necessary to determinate the external and internal pore vol-tions of the two different types of pores: those that belongs to
umes (hence, porosities) of the different packing materials. the silica particles (internal pores, the sum of their volumes
A very rapid and accurate method for this determination is is the internal volum#&/;) and those located between the par-
the inverse size exclusion chromatography (ISEC) techniqueticles (external pores, the sum of their volumes is the external
[17]. The total volume of a liquid chromatographic column volumeVe). The coordinates of the intercept of the two re-
(Vk) can be split into three different contributions: the gression lines for each plot give the value of the external vol-
inter-particle or external pore volum¥d), the internal pore  ume {/¢) and the corresponding exclusion pore size An
volume ;) and the unaccessible volum¥j, that is the estimate of the differenbe values can be obtained using the
sum of the silica particle volume, the closed pore volume and formula ®¢ = 0.246 (,)*-88[18], whereM,, is the molec-

the volume of the bonded organic layer. ISEC studies were ular weight corresponding to the intersection points drd
performed on columns packed with CSP1, CSP2 and barevalues are given in angstrofigble 2. Itis seen that the value
Daisogel- SP-300-5P, using a set of polystyrene standardsof exclusion pore siz&e for the starting silicabe = 347A

and aromatic test solutes, and tetrahydrofurane as eluent. is in good agreement with the expected value ofé(w/en

Plots of the logarithm of the molecular mas#g of the by the manufacturer. The same parameter is reduced to one
used probes versus their elution volumes are givEigrbfor third for both CSP1 and CSP2, indicating that their average
Table 2
Comparison of internal and external porosities obtained on Daisogel SP-300-5P, CSP1 and CSP2
Column packed with V1 (mL) Ve (ML) Vi (mL) (2 (A) eT e &

Daisogel SP-300-5P 3.22 1.57 1.65 347 0.78 0.38 0.64
CSP1 2.83 1.62 1.21 106 0.68 0.39 0.48

CSpP2 2.85 1.42 1.43 102 0.69 0.34 0.53
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Fig. 5. Graphical representation of b, vs. retention volume for 17 compounds (polystyrenes 470000i&0phenyl, anthracene, biphenyl, naphthalene,
toluene). Eluent, THF; flow rate, 1 mL/min; temperature;@0detector, UV at 254 nn®) Daisogel SP-300-5P@() CSP1; &) CSP2).

pore dimensions are reduced to about AQffter the poly-
merization step.

The volume fraction of the external pores, or external
porosity e, corresponding to the retention volurig, and
the total pore volume fraction or total porosity, corre-
sponding to the retention volume of toluevte, are defined
by:

Ve Ve
VK Wk
whereVy is the total column volume geometrically calcu-
lated.

From the total balance of porosity, itis possible to calculate
¢i (the internal porosity, related to the volume of the internal
poresV;):

Ee Ee

eT = &i(1— ge) + €e

In Table 2 are shown the results obtained for the three

3.4. Study of the permeability characteristics of the
polymeric stationary phases

The influence of the starting silica material on column
permeability was carefully evaluated for the chiral polymeric
materials prepared on Daisogel SP-300-5P, Kromasil Si-200
and Kromasil Si-100 silica gel, having an average pore diam-
eters of 300, 200 and 169 respectively. The flow resistance
(@) and the permeabilityp) parameterfl 9] were chosen as
principal parameters reflecting the polymerization outcome
in terms of layer thickness, uniform coverage, and pores oc-
clusion.

The optimum values of the flow resistance £ 602)
and permeability Ko =4.15x 10-1*m?2) were obtained in
the case of CSP1 prepared on Daisogel SP-300-5P. Good
results were reached using Kromasil Si-20@ =635,
Ko=3.94x 10-1*m?). Nevertheless, a further reduction in
the pore diameter (Kromasil Si-100) caused a considerable

columns packed with CSP1, CSP2 and Daisogel SP-300-5Prising of & (777) and lowering oK (3.22x 10~ m?). This

As expected, the total porosity, corresponding to the
total volumeVr, is greater for the non derivatized chromato-
graphic support, due to a higher value of internal porasity
CSP1 maintains almost the same external porasignd re-
tention volumeVe as for Daisogel SP-300-5P, while its inter-

behavior may be due to partial pore blockage as the poly-
mer chains grow inside very small porosities. Permeability

studies carried out on CSP2 (prepared using Daisogel SP-
300-5P) show values @b (699) andKg (3.57x 10~ 14m?)

that are also indicative of poor permeability performances.

nal porositys; shows a substantial reduction. This means that This finding suggests that the classical polymerization pro-

the chiral polyamide polymer of CSP1 is nearly all grafted

cess ¢-to) may alter the internal pore structure, an indication

within the porosities. Conversely, CSP2 exhibits the lowest in agreement with the results obtained by ISEC.

value of external porositye and retention volum¥e; this is

The overall picture emerging from the combined SEM

most likely associated to a large extent of extra pores growth analysis of CSP1 and of HF treated CSP1, elemental anal-

of the polymer chains during classical polymerization.

ysis, ISEC and Van Deemter analysis of CSP1 and CSP2
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is that of a polymer structure in CSP1 consisting of evenly u/ mmsec”

distributed, ordered chains that results in favorable analyte 9% 080 119 179 239 29 358 418
mass transfer kinetics. The average pore dimensions of abou

100 A derived from ISEC studies, combined with elemen-
tal analysis data, is consistent with the presence on CSP1 0,16 32
of linear polymeric chains originating from a fraction of the
surface-linked azo initiators. Inspection of SEM images of
CSP1 after HF treatment suggests that the polymer chains €
are cross-linked on the original material.

H/m

0,084 116
3.5. Efficiency characterization of columns packed with

CSP1, CSP2 and Daisogel SP-300-5P _— = 1s
. o ' LN . — |

Various phenomena lead to band broadening in liquid 1 Vi ——
chromatography. The major contributions are attrioutedto o00d—— = _
columnar effects and can be related to the quality of column 6y %s 8 15 B B @8 48
packing, longitudinal diffusion and resistance to mass trans- How tate./mimin
fer between mobile and stationary phag2s. u/mmsec’

The chromatographic performances of CSP1 were eval- 0,00 069 1,38 207 276 345 414 483
uated in a series of flow studies and compared to those ob- I R A I S R R
tained on the columns packed with CSP2 and Daisogel SP-
300-5P. Van Deemter plots for a series of achiral aromatic
compounds (methyl benzoate, acetophenone, nitrobenzene 0151 30
1,3-dinitrobenzene) are shownkig. 6for the three columns
packed with CSPs 1 and 2 and with bare silica Daisogel SP- ¢
300-5P. The columns packed with CSP1 and with Daisogel E 0,10+ 420
SP-300-5P show good to excellent efficiency values, with the T h
minima of the curves observed at flow rates between 0.5 and ]
1.0mL/min. Reduced plate height values atthe minimaofthe 5 A
curves are in the range 3.5-3.8. As the flow rate is increased, /0/
the column packed with CSP1 shows a more rapid worsening T fﬂ/f//
of the efficiency compared to the silica column, as expected Y . .
on the basis of the polymeric nature of the bonded selector 0.0 05 10 15 20 25 30 35
of CSP1. The column packed with CSP2 shows poor overall flow rate/ mimin’
kinetic performances, as evidenced by the Van Deemter plots A

- . L7 u/mmsec
shown inFig. 6. While the reduced efficiency of the column, 000 069 138 207 277 346 415 484
containing CSP2 is largely due to a more difficult packing  o204——2tu 1 1 1 . :
procedure (large A term of the Van Deemter equation), the ] -
higher slope of the high-flow rates portion of the plots (C - 3 -
term) is clearly indicative of poor mass transfer in the sta- ' A An
tionary zone of CSP2. This could either be due to small pore T .
blockage or to an inhomogeneous distribution of the polymer _ o,12- 24
layer.

_ /. .
3.6. Enantioresolution capabilities of CSP1 0,08 '\"‘-\\ ./ -16

Alarge set of chemically diverse chiral soluteswasusedto ¢ g4 L8
evaluates the enantioselectivity of CSFig6. 7 and 8 The
screening set includes both neutral and ionizable compounds

i i itione  0,004+— ; ; ; . . —+0

that were separqted using several mobile phase composition: 000 | 050 100 180 200 250 300 3.0
ranging from typical normal phase eluents (hexane and polar -

. . o flow rate / mimin
modifier, dichloromethane and polar modifier) to polar or-
ganic or polgr ionic eluents (aceton'tr'le/methanOI mixtures Fig. 6. Flow-curve comparison of columns packed with bare silica (top),
plus ammonium acetate). The results of screening CSP1 untspy (middie) and CSP2 (bottom). Soluteh) methyl benzoate; )
der normal phase conditions are gatheredable 3 Sev- acetophenone®) nitrobenzene;) 1,3-dinitrobenzene.
eral compounds are resolved with enantioselectivity values

H/mm
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0 R = CHp CH(CHa)5 (N-acetyl-D,L-Leu,22) R = CHj (N-DNB-D,L-Ala, 25)
(13) R = CH2CgH5 (N-acetyl-D,L-Phe,23) R = CH(CH3)CHoCH3 (N-DNB-D,L-lle, 26)

R = CgHs (N-acetyl-D,L-phenyl-Gly,24) R = CH,CH, SCH; (N-DNB-D,L-Met, 27)

Fig. 7. Structures of chiral compounds resolved by HPLC on CSP1.
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Table 4
Chromatografic parameters obtained in polar organic mode (POM) for com-
poundss—6 and14-21 resolved on CSP1

Compounds k1 I Rs Eluent
5 1.07 1.74 5.98 f
] 2.05 1.94 6.44 g
—_— ‘ , ‘ , 0.52 1.17 1.31 f
(A) 0 5 10 15 (B) 0 5 10 15 6 0.88 1.26 250 g
8 1.13 1.24 2.02 f
3.13 1.32 2.36 g
9 0.38 181 3.27 |
10 1.28 1.33 2.63 f
14 1.34 1.14 1.46 h
15 1.16 1.33 2.82 h
16 1.27 1.36 3.09 h
. . . ‘ 17 1.29 1.24 2.53 h
0 5 10 15 0 5 10 15 18 1.79 121 1.64 h
©) t/ min —= (D) A/ i — 19 1.67 1.26 2.43 h
20 1.06 1.23 2.02 f
Fig. 8. Some examples of chromatographic resolution on CSP1; for chro- 21 1.04 1.32 2.72 f
matographic conditions and parameters, Baleles 3 and 4A, compound 22 0.97 1.28 1.85 f
1, eluent b; B, compouné, eluent a; C, compourg] eluent f; D, compound 23 1.02 1.16 1.40 f
21, eluent f). 24 159 1.14 0.91 f
25 0.97 1.18 1.25 f
. . . . ; 26 0.76 1.40 2.30 f
(«inTable J exceeding 2, leading to large resolutionsin short 0.94 130 164 f

analYSIS time. Some general trends of enantioselectivity as “Eluents: (f) acetonitrile/methanol (70/30) 20 MM ammonium acetate; (g)
function of the ar_‘alyte StrUCture. are apparent from the data acetonitrile/methanol (85/15); (h) acetonitrile/methanol (85/15) 20 mM am-
collected. Retention of the enantiomers of the structurally re- monium acetate; (i) acetonitrile/methanol (95/5) 20 mM ammonium acetate.

lated 3-hydroxy-benzodiazepin-2-ones (compouhd3-5; Flow rate, 1 mL/min; temperature, 28; detector, UV at 254 nm (210 nm
for compoundd4-16 and22).

Table 3
Chromatographic parameters obtained in normal phase (NP) mode for com-

poundsl-7 and11-13resolved on CSP1
Compounds ky o Rs Eluent
0.13 158 048 a
1 1.48 139 3.84 b
2.45 156 5.82 c
451 171 6.34 d L
2 0.38 160 308 a
1.18 129 2.04 b
3 1.44 429 1963 a (
1.84 238 7.43 b
4 151 389 1815 a #
1.34 233 5.96 b
5 5.64 206 1117 a
5.65 155 3.68 b
1.74 190 1112 a
6 2.73 140 4.25 b
4.65 147 4.79 d
7 315 114 121 c : I
11 454 110 242 e 0 5 10 15
12 2.81 109 156 e time/ min
13 2.03 108 131 e
Eluents: (a) dichloromethane/methanol  (97/3);  (bh-hexane/ Fig. 9. Resolution ofac-3 on columns packed with enantiomeric versions

ethanol (50/50); (c)-hexane/1,4-dioxane/methanol (60/39/1) rid)exane/ of CSP1. Eluent, dichloromethane/methanol 95/5; flow rate, 1.0 mL/min;
tetrahydrofuran/methanol (50/49/1); (e)hexane/dichloromethane/meth-  T=25°C; detections, UV and CD at 254 nm. (Top and middle) CSP1 from

anol (80/20/0.5). Flow rate, 1 mL/min; temperature’€5% detector, UV at (S9)-DACH-ACR; (bottom) CSP1 fromR R)-DACH-ACR.
254 nm.
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eluent a) is greatly affected by the presence of H-bonding alyte solvating properties. This point has practical relevance
sites in the analytes: compouBgchaving both the amidicNH  for enantioseparations at preparative levels, where sample
and the alcoholic OH available to complementary H-bonding solubility in the mobile phase is a prerequisite for a success-
sites onthe CSP shows the highest retention, while N1 methy-ful resolution. A preliminary loading study was performed on
lated1 and carbamate derivativ@sand4 are less retained.  the analytical column packed with CSP1, using compadaind

A free NH at position 1 seems to be required for high enan- as a test solute. Solubility &in dichloromethane/methanol
tioselectivities (compound versus5), while conversion of 97/3 (eluent a) is high enough to allow a mass overload and to
the free OH in position 3 to a carbamate greatly increasesavoid a volume overload of the analytical column. The results

enantioselectivity (compounds versus3 and 4). Chro- of the study Fig. 10 point to a remarkable loading of 20 mg
matograms showing the enantioresolution of compdiond of 6.
two columns, containing CSP1 prepared from eitfeR) or With polar organic eluents, several strongly polar or acidic

(59-DACH are shown irFig. 9. Dual detections by UV and  compounds are well resolved on CSHAlfle 4. Interest-
circular dichroism (CD) clearly show elution order inversion ingly, some of these analytes (compoufd$4-17, 22) have
and a complete chemical equivalence of the two enantiomericno aromatic fragment in their structure, indicating that this
stationary phases. Additional retention and enantioselectivity structural feature is not essential for the enantioselectivity.
data presented ifable 3clearly show the effect of H-bonding Under identical experimental conditions, CSP2 shows
on solute-stationary phase interaction and recognition. It is slightly lower retention and enantioselectivity values than
noteworthy that in most cases the highest enantioselectivity CSP1. Resolution valueRd) are significantly lower on CSP2
values are obtained using mobile phases that have good anas a result of its poor kinetic performances.

4. Conclusions

The surface-initiated polymerization of chiral, enantiop-
ure diacryloyl derivative oftrans-1,2-diaminocyclohexane
on mesoporous azo-activated silica yields a hybrid poly-
meric stationary phase. The available structural and chro-
matographic data are consistent with an ordered polymeric
layer architecture that yields higher chromatographic perfor-
mances compared to the analog stationary phase prepared by
the alternative procedure using solution initiated polymeriza-
tion. The new chiral packing material has broad applicability,
high enantioselectivity, chemical and thermal inertness and
is available in both the enantiomeric forms. At the same time,
analytical columns packed with the new material show high
overall chromatographic efficiency and high loading capabil-
ities, leading to complete resolutions in short analysis time.
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