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Abstract—Click chemistry was adapted to the immobilization of various Cinchona alkaloid derivatives bearing alkyne functionality
onto azide-modified silica gel surfaces. The developed protocol employs very mild reaction conditions, with catalytic amounts of
copper(l) iodide (1-5 mol %) in acetonitrile at room temperature, ensuring complete chemical integrity of the multi-functional
ligands. The utility of this approach is demonstrated by the attachment of didehydroquinine zert-butylcarbamate to azido-grafted
silica gel to produce an effective chiral stationary phase for HPLC enantiomer separation. A comparison of the chromatographic
behavior of this click-immobilized phase with that of a commercially available thioether-linked chiral stationary phase revealed very
similar performance characteristics for various model analytes. This observation suggests that the click-immobilization may offer an
appealing alternative to the established silica gel-grafting technologies, allowing for the specific benefits of high and readily control-

lable loading levels under noninvasive conditions.
© 2006 Elsevier Ltd. All rights reserved.

1. Introduction

Immobilization of highly functionalized (bio)molecules
onto the surfaces of solid supports is a frequent require-
ment in the development of reusable catalysts,' chro-
matographic materials,” sensors,> chip-type analytical
devices,* and solid-phase synthesis strategies.” Most
importantly, dedicated linking procedures must preserve
the chemical integrity and the functional activity of the
attached molecular systems, utilizing mild and noninva-
sive immobilization chemistries. In addition, immobili-
zation protocols should address a broad range of
targets and allow for convenient control of ligand orien-
tation and surface density.°

The recent discovery of the Cu(I)-catalyzed 1,3-dipolar
cycloaddition of azides to alkynes has provided the most
powerful click chemistry tool for conjugation between
appropriately functionalized binding partners via an
1,2,3-triazole linkage.” The underlying cycloaddition
reaction fulfils many of the crucial requirements for mild
surface immobilization. These include modularity,
favorable thermodynamics and therefore excellent cou-
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pling yields, ease of introduction of the required azide
and alkyne groups both of which are compatible with
a broad repertoire of functionality and reaction condi-
tions. These appealing characteristics of the azide-
alkyne click chemistry (AACC) reactions has led to
numerous applications in various fields of organic,
medicinal, polymer, and material chemistry including
biochemistry and molecular biology.® The great poten-
tial of AACC for the covalent attachment of ligands
to chromatographic supports, however, has been recog-
nized only recently. Pioneering work in this direction
was disclosed by the groups of Finn and Frechet, com-
municating AACC protocols for the immobilization of
affinity ligands onto biocompatible agarose’ and poly-
acrylamide-type beads.'® To the best of our knowledge,
AACC-based technology for grafting small-molecule
receptors onto silica gel, the most prominent chromato-
graphic matrix to date, has not been reported so far.!!

Our ongoing research projects in the fields of Cinchona
alkaloid-based chiral stationary phases (CSPs),'? sen-
sors,!3 switches,'* and organocatalysts'> challenged us
to devise mild and generally applicable approaches to
the covalent immobilization of this ‘privileged’ class of
ligands'® onto silica gel surfaces. Currently, relatively
few practical, noninvasive methods are available for
the covalent attachment of Cinchona alkaloid scaffolds

onto silica supports.'>!7 The majority of these
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approaches exploit the free radical addition of thiol-
modified silica gels to the vinyl group at the quinuclidine
moiety to produce a thioether-linkage offering the bene-
fits of chemical inertness and stability. In general, Cin-
chona alkaloid-derived ligands attached to silica via
this site retain their catalytic or molecular recognition
capacities.!> This convenient strategy, however, may
prove incompatible with Cinchona scaffolds sensitive to
free radicals and/or ligands bearing radical capturing
functionality.'® In addition, to proceed in a high yield,
the free radical addition protocol requires thermal or
photochemical activation over extended time periods,
which further restricts the range of addressable ligands
to Cinchona substrates compatible with these conditions.
Facing these limitations, we envisioned that Cu(I)-trig-
gered AACC may offer a milder and more broadly sub-
strate-compatible immobilization strategy for Cinchona
alkaloid derivatives. We took additional encouragement
from the fact that azido'® or acetylene groups®° required
for AACC immobilization can be easily introduced into
Cinchona alkaloids following well-established synthesis
protocols.

In this contribution, we present the preliminary results
concerning the preparative aspects of AACC immobili-
zation of various Cinchona alkaloids alkyne-derivatives
onto azido-modified silica gels. The impact of substrate
nature and reaction conditions on the efficiency and
kinetics of AACC immobilization are discussed in detail.
The practical applicability of the developed AACC
immobilization protocol is demonstrated by the success-
ful ambient temperature grafting of 10,11-didehydroqui-
nine fert-butylcarbamate onto azidopropyl-modified
silica gel. The chromatographic chiral recognition char-
acteristics of the resultant triazole-linked CSP for a ser-
ies of acidic model analytes are shown to be in good
agreement to those of a thioether-linked reference CSP
with comparable selector loading level.

2. Discussion

Azido-modified silica gels were prepared in a two-step
procedure, involving surface pre-activation with halo-
alkylsilanes followed by a nucleophilic halide/azide
exchange. Different types of base silica materials were
tested. As a candidate carrier material for solid-phase
supported reagents and catalysts, we evaluated relatively
inexpensive flash-type silica gel (40-65 pm irregular par-
ticles, 6 nm pore diameter, 500 m*/g specific surface

area). For the development of chromatographic materi-
als, however, we employed HPLC grade silica gel (5 pm
spherical particles, 12 nm pore diameter, 330 m*/g spe-
cific surface area). Reacting flash-type silica gel under
thermal conditions with chloropropyltrimethoxysilane
produced a material with a loading level of 700 pmol
chloropropyl groups/g. With the HPLC grade silica,
these reaction conditions led to a higher loading
(980 pmol/g). Attempts to immobilize 11-bromoundecyl-
trimethoxysilane under analogous conditions onto flash-
type silica resulted in a diminished ligand loading
(365 pmol/g), most probably due to the enhanced steric
requirements associated with the longer alkyl chains.

The pre-activated materials were transformed into the
corresponding azido-modified silica gels using an excess
of NaN3 in DMSO with conventional or microwave-as-
sisted heating. Both sets of conditions were found to
promote an efficient halide/azide exchange. For the
HPLC grade material, thermal conditions produced
the corresponding azidopropyl-modified silica gel
(AzPrS) with a conversion of 90% (azide loading
870 umol/g). A comparably favorable level of loading
(87% conversion, azide loading 760 umol/g) could be
obtained when microwave heating was employed. Even
higher levels of conversion (95% conversion,
corresponding to an azide loading of 660 umol/g) were
observed for the pre-activated materials prepared with
flash-type silica. Essentially quantitative halide/azide
exchange was achieved with bromoundecyl flash silica
under microwave conditions, furnishing 11-azidounde-
cyl silica (AzUS) with an azide loading of 365 umol/g.?!

With the azido-modified silica supports in hand, a set
of alkyne-functionalized Cinchona alkaloid derivatives
(1-4, Fig. 1) were selected for AACC studies.?? As a
key intermediate, 10,11-didehydroquinine 1 was prepared
via a bromination/dehydrohalogenation sequence, employ-
ing a modified version of the procedure reported by
Hoffmann.?° The corresponding tert-butyl and 3,5-dini-
trobenzoylcarbamate derivatives of 10,11-didehydroqui-
nine 2 and 3 were obtained by reacting the parent
compound with the corresponding isocyanates in reflux-
ing toluene.!?® Carbamate 2 represents an alkyne analog
of tert-butylcarbamoylquinine, a well-established com-
mercial chiral selector developed by our group.!??3 To
probe the sensitivity of the AACC immobilization con-
cept toward steric factors, 9-O-propargylcinchonidine
4 was included into the set of Cinchona alkaloid-derived
substrates. In this case, the alkyne functionality is

Figure 1. Structures of alkyne-modified Cinchona alkaloids.
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attached to the sterically rather congested 9-C-stereo-
genic center (Scheme 1).

To establish an AACC-mediated immobilization per-
forming at an ambient temperature, various sets of reac-
tion conditions and catalyst systems were systematically
screened. First we attempted to promote immobilization
by shaking the suspensions of the azido-modified silica
gels with the corresponding Cinchona alkyne derivatives
(0.9 equiv) in the presence of various Cu(I)-catalysts in
different solvents. Specifically, two different established
protocols were tested, using either equimolar amounts
Cul in presence of an excess of a tertiary amine in polar
organic solvents (Meldal protocol,’®) or, alternatively, a
catalytic amount of CuSQg/ascorbate in hydroorganic
media (Sharpless protocol.”®) Different levels of ligand
immobilization were achieved for Cinchona derivatives
1 and 4, with the Meldal protocol showing superior per-
formance (88% versus 27% conversion, entries 2 and 1 in
Table 1). We reasoned that the poor grafting efficiency
observed with the Sharpless protocol may reflect the
consequences of an insufficient surface wetting by the
hydroorganic reaction mixture. Evidently, an efficient
AACC immobilization requires well-wetting low-viscos-
ity organic media such as acetonitrile, which provides
the additional benefit of accelerated intraparticle diffu-

silica gel

sion and thus high ligand and catalyst concentrations
at the azido group-grafted surface. From the practical
viewpoint, however, the high Cul concentrations rou-
tinely employed in Meldal-type AACC procedures com-
plicated the isolation of the modified silica gels,
requiring numerous high-stringency washing steps to re-
move precipitated and surface-adsorbed copper salts.
This drawback could be successfully addressed by
diminishing the Cul loading from equimolar to truly
catalytic concentration levels. After a considerable
experimentation, a homogeneous solution of the Cin-
chona derived alkyne derivative (0.9 equiv) in degassed
acetonitrile comprising Smol% Cul and DIPEA
(3 equiv) was identified as a convenient and broadly
applicable reaction system for AACC immobilization.?*
The incubation of a mechanically agitated suspension of
AzPrS with this mixture comprising ligand 1 at 25 °C for
48 h produced a material showing a grafting level of
750 umol/g, corresponding to 86% conversion of the ini-
tially available azido groups. This represents a more
than threefold enhancement in grafting efficiency as
compared to the heterogencous Sharpless protocol
(entry 1, 27% conversion). Similarly favorable grafting
yields were obtained for Cinchona derivatives 2 and 3
(Table 1, entries 5 and 7), for which conversion levels
of 71% and 60% could be achieved, respectively. The
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Scheme 1. (i) n =2, X = Cl (3-chloropropyltrimethoxysilane) or n = 10; X = Br (11-bromodecyltrimethoxysilane), toluene, reflux, 18 h; (ii) DMSO,
NaNjs, 48 h; (iii) alkyne-functionalized Cinchona ligands 1-4, Cu(I)I 1-5 mol %, CH5;CN, rt, 48 h.

Table 1. Immobilization of Cinchona alkaloids derivatives to the azido-modified supports by click chemistry

Run? Azido-silica gel Cinchona-type Catalyst Method® Achieved ligand Conversion of the
(azide loading, mmol/g) ligand (equiv) (mol %)° loading (mmol/g)* azido groups (%)
1 AzPrS (0.87) 1 (0.9) CuSOy (1) A 0.18 27
2 AzUS (0.36) 4(0.9) Cul (100) B 0.32 88
3 AzPrS (0.87) 1 (0.9) Cul (5) B 0.75 86
4 AzPrS (0.87) 2(0.9) Cul (1) B 0.55 63
5 AzPrS (0.87) 2(0.9) Cul (5) B 0.62 71
6 AzPrS (0.87) 2(0.3) Cul (5) B 0.30 34°
7 AzPrS (0.87) 3(0.9) Cul (5) B 0.53 60
8 AzUS (0.36) 1(0.9) Cul (1) B 0.34 93
9 AzUS (0.36) 2(0.9) Cul (1) B 0.28 77
10 AzUS (0.36) 4(0.9) Cul (5) B 0.29 79

#Data relate to the average value of duplicate runs.
®1 M CuSO, aq and solid sodium ascorbate (10 mol %) or acetonitrile solution of Cul (~50 mg/5 mL) were used.
“Method A: THF/H,O 2:1, 40 °C, 24 h, method B: DIPEA (3 equiv), ACN, rt, shaking, 50 h.

9 Loading was calculated by elemental analysis from the gain of C and N contents.

¢ Cinchona ligand employed as a limiting reagent (100% conversion).
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kinetics of the AACC grafting procedure was monitored
for Cinchona derivative 2 as a representative ligand by
HPLC, employing the corresponding 10,11-dihydro
analog as an internal standard. The respective kinetic
graph depicted in Figure 2 indicates that even at an
ambient temperature the rate of ligand immobilization
is relatively fast, with 50% of the available azido groups
capturing substrate in less than 7h. Saturation is
essentially observed after 24 h, most probably due to
the steric demands of the immobilized ligands rendering
the remaining azido groups inaccessible for further
reaction.

A remarkable finding is the highly efficient immobiliza-
tion of Cinchona derivative 3 (60% conversion, entry
7) containing the 3,5-dinitrobenzoyl functionality, the
presence of which is known to compromise the free rad-
ical addition reaction with thiol-modified silica gels.'®
This recommends the developed AACC protocol as an
excellent alternative immobilization strategy for ligands
being incompatible with the free radical chemistry.

Although copper(]) salts are tolerated by a broad range
of functionality at an ambient temperature, their pres-
ence still may cause problems with substrates prone to
transition metal-triggered transformations. To limit the
risk of potential copper-induced substrate damage, the
efficiency of the AACC immobilization protocol was as-
sessed under the condition of limiting Cul concentra-
tions. We were pleased to find that AACC-mediated
ligand attachment proceeds efficiently even with catalyst
loading as low as 1 mol % Cul. Thus, under these condi-
tions ligand 2 was clicked onto AzPrS with 63% conver-
sion (entry 4), a figure being close to the grafting level
obtained with 5 mol % Cul (71% conversion, entry 5).
The same was true for ligands 1 and 2 (entries 8 and
9), which were grafted onto AzUS with 93% and 77%
conversions, respectively.

The developed AACC immobilization protocol allows
us to create ligand-modified silica gels with high surface
loadings, which compare well to or even exceed those
achievable with the established free radical addition pro-
tocol to thiol-modified silica gels (490 pmol/g of selector
2 is the highest loading obtained in our laboratory). As
an additional attractive feature, AACC provides the
opportunity to create ligand-modified silica gels with
predefined grafting levels. As demonstrated by entry 6,
complete immobilization can be accomplished by offer-
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Figure 2. Kinetics of the click immobilization of Cinchona ligand 2 to
AzPrS.

ing Cinchona ligand 2 as a limiting reagent (0.3 equiv rel-
ative to surface-grafted azido groups). This mild and
simple-to-control loading procedure may prove particu-
larly valuable to study the impact of ligand density on
the activity or molecular recognition capacity of sur-
face-attached catalysts and receptors.

To demonstrate the capacity of the AACC to provide
fully functional silica-grafted Cinchona receptors, a tri-
azole-linked chiral stationary phase was prepared by
attaching ligand 2 onto AzPrS and its chiral recognition
profile compared with that of a structurally related, but
thioether-linked CSP. To cancel out any deviations in
the chromatographic behaviors arising from the varia-
tions in ligand accessibility and/or density CSPs with
similar but rather diluted surface coverages (triazole-
linked CSP: 230 pmol/g, thioether-linked CSP
202 umol/g) were created, employing controlled loading
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Figure 3. Comparison of enantioselectivity (o—upper panel) and
retention behavior (k, values—lower panel) of the thioether- and
triazole-linked phase quinine fert-butylcarbamate CSPs (DNB: 3,5-
dinitrobenzoyl, Bz: benzoyl, DCP: 2-(2,4-dichlorophenoxy)propionic
acid, aMPAA: a-metoxyphenylacetic acid). Columns (100 x 4 mm);
mobile phase: MeOH:AcOH:NH,OAc 98:2:0.5 (v/v/w); flow rate
1 mL/min; 25°C; UV detection at 254 nm; injection volume 5 pL,
concentration of analytes ~1 mg/mL. The void volumes were deter-
mined using acetone as a nonretained marker.
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Figure 4. Enantioseparation of DNB-Leu on a triazole-linked column and thioether-linked Prontosil column (chromatographic conditions as in

Fig. 3 above).

procedures. The columns packed with these materials
were tested with a small set of chiral model analytes un-
der polar organic mobile phase conditions. The ob-
served chromatographic enantiomer separation data
are summarized in Figure 3, and the representative chro-
matograms for 3,5-dinitrobenzoyl leucine are depicted
in Figure 4. The enhanced conformational constraints
of the triazole-linker appear to diminish analyte reten-
tion relative to the more flexible thioether congener.
However, both CSPs exhibit identical enantiomer elu-
tion order and very similar levels of enantioselectivity,
suggesting that the chiral recognition capacity of the
immobilized Cinchona-type selectors are largely retained.

In conclusion, a robust AACC strategy for the immobi-
lization of alkyne-functionalized Cinchona alkaloid
derivatives onto azido-functionalized silica gel surfaces
was developed. In contrast to most of the established
immobilization procedures, the AACC protocol com-
bines the benefits of operational simplicity, exception-
ally mild grafting conditions, and allows for a
convenient control over surface coverages. We are con-
fident that the reported AACC immobilization strategy
will find practical applications in fields beyond chro-
matographic material technology, such as catalyst and
material research and life sciences. Applications along
these lines are currently under evaluation in our labora-
tories and will be reported in due course.?’
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