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ABSTRACT: The synthesis of ring-opening metathesis polymerization (ROMP) derived monolithic media prepared
from cis-cyclooctene (COE) as monomer, tris(cyclooct-4-ene-1-yloxy)methylsilane (CL) as cross-linker, toluene
as microporogen, and 2-propanol as macroporogen is described. Monolithic supports with varying composition
in terms of COE, CL, microporogen, and macroporogen were prepared using(RyélL,3-Mes-imidazolin-
2-ylidene)(CHGHs) (Mes= 2,4,5-trimethylphenyl, Py= pyridine) and pyridine as modulator and characterized

via inverse size exclusion chromatography (ISEC) and electron microscopy. Monoktli98 mm in size were

used for the separation of a mixture of five proteins, i.e., ribonuclease A, lysozyme, insulin, cytochrante
myoglobin. Semipreparative separation of these compounds was achieved within less than 150 s by applying
gradient elution. Peak half-width&{s) were <6 s, and resolutionRg) was >1.2 throughout. Functionalization

of the novel support was accomplished in situ and exemplified by grafting various amounts of 7-oxanorborn-5-
ene-2,3-dicarboxylic anhydride on the monolithic structure. By this approach, carboxylic acid loadings up to 86
umol/g, corresponding to 0.71 wt %, were realized.

Introduction tert-allylic carbons sec-allylic carbons
Monolithic separation media evolved as a successful “joint

venture” between material and separation science. Generally *+\Qﬁ]‘; WM

speaking, the term “monolith” applies to any single-body n

structure containing interconnected repeating cells or channels.Figure 1. Polymer structures derived from NBE (left) and COE (right).
Here, the term “monolith” or “rigid rod” comprises cross-linked,
organic materials which are characterized by a defined porosity lithic separation media and described the use of these supports
and which support interactions/reactions between this solid andin separation science and heterogeneous cat&kssSo far,
the surrounding liquid phase. Based on theoretical reflections, the ROMP-based synthetic protocol entailed the use of norborn-
the general idea is to produce a support with a high degree of2-ene (NBE) as monomer and NBE-derived cross-linkers, e.g.,
continuity that meets the requirements for fast, yet highly tris(norborn-5-ene-2-ylmethyloxy)methylsilane or 1,4,4a,5,8,-
efficient separations? Besides advantages such as lower back- 8a-hexahydro-1,4,5,8x0,endedimethanonaphthalene (DMN-
pressure and enhanced mass trarisfeéne ease of fabrication  Hg). These compounds are readily polymerized using Grubbs’
as well as the many possibilities in structural alteration needs first-generation catalyst, RugPCys),(CHCsHs), to form the
to be mentioned. The first experiments into this direction were desired monolithic structure, which are in principle stable over
carried out in the 1960s and 1978%yet it took some 20 years  the entire pH range since they solely consist of hydrocarbons.
to adapt this new technology for the present purposes. On theirHowever, NBE-derived monomers result in polymer structures
way of evolution, these supports, usually referred to as composed ofertiary allylic carbons (Figure 1). Despite the high
monolithic supports, continuous beds, or rigid rédsere mechanical and thermal stability of these struct@faghich is
successfully used in liquid chromatography including mi- by far sufficient for short- and medium-term analytical applica-
croseparation techniqués;® chip'* and capillary electrochro-  tions as well as applications in heterogeneous catalyistiary
matography as well as solid-phase extraction (SPE).these allylic carbons located at the surface of a monolithic structure
separation techniques, the focus was on both medium to hightend to be oxidized, resulting in reduced long-term stabilities
molecular mass biopolyméfs and low molecular mass  of monolithic columns. Thus, the typical long-term stability of
analytes*"!” There exist excellent reviews that provide a NBE-based, ROMP-derived columns is limited to less than 1000
profound overview over this area of reseat&t?? In contrast injections.
to free radical polymerization-based syntheses, our group e therefore tried to solve this problem by introducing a
confirmed the general applicability of a transition-metal-based noyel monomeri/cross-linker system to the synthesis of mono-
polymerization technique, i.e., ring-opening metathesis poly- jithjic structures. For these purposes, we developed a polymer-
merization (ROMP), to the synthesis of high-performance mono- jzation system based @is<yclooctene (COE) and tris(cyclooct-
c i " | michael buchmeiser@iom-leipzig.de: te 4-en-1-yloxy)methylsilane (CL). Our efforts were guided by the

* Corresponding author: e-mail michael.buchmeiser@iom-leipzig.de: tel jqea that the polymer backbone of poly(cyclooctene)-derived
+t‘tgeiﬁ’,2§’ ﬁsﬁtﬁ lef %9553’,;1‘;?1rgogd?f‘i‘zliezrﬁ,fg?sg“' materials consists aecondaryallylic carbons and therefore

* Universitd Leipzig. presents an attractive alternative to NBE-based systems, though
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Scheme 1. Synthesis of Cross-Linker (CL)
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these compounds possess significantly reduced ring strain, thughe necessary free coordination site, the following equétion

requiring more active initiators. This and the use of novel applies:
monomers made the comprehensive redesign of monolith

synthesis inevitable. Not unexpectedly, the resulting COE-based 1 k_4[Py] 1
monolithic structures possessed significant differences compared kas_ k k,[COE] + El
to the parent NBE-based systems. Our results are summarized
in the following. From the graph Xips Vs [Py][COE] (2 = 0.998, Figure 3), a
) ) value of 1k; = 1.27 andk; = 0.79 min! can be determined.

Results and Discussion From k_1/kiko = 5.2 x 10 follows k_1/k, = 4 x 10P. Two

Synthesis of the Cyclooctene-Based Cross-Linker (CL)  important conclusions can be drawn from these data. First,
and the Initiator. Following published protocol cycloocta- reaction appears to be first order in pyridine, and second,

1,5-diene was reacted with-chloroperbenzoic acid (MCPBA)  according to the value fd4/k;, recoordination of pyridine with

to yield cycloocta-1,5-diene 1-oxide, which was then reduced respect to addition of the alkene is much faster in the present
with lithium aluminum hydride (LAH) to yield a mixture of  system than observed for most Phased initiatorg?
enantiomeric 1-hydroxy-cyclooct-5-ene. The enantiomeric al-  On the basis of these measurements, an additional amount
cohols were used for the synthesis of the cross-linker tris- of 0.8 mol equiv of pyridine with respect to the initiator was
(cyclooct-4-en-1-yloxy)methylsilane (CL) by reaction with chosen throughout, since it resulted in a polymerization system
methyltrichlorosilane (Scheme 1), yielding the target compound that guaranteed both sufficient time for the handling of the
as an enantiomeric mixture of diastereomers.

RuCh(1,3-Mes-imidazolin-2-ylidene)(CHgHs)(Py), (Mes= 16
2,4,6-trimethylphenyl, Py= pyridine) was prepared according + @ 2 (') L
to a protocol published by Grubbs et®ia reaction of RuGH 141 valo"m .
(PCys)(1,3-Mes-imidazolin-2-ylidene)(CHGHs) with excess 1,24 . a [
pyridine in virtually quantitative yield. As is the case with the v 0 u
corresponding 2-Br-pyridine adduct, yet in contrast to complexes 3 1'0'_ o .
based on 1,3-dimesityltetrahydropyrimidin-2-ylideAga,com- E 084 A o "
plex containing two pyridine moieties instead of one phosphine LC',T 1 * =
group is obtained. O, 0.81 A o nE
Choice of Polymerization SystemThe change from a pure 0.4 © .
NBE-based polymerization system, as realized by the use of 1 A
NBE as a monomer and tris(norborn-5-ene-2-ylmethyloxy)- 0'2‘_ oV - A %
methylsilane or 1,4,4a,5,8,8a-hexahydro-1,4¢x8-endalimeth- 0.0 B TG-S o .
anonaphthalene (DMN-H6) as cross-linkers, to a poise 0o 2 4 6 8 10 12 14 16 18 20
cyclooctene-based polymerization system requires significant t/ min

changes in the structure of the initiator. As a consequence of Figure 2. Polymerization kinetics of COE using Ru(®y)(1,3-Mes-
the reduced ring strain in cyclooctenes, the reactivity of the imidazolin-2-ylidene)(CH@Hs) as initiator and various amounts of
initiator needs to be enhanced. In due consequence, the firstPyridine: @) 10.2 mol equiv of pyridine,) 7.8 mol equiv of pyridine,
generation Grubbs’ catalyst, RWECys),(CHCsHs), was re- (a) 3.0 mol equiv of pyridine,¥¢) 1.5 mol equiv of pyridine, ¢) 0.8
R Loy . mol equiv of pyridine.

placed by a fast initiating derivative of the second-generation

Grubbs’ catalyst, i.e., by RugPy)(1,3-Mes-imidazolin-2- 10 -
ylidene)(CHGHS:).3° Irrespective of the nature of N-heterocyclic

carbenes used for catalyst synthesis, such pyrigiier 2-Br- °7

pyridine*! adducts turned out to be fast-initiating initiators for 8

ROMP, displaying high initiation efficiencies. To make reactiv- 7] -
ity feasible to the handling of the polymerization mixtures, i.e.,

to slow down kinetics, pyridine was added. Kinetic measure- , 1

2
S

ments on the polymerization of COE in the presence of different «° 5|
amounts of pyridine (0.8, 1.5, 3.0, 7.8, and 10.2 mol equiv with ~
respect to initiator) were carried out in @QEl, in order to

determine the optimum polymerization conditions for monolith 34
manufacture (Figure 2).

4

The values fokyobs)determined there from were 0.11 min 2
(10.2 mol equiv of Py), 0.14 mir# (7.8 mol equiv of Py), 0.27 1 T T T T
min~* (3.0 mol equiv of Py), 0.39 mirt (1.5 mol equiv of Py), 0.0 4.0x10° 8.0x10° 1.2x10° 1.6x10°
and 0.56 min! (0.8 mol equiv of Py). Assuming that similar [PyJ[COE]

to RUCK(PCys)(1,3-dimesitylimidazolin-2-ylidenejtCHPhY?  Figure 3. Graph 1kysvs [Py][COE] (2 = 0.998) for different amounts
the dissociation of one pyridine molecule is necessary to provide of free pyridine added to the polymerization system. CDV
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Scheme 2. Synthesis of Monoliths
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mixture, i.e., transfer into the column, and sufficient fast
polymerization. Similar to previously reported NBE-based

system, the final polymerization system consisted of various
amounts of the monomer (COE), the cross-linker (CL), 2-pro-
panol as a macroporogen, and toluene as microporogen. In
addition to the amount of pyridine mentioned above (0.8 mol

equiv with respect to initiator), an initiator loading of 0.2 wt %

Macromolecules, Vol. 39, No. 16, 2006

of interconnected microstructure-forming microglobules, which
are characterized by a certain mean particle diameigrapd
microporosity €p). In addition, the monolith is characterized
by an intermicroglobule void volumecy), which is mainly
responsible for the back pressure at a certain flow rate.
Microporosity €p) and intermicroglobule porosity4) add up

to the total porosity¢), which indicates the total porosity as a
percentage of all types of pores within the monolith and from
which the total pore volumeW), expressed imlL/g, may be
calculated® The pore size distribution is best calculated from
inverse size exclusion chromatography (ISEC) dafa.In
addition, one may calculate the specific surface arer (
expressed in Aig, therefrom.

As mentioned, the entire polymerization mixture consists of
COE, CL, pyridine, toluene, and 2-propanol and is therefore
quite complex and may additionally be influenced by temper-
ature. Thus, the relative ratios of all components allow for broad
variations in the microstructure of the monolithic material;
however, the resulting structures of the monoliths in terms of
dp, €2, €p, Vp, ando are not formed randomly. To check for the
influence of all variables, i.e., components of the polymerization
mixture (COE, CL, porogens, i.e., the two solvents) on
microstructure formation, a series of variations were carried out.
The tremendous influence of increased amounts of pyridine on
the structure of the resulting monoliths became clear from
comparing monolith® and2a. Thus, changing the amount of
free pyridine from 0.8 to 1.5 mol equiv resulted in an increase
in particle diameter, a decrease in porosity (bettand ep),
and a decrease in specific surface area. Using a total monomer
content (COE+ CL) of 60%, the volume fraction of the
interglobular void volumed,) could be varied in the range 16
35% (Table 1). Higher total monomer contents led to impervious
columns, i.e., to structures with insufficient amounts of inter-
penetrating pores, whereas lower monomer contents resulted
in elastic, rubber-type monoliths. Monoliths prepared from pure
CL did not show any meso- or macroporosity.

With the structural variations carried out, the volume fraction
of the pore volume could be adjusted within the rang8%.
These values resulted in total porositieg (vithin the range
43—-57%. These figures demonstrate that packing density
strongly correlates with the total monomer content, as is also
visualized in Figure 4.

In addition, an increase in the COE content of the polymer-

was chosen throughout. For monolith synthesis, COE and theiZation mixture can be correlated with an increaseyirdirectly
CL were dissolved in 2-propanol. A second solution was '_[ranslatlng into an increase in s_pecmc_surface ama-(_owever,
prepared by dissolving the initiator and pyridine in toluene. Both it should be noted that there is no linear correlation. A more

solutions were chilled to 0C and mixed for 30 s, and the

detailed analysis of the monolith’s structure is provided in

mixture was transferred into the column (see Experimental Figures 5-7.

Section, Scheme 2).
Polymerization was allowed to proceed for 30 min &)

They show the relative abundance of pores in thd®.000
A region. What becomes evident from these measurements is

followed by 16 h at room temperature. The columns were then that a fairly even pore size distribution may only be ac-
cleaned and placed inside a cartridge holder, and the monolithcomplished by using COE CL contents>50% as realized in

was cleaned by flushing with a solution of ethyl vinyl ether
(20 wt %) in dimethyl sulfoxidé® This capping procedure

the recipes for monolithd, 8, and 9. Here microporosity is
reduced at the expense of larger pores. The most homogeneous

ensured the complete removal of all Ru compounds as evidencedlistribution was realized with monolith. The most striking
by ICP-OES measurements. Thus, the final Ru content in the feature of COE-based systems is their structural difference from

monolithic rod was 33 ppm or less (i.e., below the limit of

NBE-derived ones as is observed with monoliths prepared from

detection of the ICP-OES). After this procedure the monoliths COE/CL (monoliths3 and 8) and NBE/DMN-H6 (monoliths

were ready for use and characterization.
Characterization of the Microstructure of COE/CL-Based
Rigid Rods. A description of the general construction of a

10and1l). These two sets of monoliths differ significantly in
that the COE-based structures exhibit significantly reduced
values fore,, yet higher values fo¢, andV, compared to their

monolith in terms of microstructure, backbone, and relevant NBE-based counterparts. This is a very important finding, since

abbreviations is given elsewhe®&*In brief, monoliths consist

it has ultimate impact on separation issues (vide infra). CDV
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Table 1. Composition (in wt %) and Structural Data of Monoliths 1—14

monolith COE CL 2-PrOH  toluene initiator €, (%) € (%) & (%) dp(um)  Vy(ullg) ®m(R) o (m¥g)
1 5 35 40 10 0.2 7 46 53 5.3 320 560 23
2 20 20 50 10 0.2 13 35 48 5.6 580 360 64
2d 20 20 50 10 0.2 9 26 36 6.5 290 810 14
3 22.5 22.5 42.5 125 0.2 22 35 57 8.4 500 250 83
4 25 25 40 10 0.2 17 32 49 2.0 560 600 38
5 30 30 30 10 0.2 24 28 52 6.0 550 230 96
6 30 10 50 10 0.2 22 26 49 7.5 960 220 171
7 30 20 40 10 0.2 22 29 51 5.2 580 220 104
8 35 15 40 10 0.2 27 16 43 6.0 910 480 76
9 35 25 30 10 0.2 28 19 47 3.0 760 300 100
10 22.5NBE  22.5 DMN-H6 42.5 125 0.4 10 56 66 4.0 310 760 16
11 35 NBE 15 DMN-H6 40 10 0.2 12 34 46 2.2 440 150 115
122b 20 20 50 10 0.2 15 42 47 n.d. 390 260 59
13¢ 22.5 22.5 42.5 12.2 0.2 20 32 52 n.d. 620 290 85
14ad 25 25 40 10 0.2 15 26 41 n.d. 370 460 32

a Functionalized with 7-oxanorborn-5-ene-2,3-dicarboxylic anhydride. Capacities determined by tifr&&amol of COOH/g.¢ 82 umol of COOH/g.
486 umol of COOH/g.¢ Mean particle diametem(= 30).f1.5 mol equiv of pyridine.

Figure 4. Structure of monolithd—10.

Separation of Proteins.Separation of a mix of proteins, i.e., the pores in the 4080 A region and not to size exclusion
ribonuclease A, lysozyme, insulin, cytochromeand myoglo- effects. Further experiments will be needed to fully address this
bin, was carried out applying gradient elution. Figure 8 illustrates point.
the fast separation of these compounds, which was accomplished  Fynctionalization of COE-Based Monoliths. As already

in less than 150 s. Peak half-widtheos) were <6 s, and  demonstrated for ROMP-derived, NBE-based monoliths, func-
resolution R) was >1.2 throughout. tionalization may be accomplished conveniently taking advan-
For purposes of comparison, an NBE-based monolith of the tage of the “living” charactédf~5° of ruthenium-catalyzed
same recipe, i.e., using the same amounts of monomer, crosspolymerizations. Tentacle-like polymer chains attached to the
linker, and porogens, was synthesized and used for separationsyrface are formed. To check whether this concept of in-situ
When the identical gradient was applied, peak half-widths  functionalization could also be used for COE/CL-derived
were <7 s and resolutionR) was >1.1 throughout. Since  mongliths, we conducted functionalization using 7-oxanorborn-
lysozyme My, = 14 307) and ribonucleasély, = 13 700) are  5.ene-2,3-dicarboxylic anhydride as a monomer. Grafting of this
well separatedRs = 10.6!), separation must be considered monomer in fact resulted in functionalized monolitha—14
independent from molecular weight but is certainly a function jth loadings of 52-86 umol of COOH/g, corresponding to
of thetertiary structureof the corresponding analyte. The most 9 43-0.71 wt % of monomer. As expected, pore sizes shifted
striking difference in separation behavior of both COE- and +tg |arger mean pore diameters at the expense of smaller pores
NBE-based columns is observed in the retention times of the (monolith 13 vs monolith3). With the exception of monolith
analytes as well as iRs and the values for the mean peak half- 12 this shift is also reflected by a (slight) reduction in the values
width (wo,s)- These ﬁndings can be related to the structural data for €pr €2, and Vp- Values for the Speciﬁc surface area were
obtained via ISEC for both monolitt® (COE-based) and1 basically retained.
(NBE-based). On the one hand, the NBE-derived column shows
a more distinct pore size distribution with a local maximum Experimental Section
for pore diameters between 40 and 80 A. This translates into ) _ _
molecular weights of 20004000 g/mol (calculated for PS in Methods and Materials. All manipulations were performed
CH,Cl,). On the other hand, the analytes used show higher under an Ar atmosphere in an MBraun glovebox or by using

. _ Schlenk techniques. Narrow polystyrene (PS) standards with
molecular weights throughoutk, = 573317 600 g/mal), and 510 0 1o massedut,) of 972, 2600, 4000, 6810, 17 200, 94 650,

the hydrodynamic volume of a protein with a certain molecular g3 050 3390 000. and 4 110 000 g/mol were purchased from
weight in water is expected to be higher than that of PS of the \yaters. In addition, narrow PS standards with molecular masses
same molecular weight in GRl,. Therefore, the enhanced (wm,,) of 4000, 30 000, 200 000, 400 000, and 900 000 g/mol were

analyte retention on NBE columns is currently attributed to purchased from Polymer Standards Service (PSS, Pittsburgh, PA).
interactions oparts ofthe analytes with surface structures inside Chloroform (99.5%) was purchased from KMF Laborcher&iBV
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Figure 5. Log @average(A) VS AR (%) for monoliths1—4.

3.0

Handels GmbH (Germany), dried over Galdnd distilled prior to
use. [RuC)(PCy)(IMesH,)(CHPh)] (IMesh = 1,3-bis(2,4,6-
trimethylphenyl)imidazolin-2-ylidene), PGy tricyclohexylphos-
phine), m-chloroperbenzoic acid, LiAllj 1,5-cyclooctadenegis-
cyclooctene, ethyl vinyl ether, and dimethyl sulfoxide were obtained
from Aldrich Chemical Co. (Germany) and used as received.
Acetonitrile, water (HPLC-grade), trifluoroacetic acid (99.5%),
ribonuclease A (from bovine pancreas), = 13 700 g/mol),
lysozyme (from chicken egg whitd/,, = 14 307 g/mol), insulin
(from bovine pancreadyl, = 5733 g/mol), cytochrome (from
bovine milk,M,, = 13 000 g/mol), myoglobin (from horse skeletal
muscle,M,, = 17 600 g/mol), and the peptide separation buffer
(PSB) were purchased from Sigma-Aldrich Co, Germany. 4-Cy-
cloocten-1-ol was prepared according to the literatéirEiethy-
lamine (Fluka, Switzerland) was dried over Gadthd distilled prior

Macromolecules, Vol. 39, No. 16, 2006
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HPLC pump, an SIL-10A autoinjector, an SPD-M10AVP diode
array detector, a CTO-10AC column oven, and CLASS-VP503
software (all by Shimadzu). Eluents were degassed with He. High-
resolution mass spectra (HRMS) were recorded via electron spray
ionization (ESI) technique using a FT-ICR-MS Bruker Daltronics
APEX Il instrument. A CIROS System (Spectro A.l., Kleve) was
used for ICP-OES measurements and an MLS 1200 mega for
microwave experiments. Programming: 2080 °C in 15 min,
another 15 min at 180C, then to 20°C within 1 h.

General Procedure for the Preparation of Monoliths. All
monoliths for ISEC experiments were prepared as follows. Stainless
steel columns (150« 4.6 mm i.d.) were cleaned, rinsed, and
sonicated in a 1:1 mixture of ethanol and acetone. Columns (3
100 mm) used for protein separation were treated as described
earlier?> Columns were then dried f@ h in vacuo and after that

to use. Diethyl ether, toluene, and methylene chloride were dried closed at one end with frits and end fittings and cooled &0
by an MBraun SPS solvent drying system. NMR data were obtained Separately, two different solutions (A, B) were prepared and cooled

at 250.13 MHz for proton and 62.90 MHz for carbon in the
indicated solvent at 28C on a Bruker Spectrospin 250 and are
listed in parts per million downfield from tetramethylsilane for

to 0 °C. Solution A consisted ofis-cyclooctene, tris(cyclooct-4-
en-1-yloxy)methylsilane (CL), and 2-propanol, while solution B
consisted of a solution of the initiator [Ru{®Py)(IMesH,)(CHPh)]

proton and carbon. IR spectra were recorded on a Bruker Vector (0.2 wt %) and pyridine (0.018 wt %) in toluene. Both solutions

22 using ATR technology. GC-MS investigations were carried out

were merged at 8C and mixed for ca. 30 s. The column was filled

on a Shimadzu GCMS QP5050, using a SPB-5 fused silica column with the polymerization mixture, then sealed with Teflon caps, and

(30 m x 0.25um film thickness). The column He flow was set to

kept at 0°C for 30 min. After rod formation was finished, the

1.0 mL/min. For SEC and inverse (ISEC) measurements, an L-4500column was closed, and each monolith was stored at room

UV detector (Merck) and an L-6200A HPLC pump (Merck)

temperature for 16 h. To remove the initiator and excess of COE

equipped with a manual sample injection system were used. A and CL, columns were provided with new frits and flushed with a
D-7000 HPLC system was used for data acquisition and processing.mixture of 20 vol % ethyl vinyl ether in dimethyl sulfoxide for 8
All standards were prepared by dissolving the peptides of interesth at a flow rate of 0.1 mL/min. Finally, they were flushed with

in the peptide separation buffer (PSB) followed by further dilution
with mobile phase and stored-a20 °C. HPLC measurements were
carried by use of an SCL-10 AVP system controller, an LC-10AT

chloroform fa 4 h at aflow rate of 0.2 mL/min.
Functionalization of Monoliths. For functionalization, the same
method as mentioned above was used. After the columns WereCIS{)/t
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Figure 6. Log @average(A) Vs AR (%) for monoliths5—8.

for 30 min at 0°C, they were left at room temperature for only 6 and was stirred for an additional 4 im-Chlorobenzoic acid was

h and were then washed with dichloromethane for 30 min at a flow filtered off, and the filtrate was washed three times with 50 mL of
rate of 0.2 mL/min. A solution of 7-oxabicyclo[2.2.1]hept-5-ene- NaOH solution, three times with 50 mL of NaHG@®olution, and
2,3-dicarboxylic anhydride (50 mg, 0.30 mmol) in 1.5 mL of three times with 50 mL of water. Finally, the organic layer was
dichloromethane was prepared separately and then pumped intadried over anhydrous N&0O, and concentrated. Pure product was
the monolith. The column was heated to*&5for 12 h, then cooled obtained by distillation at 8290 °C/14 Torr. Yield: 3.5 g (61%).

to room temperature, and flushed with a solution of 20 vol % ethyl FT-IR (ATR mode): 3028 (m), 2981 (m), 2852 (m), 2193 (m),
vinyl ether in dimethyl sulfoxide fo8 h at aflow rate of 0.1 mL/ 2156 cntt (m). 'H NMR (CDCl): ¢ 5.64 (m, 2H, 4,5-H), 3.08
min. Finally, all columns prepared were flushed with chloroform (m, 2H, 1,8-H), 2.36:2.5 (m, 2H), 2.0 (m, 2H), 1.89 (m, 4H,
for 4 h at aflow rate of 0.2 mL/min. Capacities of functionalized 2,3,6,7-H).13C NMR (CDCk): 6 129.63, 130.34 (C-4,5), 56.6 (C-
ROMP monoliths were determined by titration versus phenolphtha- 1,8), 28.62, 23.72, 22.72 (C-2,3,6,7). GC-M®:= 4.81 min,m/z

lein using a 0.01 N NaOH solution. = 124 (M").

Characterization of Monoliths. Characterization was accom- 4-Cycloocten-1-ol. 9-Oxabicyclo[6.1.0]non-4-ene (1.0 g, 8.1
plished applying ISEC according to a published procedtfeor mmol) was added at room temperature to a suspension of LiAIH
the measurements of retention timesyd0samples of individual (168 mg, 4.5 mmol) in 25 mL of diethyl ether. The reaction mixture

polystyrene standards (0.25 mg/mL) dissolved in the mobile phasewas stirred for 16 h. Afterward, 5 mL of water was slowly added
(chloroform) were injected into each column, applying a flow rate to the reaction mixture, which was then stirred for another 10 min.
of 0.6 mL/min. For the determination of the total accessible porosity Finally, anhydrous MgS©(5 g) was added and filtered off after
of the column, a 1QuL sample of benzene was injected. All 30 min. The filtrate was collected and concentrated under reduced
chromatograms were recorded at a wavelength of 254 nm, at whichpressure. Pure product was obtained by distillation at®6°C/
the response for polystyrene was satisfactory. Retention times andl4 Torr. Yield: 720 mg (70%). FT-IR (ATR mode): 3319 (b),
volumes corresponding to each injection were determined from the 3013 (m), 2923 (m), 1465, 1450 ci(s). '"H NMR (CDCl): ¢
peak maximum. All retention volumes were corrected for the extra- 5.647, 5.57 (m, 2H, 4,5-H), 3.08 (m, 1H, 1-H), 2.3.64 (m,12 H,
column volume of the equipment. Calculations were carried out CH,). 13C NMR (CDCk): 6 129.4, 130.24 (C-4, 5), 72.83 (C-1)
assuming that the hydrodynamic radii of the PS standards in €HCI 37.8/36.39 (C-2,8), 25.75, 24.99, 22.87 (C-3,6,7). GC-MS=
do not differ significantly from those reported in GEl,.43 4.84 min,m/z = 126 (M").

9-Oxabicyclo[6.1.0]non-4-ene At 0—5 °C, a solution ofm- Tris(cyclooct-4-enyl-1-oxy)methylsilaneTriethylamine (11 mL,
chloroperbenzoic acid (8.73 g, 97.22 mmol) dissolved in 125 mL 79 mmol, 3.1 equiv) was added to a solution of cyclooct-5-en-1-ol
of dichloromethane was added dropwise to a solution of 1,5- (3.0 g, 23.8 mmol) in 45 mL of dichloromethane at©O. Then
cyclooctadiene (5.00 g, 92.5 mmol) in 75 mL of dichloromethane. trichloromethylsilane (0.924 mL, 7.86 mmol) was added dropwise.
The reaction mixture was allowed to warm to room temperature The reaction mixture was stirred in an ice bath for 30 min eﬂgv
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Figure 8. Separation of a protein standard on a COE-derived monolith (left) and NBE-derived monolith (right). Identical column dimensions (3
x 100 mm), mobile phases, and gradients were used (see Experimental Section). Peak order (1) lysozyme A, (2), ribonuclease (3) insulin, (4)
cytochromec, (5) myoglobin.
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then for a furthe2 h atroom temperature. The resultant suspension layered over the solution, and the vial was capped and cooled in a
was subsequently washed withk250 mL portions of water, acetic ~ freezer overnight. The supernatant was decanted, and the green solid
acid, saturated aqueous sodium bicarbonate, and water. Finally, thevas filtered and washed with &% 1 mL portions of pentane.
dichloromethane layer was dried over anhydrous Mg$@d Afterward, it was dried in vacuo at room temperature. Yield: 80
concentrated under reduced pressure. Yield: 3.0 g (80%). FT-IR mg (94%). FT-IR (ATR mode): 3058 (m), 2949 (m), 2912 (m),
(ATR mode): 3013 (m), 2926, 2854 (m), 1466, 1443¢rts). H 1601 (m), 1482 (s), 1261 (s), 1071 (m), 850 (m), 756 (m), and 696
NMR (CDCLk): 6 5.58-5.30 (m, 2H, 4,5-H), 4.40 (m, 1H, 1-H), cm ! (m).H NMR (CDCl): ¢ = 19.16 (Ra=CH), 8.63 (s, 2H),
1.80-2.37 (m, 10 H, CH), 0.05 (s, 3H, SiCHj;). *C NMR 7.80 (m, 2H), 7.647.60 (m, 3H), 7.48 (m, 2H), 7:37.28 (m, 2H),
(CDCl): ¢ 129.71, 130.24 (C-4,5), 73.01 (C-1) 37.88/36.45 (C- 7.07-6.97 (m, 6H), 6.75(m, 2H), 4.07 (m, 4H), 2.64 (s, 6H), 2:35
2,8), 25.86, 25.79, 22.79 (C-3,6,A5.05 (Si-C). GC-MS: tgr = 2.29 (m, 12H)3C NMR (CDCk): 6 = 218.3, 152.1, 151.3, 150.0,
14.10 min,m/z = 418 (M"). 139.9, 138.2, 137.7, 136.6, 135.8, 134.5, 130.26, 130.1, 129.5,

[RUCI(Py):(IMesH2)(CHPh)].3° [RuClL(PCys)(IMesH,)(CHPh)] 127.9, 123.8, 123.7, 52.0, 50.8, 21.2, 20.5, 18.5. HRMS calcd for
(100 mg, 0.13 mmol) was dissolved in excess pyridine (0.5 mL), CazgH4sRUCLN,: m/z= 727.191;m/z (found) = 691.22 (M—-CI)*,

and the mixture was stirred for 5 min. Then pentane was carefully 612.18 (M-ClI, —py)*, 533.13 (M-ClI, —2Py)". CDV
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(12) Xie, S.; Svec, F.; Fohet, J. M. JChem. Mater.199§ 10, 4072
4078.
(13) Gerstner, J. A.; Hamilton, R.; Cramer, S. M.Chromatogr.1992

596, 173-180.
Tanaka, N.; Nagayama, H.; Kobayashi, H.; Ikegami, T.; Hosoya, K.;

Ru Analysis. 30—40 mg samples of the monoliths of interest
were dissolved in a minimum amount of aqua regia (typicatiyr5
mL) applying microwave irradiation. The digest was transferred
to a volumetric flask, and the volume of the solution was adjusted (14)
to _10.000 mL. Ru measurements were carried out on an ICP-OES Ishizuka, N.; Minakuchi, H.; Nakanishi, K.; Cabrera, K.; Lubda, D.
usingl = 267.876 nm for Ru measurements ane 267.840 and J. High Resol. Chromatog200Q 23, 111-116.

267.920 nm, for background measurements. The limit of detection (15) Ean:ka, N.; EOtl)EyaShi" HI‘J I?ri\wka’ N.; Mggg;cgé,aHég_\lilganishi,
LOD) was 0.02 mg/L. For calibration, Ru-containing aqueous ., Hosoya, K.; Ikegami, TJ. Chromatogr. .
(stand)ards (pH= 1 n?tric acid) with Ru concentrations %f (? 0.1, (16) Rabel, F. Cabrera, K., Lubda, Dt. Lab. 2001 01/02 23-25.

’ » 7t (17) Cabrera, K.; Lubda, D.; Eggenweiler, H.-M.; Minakuchi, H.; Nakanishi,
0.5, and 1.0 mg/L were used. K. J. High Resol. Chromatog200Q 23, 93-99.

Protein Separation.Monolith recipes: COE:CL:2-PrOH:toluene  (18) Svec, FLC-GC Eur.2005 18, 17—20.
and NBE:DMN-H6:2-PrOH:toluene: 35:15:40:10 (all wt %), 0.2 ggg ?Vec,_kF-: HL_JI_beBr, CFé G%naﬁl. Eh&TZOOG 78, izlggézlloogé 1517
wt % initiator, 0.8 mol equiv of pyridine with respect to initiator; ennikova, T. B.; Reusch, J. Chromatogr. — L/
column dimensions: % 100 mm (borosilicate columns). Columns ~ (?1) g'_'lggr E.F.; Svec, F.; Frechet, J. MJ Chromatogr. 2004 1044
were surface functionalized prior to monolith preparation according (»2) svec, F.; Tennikova, T. B.; Deyl, Konolithic Materials: Prepara-
to published proceduré8.Mobile phase A: 95% watet- 5% tion, Properties and ApplicatigrElsevier: Amsterdam, 2003; Vol.
acetonitrile+ 0.05% TFA; mobile phase B: 20% water 80% 67, pp E773.

acetonitrile+ 0.05% TFA,; linear gradient, 2280% B in 2.5 min,
then 80% B up to 4.5 min; flow= 3 mL/min; T = 25°C; UV (200
nm). Analytes: {) lysozyme, R) ribonuclease A,3) insulin, @)
cytochromec, and 6) myoglobin. Injection volumes were 10y
for 1, 2, 4, 5 and 13ug for 3.

(23) Sinner, F.; Buchmeiser, M. Rlacromolecule200Q 33, 5777-5786.

(24) Sinner, F.; Buchmeiser, M. Rngew. Chen200Q 112, 14911494
Angew. Chem., Int. EQ00Q 39, 1433-1436.

(25) Mayr, B.; Tessadri, R.; Post, E.; Buchmeiser, MARal. Chem2001,
73, 4071-4078.

(26) Mayr, M.; Mayr, B.; Buchmeiser, M. RAngew. Chem2001, 113

Summary
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