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Swelling, the Mobility, the Chemical Accessibility, and the
Performance in Solid-Phase Synthesis of Very High Loaded Resins

Michael Barth and ‘Jg Rademann*

Institute for Organic Chemistry, Eberhard-Karls Useirsity Tibingen, Auf der Morgenstelle 18,
72076 Tiingen, Germany

Receied September 3, 2003

Ultraresins have been prepared from polyethyleneimines and cross-linking molecules and have been provided
with various degrees of cross-linking. The total nitrogen loading and the loading with secondary and with
tertiary amines have been determined in all products. Nitrogen loadings of the novel resins were up to 15
mmol/g, reactive secondary amines up to 13.8 mmol/g. In addition to the exceptionally high loading, the
novel resins displayed efficient swelling volumes in polar and nonpolar solvents. The mobility of resin-
bound species as determined by EPR-spectroscopy, depending on the amount of cross-linker, indicated
good flexibility and reactivity of this resin type. The novel, high-loaded resins have been investigated
subsequently in solid-phase synthesis. The Rink amide linker and two different hydroxy linkers (hydroxy-
acetamide, HMPB) have been attached to the resin. Despite the high loadings, the secondary amines were
easily accessible and could be functionalized exhaustively. Reactivity of the linker-coupled resins was found
to be closely related to the resin composition. Increased resin cross-linking led to reduced swelling, reduced
mobility, and reduced reactivity in the synthesis of a medium-sized model peptide. As the result of the
systematic investigation of structurproperty relations in Ultraresins, a support material was identified

that combined high reactivity and a mobility in the range of the extremely flexible Tentagel supports. In the
optimized Ultraresin95% of all available secondary nitrogens could be coupled with Rink linker or with

the small 2-hydroxyacetamide anchor, resulting in loadings from 2.7 to 6.8 mmol/g, respectively. A resin
with an attached HMPB linker and spacer delivered analytically pure peptides in solid-phase synthesis,
fully exploiting the exceptionally high loadings.

Introduction Unfortunately, to date, most polymer-supported methods

Polymer-supported methods have contributed significantly have been developed only for the prevailing carrier polymer,
to efficiency, speed, and flexibility in organic chemistry/ which is cross-linked polystyrene. Marly alternative r_Jo.Iymers-
and biochemistry. Heterogeneous-phase systems, such aBave been prepared, but usually the literature describing their
polymer supports, other than homogeneous solutions, allowPractical use is rather slift. Cross-linked polystyrene by
for the facile isolation of reagents, products, or intermediates itself displays several well-described limitations. It tolerates
by filtration. This facilitated phase separation between a only few solvents for swelling, tends to adsorb nonpolar
supported and a solution phase built the foundation for most'eagents, and can be chemically modified or even destroyed,
advanced applications in combinatorial chemistry and bio- for example, under strongly acidic reaction conditions that
chemistry. are thereby excluded from their use in synthesis. As a

When, however, one is taking a closer look at the “solid consequence, some of the failures reported or not reported
phase”, the supported reaction systems become increasinglyn polymer-supported reactions might actually be specific
complex. The polymersolvent-reagent system possesses for the polystyrene system. Thus, extending the potential of
various chemical and physical parameters that determinessolid-phase methods by introducing new carrier materials
its performance in reactions and other applications and areremains to be a promising endeavor.
usually the reason for success as well as for fattiras a Classically, polymer supports are prepared by a copoly-
consequence, today’s limitations in polymer-supported chem-merization of monovalent monomers together with a small
istry might be overcome at least in part by novel carrier percentage of bivalent monomers, which lead to the cross-
materials tailored with an alternative property profile better |inking of the polymer (Scheme 1A). Properties of the
suited for a defined purpose. polymers can be tailored by varying the amount and the

length of the cross-linking unit. Examples of this type of

*To whom correspondence should be addressed. Fax: 49 (0)7071 P . 1 . 213
295560. E-Mail: joerg.rademann@uni-tuebingen.de. Web: www. resin include cross-linked polystyrerfe§, acrylamldeé,'
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Scheme 1. Alternative Concepts for the Preparation of Cross-Linked Polyiers
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aIn the classical cross-linking polymerization (A), monovalent monomers react with bivalent monomers to yield the cross-linked polymer product. In
most cases following the polymerization steps, functional groups are attached for use in solid-phase chemistry. In a second approach dentbisstrated i
article, the polymers were obtained from high-loaded soluble polymers that were connected with a bifunctional cross-linking molecule (B).

Scheme 2.Synthesis of Ultraresing1l—16*
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a Polyethyleneimines of various length and degree of branching &,5.27, 0.93 tertiary amines per chain; 2= 8.13, 1.52 tertiary amines) were
cross-linked (see Scheme 3), preferably with terephthaldialdeb§d€he intermediary imine-network was reduced to yield the final resin product which
was provided by sieving with defined size distribution.

Alternatively, polymer supports were obtained via the property relationships of the novel class of polymer supports
cross-linking of soluble polymers with a high density of are investigated. For this purpose, the length of the starting
functional groups, allowing for later derivatization (Scheme polymer, the degree of cross-linking, and the nature of the
1B). Whereas the second concept has been investigated focross-linker have been varied, and the resulting changes in
ion exchang€=2° and enzyme immobilizatiof;?> only swelling, rotational mobility, and chemical reactivity have
recently have polymers of this type been employed in the been studied. Ideally, as a result of the obtained strueture
solid-phase synthesis and as polymer reag@r®soducts property relationships in cross-linked polymers, criteria to
of this polymer synthesis were named Ultragels or Ultra- select an optimized resin for a defined chemical or biochemi-
resins, respectively, referring to their extremely high loadings cal purpose are to be expected.
demonstrated for the cross-linking of polyethyleneimine , .

(Scheme 2). Results and Discussion

This preceding work indicated that several of the physical ~ Polymer carriers with a high loading of reactive functional
and chemical properties of Ultraresins should be variable groups are desirable for several important reasons. High-
over a broad range. Now in this article, the structure loaded resins increase the efficiency and the atom ecotfomy
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of polymer-supported methods. The concentration of polymer- HA‘/
supported reactants is elevated, reducing the amounts of \n/N Ha
solvents and polymer backbone. Especially for scaling-up 0 \L /g
purposes, the increased spatiene—yield is crucial for HA'NT 0
efficiency. In addition, higher concentrations of the sup- Hg
ported reactants might accelerate reaction rates and increase HAL
yields.
In the case of the standard cross-linked chloromethyl
polystyrene, the loading is limited by the molecular weight
of the starting monomer. Furthermore, the practical loading
is limited by Lewis-acid-catalyzed methylene cross-linking
of chloromethyl groups within the resin. The loading of
polystyrene resins has been enhanced by the attachment of
branched structures carrying multiple functionalities (den-
drimers)?®> However, the strategy requires additional multi-
step procedures and, thus, is comparably tedious. Living
radical polymerization of immobilized benzyl ethers of
tetramethylpiperidinyl hydroxide can be used to increase the JU L . .
loading of polystyrenes by grafting with styrene derivatitfes. e s a a3 2 1 o
In principle, the maximal loading of carrier materials is
obtained in polymers constructed from low-molecular-weight
functional monomers, such as poly(vinyl alcohol), poly- Ho N
ethyleneimine, or polyvinylamine. Realizing this fact, poly- Ho Hp Hp
ethyleneimine was selected as the starting material for
Ultraresins. HY Hg H,0
Characterization of Polyethyleneimines.The thorough \N/“{,N\/
characterization of the starting polymers was crucial for the H Ho Mo
reproducible synthesis of Ultragels. Polyethyleneimine (PEI)
is the polymerization product of aziridine. PEIs are obtained Hc
as mixtures of polymers, characterized by distributions of Ha
the degree of polymerization and the degree of branching. J

Physical properties in solution and neat are influenced
strongly by the pH and the salt concentration, as expected
for a polymeric salt. e gy

For the physical properties of a cross-linked polymer, the (PPm)
degree of branching of the starting polymer is a crucial Figure 1. NMR spectroscopy of peracetylated PEI for determi-
parameter; however, by determining the ratio of primary, nation of branching (top). The composition of Ultragels can be
secondary, and tertiary amines, it will shape the chemical 9€termined by HR-MAS NMR spectroscopy (below).
properties, as well.

The actual degree of branching in a PEI sample can be Conventionally, the size of PEl was determined by
compared to the special case of statistical branching. Inviscosimetry, light scattering, and size-exclusion chroma-
statistical branching, the aziridine monomers react with tography?® In addition, in this work, the average molecular
primary and secondary amines at equal rates. This kineticmass of PEls was confirmed by elemental analysis, as
of the reaction was simulated numerically, yielding after described in a preceding publicati&nhThe validity of the
prolonged reaction time a polymer product with the ratio of formula is not affected by a variation in the branching.
primary, secondary, and tertiary amines approaching the In a second step, the degree of branching was determined.
limits of 1.61:1:1.61, corresponding to 38, 24, and 38% of For large PEIs, this has been reported by employii@
the respective amin@é.As a consequence, PEls with a NMR spectroscop¥? For small PEls, a method based on
relatively high degree of reactive primary and secondary 'H NMR was elaborated and was found to be more precise
amines are to be expected among the low-molecular-weightand convenient. For this, a sample of PEI was peracetylated
polymers. employing acetic anhydride in pyridine. tH NMR spectra,

For the maximum loading of a cross-linked polymer with the signals of the PEICH, groups vicinal to an amide
reactive groups and for a broad variability of the cross-linking nitrogen are shifted downfield with respect to those vicinal
degree, starting PEIs have to be selected with a low degreeto a tertiary amine (Figure 1, top). From the ratio of both
of branching. Linear PEls as starting materials would be types of PEI signals, the percentage of tertiary amines in
ideal; however, the preparation of purely linear PEI requires the cross-linked PEI (Ultraresin) could be calculated.
considerable synthetic effort and is not economical for resin  Employing these tools of polymer characterization, two
synthesis. Therefore, low-molecular-weight PEIs displaying PEls were selected for resin synthesis: PE)}1with n =
low branching at low costs were selected. 5.27 (244 Da) and 0.93 tertiary amines per chain, and PEI-2
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Scheme 3.Dialdehydes, Dihalogenides, and Diacyl Table 1. Synthesis of Ultragel41—16 from 1 and2
Chlorides Investigated for PEI-Cross-Linkihg Employing Various Amounts of Cross-Link&©
G0 X n(PEl) n(10) cross-linker/  reaction
B >N, resin  PEl [mmol] [mmol] PEI ratio time? [min]
6 11 1 17.2 25.6 1.5 13
12 1 17.2 29.1 1.7 10
e x PP 13 1 17.2 36.2 21 15
Br 1 17.2 43.2 25 b
3 X=Cl: 4 7 2 11.5 14.1 1.2 b
X=Br:S 14 2 11.5 17.6 1.5 10
o 15 2 11.5 24.8 2.2 10
- 16 2 115 32.0 2.8 60
aTime until magnetic stirring was terminatetiNo polymer resin
e N ! formed.
0% The ratios of PEI versus cross-linker measured by NMR
8 9 10 were in good agreement with the amount of starting materials

_t;Dialdt?hydeS adgress pr_imaryF?mi_g'leS first, tfll_uIS( yielding_f:lj h(ijghef |OadiE:J employed in the reaction, indicating full incorporation in the
il el Secondany aines. exie rosslnkers proided comearah prociucts (ee Tables 1 and 2). Furthermore, the NMIR data
cally and chemically robust resins. allowed the experimental verification of the amount of

secondary and tertiary amines (Table 2).

(2), with n = 8.13 (367 Da) and 1.52 tertiary amines per  Linker Attachment. For solid-phase synthesis, suitable
chain. With statistical polymerization of aziridine (see above) linker molecules had to be attached to the Ultraresins.
38% of tertiary amines would have been expected, resulting Moreover, the coupling of various linkers revealed valuable
in 2.4 and 3.5 tertiary amines for PEIs of the respective information about the synthetic accessibility of the high-
molecular weight. Thusl and 2, although not fully linear loaded Ultraresins. Three types of linkers have been em-
polymers, display a significant reduction in branching that ployed, varied with respect to their molecular weight, the
will be advantageous for subsequent functionalization and steric demand, and the functional groups provided for solid-
use as a highly loaded polymer in polymer-assisted solution- phase synthesis. The 2-hydroxyacetamide ré%ih8—23
phase synthesis. were constructed from 2-acetoxyacetyl chloridéat 0 °C

Synthesis of Ultraresins.Cross-linking PEls was con- N DCM in the presence of catalytic 4-(dimethylamino)-
ducted by alkylation with dihalogenidé@s-7 and by reduc- ~ Pyridine (DMAP). Subsequently to capping with acetic
tive amination with dialdehyde8—10 (Scheme 3). Di-  anhydride, deprotection of t@-acetyl groups was effected
aldehydes address primary amines selectively in the presencdVith catalytic sodium methoxide in MeOH. Loadings of the
of secondary and tertiary amines. Thus, reductive amination hydroxyacetamide resins were determined subsequently to
yields the maximum loading with secondary amines, whereas@cylation with Fmoc-glycine usingl,N'-diisopropylcarbo-
primary amines can be completely converted. Therefore, thisdiimide (DIC) with N-hydroxybenzotriazole (HOBY) as
report will focus on dialdehydes as cross-linkers. Three condensing reagent. Taking into account the mass increase
dialdehydes were under investigation. The rigid terephthalic ©f the resin, the loadings of the starting hydroxy resins were
dialdehydel0 provided the mechanically most stable resins C@lculated. Loadings were between 4.6 and 6.8 mmol/g and
by a reliable and robust protocol. Glyoxaldehyde provided Were significantly higher than in standard hydroxy resins.
no cross-linked product at all, and glutaric dialdehyde yielded Th€ Yields starting from the secondary-amine resins (four
soft, gelatinous materials, which was disadvantageous with SI€PS: acylation, deprotection, acylation, deprotection) ranged
respect to handling and pelleting. between 58% and quantitative. _

Ultraresins11—16 were synthesized with various ratios Carrying an alternative, acid-cleavable hydroxy linker,

; . the 4-(4-hydroxymethyl-3-methoxyphenoxy)butanoyl amide
of cross-linkerl0 and PEI, ranging from 1.2 to 2.8 molecules . . : o )
of cross-linker per PEI chain (Table 1). resins25—30 were preparedt Starting from 4-(4-acetoxy

) ) ] methyl-3-methoxyphenoxy)butanoic acd with DIC and

*H Gel-Phase MAS NMR StudiesThe free amine resins  7_a73-1-hydroxybenzotriazole (HOAt) for activation, fol-
11-16 were investigated by high-resolutiéd MAS NMR lowed by capping and deacetylation with sodium methoxide,
spectroscopy in MeOD. The signals of the PEI-methylene, the hydroxyresin@5—30were obtained with loadings from
benzyl-methylene, and aromatic protons were resolved andy 5 to 3 mmol/g. Again, these loadings were calculated after
integrated in order to determine the ratio of cross-linker and tpe coupling and deprotection of Fmoc-glycine. The corre-
PEI in the polymer networks (Figure 1, bottom). Benzylic - sponding yields (four steps) were between 71% and quantita-
protons are resolved into those vicinal to a secondary aminetjye.
(Figure 1, bottom, protons C at 3:8.9 ppm) and those The Rink amide linke? as a diaromatic system had the
vicinal to a tertiary amine (Figure 1, bottom, protons B at highest steric demand within this comparative stugijo.-
4.4-4.6 ppm). [9H-Fluoren-9-yl)methoxyformamido]-2,4-dimethoxybenzyl]-

The NMR analysis of the resins could be exploited to phenoxyacetic aci@lwas coupled by DIC/HOAL activation,
determine the amount of tertiary and secondary amines init was capped, and the loading could be determined by Fmoc
the free amine Ultraresins. cleavage without further derivatization. Loadings of the resins
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Table 2. Composition of the Free-Amine Ultrageld—16 Based ontH-MAS NMR Spectroscopy

integration cross-linker per PEI secondary amines tertiary amines (mmol/g)
resin  aromatic H PEtCH, exp theor ratio (exp/theor) (theor) (mmol/g) theor exptl
11 28.3 100 1.49 1.48 1.01 12.8 2.2 3.1
12 31.3 100 1.65 1.69 0.97 111 2.9 3.3
13 36.2 100 191 2.10 0.91 8.4 4.6 4.8
14 20.3 100 1.65 1.53 1.08 13.8 2.5 2.7
15 25.3 100 2.06 2.16 0.95 10.8 3.8 3.1
16 32.2 100 2.61 2.78 0.94 7.9 5.5 3.9
aMeOD, 400 MHz.
Scheme 4. Accessibility of Ultragels for Derivatization, as 269 62.0

Demonstrated by the Attachment of Linker Molecéles

O
@NH i, i, il O>NJ\/OH
11-16 18-23

4.6 -6.8 mmolig

O

OMe
25-30
2.4 - 3.0 mmol/g

i O>NJ\,OOM9

Fmoc-HN OMe

32-37
2.4 -2.7 mmolig

a2-Hydroxy acetamide resiri8—23: (i) 2-acetoxyacetyl chloride (17),
cat. 4-dimethylamino pyridine, DCM, fC; (ii) acetic anhydride/pyridine/
DMF 1:1:4; (iii) sodium methoxide 0.5 mmol/mL, THF/MeOH. HMPB
resins 25-30: (iv) 4-(4-acetoxymethyl-3-methoxyphenoxy)butyric acid (24),
N,N'-diisopropylcarbodiimide (DIC), 1-hydroxy-7-azabenzotriazole (HOAY),
DMF; (iii). Rink amide resins32—37. (V) p-[a-[9H—Fluoren-9-yl)methoxy-
formaido]-2,4-dimethoxybenzyl]phenoxyacetic a@dd)( DIC, HOAt, DMF.

Table 3. Accessibility of Resind1—-16 Investigated by the
Attachment of Linkers

ultra-sec- 2-hydroxyacetamide =~ HMPB Rink-amide
amine resins resins resins
resin (mmol/g} (mmol/gp (mmol/gp
11 18: 5.5 (74%)  25: 2.8(86%) 32: 2.4 (91%)
12 19: 5.8 (86%) 26: 2.6 (81%) 33: 2.3 (90%)
13 20: 4.9 (87%) 27: 2.9 (quant) 34: 2.4 (quant)
14 21: 4.6 (58%) 28: 2.4 (71%) 35: 2.7 (quant)
15 22: 6.8 (quant) 29: 3.0 (94%) 36: 2.6 (quant)
16 23: 5.6 (quant) 30: 2.9 (quant) 37: 2.4 (quant)

a Calculated for the free hydroxy/free amine resin.

20,0
8.0
6.0
.0
12,0
10,0

80 ||

swelling Factor [mitg resin]

6.0

40 | Water
| Met?lllanol

oraform
20 b

0,0

Diethylether

resin 16

Figure 2. Swelling of the free-amine Ultragels have been measured
in various solvents. Ultraresins displayed efficient swelling in polar
and nonpolar solvents. Increasing the cross-linking led to reduced
swelling. Increasing the size of the starting PEI (redids 16 vs
11-13) had no strong impact on the swelling behavior.

for some of the hydroxy resins might be explained by
inefficient esterifications carried out as the subsequent
reaction step.

Swelling Volumes.Swelling volumes were determined for
the free amine resinkl—16, the hydroxyacetyl resint8—

23, and the Rink resin82—37 in various solvents (Figure
2, Table 4).

The swelling was strongly affected by the cross-linking;
higher cross-linking strongly reduced the swelling in all
solvents. The length of the starting PEIs, however, had no
significant impact on the swelling.

Despite of their high polarity, the free-amine Ultraresins
11-16 swelled well in relatively nonpolar organic solvents,
such as dichloromethane and even in diethyl ether, a solvent
leading to complete collapse of polystyrene and PEG-
containing resins. Swelling in protic solvents is very high

32-37 based on the free amine were between 2.3 and 2.7for the free amine resinkl—16, especially in water, and is
mmol/g and were significantly elevated in comparison to further increased at lower pH.

commercially available products. (Scheme 4, Table 3) With

Rink linkers, coupling yields were close to quantitative in
all experiments.

Linker attachment had a strong influence on the swelling
behavior of the Ultraresins. The small hydroxyacetamide
linker on 18—23 displayed reduced swelling in polar and

In summary, the results indicate that the influence of the nonpolar solvents with the exception of DMF. The hydro-

degree of cross-linking on the accessibility of the resins’

phobic Rink amide linker o82—37 led to strongly improved

secondary amines is little. As expected, the loading with the swelling volumes in nonpolar solvents.

different linker moieties was affected strongly by their

Chemical Stability of Ultraresins. The chemical stability

molecular weight. The reduced theoretical loadings obtained of the Ultraresins was investigated under various reaction
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Table 4. Swelling of Amine-Free 11—-16) and o]
Linker-Coupled Ultragels18—23 2-Hydroxy Acetamide
Resins,32—37 Rink Amide Resins) in Various Solverits (= N-O ¢ —(W,-W {—151TJ§]
R~ 1 -1
resin EtO toluene THF DMF DCM CHGl MeOH water 8bAyH
11 4.0 4.4 8.1 7.1 11.3 126 269 11.2
12 31 35 46 56 65 75 203 178 40000 - .
13 35 3.4 5.2 55 7.0 8.7 165 124 55
14 3.0 4.0 5.7 5.4 8.8 12.1 445 62.0 200004 '
15 3.0 4.0 6.8 55 7.6 8.7 135 10.8
16 3.0 3.5 5.8 5.1 7.1 7.9 14.1 9.6 ]
18 2.0 27 34 30 34 40 10000+
19 3.0 3.9 5.9 4.4 4.9 4.9 =
20 2.1 33 64 42 46 3.3 a 01
21 28 38 92 48 48 56 £ 1
22 2.8 3.3 5.6 5.6 4.5 4.5 -10000
23 3.1 3.7 7.0 4.4 4.4 4.2 1
32 3.8 6.6 10.3 8.0 5.6 5.6 -20000 4
33 41 4.6 6.9 6.4 4.1 3.7 | W W
34 34 49 59 59 34 29 -30000 -—
35 29 6.9 115 10.0 4.6 3.4 3340 3360 3380 3400 3420
36 4.4 66 93 7.1 44 49 ]
37 3.9 6.8 8.2 7.3 3.9 3.4

Figure 3. EPR spectroscopy of spin-labeled Ultragels was
2 All swelling volumes are displayed in mL/g. conducted to determine the mobility of reaction centers inside of
. . . . the polymer. Rotational correlation times for the persistent radicals
Condl_tlo_ns. The fr_ee amine resib4 was treated_ with can be derived from the broadening of recorded EPR sighéails.
butyllithium (2.6 M in heptane, 16 h, rt) and potassitert- = 3383.6 G (laboratory field)) = 3.06 x 1085 Ay = 4.22x
butoxide (3 M, 16 h, rt) without any change with respectto 10*s?*G™

the resin's mass, swelling, and IR spectrum following o\ o o oo correlation Times for Spin-Labeled
extensive washing and drying. With methyl iodide/triethyl- Resins39—43

amine, the resin was quaternized, yielding a polymer gel with

an iodine content of 49%. Acid treatment (3 M HCI, 70, starting resin resin tr (x 10710s)
16 h) yielded the Ultraresin in its protonated form, displaying 11 39 14.4
extended swelling in polar solvents. The protonated resin %g 2‘2 12-3
was easily reconverted to the free amine by treatment with polystyrené 42 13.2
sodium hydroxide. Lewis acids did not lead to any detectable Tentagel 43 5.8
resin destruction, as well. After SOQreatment (neat, 16 solution 2.0

h, rt) resin14 was swelling as before; the IR displayed the 2 See ref 36> Aminomethyl polystyrene cross-linked with 1%
protonated polymer species with a 1.7-fold mass increase.divinylbenzene, 208400 mesh, 1 mmol/¢. Polystyrene (cross-
TMS-triflate/acetic anhydride (v/v 1:2, no solvent, 16 h, rt) linked with 1% DVB) and grafted witho-amino-poly(ethylene
led to extensive acetylation of the amines (IR), a 3-fold mass glycol), 0.2 mmol/g, 206400 mesh. All measurements were
. . . recorded in chloroform.

increase, and good swelling behavior.

The HMPB resin29 was treated with strong base (2.6 M necessary to record spectra of polymer-supported spin labels.
butyllithium in heptane, 16 h, y3 M KOH, 16 h, rt) and For peptide synthesis, it has been demonstrated that the
with methyl iodide (with triethylamine, 16 h, rt) without any rotational mobility detected by EPR correlated well with the
change in the resin’s mass, swelling, and IR-spectrum. By reactivity of resin-bound speciés.
protic acid (3 M HCI, 70°C, 16 h) and Lewis acids (neat According to the theory of Waggoner et al., EPR spec-
SQO.CI, 16 h, rt; TMS-triflate/acetic acid 1:2, 16 h, rt), the troscopy allows for the direct determination of rotational
resin was colored red, presumably due to the formation of correlation times from the peak-broading in the EPR
the dialkoxy-substituted benzyl. The swelling was decreased,spectrun®® The method can be applied for swollen, cross-
whereas the resin mass was unaffected. linked polymer gel$7-28 A low concentration of spin labels

As a conclusion, the chemical stability of the Ultraresins is required in order to exclude signal broadening by dipolar
is higher than that reported for resins constructed from etherinteractions of the unpaired electrons.
linkages (PEGY or for polystyrené? Free-amine Ultraresinkl, 14, and15 were coupled with

Mobility of Spin Labels Inside Ultraresins. Mobility of 0.001 mmol/g 3-carboxy-2,2,5,5-tetramethylpyrrolidin-1-
the reaction center has been identified as one importantyloxy 38, yielding the spin-labeled resin89—41. For
parameter determining the reactivity of polymer-supported comparison, the spin label was measured in solution and
species. Electron paramagnetic resonance (EPR) spectroscopgttached to aminomethyl(1% divinylbenzene/polystyreize)
is an excellent method to measure mobility inside of swollen and to amino-Tentagel resid3. EPR spectroscopy was
and nonswollen cross-linked polyméf$* Paramagnetic  conducted in CHG| and the peak width of the triplet was
probes attached to a polymer can be observed with highdetermined and employed to calculate rotational correlation
sensitivity, because the nonparamagnetic backbone does naimes as described (Figure 3, Table 5).
contribute any signal to the EPR spectrum. Therefore, in  The increase of cross-linker between redidend15was
contrast to NMR spectroscopy, no specific equipment is reflected in the rotational mobility of the spin label attached.
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Scheme 5. Reactivity and Accessibility of Ultragels
Carrying a Linker Moiety Investigated by the Synthesis of
Peptide 44 and Peptide Amide 45, an Undecapeptide
Sequence of Human Caspase

( 1. Fmoc-AA-OH, DIC, HOBT
HMPB-resins 25-30 2. 25 % piperidine /DMF
Rink -amide resins 32-37

3. Cleavage

H-Leu-Lys-Val-Ser-GIn-Ala-Gly-Lys-Thr-Leu-Gly-(OH,NH,)

M = 1100.4 (ESI-MS) 44 (acid)

0,6 -
Peptide 44 cleaved
from resin 28, 2.4 mmol/g)
0,4 1
@
o
=
@
2
3 0,24
Q
<
0.0 _')VfJ
0,00 10,00 20,00 30,00 40,00

aThe low-cross-linked HMPB resi28 was superior with respect to the
purity of the crude product (HPLC, 214 nm).

In the case of the lower cross-linked regi@, a rotational
correlation time of 7.4x 10 1° s was recorded, which was
in the range of the very mobile amino-Tentad&l (5.8 x
10710 s). Increasing the amount of cross-linker in rest
led to a decrease in rotational mobility. For rediB, a
rotational correlation time of 14.4 1071°s was measured,
close to the value found in 1% cross-linked aminomethyl
polystyrene42 (13.2 x 1071 s). For comparison, the
rotational correlation time of the spin label was determined
in solution with 2.0x 1071°s.

Ultraresins in Solid-Phase SynthesisThe accessibility

Barth and Rademann

Table 6. Results of Peptide Synthesis on Various Ultragels
(25—30 HMPB Resins32—37 Rink-Amide Resins) and on

Wang Polystyrene (PS)

loading crude  purity

entry resin (mmol/g) (mg) u«mol) (mg) (%)

1 25 2.8 3.6 10.1 11.3 100
2 26 2.6 3.9 10.1 11.9 98.4
3 27 2.9 34 9.9 9.9 97.1

4 28 24 4.2 10.1 13.4 100
5 29 3.0 3.7 11.1 11.3 92.2
6 30 2.9 35 10.2 11.0 85.1
7 32 24 4.2 10.1 9.2 92.7
8 33 2.3 43 9.9 9.4 90.7
9 34 24 4.3 10.3 12.2 90.8
10 35 2.7 3.9 10.5 14.5 88.3
11 36 2.6 3.8 9.9 11.1 85.3
12 37 24 43 10.3 12,5 82.1
13 PS 0.5 22.8 11.4 15.0 100

the deletion products were observed for the HMPB linkers
on the lowest cross-linked resin®yand 28).

Conclusions

In this article, polyethyleneimines of varying length and
linearity have been cross-linked with varying degrees of
different cross-linkers. Physical and chemical properties of
six selected Ultraresins1{—16) were investigated with
respect to swelling behavior, rotational mobility, chemical
accessibility, and their use in peptide synthesis.

The study suggests preferable resin compositions offering
an optimized combination of chemical accessibility and
reactivity with physical and chemical stability.

The optimized Ultraresii4 displayed a loading of 14.8
mmol/g nitrogen in the free amine form. From th&-MAS
NMR, it could be concluded that 1.65 cross-linker per PEI
was incorporated, and the resin loading with secondary
amines was 13.8 mmol/g. The increase of cross-linker
between resind4 and 15 was reflected in the rotational

of Ultraresins was investigated in peptide synthesis on resinsmopjility of the spin label attached. In the case of the lower

25—30and32—37. The 11-mer sequence LKVSQAGKTLG
of the human caspase (acld, M = 1100.4 Da; amidd5,

cross-linked resid0, a rotational correlation time of 7.4
101 s was recorded, which was in the range of the very

M = 1099.4) was prepared by Fmoc peptide synthesis mobile amino-Tentagel resin (58 1071°s). Increasing the

employing 10umol of each resin. Coupling of amino acids
was conducted for 90 min with a concentration of 0.1 mmaol/
mL Fmoc-amino acid activated with diisopropyl carbodi-
imide and N-hydroxybenzotriazole (HOBt) in dimethyl-
formamide (DMF). Cleavage was conducted with 95% TFA,
and 2.5% of both triisopropylsilane and water. Peptide
isolation was conducted by triple trituration with diethyl
ether, followed by lyophilization (tert-BuOH/water). Products

amount of cross-linker in resid5 led to a decrease in
rotational mobility. For resii5, a rotational correlation time
of 14.4x 1071°s was measured, close to the value found in
1% cross-linked aminomethyl polystyrene (13210710 s).

The mobility detected in resink4 and 15 corresponded
with excellent chemical reactivity of these supports. The free
amine resin was readily accessible to chemical derivatization,
and the Fmoc-Rink linker was attached quantitatively as

were analyzed by HPLC, and purities were determined by determined by spectrophotometric Fmoc-determination (resin

UV at 214 nm.

14, 2.7 mmol/g;15, 2.6 mmol/g). Even higher loadings were

Results (Scheme 5, Table 6) of the peptide synthesisrealized with the smaller HMPB resi29 (3.0 mmol/g) or

indicated that the cross-linking and the choice of the linker

even on the hydroxyacetamide re&g (6.8 mmol/g).

moiety were crucial for the success of peptide synthesis. The For the synthesis of a medium-sized pepddr 45, resin

main byproducts in the synthesis of peptidé$ or 45,
respectively, were the 10mer and 9mer formed by failed
couplings to the valine in position 8. On the bulky Rink linker
(resins32—37), significantly more byproducts were detected
than on the more flexible HMPB resi2&—30. The highest
purity of the peptidet4 and the complete disappearance of

28 carrying the HMPB linker attached to resit¥ was

superior to all other resins used in this study. Obviously, in
this resin, the low cross-linking of the longer PEI, together
with the butyric acid spacer, offered the potential swelling
volume and the flexibility to host the fully protected peptides
without the deletion of any of the amino acids during peptide
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synthesis. Remarkably, the swelling volume of re&ih

Journal of Combinatorial Chemistry, 2004, Vol. 6, No. 347

(2) In a 20-mL flask equipped with a magnetic stirrar,

increased largely during peptide synthesis, and the final resin(138 mg, 3.44 mmol amines) was dissolved in DCM (3 mL)

product carrying the linker and the fully protected peptide

and cooled to OC. After addition of acetic anhydride (425

displayed more than 10-fold the weight of the starting resin. uL, 4.5 mmol) and pyridine (362L, 4.5 mmol), the solution
Thus, it can be concluded that Ultraresins based on was stirred fo 5 h atroom temperature. After evaporation

polyethyleneimine cross-linking that combine very high
loading with good chemical reactivity and accessibility can

to dryness, a yellow to brown oil was obtained.
NMR Measurements of Peracetylated 1 and 2Per-

be prepared. Ultraresins offer exceptional properties that acetylatedl and2 (50 mg) was dissolved in CD&{0.7 mL).
might render them favorable polymers for many established The integration area for the primary and secondary amines
and perhaps future applications. Most prominently, the high was between 3.52 and 3.12 fband between 3.55 and 3.20

loading of Ultraresins will be extremely advantageous in

ppm for 2. For the evaluation of the amount of the tertiary

applications of polymer-supported chemistry, for solid-phase amines, the multiplets between 2.62 and 2.46 (fpand
synthesis, as scavenger, and as a carrier for polymer reagent2.95 and 2.56 ppm (fd2) were integrated. The ratio between

The resins could be an important contribution to more
economic solid-phase chemistry that might allow for scale-
up, possibly even to the technical scale in the future.

tertiary amines and primary and secondary amines was 0.36
for 1 and 0.39 for2.
MALDI-TOF MS Measurements. The MALDI-TOF MS

Moreover, the novel resin type described and employed spectrum of2 showed a mass distribution between 192.8
in this article might enable further applications based on their and 430.1 Da. Fot, we obtained a better defined spectrum

polar character in the biochemical and biological context.

with mass peaks at 184.0, 192.1, 218.1, 314.9, 402.9, 430.5.

One obvious possibility is the use of Ultraresins as carriers 641.7, 668.9, and 696.8 Da.

of multivalent ligands, which is currently under investigation
in our laboratory.

Experimental Section

General Procedures.Polyethyleneimined and 2 were
obtained from Sigma Aldrich. Solvents were purchased in
HPLC grade. All the reactions were carried out in plastic
syringes equipped with Teflon filters. The NMR measure-
ments for the characterization of polyethyleneimine were
made on a Bruker Avance 400 MHz spectrometer. High-
resolution MAS NMR was recorded on a Bruker ARX 400.

Syntheses of Ultraresins

General Procedure.In a 50-mL flask equipped with a
magnetic stirrer, polyethyleneimirfeor 2 (PEI, 4.2 g) was
dissolved in dry THF (10 mL). The corresponding amount
of terephthalic dialdehydd0 was dissolved in THF at a
concentration of 0.83 mmol/mL and added rapidly to the
PEI solution. The mixing generated heat up to°45 After
a recorded time (10 min up to 1 h), the stirbar ceased rotating.
After 4 h, the polymer was crushed into small pieced (
cm) and reduced with NaBH3 equiv, calculated relative

The FT-ATR-IR measurements were performed on a Bruker to the amount ofl0, in 100 mL of THF/MeOH, 2:1) for 16

Vector 22 containing a split-pea unit.

Characterization of Polyethyleneimine 1 and 2.The
degree of polymerizatiom, was calculated from the N/C
ratio obtained from elemental analysis ¥ 0.583/(N/C—
0.583)]. @) C, 51.60; H, 11.72; N, 35.82%; ratio N/&
0.694,n = 5.27, averaged molecular mass 243.65 g/mol.
(2) C, 52.56; H, 12.16; N, 34.43%; ratio N/€ 0.655,n =

h. To remove the excess of NaBHthe polymer was
transformed to its hydrochloride salt by treatment with 1 N
HCI for 1 h. The swollen polymer was filtered over a glass
frit, washed with water, and stirrechi2 N NaOH for 15
min to convert the polymer to the free amine form. After
washing with water, THF, and MeOH, the polymer was
extruded through a metal sieve (pore size 469). Again it

8.132, corresponding to an average molecular mass of 366.#vas filtered over a glass frit, and the polymer was washed

g/mol.
The number of protons it and 2 was calculated from

with THF and DCM and, finally, dried in vacuo over
phosphorus pentoxide. The polymers were characterized with

the degree of polymerization and the general formula of PEI FT-ATR-IR spectroscopy, HR-MAS, and by elemental
and was compared with the results obtained from the analysis. FT-ATR-IR: 1116, 1451, 1510, 2812, 2890, 3300

integration of'H NMR spectra measured in CDLI(1)
Theory forn = 5.27: CH 21.08, NH 8.27. Results frotHl

cmt
11.Compoundl0 (3.43 g, 25.57 mmol) was dissolved in

NMR measurements: CH protons (multiplet between 2.53 THF (30 mL) and added to a solution &f(4.2 g, 17.24

and 2.14) 21.08, NH protons (singulet at 1.02 ppm) 7.45.
(2) Theory forn =8.132: CH 32.528, NH 11.132. Results
from *H NMR measurements: CH protons (multiplet be-

mmol) in THF (10 mL). After 13 min, the stirring bar ceased
rotating. Elemental analysis: C, 66.19; H, 9.14; N, 20.01;
Cl, 0.07%. Yield 4.3 g (59.9%}H-MAS suspension NMR

tween 2.72 and 2.22) 32.528, NH protons (singulet at 1.16 (400 MHz, MAS with 4500 Hz, MeOD):6 = 2.2—3.0 (m,

ppm) 10.51.

Peracetylation of 1 and 2.(1) In a 20-mL flask equipped
with a magnetic stirrer] (224 mg, 5.74 mmol amines) was
dissolved in DCM (5 mL) and cooled to°€. After addition
of acetic anhydride (662L, 7 mmol) and pyridine (563L,

7 mmol), the solution was stirredrfé h atroom temperature.
After evaporation to dryness, a yellow to brown oil was
obtained.

PEI-CH,, rel integration 100), 3.72 (bs, sec-ICH.-aryl,
25.9), 4.56 (bs, tert-NCH-aryl, 0.94), 7.35 ppm (bs, aryl-
H, 28.4).

12. Compoundl0 (3.9 g, 29.07 mmol) was dissolved in
THF (35 mL) and added to a solution @f(4.2 g, 17.24
mmol) in 10 mL THF. After 10 min, the stirring bar ceased
rotating. Elemental analysis: C, 64.44; H, 12.3; N, 19.09;
Cl, 0%. Yield 4.97 g (65.6%)H-MAS suspension NMR
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(400 MHz, MAS with 4500 Hz, MeOD):6 = 2.1-3.1 (m,

PEI—CHy,, rel integration 100), 3.72 (bs, sec-ICH-aryl,

28.3), 4.52 (bs, tert-NCH-aryl, 1.9), 7.6-7.5 ppm (bs, aryl-
H, 31.3).

13.CompoundlO0 (4.85 g, 36.16 mmol) was dissolved in
THF (45 mL) and added to a solution @&f(4.2 g, 17.24
mmol) in THF (10 mL). After 15 min, the stirring bar ceased
rotating. Elemental analysis: C, 67.59; H, 11.8; N, 18.53;
Cl, 0%. Yield 4.51 g (53.7%)*H-MAS suspension NMR
(400 MHz, MAS with 4500 Hz, MeOD):6 = 2.0—3.0 (m,
PEI-CH,, rel integration 100), 3.72 (bs, sec-ICH.-aryl,
30.1), 4.54 (bs, tert-NCH,-aryl, 4.7), 6.9-7.4 ppm (bs, aryl-

H, 36.2).

14.Compoundl0 (2.36 g, 17.59 mmol) was dissolved in
THF (25 mL) and added to a solution @f(4.2 g, 11.48
mmol) in THF (10 mL). After 10 min, the stirring bar ceased
rotating. Elemental analysis: C, 61.55; H, 9.03; N, 20.73;
Cl, 0%. Yield 4.72 g (75.6%)*H-MAS suspension NMR
(400 MHz, MAS with 4500 Hz, MeOD):6 = 2.0—3.0 (m,
PEI-CH,, rel integration 100), 3.72 (bs, sec-ICH,-aryl,
18.7), 4.54 (bs, tert-NCH,-aryl, 1.0), 7.6-7.5 ppm (bs, aryl-

H, 20.3).

15. Compoundl0 (3.33 g, 24.82 mmol) was dissolved in
THF (30 mL) and added to a solution &f(4.2 g, 11.48
mmol) in THF (10 mL). After 10 min, the stirring bar ceased
rotating. Elemental analysis: C, 64.87; H, 10.63; N, 20.35;
Cl, 0.1%. Yield 4.25 g (60.0%}H-MAS suspension NMR
(400 MHz, MAS with 4500 Hz, MeOD):0 = 2.0-3.1 (m,
PEI—CHy,, rel integration 100), 3.72 (bs, sec-ICH-aryl,
22.7),4.53 (bs, tert-NCH,-aryl, 1.9), 7.6-7.4 ppm (bs, aryl-

H, 25.3).

16. CompoundlO (4.29 g, 31.98 mmol) was dissolved in
THF (40 mL) and added to a solution @f(4.2 g, 11.48
mmol) in THF (10 mL). After 60 min, the stirring bar ceased
rotating. Elemental analysis: C, 66.4; H, 10.51; N, 19.21;
Cl, 0%. Yield 3.8 g (48.1%)H-MAS suspension NMR (400
MHz, MAS with 4500 Hz, MeOD):6 = 2.0—3.0 (m, PE}
CH,, rel integration 100), 3.72 (bs, sec-ICH,-aryl, 24.0),
4.52 (bs, N-CHs-aryl, 6.2), 6.9-7.4 ppm (bs, aryl-H, 32.2).

Functionalization of Ultraresins 11-16. General Pro-

Barth and Rademann

mmol), N,N'-diisopropylcarbodiimide (DIC) (15%.L, 1
mmol), and N-hydroxybenzotriazole (HOBt) (153 mg, 1
mmol) in DMF. After 2 h, the resin was washed and coupled
again with the same amount of reagents for 16 h. After
washing with DMF and DCM, the resin was dried in vacuo.
The loading was determined by cleaving the Fmoc group
with 25% piperidine in DMF fo 2 h and measuring a UV
spectrum in the range between 250 and 320 nm.
4-(4-Hydroxymethyl-3-methoxyphenoxy)butanoyl amide
resins 5—30). Ultraresin (100 mg) was coupled with 4-(4-
acetoxymethyl-3-methoxyphenoxy)butyric a2idi(424 mg,
1.5 mmol),N,N'-diisopropylcarbodiimide (DIC) (234L, 1.5
mmol), and 1-hydroxy-7-azabenzotriazole (HOAt) (0.5 mmol/
mL in DMF, 3 mL, 1.5 mmol) in DMF for 16 h. After
washing with DMF and DCM, the resin was dried in vacuo.
The capping of the remaining amines, the deprotection of
the acetyl group, and the determination of the loading were
performed as described above.

Rink-Amide Resins (32-37). The procedure for the
coupling ofp-[a-[9H—fluoren-9-yl)methoxyformamido]-2,4-
dimethoxybenzyllphenoxyacetic ac®ll was the same as
described above. The remaining amines of the resins were
also capped with acetic anhydride. The loadings could be
detected directly by cleaving the Fmoc group from the resins.

Determination of Swelling Factors for Ultraresins. A
weighed sample of the resin was placed in a 2-mL syringe
equipped with a Teflon filter. Solvent was added in excess,
and the syringe was shaken (1 h). After removal of the
supernatant, the volume of the swollen resin was determined.
After each measurement, the resin was dried in vacuo. This
procedure was repeated three times to determine the swelling
factor in average.

EPR Measurements for Determination the Mobility in
Ultraresins. General Procedure.3-Carboxy-2,2,5,5-tetra-
methylpyrrolidin-1-yloxy38 (Carboxy-PROXYL) (0.018 mg,
0.0001 mmol) was coupled with tetrametl@¢(benzotriazol-
1-yl)uronium tetrafluoroborate (TBTU) (0.032 mg, 0.0001
mmol) and N-diisopropylethylamine (0.017L, 0.0001
mmol) in DMF (2 mL) to the free Ultraresifil, 14, and15
(100 mg); aminomethyl (1% divinylbenzene/polystyrefz)

cedure.Three different linker systems were coupled to each and to amino-Tentagel reséB. After 16 h, the resin was
Ultraresin, and the loading of the resin was determined by washed with DMF and DCM and dried in vacuo. The spin-

Fmoc analyis.

2-Hydroxyacetamide Resins (1823). Ultraresin (100
mg) was swollen in DCM and cooled to°C. 2-Acetoxy-
acetyl chloridel7 (484 uL, 4.5 mmol) and a catalytic amount
of 4-(dimethylamino)pyridine (DMAP) was added. After 2
min, pyridine (483uL, 6 mmol) was added slowly. The
reaction was run for 30 min at 8C and then warmed to

room temperature. After 3 h, the resin was washed with

DCM, DMF, and DCM and dried in vacuo. The resin was
capped with a solution of DMF/acetic anhydride/pyridine

labeled resin89—43 (30 mg) were transferred to the sample
tube and swollen with CHGIThe EPR measurements were
recorded on a Bruker ESP 300 E with an X-band of 9.8 GHz.
To control the loading of the resins, the solution of the
reaction was also investigated with EPR measurements, and
in no sample was there found more than 5% of the initial
amount of the spin label Carboxy-PROXYL.

Solid-Phase Syntheses on Ultraresingor the synthesis
of the peptide sequence LKVSQAGKTL@&4, M = 1100.4
Da as the acid45, M = 1099.4 Da as the amide) HMPB

4:1:1 for 16 h. After washing and drying again, no secondary (25—30) and Rink amide 32—37) Ultraresins (10umol)

and primary amines could be detected, as indicated by thewere used. Each amino acid (0.1 mmol) was coupled using
Chloranil test and the Kaiser test, respectively. To remove DIC (15.5uxL, 0.1 mmol) and HOBt (15.3 mg, 0.1 mmol)
the acetyl protecting group of the linker, the resin was treated in DMF (1 mL, ¢ = 0.1 mmol/mL) for 1.5 h. Deprotection

with 0.5 mmol/mL sodium methoxide solution in THF/
MeOH for 2 h. To determine the loading of the resih8;-
23 (50 mg) were coupled with Fmoc-glycine (297,3 mg, 1

of the Fmoc group was performed for 30 min using 25%
piperidine in DMF. Cleavage of the peptide from the resin
was done with 95% trifluoroacetic acid (TFA), 2.5% triiso-



Tailoring Ultraresins

propyl silane, and 2.5% water for 3 h. After being precipi-
tated with cold diethyl ether three times, the peptides were

lyophilized fromtert-butyl alcohol/water (4:1, v/v).
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