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Abstract: An automated synthesis protocol has been developed for the preparation of oligo(p-benzamide)s
on solid support using a commercial peptide synthesizer employing a variation of standard Fmoc chemistry.
Bis(trichloromethyl carbonate) in NMP was used to activate the aromatic carboxylic acids for acylation of
secondary aromatic amines on solid support. N-Protected hepta(p-benzamide) was automatically prepared
on solid support and manually converted to a solid supported block co-oligomer by attaching a poly(ethylene
glycol) chain. Cleavage from the support could be achieved with minimal loss of the p-methoxybenzyl
N-protective group. While the N-protected block co-oligomer was molecularly dissolved in nonpolar organic
solvents, the N-deprotected block co-oligomer adopted a rod—coil conformation and showed strong
aggregation as evidenced by gel permeation chromatography and transmission electron microscopy. Rigid
rodlike aggregates could be observed in chloroform, toluene, as well as water.

Introduction polymer hybrids prepared on solid support have also been shown
by the Klok group and Wooley et af:.” Our group recently
reported the solid supported synthesis of olgbénzamide)s
(OPBA) up to the decamérOther non-natural oligomers have

With the development of a broad range of living polymeri-
zation techniques, chemists have been able to design well-
_deflned polymefs as well as t_)lock copolyme_rs a_\nd gain insight also been prepared on solid supgbrt.
into their solution- and solid-state organization. However, . .
discrete molecular weights and monomer sequence control 'he great advantage of solid supported syntheses is the
typically observed for biomacromolecules cannot be achieved Potential for automation. This aspect has, however, only been
with these polymerization techniques. In recent years, the addressed for non-natural oligomers in a few cases.
boundary between classical multistep organic synthesis angCommercial peptide synthesizers are typically laid out for the

polymer chemistry has been crossed by many groups with theSynthesis of Boc- or Fmoc-peptide synthesis (i.e., the synthesis
¢ of aliphatic amides with well-established coupling protocols).

aim of creating new block copolymer architectures in which a

least one block is precisely definéd’he growing interest in Repe-_tltlve syntheses of oligomers requiring rea_ctlon condm(_)ns

self-assembled solution- and solid-state structures with dimen-drastically different from those preprogrammed into the peptide
synthesizer are often not feasible to be carried out in these

sions on the nanometer scale is a driving force for the : . . o )
development of multistep polymer syntheses employing the tools machlnes without major mod|f|c_at|ons. As a r_esult, automafuon
of oligomer syntheses, especially in the field of materials

of synthetic organic chemistry. : )

One well-established way of preparing precisely defined chemistry, is scarce.
oligomers and polymers is solid supported synthesis. The idea, : '
which was first described by MerrifieRihas since been well- gg; gg’ckge"r""@: i'_;'T_?f}""J‘_‘;?A?'(;bf;?,fté'ngﬁgbgﬁgggje‘g%olg é?ézm

developed and automated for a variety of biologically relevant 228. )
(7) Becker, M. L.; Liu, J.; Wooley, K. LChem. Commur2003 180-181.

macromolecules. These include and 3-peptides, glycopep- (8) Konig, H. M.; Abbel, R.; Schollmeyer, D.; Kilbinger, A. F. NDrg. Lett.
tides, oligonucleotides, and oligosacchariéi&€ne of the first 2006 8, 1819-1822.
9 9 R . (9) (a) Nelson, J. C.; Young, J. K.; Moore, J.JS0Org. Chem1996 61, 8160—
of very few examples where solid supported synthesis was " §168. (b) Young, J. K.; Nelson, J. C.; Moore, J.5.Am. Chem. Soc.
i i iaui 1994 116, 10841-10842. (c) Huang, S.; Tour, J. M. Org. Chem1999
employgd fqr the preparatlon of materials were ths liquid 64, 8898-8906. (d) Huang, S.; Tour, J. M. Am. Chem. Sod.999 121,
crystalline oligopeptides reported by Cormack et Rieptide/ 4908-4909. () Jones, L.; Schumm, J. S.; Tour, JJMOrg. Chem1997,

62, 1388-1410. (f) Malenfant, P. R. L.; Frechet, J. @hem. Commun
1998 2657-2658. (g) Levin, C. G.; Schafmeister, C. E. Am. Chem.

TInstitute of Organic Chemistry. Soc 2003 125, 4702-4703. (h) Semetey, V.; Moustakas, D.; Whitesides,
* Institute of Physical Chemistry. G. M. Angew. Chem., Int. EQ006 45, 588-591.
(1) Hawker, C. J.; Wooley, K. LScience2005 309, 1200-1205. (10) Wurtz, N. R.; Turner, J. M.; Baird, E. E.; Dervan, P.®g. Lett.2001,
(2) Merrifield, R. B.J. Am. Chem. S0d.963 85, 2149-2154. 3, 1201-1203.
(3) Seeberger, P. H.; Haase, W.Chem. Re. 200Q 100, 4349-4394. (11) Belitsky, J. M.; Nguyen, D. H.; Wurtz, N. R.; Dervan, P.Boorg. Med.
(4) (a) Cormack, P. A. G.; Moore, B. D.; Sherrington, D.€Chem. Commun. Chem.2002 10, 2767-2774.
1996 353-354. (b) Cormack, P. A. G.; Moore, B. D.; Sherrington, D. C.  (12) Hartmann, L.; Krause, E.; Antonietti, M.; Borner, H.Blomacromolecules
J. Mater. Chem1997, 7, 1977-1983. 2006 7, 1239-1244.
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Scheme 1. Solid-Phase Synthesis of Oligo(p-benzamide)s 2a—g
Using a Modified Fmoc Peptide Coupling Protocol®
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Here, we demonstrate the first example of an automated oligo-

chloride. This method avoids the generation of corrosive SO
gas and can therefore be safely carried out in a peptide
synthesizer. Three different procedures for generating the
activated amino acidl were examined for suitability in
automated synthesis: (1) A stock solutionlofn NMP was
prepared outside the peptide synthesizer and subsequently filled
into amino acid cartridges. (2) BTC and amino acid were filled
as solids into a synthesizer cartridge and activated just prior to
the coupling step by the automated addition of NMP. (3)
2-ChloroN-methyl-1-pyrrolinium chloridé* was isolated as a
solid (see Supporting Information) and filled into an amino acid
cartridge together with the amino acid. Automated addition of
NMP resulted in activation of the amino acid. Oligomers could
be synthesized automatically by all three methods; however,
the pre-activation outside the peptide synthesizer proved to be
advantageous as the solution could be freed of insoluble particles
by syringe filtration, thereby avoiding potential clogging of the
peptide synthesizer lines. Also, the reaction of BTC with NMP
is very exothermic and generates £0his can potentially result

(p-benzamide) synthesis carried out in a conventional peptide in contamination of the synthesizer lines and is therefore best

synthesizer employing a standard Fmoc compatible protocol.
We also describe the linking of a polydisperse polymer to the
solid supported OPBA, thereby preparing a+@dil copolymer
entirely on solid support.

Such rod-coil block copolymers are interesting building
blocks for the formation of anisotropic supramolecular structures
on the nanometer scalé:l” Automated synthesis provides rapid

carried out outside the peptide synthesizer.

An OPBA heptamer Zg) was prepared on the peptide
synthesizer. The heptamer was chosen so we would be able to
compare results from the solid supported synthesis to a
previously reported solution synthesis that also yielded a hepta-
(p-benzamide}82° RP-HPLC analysis oRg showed several
peaks between 35 and 40 mL elution volume corresponding to

access to shape-persistent molecular nano-objects that could béhe fully PMB-protectedg as well as mono PMB-deprotected

conjugated with synthetic or biomacromolecules. To exemplify
this potential, we chose an OPBAEG conjugate as our target
structure. This also allowed us to compare the efficiency of the
solid supported synthesis to a previously reported solution
synthesis of similar materiat§:-20

Results and Discussion

Automation of Oligomer Synthesis. The automated solid
supported synthesis of an OPBA heptamer is shown in
Scheme 1. Monomet was synthesized from-aminobenzoic
acid via N-reductive alkylation with anisaldehyde followed by
reaction with 9-fluorenylmethyl chloroformate (Fmoc-€ifhe
N-p-methoxybenzyl (PMB) protective group was introduced to
prevent aggregation during oligomer synthesis.

We previously reported a carboxylic acid activation using
thionyl chloride according to a method described most recently
by the Ueda grouf but initially described by Zollinger et &F
Here, we employed bis(trichloromethyl)carbonate (BTC, i.e.,
“triphosgene”) in NMP223 to generate the carboxylic acid

(13) Lee, M.; Cho, B.-K.; Zin, W.-CChem. Re. 2001, 101, 3869-3892.

(14) Rodriguez-Hernandez, J.; Checot, F.; Gnanou, Y.; LecommendaRsod.
Polym. Sci.2005 30, 691-724.

(15) Lee, M.; Yoo, Y.-SJ. Mater. Chem2002 12, 2161-2168.

(16) Klok, H.-A.; Lecommendoux, SAdv. Mater. 2001, 13, 1217-1229.

(17) Cornelissen, J. J. L. M.; Fischer, M.; Nolte, R. J. Stiencel998 280,
1427-1430.

(18) Abbel, R.; Frey, H.; Scholimeyer, D.; Kilbinger, A. F. \@hem—Eur. J.
2005 11, 2170-2176.

(19) Abbel, R; Schleuss, T. W.; Frey, H.; Kilbinger, A. F. Macromol. Chem.
Phys.2005 206, 2067-2074.

(20) Schleuss, T. W.; Abbel, R.; Gross, M.; Schollmeyer, D.; Frey, H.; Maskos,
M.; Berger, R,; Kilbinger, A. F. MAngew. Chem., Int. EQ006 45, 2969~
2975.

(21) Washio, I.; Shibasaki, Y.; Ueda, MDrg. Lett.2003 5, 4159-4161.

(22) Bosshard, H. H.; Mory, R.; Schmid, M.; Zollinger, Helv. Chim. Acta
1959 176, 1653-1658.

(23) Falb, E.; Yechezkel, T.; Salitra, Y.; Gilon, @C.Pept. Resl999 53, 507—
517.

isomers of2g as was shown by ESI mass spectroscopy.
Compared to the solid supported synthesis carried out marfually,
the automated synthesis has proved to be superior in several
ways: (1) The yield of the oligomers was improved signifi-
cantly. This is most likely because all chemical reactions as
well as wash cycles were carried out under inert gas. (2) The
mass recovery of functionalized resin was significantly higher
as resin loss due to benchtop manipulations was avoided.

Rod—Caoil Block co-Oligomer Synthesis. The heptag-
benzamide)Zg) was reacted outside the peptide synthesizer with
pentynoic acid chloride3) to give compound (Scheme 2).
Azide functionalized monomethylPEG 6) was prepared from
commercially available poly(ethylene glycol)monomethyl ether
via tosylatior#® and reaction with sodium azidgéwas attached
to the alkyne functionalized via [2 + 3]-cycloaddition using
sodium ascorbate/Cug® to yield solid supported block co-
oligomer6 linked via a 1,2,3-triazole unit. “Click Chemistry”
was used for the coupling step as it provides high yielding
reactions from very stable and chemically relatively inert
coupling partners (i.e., the polymeric azide and the alkyne). The
PEG-azide especially can be stored without notable decom-
position for many weeks and used in coupling reactions without
further activation steps. Additionally, the 1,2,3-triazole group
provides a very robust linker that proved to be chemically inert
under conditions for PMB deprotection.

Polymer 6 could be cleaved from the solid support by
treatment with TFA/DCM (50%) to give 800 mg (ca. 83% based

(24) (a) Dannhardt, G.; Bauer, Rharmaziel 996 51, 805-810. (b) Bredereck,
H.; Bredereck, K.Chem. Ber.1961, 94, 2278-2295. (c) Smith, D. C;
Lee, S. W.; Fuchs, P. L1. Org. Chem1994 59, 348-354. (d) Eilingsfeld,
H.; Seefelder, M.; Weidinger, HChem. Ber1963 96, 2670-2690.

(25) Opsteen, J. A.; van Hest, J. C. @hem. Commur2005 57—59.

(26) Helms, B.; Mynar, J. L.; Hawker, C. J.; Frechet, J. MAm. Chem. Soc.
2004 126, 15020-15021.
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Scheme 2. Synthesis of the Hepta(p-benzamide)s-b—PEG Rod—Coil Copolymer 8 on Solid Support

M3 O,
..\/\(O ~CH,
a4
5

CuS0, - 5 H.Of Na-ascorbate

TFA / DCM (50%)
O—CH,

5] :—E.H3
[a} o
M

O=—CH, )
HiC

O=—CHs

l TFA (100%)

fa) Q
P g P S e
wel 5] g © o

CHy

on maximum resin loading) of the fully PMB-protected block be seen in Figure 1 (bottom), all NMR signals due to the PMB

co-oligomer 7, which showed no aggregation in nonpolar

groups have disappeared except for the N-terminal one. The

solvents and could be purified by preparative gel permeation aromatic signals for the N-terminal PMB group, H5 and H6

chromatography (GPC). Copolym@mwas obtained by removal
of the PMB protective groups with TFA (100%) and was
characterized by!H NMR spectroscopy (Figure 1). Each
transformation from compoungg to 7 was followed by RP-
HPLC. Analytical amounts of oligomer were cleaved off the
resin for this purpose. By attaching the highly polar monom-
ethy—PEG—azide 6) onto solid supported! to give 6, the

(Figure 1, bottom), can also be observed and have not shifted
significantly compared to the spectrum®fFigure 1, middle).
Additionally, the appearance of signals at ca. 10.5 ppm due to
the aromatic amide NH groups proves the successful PMB
deprotection.

The difficulty in removing the N-terminal PMB group is most
likely due to the reduced conjugational stabilization of the

elution time was strongly decreased, as expected (see Supporting-protonated amide. As amide O-protonation is most likely the

Information).

initial step in the mechanism of PMB cleavage, the N-terminal

Successful attachment of the PEG block was confirmed by PMB group is more difficult to remove. PMB cleavage from

an ESl-mass spectrum @f which shows only the fully PMB-

aliphatic amides has been reported to require harsher condi-

protected product structure as a triple and quadruple chargedtions2? whereas aromatic amides have been deprotected at room
mass distribution (see Supporting Information). All peaks in temperaturé? It is important to mention that failure to remove
the mass spectrum could be assigned; the mass distribution othe N-terminal PMB group has no adverse effect on aggregation
the sample is entirely due to the polydisperse PEG coil block. and superstructure formation.

After cleaving compound from the resin and purifying it
via preparative GPC in chloroform, we removed the PMB
protection by stirring in TFA (100%) for 24 h at room
temperature!H NMR experiments revealed that deprotection
was successful for all PMB protective groups except for the
N-terminal one. Figure 1 (top) shows th¢ NMR spectrum of
an analytical sample of, cleaved from the resin for NMR
comparison. Figure 1 (middle) shows th¢ NMR spectrum
of PMB-protected compound and PMB-deprotected polymer
8 (bottom). The!H NMR spectra for4 and 7 are virtually

The solid supported synthesis of oligd§enzamide) block
copolymers has several advantages compared to the previously
reported solution synthesis of analogous copolymers. In the
previous case, the oligomer had to be built up in a polymer
analogous reaction using soluble precursors. As the precursors
themselves had to be synthesized in multistep reactions, the
overall rod-coil copolymer was typically prepared on the time
scale of several weeks. With the approach described here, the
manual synthesis is reduced to very few steps and the PMB-

identical as far as aromatic protons are concerned. The signal27) Brooke, G. M.; Mohammed, S.; Whiting, M. ©hem. Communl1997,

H2 (Figure 1) is the most upfield shifted PMB methylene signal.

It was therefore assigned to the N-terminal PMB group. As can

706 J. AM. CHEM. SOC. = VOL. 129, NO. 3, 2007

1511-1512.
(28) Yokozawa, T.; Ogawa, M.; Sekino, A.; Sugi, R.; Yokoyama,JAAm.
Chem. Soc2002 124, 15158-15159.



Automated Synthesis of Oligoaramide PEG Copolymers ARTICLES

Y G

Q) g gj—( Ar-H 4
1

&
fds

o
OH : ]
o—CH; —

Ar-H 7
/1
DMF i H3
- | "L H2 H
) 1 ) 1 1 1 1
11 10 9 8 7 6 5
7 IN—?H\&/\jD\CH; 8
Ar-H
[ |
H4 H5 H6 H1
7 H2
1 v 1 M 1 M | T 1 1 1 1 1 1
11 10 9 8 7 6 5
ppm

Figure 1. 'H NMR (DMF-dy). Top: Analytical sample o#, cleaved from the resin. Middle: End group analysis of purified block co-oligofreerd 8
(bottom). Only the oliggg-benzamide) end groups are shown. The PEG signal is omitted for clarity. The DMF pkak&03 ppm in the bottom spectrum
was suppressed experimentally. This allowed the recording of the low-intensity peakts/Zhe aromatic signals between 8 and 8.3 ppm in the bottom
spectrum are therefore artificially reduced in intensity.

deprotected final copolymer can be prepared on the time scalechloroform solution oB by GPC (see Supporting Information).

of several days. In addition, the solid supported synthesis usingBlock co-oligomer7 adopted a random coil-like structure that

a capping step in between monomer couplings ensures that onlyis molecularly dissolved in chloroform. By removing thePMB

the product structure is eventually coupled to the polymeric coil protective groups, the thermodynamically favored trans-

block. In the solution synthesis of copolymers, complete reaction conformatior® of the OPBA (with respect to the phenyl rings)

of every monomer unit has to be ensured before adding theis adopted. This resulted in a rigidification of the OPBA block

next monomer, as purification and separation from faulty and thereby formation of a reetoil block co-oligomer. Because

couplings are generally not possible. of the formation of hydrogen bonds among the rodlike OPBA,
The time advantage in the preparation of these copolymersstrong aggregation could be observed in nonpolar solvents such

on solid support is very important as it will allow the rapid as chloroform (see Supporting Information).

synthesis of many structurally diverse oligomers and their A chloroform solution o8 was drop cast onto carbon-coated
corresponding block copolymers. The structural diversity of copper grids and investigated by TEM, STEM, and cryo-TEM
supramolecular polymers is very important to gain insight into (see Supporting Information). Figure 2 (left) shows an STEM
the molecular structuresuper structure relationship. as well as TEM image (inset) in which rodlike micellar
We expect that the solid supported synthesis described hereaggregates o extending over several hundreds of nanometers

will be feasible for the preparation of copolymers on the can be seen. The TEM images show only the stacks of aromatic
multigram scale. We believe that the combination of a solid

supported synthesis that allows the rapid evaluation of structur- (2g) (a) Tanatani, A.; Yokoyama, A.; Azumaya, |.; Takakura, Y.; Mitsui, C.;
ally diverse architectures in combination with a solution Shiro, M.; Uchiyama, M., Muranaka, A.; Kobayashi, N.; Yokozawa)T.

. X . Am. Chem. So005 127, 8553-8561. (b) Itai, A.; Toriumi, Y.; Saito,
synthesis that can produce materials on the multi-10 g scale S.; Kagechika, H.; Shudo, K. Am. Chem. S04992 114, 10649-10650.

i i A i H (c) Masu, H.; Sakai, M.; Kishikawa, K.; Yamamoto, M.; Yamaguchi, K.;
will allow for an efficient screening process in the search for Kohmoto, S.J. Org. Chem 2005 70, 1423.1431. (d) Nishimura. T
new supramolecular materials. Maeda, K.; Yashima, EChirality 2004 16, S12-S22. () Tanatani, A.;

; ; iy Kagechika, H.; Azumaya, I.; Fukutomi, R.; Ito, Y.; Yamaguchi, K.; Shudo,

Aggr?gatlon StUdles'ln a_ddltlon’ the_removal of the _P_MB K. Tetrahedron Lett1997 38, 4425-4428. (f) Azumaya, |.; Kagechika,
protective groups was indirectly confirmed by examining a H.; Yamaguchi, K.; Shudo, KTetrahedron1995 51, 5277-5290.
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Figure 2. Left: scanning TEM image o8 deposited from chloroform solutiort & 0.5 g L™1) onto carbon-coated copper grids. The inset (left) shows a
TEM image of8 with the same magnificatiorc& 0.5 g LY. Middle: TEM image of8 deposited from toluene solution € 0.5 g L™1) onto carbon-coated
copper grids. Right: TEM image & deposited from water solutior & 0.5 g L™1) onto carbon-coated copper grids. Rodlike micelles can be seen in all
three images.

oligomers; the PEG coils are not visible but most likely the thermodynamically preferred rodlike (all-trans) and strongly
reason for the spacing of the rodlike micelles. A width of ca. aggregating conformation. The resulting rezbil block co-
10 nm was measured for the micelle cores (see Figure 2, left,oligomer was analyzed by GPC, giving evidence for strong
inset). This value is in good agreement with the hockey puck solution aggregation of the block co-oligomer. TEM imaging
micelle model proposed previouslyTEM measurements from  revealed rigid rodlike micelles stretching over several hundred
toluene and water solution 8fwere also carried out (Figure 2, nanometers. The ability to use solid support in the synthesis of
middle and right). The same rodlike micellar aggregates with shape-persistent nanoscale molecular objects, such as OPBAs,
identical dimensions were observed as for the chloroform provides a combinatorial way for the development of a wide
solution. This clearly shows that the strongly aggregating oligo- range of diverse supramolecular architectures. The synthesis
(p-benzamide) drives the aggregation process irrespective of theprotocol is compatible with commercial peptide synthesizers
solvatization of the PEG coil block. This interesting phenom- and gives access to the rapid preparation of shape-persistent
enon as well as the influence of coil blocks other than PEG nanoscale molecular objects. These objects could further serve
will be studied in more detail in the future. as scaffolds for the positioning of functional groups at precisely
In conclusion, we have described the first automated solid defined distances with respect to each other, thus opening new
supported synthesis of oligebenzamide)s using a conventional possibilities for catalysis.
peptide synthesizer with a standard Fmoc chemistry compatible Acknowledgment. We thank Sonngard Hartmann for help
synthesis protocol. This opens the way for the potential t0 ith the TEM measurements. A.F.M.K. thanks Prof. Dr. Roland
synthesize strongly aggregating nano-object copolymers with griedrich and Dr. Ursula Friedrich for the kind donation of a
varying sequence-defined molecular geometries. It also reducesyeptide synthesizer. We thank the German Science Foundation

the labor-intensive synthesis of these strongly aggregating (pFG, SFB 625) and the Fonds der Chemischen Industrie for
supramolecular synthons to a few manual steps. The compat-nancial support.

ibility with the automated synthesis of peptides opens the path
for potential hybrid structures such as recbil peptide am-
phiphiles. To exemplify the synthesis of hybrid structures, the
supported oligomers were linked to a poly(ethylene glycol) coil
block to give a block co-oligomer carrying the precisely defined
oligomer. The oligomer was N-deprotected to adopt the JA0672831

Supporting Information Available: Experimental section
describing the syntheses as well as characterization of all
compounds. This material is available free of charge via the
Internet at http://pubs.acs.org.
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