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ABSTRACT

We have evaluated the effects of microwave irradiation on the solid-phase synthesis of f-peptides. Sequences designed to adopt the 14-helix,
especially those containing the structure-promoting residue trans -2-aminocyclohexanecarboxylic acid (ACHC), suffer from poor synthetic efficiency
under standard SPPS conditions. A comparison of microwave and conventional heating shows that both provide excellent synthetic results

for shorter sequences; however, we identify a clear benefit from microwave irradiation for longer p-peptides.

Microwave irradiation has been applied to a large and The most widely studief-peptide secondary structure is
expanding range of chemical transformations in recent years,the 14-helix, which is defined by 14-membered ring
and this method of energy transfer to a reaction mixture can N—H;—0O=C, hydrogen bonds between backbone amide
provide impressive enhancements in product yield, selectiv- groups? Seebach et al. discovered tifapeptides composed
ity, and/or reaction rate However, there have been only a exclusively of®-residues (Figure 1) can form the 14-hélix,
handful of reports on the application of microwave methods and we have shown that use @famino acids with a six-

to solid-phase peptide synthesis (SPPS), and as discussethembered ring constraint, suchteans2-aminocyclohexane
below, these reports all have limitatiohhis paucity of carboxylic acid (ACHC), leads to a dramatic enhancement
attention presumably results from the fact that most peptide in 14-helix stability relative tg8%-amino acid$. Combining
sequences, particularly those comprised of conventional constrained and®-residues allows one to prepateeptides
a-amino acid residues, are readily available via standard that display specific constellations of diverse side chains on
methods® We have been motivated to explore microwave a stable three-dimensional scaffold. A variety of applications
effects on carboxamide bond-forming reactions by our need of 14-helical3-peptides have been reporteHor many such

to streamline the synthesis gfamino acid oligomersg- applications it would be desirable to prepare and screen large
peptides). Interest in these unnatural oligomers is growing s-peptide libraries. Such libraries are most useful if the
because they can adopt a wide variety of discrete secondarycompounds are generated with sufficient purity for direct
structures; the predictable relationship betwgemmino acid

sequence and folding opens the prospect of endowing (s)(a) Seebach, D.; Overhand, M.; Kuhnle, F. N. M.; Martinoni, B.;
B-peptides with useful functiorfs. Oberer, L.; Hommel, U.; Widmer, Hielv. Chim.Acta1996,79, 913. (b)
Seebach, D.; Matthews, J. Chem.Commun.1997, 2015.

(6) (a) Appella, D. H.; Christianson, L. A.; Karle, I. L.; Powell, D. R.;

(1) Kappe, C. OAngew.Chem.Int. Ed. 2004,43, 6250. Gellman, S. HJ. Am.Chem.So0c.1996,118, 13071. (b) Appella, D. H.;
(2) (@) Yu, H.-M.; Chen, S.-T.; Wang, K.-T. Org. Chem.1992,57, Barchi, J. J.; Durell, S. R.; Gellman, S. B..Am.Chem.Soc.1999,121,
4781. (b) Erdélyi, M.; Gogoll, ASynthesi®002, 1592. (c) Ferguson, J. D. 2309. (c) Appella, D. H.; Christianson, L. A.; Karle, I. L.; Powell, D. R;
Mol. Div. 2003,7, 281. Gellman, S. H.J. Am. Chem.Soc.1999, 121, 6206. (d) Schinnerl, M.;
(3) Albericio, F.Curr. Op. Chem.Biol. 2004,8, 211. Murray, J. K.; Langenhan, J. M.; Gellman, S.Eur. J. Org. Chem.2003,
(4) (a) Gellman, S. HAcc.Chem.Res.1998,31, 173. (b) Cheng, R. P.; 721. (e) Raguse, T. L.; Lai, J. R.; Gellman, S. H.;Am.Chem.Soc.2003,

Gellman, S. H.; DeGrado, W. Ehem.Re».2001,101, 3219. 125, 5592.
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Figure 1. S-Amino acids and 14-helicgd-peptides for synthetic optimization.

evaluation. However, standard SPPS protocols are not

efficient enough to support a library approach.

14-Helical g-peptides can be prepared via manual or
automated methods originally developed farpeptide
synthesis, but efficiency is greatly diminished for these
p-peptides relative to typical-peptides. Seebach et al. have
reported profound difficulties in the preparation of relatively
short sequences composed exclusivelpbfesidues, with
problems in both N-deprotection of the 9-fluorenylmethoxy-

carbonyl (Fmoc) group and amide bond formation steps,

usually starting with the sixth residue from the C-termifus.

Hexamerl (Figure 1) was selected as our initial target
for synthetic optimization because it contains a variety of
side chain functionalities and the minimum proportion of
ACHC residues necessary for high 14-heliétyand it is
just long enough to present a synthetic challeéh§enoc-
(S)-F-homoglutamic acitt was anchored to polystyrene
Wang resirf¢%1° The manual SPPS of-peptide 1 was
performed under standard conditions, with double coupling
and double deprotection of the N-terminal ACHC residue
(i.e., ACHC1, in standard peptide numberifdgAlthough
the penta-f-peptide precursor wa®95% pure, hexamet

For example, their optimized stepwise SPPS conditions produced in this way was only 55% pure (Figures 2 and 3A).

provided a nong-peptide in only 12% purit§¢ We have

The two major impurities were the unreacted pentamer (33%)

observed even more severe problems with analogous seand the Fmoc-protected hexan2dB%). Use of a microwave

quences that contain mixtures gf-residues and ACHC
residued®

reactot? again gave the pentamer in high purity, but now
B-peptidel was provided in 80% purity with only 5% of

We contemplated the application of microwave methodol- the ACHC1-deletion impurity and complete elimination of

ogy to improve the synthesis @#-peptides, but we were

the Fmoc-protecte@-peptide2 (Figure 2). This dramatic

surprised to learn how little precedent was available for improvement led us to extend our effort to dg:peptide
microwave-enhanced peptide coupling reactions. The first 4. Under standard conditions, the synthesis4ofs very
report of microwave-assisted solid-phase synthesis of aninefficient (21% product purity; Figures 4 and 5A). Use of

a-peptide was performed in a domestic microwave oven,

making the conditions difficult to reprodué&A more recent
report describes the synthesis of only very slwegeptides

(= three residues) using conditions that we quickly found
to be counterproductive (=11, closed vessefp. In both

microwave irradiation for all reactions gave only 57% purity
(data not shown), indicating the challenge of coupling the
final five residues im.

We returned our focus to the N-terminal ACHC residue
of B-peptidel, reasoning that further optimization of this

cases, no comparison was made between conventionabifficult coupling reaction would lead to improvements that
heating and microwave irradiation; i.e., it was not clear from could be applied to the preparation of longer targets such as
the available literature whether microwave irradiation pro- 4. Altering microwave parameters did not provide any
vides any advantage relative to more traditional methods of benefit: increasing power, time of irradiation or temperature
reaction rate enhancement for SPPS. Recently, an automatetéd to an increase in ACHC-addition impurity, which
microwave peptide synthesizer became available, thoughpresumably results from premature Fmoc-deprotection during
neither reaction conditions nor synthetic results have beenthe double coupling of ACHC1. We then screened ca. 80
publishect® combinations of coupling reagents, additives, bases, and

(7) (&) Werder, M.; Hauser, H.; Abele, S.; SeebachtBlo. Chim.Acta
1999,82, 1774. (b) Hamuro, Y.; Schneider, J. P.; DeGrado, Wl. Am.
Chem.S0c.1999,121, 12200. (c) Raguse, T. L.; Porter, E. A.; Weisblum,
B.; Gellman, S. HJ. Am.Chem.So0c.2002,124, 12774. (d) Kritzer, J. A,;
Lear, J. D.; Hodson, M. E.; Schepartz, A.Am. Chem.Soc.2004,126,
9468. (e) Potocky, T. B.; Menon, A. K.; Gellman, S. HAm. Chem. Soc.
2005,127, 3686.

(8) (a) Guichard, G.; Abele, S.; Seebach Helv. Chim.Acta1998,81,
187. (b) Arvidsson, P. |.; Rueping, M.; Seebach@em.Commun2001,
649. (c) Arvidsson, P. I.; Frackenpohl, J.; SeebachHBlv. Chim. Acta
2003,86, 1522.

(9) Blankmeyer-Menge, B.; Nimitz, M.; Frank, Retrahedron Lett.
1990,31, 1701.

(10) Polystyrene resin was chosen because of our ultimate interest in
preparing/3-peptide libraries on polystyrene macrobeads using split-and-
pool methods: Blackwell, H. E.; Pérez, L.; Stavenger, R. A.; Tallarico, J.
A.; Eatough, E. C.; Foley, M. A.; Schreiber, S. Chem.Biol. 2001, 8,
1167.

(11) See Figure 2 for reaction conditions or the Supporting Information
for full experimental details.

(12) CEM Discover, which is the reactor supplied with the automated
microwave peptide synthesizer, the CEM Odyssey (ref 2c).
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Figure 4. Amount of 8-peptide4 and major impurities resulting
from different synthetic conditions. All coupling and deprotection

. . - .. reactions in the synthesis of the decamer were conducted under
Figure 2. Amount of5-peptidel and major impurities (peak aréa 4 given reaction conditions, i.e., manual, microwave, or oil bath,
percent, from analytical reversed-phase (RP) HPLC monitored via 54 gegcribed in Figure 2. ACHC2 and ACHCS were double coupled
UV absorbance at 220 nm) resulting from different synthetic 5,4 gouble deprotected in all cases. ACHC2 and ACHCS were
conditions. All coupling and deprotection reactions in the synthesis coupled in 0.8 M LiCl in NMP in the microwave and oil bath

of the hexamer were conducted under the given reaction Conditionlsyntheses. All other coupling reactions were performed in DMF
i.e., manual, microwave, or oil bath, as described below. The given (B-hOrm= °-(S-homoornithine/3*-hGlu = 53-(S)-homoglutamic
solvent refers only to the coupling of ACHC1,; all other coupling acid.)

reactions were performed in DMF. ACHC1 was double coupled
and double deprotected in all cases. Manual: 15 min deprotection,
1.5 h coupling, rt; Microwave: 4 min deprotection at 80; all
couplings were 6 min at 58C in DMF, except for 6 min at 48C

in 0.8 M LiCl in NMP for ACHC1 where noted; oil bath: 15 min
deprotection, 1.5 h coupling, 6.

Reaction Conditions

coupling the N-terminal ACHC residue df in a 0.8 M
solution of LiCl in DMF with microwave irradiation (data
not shown). This improvement, however, was accompanied
by a substantial increase in the amount of ACHC-addition
impurity, 3. Further optimization was achieved by switching
solvents with microwave irradiatiolf.None of these varia-  the solvent from DMF to 1-methyl-2-pyrrolidinone (NMP)
tions completely eliminated the ACHC1-deletion impurity, for the double coupling of ACHC1, producintin 94%
which suggests that the difficult coupling cannot be improved purity (Figures 2 and 3B) and 81% yielél Application of
by increasing the reactivity of the coupling reagent. these conditions to the couplings of ACHC2 and ACHCS5 in
Difficulties arising at intermediate lengths in the SPPS of decapg-peptide4 provided the desired product in 88% purity
o-peptides have been attributed to aggregation and/or foldingand 65% yield (Figure 4% The HPLC comparison of crude
of resin-bound intermediaté$and salt additives have been products from the standard and microwave-enhanced solid-
reported to alleviate such problefd¥3Ve observed thatthe  phase syntheses of (Figure 5) reveal the extent of
deletion impurity was completely eliminated by double improvement in the latter case.

A) 300

A) 4
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0 B) 400
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500
Abs (mV)
Abs (mV)
R N :
20 30 40 50 20 30 40 50

Time (min) Time (min)

Figure 3. HPLC chromatograms (UV absorbance at 220 nm) of Figure 5. HPLC chromatograms (UV absorbance at 220 nm) of
[-peptidel prepared under reactions conditions described in Figure S-peptide4 prepared under reaction conditions described in Figure
2: (A) Manual-DMF; (B) Microwave-NMP/LICl. 4: (A) Manual; (B) Microwave.
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Is microwave irradiation necessary for the results outlined
above, or would conventional heating offer similar benefits?
For the synthesis of hexamgr we found that conventional
heating (oil bath) to 60C for 90 min per coupling step and
15 min per Fmoc removal step provided product purities

protected3-peptide chair®4 Synthesis of othef-peptides
(data not shown) indicates that these conditions are of general
utility; these methods may prove useful for difficakpeptide
sequences as well.

Through judicious choice of test cases and careful

comparable to those obtained upon microwave irradiation comparisons among reaction conditions, we have shown that

for 6 min per coupling step and 4 min per Fmoc removal
step. (Conventional heating for shorter periods led to
diminished synthetic efficacy, data not shown.) When the
final ACHC coupling reactions were carried out in NMP
containing LiCl, the oil bath approach providddin 85%
purity, which nearly matches the results from microwave
irradiation?” thus, in this case, the principal advantage of
microwave irradiation is diminished reaction time. The heat
and LiCl work synergistically, because use of LiICI/NMP for
the double ACHCL1 coupling at room temperature provides
1in only 43% purity (Figure 2).

A clear benefit from microwave irradiation became
evident, however, in the synthesis of decameil bath
synthesis provided thjs-peptide in only 53% purity (Figure
4), substantially lower than the 88% purity achieved with
microwave irradiatio® We speculate that the microwave
advantage fod reflects the increasing difficulty of couplings
and deprotections after the fifth residue, which may arise
from aggregation and/or folding during growth of the

(13) (a) Coupling reagents: HBTU, HATU, PyBOP, BOP, PyBrOP, DIC,
and DCC. (b) Additives: HOBt, HOAt, and DMAP. (c) Base®rEtN,
NMM, and collidine. (d) Solvents: DMF, NMP, Ci€l,, DMSO, DMPU,
THF, and mixtures thereof.

(14) Tam, J. P.; Lu, Y. AJ. Am.Chem.Soc.1995,117, 12058.

(15) (a) Thaler, A.; Seebach, D.; CardinauxHelv. Chim.Acta1991,

74, 628. (b) Stewart, J. M.; Klis, W. Annovation and Perspecte in Solid
Phase SynthesisPeptidesPolypeptides and Oligonucleotides; Epton, R.,
Ed.; SPCC: Birmingham, U.K., 1990; pp-®. (c) Hendrix, J. C.; Halverson,
K. J.; Jarrett, J. T.; Lansbury, P. J. Org. Chem.1990,55, 4517.

(16) Yield quantified by correlation of peak area in analytical RP-HPLC
(UV absorbance at 220 nm) to concentration via a calibration curve with
an external standard: Yan, B.; Fang, L.; Irving, M.; Zhang, S.; Boldi, A.
M.; Woolard, F.; Johnson, C. R.; Kshirsagar, T.; Figliozzi, G. M.; Krueger,
C. A;; Collins, N.J. Comb.Chem.2003,5, 547.

(17) Extending the final deprotection of the oil bath synthesis to 1 h
completely eliminates the Fmoc-protected impugiyroviding the product
in 94% purity, equivalent to our best result with microwave irradiation (data
not shown): (a) Kuhnert, NAngew.Chem., Int.Ed. 2002,41, 1863. (b)
Olivos, H. J.; Alluri, P. G.; Reddy, M. M.; Salony, D.; Kodadek, @rg.
Lett. 2002,4, 4057.

(18) Stadler, A.; Kappe, C. Ceur. J. Org. Chem.2001, 919.

1520

the difficulty of synthesizing 14-helicg#-peptides can be
alleviated by using microwave irradiation. Further, we have
identified a synergy between microwave irradiation and the
use of a salt additive. It is conceivable that the salt does
double duty under microwave conditions, disrupting the
folding and/or aggregation of resin-bound intermediates, as
proposed for conventional-peptide synthesi®,and increas-

ing the efficiency of microwave energy transfer, as proposed
for microwave enhancements of other reaction tyidésor
short g-peptides, the advantage of microwave irradiation
relative to conventional heating is modest, principally an
economy in reaction time (:0-fold). For longep-peptides,
however, microwave irradiation displays a clear superiority
relative to conventional heating. The results described here
should provide a foundation for rapid synthesis of high-purity
p-peptide libraries, via both parallel and combinatorial
methods, that can be used to discofqreptides with useful
biological or chemical properties.
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