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Fmoc amino acid symmetrical anhydrides are efficient and readily available reagents for acylation of the N-terminus of highly hindered C%-
dialkylated o-amino acids. Comparison of a variety of coupling protocols showed that the symmetrical anhydride method always provided the
superior results. This method was successfully applied to the solid-phase synthesis of a peptide containing three aaAAs at alternating

positions.

The incorporation of C**-disubstituted a-amino acids
(a0 AAS) is a recognized method of inducing secondary
structure into peptide’s? The cAAs with short side chains
such as Ail® Deg, and Dpg have been incorporated into

peptides by a variety of methodsincluding standard
carbodiimide protocol®,urethane-protectel-carboxy an-
hydridesS activated oxazolon€samino acid fluoride$,and
HOAt-based uronium (e.g., HAT®and phosphonium salts

(1) For recent examples @faAAs in highly structured peptides, see:
(a) Formaggio, F.; Crisma, M.; Rossi, P.; Scrimin, P.; Kaptein, B.;
Broxterman, Q. B.; Kamphuis, J.; Toniolo, Chem.-Eur. J200Q 6, 4498—
4504. (b) Vijayalakshmi, S.; Rao, R. B.; Karle, I. L.; Balaram, P.
Biopolymers2000,53, 84. (c) Yokum, T. S.; Gauthier, T. J.; Hammer, R.
P.; McLaughlin, M. L.J. Am. Chem. S0d.997,119, 1167—1168.

(2) For examples of antimicrobial active peptides containitgAAS,
see: (a) Epand, R. F.; Epand, R. M.; Formaggio, F.; Crisma, M.; Wu, H.;
Lehrer, R. I.; Toniolo, CEur. J. Biochem2001,268, 703-712. (b) Yokum,

T. S.; Elzer, P. H.; McLaughlin, M. LJ. Med. Chem1996, 39, 3603—
3604.

(3) Abbrevations: Aibp-aminoisobutyric acid; Bodert-butoxycarbonyl;
BOP-CI, bis(2-oxo-3-oxazolidinyl)phosphinic chloride; DBU, 1,8-diazabicyclo-
[5.4.0Jundec-7-ene; Dbzg,*@-dibenzylglycine; DCE, 1,2-dichloroethane;
Deg, C--diethylglycine; Dibg, C-*diisobutylglycine; DIEA,N,N-diiso-
propylethylamine; DMFN,N-dimethylformamide; DpgC*-dipropylgly-
cine; Fmoc, 9-fluorenylmethoxycarbonyl; HAT®-(7-azabenzotriazol-1-
yl)-1,1,3,3-tetramethyluronium hexafluorophosphate; HBO:(1-benzotri-
azol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate; HOAt, hydroxy-

acid; PEG-PS, poly(ethylene glycol)polystyrene graft; PyAOP, 7-azaben-
zotriazol-1-yloxytris(pyrrolidino)phosphonium hexafluorophosphate; TFA,
trifluoroacetic acid; TOAC, 2,2,6,6-tetramethylpiperidine-1-oxyl-4-carboxy-
lic acid; TPS, triisopropylsilane.

(4) For a review of coupling methods for sterically hindered amino acids,
see: Humphrey, J. M.; Chamberlain, A. Ghem. Rev1997, 2243—2266.

(5) (a) Moretto, V.; Crisma, M.; Bonora, G. M.; Toniolo, C.; Balaram,
H.; Balaram, PMacromolecule4989 22, 2939-2944. (b) Prasad, S.; Rao,
R. B.; Balaram, PBiopolymers1995,35, 11-20.

(6) Spencer, J. R.; Antonenko, V. V.; Delaet, N. G. J.; Goodman, M.
Int. J. Pept. Protein Res1992,40, 282—293.

(7) (a) Bonora, G. M.; Toniolo, C.; Di Blasio, B.; Pavone, V.; Pedone,
C.; Benedetti, E.; Lingham, |.; Hardy, B. Am. Chem. Sod 984, 106,
8152-8156. (b) Leplawy, M. T.; Kaczmarek, K.; Redlinski, A. In
Peptides: Chemistry and Biology; Marshall, G. R., Ed.; ESCOM, Leiden,
1988; pp 239—-241.

(8) (a) Wenschuh, H.; Beyermann, M.; Krause, E.; Brudel, M.; Winter,
R.; Schimann, M.; Carpino, L. A.; Bienert, M. Org. Chem1994,59,
3275—3280. (b) Wysong, C. L.; Yokum, T. S.; Morales, G. A.; Gundry, R.

7-azabenzotriazole; MALDI-MS, matrix assisted laser desorption ionization L.; McLaughlin, M. L.; Hammer, R. PJ. Org. Chem1996,61, 7650—
mass spectrometry; PAL, 5-(4-aminomethyl-3,5-dimethoxyphenoxy)valeric 7651.
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Table 1. Coupling of Fmoc-Lys(Boc)-OH onto (A) H-Dbzg-Ala-Dpg-Glu(OtBu)-PAL-PEG2R®d (B) H-Dibg-Ala-PAL-PEG-PS

coupling yield (%)d

entry coupling method® base solvent time (h) temp (°C) A B
1 PyAOP DIEA DMF 8 50 <10 -
2 PyAOP DIEA DCE—-DMF (1:1) 8 50 202 22
3 PyAOP—HOAt DIEA DCE—-DMF (1:1) 8 25 252 26
4 PyAOP—HOAt DIEA DCE—-DMF (1:1) 8 50 - 35
5 HATU DIEA DMF 8 25 182 32
6 HATU DIEA DCE—-DMF (1:1) 8 50 - 46
7 Fmoc-Lys(Boc)-F DIEA DCE—-DMF (1:1) 8 50 26 28
8 Fmoc-Lys(Boc)-F DIEA DCE—DMF (9:1) 8 50 46 50
9 symmetrical anhydride® no base CHClI;, 8 25 - 62

10 symmetrical anhydride no base DCE—-DMF (9:1) 3 50 952 91
11 symmetrical anhydride no base DCE—-DMF (1:1) 3 50 812 73
12 symmetrical anhydride no base DMF 3 50 522 34
13 BOP-CIf no based CH.Cl, 8 25 49 53
14 BOP-CIf no base9 DCE—DMF (9:1) 8 50 88 -

a Coupling results under certain conditions were previously described in réfPeptide H-Lys-Dbzg-Ala-Dpg-Glu-CON-and H-Lys-Dibg-Ala-CONH
were manually synthesized on Fmoc-PAL-PEG-PS resin. All couplings before acylation of Dbzg or Dibg were efficiently carried out using PyAOP in
DCE—DMF (1:1) at 50°C. Conditions: PyAOP, 4 equiv; DIEA, 8 equiv; Fmoc amino acids, 4 equiv (0.3 M). Deblock, piperidine: DBU:DMF (5:2:93).
¢ Coupling conditions: (i) for entries-12, PyAOP, 4 equiv; DIEA, 8 equiv; Fmoc amino acids, 4 equiv (0.3 M); (ii) for entried, 3PyAOP, 4 equiv;
HOAL, 4 equiv; DIEA, 8 equiv; Fmoc-Lys residue, 4 equiv (0.3 M); (iii) for entries@ HATU, 4 equiv; DIEA, 8 equiv; Fmoc-Lys residue, 4 equiv (0.3
M); (iv) for entries 7-8, the preformed amino acid fluorifevas used in the coupling. Coupling conditions, DIEA, 4 equiv; Fmoc-Lys(Boc)-F, 4 equiv (0.3
M); (v) for entries 9—12, Fmoc-Lys(Boc)-symmetrical anhydride, 3 equiv (0.2 M); (vi) for entriesla3 Fmoc-Lys(Boc)-BOP mixed anhydride, 4 equiv
(0.3 M). 9 The coupling yield was determined by UV analysis of the Fmoc-deprotettiérror entries 9—12, the preformed Fmoc-Lys(Boc)-symmetrical
anhydride was used in the coupling. Symmetrical anhydride was prepared by treatment of 2 equiv of Fmoc-Lys(Boc)-OH with 1 equiv of DOG in CH
at room temperature for 2 h and the precipitated DCU was removed by filtration. For entrid® 1the filtrate was concentrated and the symmetrical
anhydride was taken up in proper solvent for couplirfgor entries 13-14, preformed mixed anhydride was used in the coupling. The mixed anhydride was
prepared by treatment of 1 equiv of Fmoc-Lys(Boc)-OH with 1 equiv of BOP-CI with the presence of 1 equiv of DIEA@I,GO0 °C for 1 h1° The
concentrated mixed anhydride was taken up in proper solvent for couplifay.entries 13-14, DIEA was used in the formation of mixed anhydrides, no
base was used in the coupling.

(e.g., PyYAOPY? Incorporation of more sterically demanding positions at elevated temperature. In the synthesis of a series
aaAAs such as Dbzg, Dibg, or TOAC into peptides is more of pentapeptides which have the sequence H-xxx-Dpg-Tyr-
problematic. For example, incorporation of Dbzg or TOAC Dpg-xxx-CONH (xxx = Lys and/or Glu)* the coupling of
onto a growing peptide chain was readily accomplished by C-terminal Fmoc-Dpg-OH to the resin using PyAOP in DMF
activatedo.oAA oxazolones or traditional HBTU coupling at room temperature was straightforward. In contrast, at-
reagent! In contrast, acylation of th&l-terminus of Dbzg tempted acylation of Dpg with Fmoc-Tyr-OH under the same
or TOAC with DCC/HOBLt, mixed anhydride, or HATU only  conditions gave poor coupling (30%). When the synthesis
gave low to moderate yield$? Thus the difficulties in was performed at 50C, a much improved coupling yield
incorporating sterically hinderedo.AAs into internal posi- (>90%) was obtained (data not shown). Our recent synthetic
tions of peptide chains mainly stem from the inefficient study of peptides containing highly hinderedAAs such
acylation of theoaAA N-termini. Herein we report a as Dbzg and Dibg shows that coupling of Fmoc-Dbzg-OH
convenient method for the high yield acylation of the or Fmoc-Dibg-OH onto th&l-terminus of unhindered amino
N-terminus of sterically hinderedoAAs using amino acid acids such as Ala using PyAOP at elevated temperature was
symmetrical anhydrides in the absence of base. relatively efficient!® However, once Dbzg or Dibg is at the

As part of our ongoing program aimed at conformationally N-terminus of the peptide, the following acylation of the
restricted peptides containingrtAAs at alternating sequence  aoAAs became very difficult (Table 1, entries-8). In our
positions, Dbzg, Dibg, or Dpg was incorporated into peptides work, coupling of Fmoc-Lys(Boc)-OH onto thHé-terminus
using Fmoc solid-phase synthe&iswe have found that  of Dbzg or Dibg using PyAOP in DMF was ineffective
PyAOP is a powerful coupling reagent for incorporation of (Table 1, entry 1). When the coupling was performed in a
less hinderednaAAs such as Dpg into peptide internal low polarity solvent mixture (DCEDMF, 1:1) 18 improved

(9) Carpino, L. A.; El-Faham, A.; Minor, C. A.; Albericio, B. Chem. (14) Synthesis of peptides H-xxx-Dpg-Tyr-Dpg-xxx-CONpAxx = Lys
Soc., Chem. Commut994, 201—203. and/or Glu) were performed on Perseptive Biosystem Peptide Synthesizer
(10) Albericio, F.; Cases, M.; Alsina, J.; Triolo, S. A.; Carpino, L. A.; 9050 with Fmoc-PAL-PEG-PS resin as solid support. Solvent, DMF;
Kates, S. A.-Tetrahedron Lett1997,38, 4853—4856. PYyAOP, 4 equiv; DIEA, 8 equiv; Fmoc amino acids, 4 equiv. Acylation of
(11) (a) Cotton, R.; Hardy, P. M.; Langran-Goldsmith, Alii. J. Pept. theN-terminal Dpg was performed at 3C, while all other couplings were
Protein Res.1986, 28, 245—253. (b) Martin, L.; Ivancich, A.; Vita, C,; carried out without heating. Deblock, piperdine:DBU:DMF (5:2:93).
Formaggio, F.; Toniolo, CJ. Pept. Res2001,58, 424—432. (15) For synthesis of peptide H-Lys-Dbzg-Ala-Dpg-Glu-CONIdee:
(12) Torrini, 1.; Mastropietro, G.; Pagani Zecchini, G.; Paglialunga Fu, Y.; Hammarstrém, L. G. J.; Miller, T. J.; Fronczek, F. R.; McLaughlin,
Paradisi, M.; Lucente, G.; Spisani, Stch. Pharmacol1998,331, 170— M. L.; Hammer, R. PJ. Org. Chem2001,66, 7118—7124.
176. (16) PyAOP and HATU are not soluble in DCE or DCE-DMF (9:1);
(13) Dryland, A.; Sheppard, R. Qetrahedron1988,44, 859—876. couplings in these solvents were not attempted.
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but still low yields were obtained (Table 1, entries 4.
The attempted acylation &f-terminus of Dbzg or Dibg using
HATU also gave a low yield at room temperature, while
the acylation of Dibg at 50C resulted in a moderate yield
(Table 1, entry 6). When an amino acid fluorfiéierotocol
was utilized, the acylation in DCEDMF (1:1) gave low
yields for both Dbzg and Dibg. Interestingly, when the
acylations were carrried out in a less polar solvent mixture
of DCE—DMF (9:1), improved yields were obtained (Table
1, entries 7—8).

Previous studies showed symmetrical anhydrides could
readily acylate N-substituted secondary amino acids in
nonpolar solvent such as GEl,.*8 In our hands we found
that the symmetrical anhydride of Fmoc-Lys(Boc)-OH in
CH.CI, in the absence of base gave an improved yield (62%)
in the acylation of the Dibg-resin at room temperature (Table
1, entry 9). On the basis of our previous work, we found

that the coupling could be improved at elevated temperatures.

Thus, the symmetrical anhydride we prepared inClkiwas
concentrated and redissolved in the higher boiling BCE
DMF mixture. Nov a 3 hcoupling in DCE-DMF (9:1) at

50 °C gave an acylating yield of 95% for the Dbzg-resin
and 91% for the Dibg-resin (Table 1, entry 10). As before,
increases in solvent polarity gave dramatically reduced
coupling yields (Table 1, entries #12). It was also
observed that activated mixed anhydride formed by BOP-
CI'® and Lys gave very good coupling yield at elevated
temperatures (Table 1, entry 14).

To verify the utility of the symmetrical anhydride method
in the assembly of difficult sequence peptides, a highly
conformationally constrained analoguefeémyloid peptide
core, AMY-1, was synthesized. In this peptide sequence,

AMY-1: H-Lys-Dibg-Val-Dbzg-Phe-Dpg-(Lys}-CONH,

Phe, Val, or Lys is at either th€- or N-terminus of Dbzg
and Dibg, which could make efficient amide bond formation
at both termini of thexa AAs difficult. To optimize the yield

of the peptide, three activation methods were utilized during
the peptide assemb®.The incorporation of the first six
lysine residues, Dpg, and Phe into the peptide using the
PyAOP protocol at room temperature was straightforward.
Coupling of Fmoc-Dbzg-OH onto Phe was also performed

(17) Carpino, L. A.; Sadat-Aalaee, D.; Chao, H. G.; DeSelms, R1.H.
Am. Chem. So0d990,112, 9651—9652.

(18) (a) Rich, D. H.; Bhatnagar, P.; Mathiaparanam, P.; Grant, J. A;
Tam, J. PJ. Org. Chem1978,43, 296—302. (b) Jensen, K. J.; Alsina, J.;
Songster, M. F.; Vagner, J.; Albericio, F., Barany, 5 Am. Chem. Soc.
1998,120, 5441-5452, and references cited therein.

(19) Colucci, W. J.; Tung, R. D.; Petri, J. A,; Rich, D. H.0rg. Chem.
1990,55, 2895—2903.

(20) Acylation using PyAOP/HOA, via amino acid fluorides or sym-

using PYyAOP at 50C in which an 89% yield was obtained
after 8 h. In contrast, the coupling of Fmoc-Dibg-OH onto
Val using PyAOP/HOAt at 50C only gave a 58% yield
after 12 h. When the coupling of Fmoc-Dibg-OH onto Val
was performed under HATU/HOALt conditions, an improved
yield (81%) was obtained.

As we experienced before, once the Dbzg or Dibg was at
theN-terminus of the peptide, the following acylation of the
aoAAs was very difficult (Figure 1). Monitoring of the
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Figure 1. (A) Coupling of Fmoc-Val-residue onto H-Dbzg-Phe-
Dpg-(Lys(Boc)}-PAL-PEG-PS (B) coupling of Fmoc-Lys(Boc)-

residue onto H-Dibg-Val-Dbzg-Phe-Dpg-(Lys(BacpAL-PEG-
PS.

coupling of Fmoc-Val or Fmoc-Lys to the highly hindered
N-terminus of Dbzg or Dibg, respectively, using PyAOP/
HOAt or amino acid fluorides showed that only low to
moderate yields were obtained after prolonged reaction time.

metrical anhydrides, were performed under the same conditions as describedAttempted coupling of Fmoc-Val-OH or Fmoc-Lys-OH to

in Table 1, note c.
(21) The first six Lys residues were coupled to PAL-PEG-PS resin under

the N-terminus of Dbzg or Dibg under HATU/HOAt condi-

PyAOP/DIEA/DMF coupling conditions on Perseptive Biosystem Peptide 1iONs also gave low yields (32%, 35%) after 15 h. In contrast,
Synthesizer 9050. The rest of amino acid residues were incorporatedthe acylation using readily available Fmoc amino acid

manually into the sequence. Dpg, Phe, and Dbzg were incorporated into
sequence using PyAOP/DIEA in DEIDMF (1:1); Val residue was coupled

to N-terminus of Dbzg via amino acid symmetrical anhydride method; Dibg
was coupled to Val using HATU (4 equiv), HOAt (4 equiv), DIEA (8 equiv),
and Fmoc-Dibg-OH (4 equiv, 0.3 M) in DCE/DMF (1:1) at 83C; Lys
residue was coupled to Dibg via symmetrical anhydride atGO0

Org. Lett., Vol. 4, No. 2, 2002

symmetrical anhydrides in low polarity solvent without base
resulted in excellent coupling yields. The deblocked peptide

was obtained in high quality and good yield as verified by

HPLC (Figure 2) and by MALDI-MS.
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Figure 2. HPLC profile of crude peptide AMY-1 (H-Lys-Dibg-
Val-Dbzg-Phe-Dpg-(Lys})CONH;,). Column: Delta-Pak ¢, 15
um 300 A, 8x 100 mm. Eluent A: 0.05% TFA in $O; eluent B:
0.05% TFA in CHCN. Gradient: 10—70% B over 60 min; flow
rate 1 mL/min.

It is of great interest to note the remarkable coupling
efficiency with symmetrical anhydrides, especially when the
attempted conventional activation methods for difficult
couplings failed to yield satisfactory results. Our study shows
that symmetrical anhydrides couple more efficiently at the
N-terminus ofo.aAAs in nonpolar solvents than in polar

240

solvents. As we previously propos&dthe reactivity of
amino acid symmetrical anhydrides may be enhanced by the
anchimeric assistance from intermolecular H-bonding be-
tween the NH oftaAA and the anhydride carbonyl oxygen,
which would be more pronounced in nonpolar solvents.

In summary, we present an efficient method for incorpo-
rating amino acid residues onto tiNterminus of highly
hinderedoa AAs. Fmoc amino acid symmetrical anhydrides
are readily available acylating agents and the lack of base
could effectively prevent a variety of side reactions. This
convenient coupling method may have general application
for synthesis of conformationally constrained peptides con-
taining a variety of sterically hinderedoAAs.
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