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The R group is appropriately protected in cases where side-
chain protection is necessary.
The R' group is an unprotected side-chain in need of protection.

The preparation of depsi-peptides, amide-to-ester-substituted peptides used to probe the role of hydrogen bonding in protein folding energetics,
is accomplished by replacing specific L-a-amino acid residues by their a-hydroxy acid counterparts in a solid-phase synthesis employing a
t-Boc strategy. Herein we describe the efficient stereoselective synthesis of all 19 appropriately protected a-hydroxy acid equivalents of the
L-o-amino acids, employing commercially available materials, expanding the number of available a-hydroxy acids from 9 to 19.

Polypeptide backbone modifications enable the role of are called depsi-peptides (“depsi” comes from theeek
backbone hydrogen bonding in protein folding, in protein  word, depsidi, which means estérAn amide-to-ester (A-

protein interactions, in protetnsmall molecule recognition,  to-E) substitution affords an ester carbonyl oxygen that has
and in peptide hormone structure activity relationships to a lower partial charge relative to an amide and as such
be assesse€d?® One strategy for modifying the backbone is displays reduced hydrogen bond acceptor capacity, the extent
to replace amide bonds with ester bonds. Proteins anddepending on the dielectric constant of the local environment.

peptides containing an ester bond(s) as part of the backboneélhe same substitution also replaces tHéH— with an sg-
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for a dipeptide (Ala-Ala) and the analogous didepsi-peptide (Figure 1A). Previous A-to-E studies utilized one or a few

(Ala—Lac) are virtually identical.Furthermore, amides and

commercially availablex-hyrdroxy acids to replace all the

esters both strongly prefer a trans conformation, are planar,amino acids, often necessitating side chain structural alter-

and have similar bond angles and lengthié. As a result,

ations that complicate data interpretation, especially when

depsi-peptides are isostructural to proteins with an all amide these changes alter the hydrophobic core and hence thermo-

backbone.
Depsi-peptides can be synthesized recombinantly

dynamic stability. It is highly desirable to utilize-hydroxy
acids with the same side-chain as temino acid residue

chemically®# The recombinant approach requires charging being replaced to eliminate side chain effects in H-bonding

tRNA with the desiredx-hydroxy acid, while the chemical

studies.

synthesis approach necessitates the availability of appropriate A number of approaches have been reported for the
protectedu-hydroxy acids. Chemical synthesis approaches synthesis of chirafi-hydroxy acids:*~23 Asymmetry can be
to depsi-peptides have been amply described in the litera-achieved either by using chiral starting materials or chiral

ture34 Typically, solid-phase peptide synthesis utilizing
appropriately protected-Boc-o-amino acids and-hydroxy

catalysts; however, none of the approaches affords all 19 of
the a-hydroxy acida-amino acid equivalents with complete

acids is employed. The side-chain protecting groups (when stereocontrot*?1-230f the previously reported approaches,

necessary) on both the-hydroxy acids (Figure 1) and the
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Figure 1. Nineteeno-hydroxy acids suitably protected for solid-
phase depsi-peptide synthesis usingBoc strategy, employing
diisopropylcarbodiimide (DIC), 1-hydroxybenzotriazole hydrate
(HOBt), andN-ethylmorpholine (NEM) to activate the carboxyl
group: (A) commercially available or previously synthesized
(denoted by an asterisk)-hydroxy acids and (By-hydroxy acids
synthesized herein.

o-amino acids must be stable to the TFA deprotection step

diazotization of chirabi-amino acids with sodium nitrite in
acid appears to be the most efficient route for the stereo-
specific synthesis af-hydroxy acids containing hydrocarbon
side-chaing® Herein, we attempt to prepare all 19 of the
o-hydroxy acids using diazotization chemistry and report the
scope and limitations of this approach. Alternative stereo-
controlled approaches are reported to deliver the protected
o-hydroxy acids that cannot be synthesized efficiently by a
diazotization strategy.

Numerous publications report variable conditions for the
diazotization ofL-a-amino acids using sodium nitrite in
acid15718.20.24-26\/griables include the concentration and
identity of the aqueous acid and the sodium nitrite stoichi-
ometry relative to the starting material. All but one of the
optimizations herein led to the use of 2 equiv of sodium
nitrite in 20% aqueous acetic acid (Method A). Diazotization
of Arg(Tos) (Method B) is the exception, requiring glacial
acetic acid for an efficient reaction. While the literature
consensus suggests that a higher stoichiometry of sodium
nitrite should be utilized, we found that 2 equiv relative to
o-amino acid was sufficient, resulting in milder reaction
conditions and less sodium nitrite to decompose at the end
of the reaction. Acetic acid was preferable to other acids
used previously, including hydrochloric acid, because chlo-
ride ion and related counterions can be nucleophilic enough
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to displace the diazonium ion generated in situ from the the desired product were purifying the mixture by reverse-

o-amino acid, resulting in undesired produ€tg Function-

phase HPLC or chromatography on a nonpolar matrix, both

ally, acetate was less nucleophilic than water, especially considered undesirable for large-scale reactions. We lacked

under the specified conditions. In the event that@hacetyl
a-hydroxy acid side product was formed, it is easily
converted to desired-hydroxy acid by hydrolysis. Excess

the incentive to optimize purification becausg-imidazole-
lactic acid (15) is commercially available, which can be side-
chain protected with the dinitrophenyl group simply by

sodium nitrite remaining after completion of the reaction was reacting this unprotected-hydroxy acid with dinitrofluoro-

quenched by addition of methylamine (2 M solution in

benzene (16) in the presence ofNEtaffording the suitably

tetrahydrofuran). The resulting sodium salts of several of the protectedx-hydroxy acid variant of His (Method C, Scheme

a-hydroxy acids were acidified and extracted with ethyl
acetate. Highly water-soluble-hydroxy carboxylic acids

2) 29,30

were not extractable. Instead, the carboxylates were acidifie i EGTGTNGN

with 1 N HCl and passed through a cation exchange column g heme 2. Synthesis of thei-

(Amberlite IR-120(plus) resin). The sodium ions (from the

NaCl produced by acidification) were retained on the column,

yielding the partially or fully purified, protonated-hydroxy
acids after elution with deionized water. Further purification,

when necessary, was achieved by standard silica gel chro-
matography using 90:9:1 chloroform/methanol/acetic acid as
an eluent. Diazotization produced 15 of the 18 desired

a-hydroxy acids; however, the His(Dnp), Trp, and Cys(4-
Me-Bzl) hydroxy acid equivalents could not be produced in
this fashion (Scheme 2).

Scheme 1. Synthesis of thex-Hydroxy Acid Equivalents of
the Boc-Protected-Amino Acids by Diazotization (Method A
was used for synthesis 8—10and12—14; Method B Was
Utilized for Synthesis ofl1
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aConditions: (a) NaNg@ 2:8 AcOH/HO (v/v), 25°C, 16 h;
(b) NaNG,, AcOH, 25°C, 16 h; (c) LiOH, 3:1:1 THF/MeOH/D,
25°C, 16 h.

The preparation of thex-hydroxy acid equivalent of
His(Dnp) by diazotization may ultimately be a solvable

Hydroxy Acid Counterpart of
His, (S)-3-[1-(2,4-Dinitro-phenyl)-1H-imidazol-4-yl]-
2-hydroxy-propionic Acid (17) (Method @)
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aConditions: (a) BN, acetonitrile 25°C, flask was protected
from light using aluminum foil, 16 h.

Diazotization of Trp and Cys(4-Me-Bzl) did not yield the
desired products because the indole ring of Trp was invari-
ably oxidized and the 4-Me-Bzl group on Cys was subject
to removal under the diazotization conditions. Since both
the Trp and Cys(4-Me-Bzlx-hydroxy acid equivalents are
[B-substituteda-hydroxy acids, it seemed feasible that they
could be synthesized by nucleophilic ring opening of
commercially available chiral glycidate ester (Scheme 3).

Scheme 3. Synthesis of the Trp and Cys(4-Me-Bzl)
a-Hydroxy Acid Equivalents from Methyl-@)-glycidate (18)
Using they Atom as the Nucleophile to Open the Epoxide
Regio- and Stereoselectively (Method D for Synthesid ®and
Method E for Synthesis a20y

aConditions: (a) BN, 4-methylbenzenethiol, MeOH, reflux, 2
h; (b) SnCl, indole, 0-25°C, 1 h; (c) LiOH, 3:1:1 THF/MeOH/
H.0, 25°C, 16 h.

The thiol of 4-methylbenzenethiol effected the nucleophilic
ring opening of methyl-(2S)-glycidate (18) in the presence

problem; however, the reaction was not homogeneous. The (24) Senkpeil, R. F.; Pantaleone, D. P.; Taylor, P. P. (PCBU Services,

product mixture was quite polar, precluding the use of
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of base (EN) (Method D) affording §-2-hydroxy-3-(+- | R
methyl-benzylsulfanyl)-propionic acidl9).?® For the Trp Table 1. Summary of the Syntheses afHydroxy Acids
a-hydroxy acid equivalent, indole effected the nucleophilic prepared by the Methods Indicated

ring opening of methyl-(2S)-glycidate (18) in the presence

of Lewis acid (SnCj) (Method E), affording §)-2-hydroxy- compounds methods yield e
3-(1H-indol-3-yl)-propionic acid (20332 8 A 100% >98%
In general, diazotization ofi-amino acids to formo- 9 A 100% >98%
hydroxy acids is compatible with most side-chains. However, i(l) g gg;/" zggz’
two limitations can be problematic. First, the conditions for 12 A 770/2 >98<y:
diazotization can be too acidic or too oxidizing for some 13 A 78% ~98%
side-chains, thus resulting in undesired side products. 14 A 90% >95%
Competing intramolecular attack by nucleophilic atoms 17 c 100% >99%
attached to thg-substituent (SH of Cys) and the (guanidine 19 D 45% >98%
group of Arg) can also complicate the diazotization reaction. 20 E 42% >98%

The severity of this problem varies with the chemical nature
of the side-chains. Second, diazotization does not always ] )
yield only the desired product. Often, the product mixture a'€ generally satlsfa(_:tory (28—100%; 79% average yield).
resulting from diazotization requires further purification. HiS(Dnp) and especially Trp and Cys(4-Me-BzI) did not
While most reaction mixtures can be purified by flash column €asily yield to diazotization in attempts to prepare the
chromatography on silica gel, some reaction mixtures correspondingr-hydroxy acids. Practical alternatives were
(notably His(Dnp)) are too polar to be purified by this devc_aloped for the preparation of tbehydroxy_ acid .versions
standard approach. Herein we have established cationOf HiS(Dnp), Cys(4-Me-Bzl), and Trp as depicted in Schemes
exchange chromatography as a method of choice to isolate? @hd 3. The methods optimized and developed herein may
several highly water-soluble-hydroxy acids from inorganic € applicable to the synthesis of unnatuxetydroxy acids
salts’ as well. These results make it practical for protein and

In summary, chirabi-hydroxy acids can be prepared from Medicinal chemists to synthesize thehydroxy acids
their chiral a-amino acid counterparts by diazotization in required to make amide-to-ester substitutions in polypeptides
the case of 16 out of 19 residues (Table 1 and Figure 1A). Of intérest using solid-phase peptide synthesis.
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