
Tetrahedron
Tetrahedron Letters 45 (2004) 5623–5627

Letters
Synthesis of 3,4-di-O-acylated glucose-derived furanoid sugar
amino acids (Gaa): conformational analysis of a Leu-enkephalin

analog containing di-O-myristoylated Gaa
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Abstract—3,4-Di-O-acylated derivatives 1–3 of a glucose-derived furanoid sugar amino acid (Gaa) were synthesized as novel peptide
building blocks to study their effects on peptide conformation. Structural analysis of the di-O-myristoylated Gaa 3-containing Leu-
enkephalin analog 4 by various NMR techniques and constrained molecular dynamics (MD) simulation studies established a well-
defined b-turn structure in DMSO-d6 with an intramolecular hydrogen bond between PheNHfiTyrCO.
� 2004 Elsevier Ltd. All rights reserved.
For the development of peptides as novel therapeutic
agents, it is essential to deliver them efficiently to their
specific sites of action.1 In this connection, the transport
of peptides across cell membranes through hydrophobic
barriers assumes great importance and has attracted
considerable attention in recent years.2 Peptides with
low membrane permeability have been modified cova-
lently by attaching fatty acid moieties to their C- or N-
termini to increase their abilities to penetrate the cells’
lipid membranes.3 As part of our ongoing project on
sugar amino acid based molecular designs,4 we were
interested in developing O-acylated furanoid sugar
amino acids as novel peptide building blocks to find out
their effects on peptide conformation, which play
important roles in getting them delivered into cells.5 The
advantages of sugar amino acids as building blocks are
largely due to their protected/unprotected ring hydroxyl
groups that can influence the hydrophobic/hydrophilic
nature of the peptides derived from them. Acylation of
the hydroxyl groups of a glucose-derived furanoid sugar
amino acid (Gaa) with n-butanoyl, n-octanoyl, and
myristoyl groups furnished compounds 1–3, respec-
tively. Insertion of one of these acylated Gaa’s 3 into the
Gly-Gly segment of Leu-enkephalin led to the di-O-
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myristoylated analog 4. Conformational studies of
furanoid sugar amino acids containing analogs of Leu-
enkephalin have been carried out before by us in detail.6

Herein we describe the synthesis of the acylated deriv-
atives 1–3 of Gaa as novel peptide building blocks7 and
the detailed conformational analysis of the di-O-
myristoylated Gaa 3 containing Leu-enkephalin analog
4 by various NMR techniques and constrained molec-
ular dynamics (MD) simulation studies that established
a well-defined b-turn structure in DMSO-d6 with an
intramolecular hydrogen bond between PheNHfi
TyrC@O.
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Scheme 1. Synthesis of 3,4-di-O-acylated Gaa 1–3.
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Scheme 1 outlines the synthesis of the 3,4-di-O-acylated
derivatives of Gaa 1–3. The starting material was N-
Boc-6-amino-2,5-anhydro-3,4-di-O-benzyl-6-deoxy-DD-
glucitol 5 whose synthesis from DD-glucose was reported
by us earlier.8 Oxidation of 5 with CrO3-py in the
presence of acetic anhydride and t-butanol provided the
t-butyl ester of the DD-gluconic acid 6 in 70% yield.9

Removal of the Bn-protective groups was achieved by
hydrogenation using Pd(OH)2-C as catalyst to give diol
intermediate 7 in 85% yield. The diol 7 was acylated
by reacting with n-butanoic acid in the presence of
1,3-dicyclohexylcarbodiimide (DCC) and a catalytic
amount of 4-dimethylaminopyridine (DMAP) to give
the diacylated product 8 in 65% yield. Treatment of 8
with trifluoroacetic acid (TFA) deprotected both the
C- and N-termini and the N-terminal was again pro-
tected using Boc2O to furnish the desired product 1 in
80% yield.10 The same protocol was used to prepare the
di-O-octanoyl derivative 2 and the di-O-myristoylated
product 3.10

Next the di-O-myristoylated derivative of Gaa 3 was
used in the synthesis of the Leu-enkephalin analog 4
following standard solution phase peptide synthesis
methods11 using 1-ethyl-3-(3-(dimethylamino)propyl)-
carbodiimide hydrochloride (EDCI) and 1-hydroxy-
Table 1. 1H Chemical shifts (d in ppm), coupling constants (J inHz) and, tem

Amino acid NH CaH CbH

Tyr 6.70 (d) 4.04 (ddd) 2.84a (dd, J ¼ 13:8, 4.1)

(J ¼ 8:3) 2.61b (dd, J ¼ 13:8, 9.6)

Phe 7.85 (d) 4.59 (ddd) 3.02a (dd, J ¼ 13:7, 4.7)

(J ¼ 8:7) 2.94b (dd, J ¼ 13:7, 9.3)

Leu 8.45 (d) 4.29 (ddd) 1.51a (m, J ¼ 12:3, 6.3)

(J ¼ 7:4) 1.60b (m, J ¼ 12:3, 9.0)

Gaa: NH (8.17, t, J ¼ 6:0), H-6 (pro-S) (3.26, m), H-6 (pro-R) (3.47, ddd, JN
J5;60 ¼ 2:0), H-4 (4.95, m), H-3 (5.32, dd, J2;3 ¼ 4:7, J3;4 ¼ 1:0), H-2 (4.45, d, J
m, 4H), other CH2s (1.20, m, 40H), terminal CH3 (0.84–0.85, m, 6H); Dd=D
a (pro-S).
b (pro-R).
benzotriazole (HOBt) as coupling agents and dry DMF
and/or CH2Cl2 as solvents. While the tert-butoxycar-
bonyl (Boc) group was used for N-protection, the C-
terminal was protected as a methyl ester (OMe). De-
protection of the former was done in TFA-CH2Cl2 (1:1).
In the racemization free fragment condensation strategy
that was followed, compound 3 was first coupled with
the dipeptide H-Phe-Leu-OMe as efficiently as with any
normal amino acid using the reagents mentioned above
to give the tripeptide Boc-Gaa(Myr2)-Phe-Leu-OMe
(Myr¼myristoyl) in 90% yield. After removal of the
Boc-protection, the resulting tripeptide, H-Gaa(Myr2)-
Phe-Leu-OMe, was reacted with Boc-Tyr(Br-Z)-OH and
subsequently hydrogenated using Pd(OH)2-C in EtOAc
to furnish the final peptide 4 in 85% yield.12 The final
product 4 was purified by silica gel column chroma-
tography and fully characterized by spectroscopic
methods before using it in the conformational studies.

The NMR studies of peptide 4 were carried out in
approximately 5mM solution in DMSO-d6. The spec-
trum was very well resolved, and most of the spectral
parameters could be obtained and are reported in Table
1. While the assignments were carried out with the help
of total correlation spectroscopy (TOCSY),13 rotating
frame nuclear Overhauser effect spectroscopy (RO-
perature coefficients (Dd=DT in ppb/K) of 4 in DMSO-d6 at 500MHz

CcH CdH Others Dd=DT

7.00, 6.61 (Ph), )9.8
9.09 (OH), 1.22 (s, tBu)

7.15–7.26 (m, ArH) )3.7

1.49 (m) 0.87 (d) )5.5
0.81 (d) 3.60 (s, CO2CH3)

H-b ¼ 6:0, J6;60 ¼ 13:7, J5;6 ¼ 8:9), H-5 (3.91, ddd, J4;5 ¼ 6:2, J5;6 ¼ 8:9,

2;3 ¼ 4:7), –OCOCH2– (2.15–2.30, m, 4H), –OCOCH2CH2– (1.39–1.47,

T ¼ �5:2.



O

HOCOR
OCORH

NH N

HH
O

H
H

NH

H

O

OH

CH3

CH3

OMe

O

H

NHBoc

H

OH

H H

H

Figure 1. Schematic representation of the proposed structure of 4 with

some of the prominent long-range ROEs seen in its ROESY spectrum.

Table 2. The list of distance constraints (more than three bonds away)

used in the MD simulation studies

ROEs Distance (�A)

1. LeuNH$PheNH 2.5–3.0

2. LeuNH$PheCaH 1.8–2.3

3. LeuNH$LeuCdH 2.4–2.9

4. LeuNH$PheCbH 2.6–3.2

5. PheNH$Gaa2-H 2.3–2.9

6. PheNH$Gaa6-H 2.7–3.3

7. PheNH$PheCbH 3.1–3.8

8. PheNH$PheCbH 2.3–2.8

9. GaaNH$TyrNH 2.0–2.4

10. GaaNH$Gaa5-H 2.2–2.8

11. GaaNH$Gaa4-H 2.4–3.0

12. GaaNH$TyrNH 2.4–3.0

13. GaaNH$PheNH 2.7–3.3

14. LeuaH$TyrCbH 2.0–2.5

15. LeuaH$TyrCbH0 2.3–2.9

The constraints were derived based on a two-spin approximation

by taking the distance between the Tyr b-protons (1.8�A) as an internal

standard.

Figure 2. Top: Stereoview of the 12 backbone-superimposed energy-

minimized structures of 4, sampled during 20 cycles of the 120 ps

constrained MD simulations following the simulated annealing pro-

tocol. For clarity in viewing, only the backbones are shown here

omitting the amino acid side chains, fatty acid chains, and all hydro-

gens except the amide protons; bottom: full view of one of the energy-

minimized structures sampled during MD studies.
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ESY)14 experiments provided information on the prox-
imity of the protons. Variable temperature studies were
carried out to measure the temperature coefficients of
the amide proton chemical shifts (Dd=DT ), which pro-
vided information about their involvement in intramo-
lecular hydrogen bonds.15 The intensities of the cross-
peaks in the ROESY spectrum, shown schematically in
Figure 1, were used for obtaining the restraints in the
simulated molecular dynamics (MD) calculations.16

The 3JNH–CaH values were large (>8Hz) for Phe and Tyr
indicating that the values of u for these residues were in
the vicinity of )120�. The populations of side-chain
conformations about Ca-Cb (v1) for all the amide
protons could be estimated from the Ja–b values shown
in Table 1. The Ja–bðpro-RÞ and Ja–bðpro-SÞ are 9.6 and
4.1Hz, respectively, for Tyr and 9.3 and 4.7Hz,
respectively, for Phe. The 3J values suggest that for both
these residues the g rotamer populations about v1 are
more than 70%. The predominance of the g� rotamers
about Ca-Cb is further supported by strong ROESY
cross-peaks between NH$CbH(pro-R) and NH$
CbH(pro-S) in these residues. The value of J2;3 ¼ 4:7,
J3;4 ¼ 1:0, J4;5 ¼ 6:2Hz in Gaa and the ROESY
cross-peak between GaaC2H$C5H support an
envelope (C2-exo or C3-endo) conformer for the sugar
ring. The NOE between PheNHfiGaaC6H(pro-R) and
the magnitude of ðDd=DT Þ ¼ �3:7 ppb/K support the
presence of an intramolecular H-bond between
PheNHfiTyrC@O leading to a 10-membered b-turn-
like ring structure. There is no indication of other amide
protons participating in H-bonding as is evident from
the relatively large magnitude of Dd=DT s. The molecular
structure is further supported by the observed ROE
cross-peaks between PheNH$GaaC2H, GaaNH$
GaaC5H, and GaaNH$GaaC4H.

The cross-peak intensities in the ROESY spectrum were
used for obtaining the restraints in the MD calculations
using a simulated annealing protocol.17 The long-range
distance constraints (more than three bonds away) were
derived based on a two-spin approximation by taking
the distance between the Tyr b-protons (1.8 �A) as
an internal standard. The long-range distance
constraints shown in Table 2, torsional restraints only
for amide bonds (trans, 180�, force constant 5 kcal/�A)
and H-bonding restraint (1.8–2.2�A, force constant
30 kcal/�A) were used in the MD calculations. Twenty
structures were sampled during the constrained MD
simulations carried out for a duration of 120 ps using 20
cycles, each of 6 ps periods, of the simulated annealing
protocol. The sample structures were subsequently en-
ergy minimized and the superimposition of 12 structures
from those sampled is shown in Figure 2. The alignment
of the hydrogen bonded parts clearly revealed that the
possible conformation of this compound involved an
intramolecular hydrogen bond between
PheNHfiTyrC@O.
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It is worth noting here that unlike in sugars with free
hydroxyls, where an unusual pseudo b-turn with a
9-membered H-bond was observed between AAiþ2-
NHfiAAi-C3OH (AAi is Gaa),6 in the fatty acylated
furanoid sugar amino acid-containing peptide 4, we
observed a 10-membered H-bond between AAiþ1-
NHfiAAi�1-CO (AAi is Gaa). This feature is similar to
those reported by us earlier in benzyl-protected Gaa
oligomers18 and by Fleet et al. in acetate- and acetonide-
protected examples.19 Further work on these fatty
acylated furanoid sugar amino acids is in progress.
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