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The title compound, a powerful inhibitor of retaining N-acetylhexosaminidases, can move freely among
three pyranose solution conformations of similar energy—two twist boats and the 4C1 chair—as revealed
by NMR, calculational, and crystallographic studies. It binds in the enzyme active site only in the pseu-
do-4C1 conformation, however, in which it most closely resembles the hypothetical bound substrate tran-
sition state, a 4E sofa that is approximately trigonal bipyramidal at the anomeric carbon.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

A number of retaining N-acetylhexosaminidases, including the
bacterial enzyme from Streptomyces plicatus (SpHex), and the hu-
man enzymes O-GlcNAcase (OGA) and HexA and HexB, use a two
step mechanism that proceeds by way of a non-covalently bound
oxazoline intermediate A ? C (Fig. 1).1 Participation of the sub-
strate amide carbonyl in a transition state B that features a pseu-
do-sofa 4E conformation of the pyranose ring and a roughly
trigonal bipyramidal anomeric carbon allows charge distribution
throughout the assembly and avoids the build-up of high-energy
oxocarbenium character at C-1 such as might occur in solution
hydrolysis. The GlcNAc-thiazoline 1 (Fig. 2) is a powerful inhibitor
of these enzymes: respective Ki for 1 = 20 lM versus SpHex,2,3

70 nM versus human Hex,4 and 70 nM versus OGA.4 Recently, Voc-
adlo has shown that 1 is a true transition state mimic for OGA; that
is, 1 and its homologues display excellent correlation of free energy
of activation calculated from enzymatic substrate hydrolysis rela-
tive to DG� for inhibitor binding.5 Furthermore, protein crystallo-
graphic studies reveal that 1 binds in enzyme active sites2,5–9 in
the pseudo-chair (4C1) conformation E. This suggests that E (rather
than the twist boat D, which resembles the bound substrate A) is
the specific conformation that most closely matches the transition
state B.

The details of the relationship between inhibitor conformation
and binding are important for understanding the interactions of
substrate with enzyme, and for the design of new inhibitors.10

With regard to the latter, there is a tradeoff between anchoring
ll rights reserved.

: +1 732 445 5312 (S. Knapp)..
app).
an inhibitor in a good conformation for binding, or allowing con-
formational flexibility so that a conformation with somewhat high-
er energy in solution, but which might bind in the active site more
tightly, is accessible. An additional aspect is that, confronted with
Figure 1. The N-acetylhexosaminidase mechanism with substrate participation
and oxazolinium intermediate (A ? [B] ? C), and the protonated GlcNAc-thiazoline
inhibitor in two conformations (D and E).
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Figure 2. Four GlcNAc-thiazoline (1) conformations. Dashed arrows represent
diagnostic NOE signals observed.
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the ability of some target microorganisms to mutate, and thus to
modify the details of an enzyme active site, flexible molecules re-
tain a chance to inhibit the mutant forms as well.11

In this paper, we examine the conformational properties of 1
and its derivatives in solution (by NOE and vicinal proton coupling
constant measurements), in the crystal (by single crystal X-ray
studies of a derivative), and in the gas phase (by hybrid density
functional electronic structure calculations). A coherent picture
emerges: we provide evidence that these pyranose-fused thiazo-
lines can shift freely among several conformations, and that little
energetic sacrifice is required for 1 to achieve the pyranose 4C1

pseudo-chair conformation required for binding in the enzyme ac-
tive site.

2. Results and discussion

2.1. Calculation and comparison of NMR parameters for
GlcNAc-thiazoline conformations

In D2O or MeOH-d4 solution, and at concentrations ranging from
12–115 mM, thiazoline 1 is not primarily in the pyranose 4C1 pseu-
do-chair conformation (Fig. 2), as evidenced by the small vicinal
proton coupling for H-2/H-3 and H-3/H-4 (pyranose numbering),
nor is the major conformation 1S3 by the same argument. Table 1
Table 1
Observed and calculated 1H and 13C chemical shifts for 1a

Thiazoline 1 (obsd) 1 (OS2, Calculated) 1 (4C1, Calc

6.36 (H-1) 6.03 6.48
4.32 (H-2) 4.4 3.89
4.13 (H-3) 4.23 3.40
3.56 (H-4) 3.21 3.30
3.33 (H-5) 3.19 3.88
3.74 (H-6) 3.69 4.03
3.61 (H-6) 3.45 3.62
2.26 (Me) 2.28 2.16

RMS abs err: 0.19 RMS abs er

90.92 (C-1) 94.14 99.55
80.64 (C-2) 79.32 76.48
74.31 (C-3) 70.37 76.32
71.48 (C-4) 70.39 67.11
76.43 (C-5) 78.33 73.79
63.65 (C-6) 63.05 60.89
171.04 (C@N) 177.61 176.97
20.79 (Me) 16.06 18.14

RMS abs err: 3.51 RMS abs er

a Chemical shifts in ppm.
shows the observed proton and carbon chemical shifts for 1 along
with calculated values for four pyranose conformations: OS2, 4C1,
1S3, and 1C4. Table 2 shows the respective observed and calculated
vicinal proton coupling constants. There is a good but not perfect
match with the OS2 twist boat, which also happens to be the pre-
ferred conformation of the 3,4,6-tri-O-acetyl derivative (2) of 1 in
deuteriochloroform solution, and of the 2,4-dinitrobenzenesulfo-
nate salt (3) of 2 in the crystal.12 The GalNAc-thiazoline 4, also
an inhibitor of retaining N-acetylhexosaminidases, exists in the
4C1 pseudo-chair in solution, in the crystal, and presumably also
in the enzyme active site.13
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2.2. NOE measurements
Attempts to cool methanolic solutions of 1 to �78 �C in order to
freeze out individual contributing conformations and to identify
them by 1H NMR spectroscopy were unsuccessful. However, NOE
studies on 1 in methanol-d4 solution revealed a number of pro-
ton–proton through-space contacts that can be attributed to one
or more of the four conformations shown in Figure 2. The diagnos-
tic H� � �H contacts for each conformation are also displayed in Fig-
ure 2 (dashed arrows). Table 3 summarizes the qualitative NOE
enhancements observed upon irradiation at each of eight proton
signals. The H-2/H-3 and H-5/Me NOEs are (among these four pos-
sibilities) uniquely due to the OS2 conformation, and the intensity
of these signals indicates that this is indeed the major contributing
conformation in methanol solution.14 Additionally, the weaker
NOEs observed for H-2/H-4 and H-3/H-5 can be uniquely attrib-
uted to the 4C1 conformation, and this must be considered a minor
contributing structure inasmuch as a blend of larger H-2/H-3 and
H-3/H-4 vicinal proton coupling constants with those of OS2 is re-
quired by the data in Table 2. Furthermore, a very weak H-1/H-4
NOE is observed, and this is unique (again, among these four pos-
ulated) 1 (1S3, Calculated) 1 (1C4, Calculated)

5.57 6.55
3.88 3.33
3.74 4.87
3.42 3.53
3.78 3.55
3.60 4.00
3.74 3.82
2.24 2.28

r 0.39 RMS abs err: 0.39 RMS abs err: 0.46

88.61 90.08
86.89 80.29
74.73 69.10
68.75 69.05
81.37 80.55
59.09 64.84
172.96 178.35
16.87 17.00

r: 4.63 RMS abs err: 3.81 RMS abs err: 3.88



Table 2
Observed and calculated vicinal 1H coupling constants for 1a

Vicinal J 1 (Obsd) 1 (OS2, Calculated) 1 (4C1, Calculated) 1 (1S3, Calculated) 1 (1C4, Calculated)

H-1/H-2 7.2 6.8 7.0 6.4 3.7
H-2/H-3 4.2 4.0 7.1 6.5 1.9
H-3/H-4 3.8 1.6 7.4 8.5 2.5
H-4/H-5 9.2 5.8 7.6 6.6 1.3
H-5/H-6 2.4 3.0 2.9 3.1 1.1
H-5/H-6 6.4 8.1 8.0 9.1 4.3
H-6/H-6 12.0 11.1 10.9 11.0 12.2
H-2/Me 2.0 2.28
H-2/H-4 0.8

RMS error: 1.7 RMS error 2.0 RMS error: 2.5 RMS error: 3.4

a Coupling constants in hertz.

Table 3
Qualitative Individual NOEs for 1a,b

Proton hm? H-1 H-2 H-3 H-4 H-5 H-6 H-6’ CH3

1 — **** * * * Overlaps *
2 **** — *** * H-4 *
3 * *** – ** *** *
4 * * *** — **
5 * *** ** — *** **
6 ** *** —
60 ** *** *** —
CH3 * * * —

a Observed for a MeOH-d4 solution of 1 at 25 �C.
b Key: ****, strong NOE observed; ***, medium NOE; **, weak NOE; *, very weak

NOE; (blank), no NOE; —, selfsame proton.
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sibilities) to the 1S3 conformation. Thus, a small contribution by the
1S3 is indicated. The absence of an H-1/H-6 NOE suggests that the
contribution of the 1C4 conformation is negligible, although there is
other evidence (see below) that even this conformation is attain-
able in solution.

2.3. Calculation of relative energies of GlcNAc-thiazoline
conformations

Hybrid density functional electronic structure calculations were
performed on the OS2, 4C1, 1S3, and 1C4 conformations of 1 in order
to obtain information about the relative energies and to correlate
the NMR properties of these conformers. Geometry optimizations
were carried out at the B3LYP/6-31G* level for each of the four con-
formations,15 and B3LYP/6-311++G** single point calculations were
additionally performed at the B3LYP/6-31G* optimized geometries;
the results are summarized in Table 4. An intramolecular H-bond
between the C-6 hydroxyl and the ring oxygen is indicated for
the gas phase low energy conformations of the OS2, 4C1, and 1S3, be-
tween the C-4 hydroxyl and O-3 for 4C1 and 1S3, and between the
C-6 hydroxyl and O-3 for 1C4. These H-bonds would likely not be
as significant in methanol solution. Despite the obvious differences
between solution and gas phase analysis, the calculations offer a
qualitative confirmation of the NOE evidence for the predominance
of the OS2 and 4C1 as the most stable conformations, and also sup-
Table 4
Calculated relative energies of the conformations of 1

Conformation of 1 B3LYP/6-31G* Erel

(kcal/mol)
B3LYP/6-311++G** Erel

(kcal/mol)

OS2 0.00 0.00
4C1 0.41 �0.84
1S3 2.20 0.84
1C4 2.62 3.70
port the view that the OS2, 4C1, and 1S3 conformations are close in
energy (within 1–2 kcal/mol). The 1C4 is considerably less stable
than the other three.

2.4. X-ray crystallographic analysis

We sought to investigate the conformational properties of 1 in
the solid phase in order to get realistic bond distances, angles,
and other details. In contrast to the isomeric GalNAc-thiazoline
4,12 however, the parent GlcNAc-thiazoline 1 and its various salts
did not crystallize. Although we were aware that O-substitution
might influence the relative energies of the respective pyranose
conformations, we resorted to chemical derivatization in order to
obtain crystals for X-ray analysis. Treatment of 1 (Scheme 1) under
Mitsunobu conditions {myristic acid [CH3(CH2)12CO2H], diisopro-
pyl azodicarboxylate (DIAD), and triphenylphosphine} led to two
crystalline thiazoline products: the 6-O-tetradecanoyl ester 5
(21%) and the tricyclic internal (3,6-anhydro) ether 6 (10%). Their
structures were chemically confirmed by converting them to their
respective acetates 7 and 8. Furthermore, both 5 and 6 proved
amenable to crystallographic analysis.

The tetradecanoate 5 crystallizes in a unit cell that contains two
molecules in different pyranose conformations hydrogen bonded to
each other: the 4C1 and 1S3 (Fig. 3). Both of these conformations
had been also implicated as contributors by the calculations and
by the NOE studies. The tetradecanoate chains are oriented in a
pseudo-equatorial disposition with respect to the pyranose rings,
and do not appear to interact strongly with the pyranose/thiazoline
rings, although they stack with one another in adjacent molecules
(see ORTEPs in Supplementary data). While crystal packing forces
certainly play a role, one cannot escape the obvious conclusion
that, since they co-occur, these two ring conformations must be
of comparable energy. Interestingly, the most stable conformation
of 1 and 5 in solution, namely OS2, does not appear in this crystal at
all. This is likely the result of the trans disposition of N and HO(3),
so that an intermolecular N� � �HO(3) hydrogen bond, which holds
the dimers of the 4C1 and 1S3 together, cannot as easily form in
the OS2 conformation. The crystal structure of 6 (Fig. 4) shows
the expected 3,5-bridged 1C4 conformation. The formation of 6
must have occurred through a 1C4 pseudo-chair conformation of
the 6-(oxytriphenylphosphonium) Mitsunobu intermediate 9, even
though this pyranose ring conformation is disfavored according to
the NMR studies of 1 in methanol solution.

Both 5 and 6 were evaluated13 for inhibitory activity against the
SpHex N-acetylhexosaminidase and were found to be inactive.

2.5. Summary of GlcNAc-thiazoline conformations

Table 5 summarizes the important vicinal proton coupling con-
stants and the observed conformations for the various GlcNAc-
thiazolines presented herein. Fully O-acylated derivatives (2 and
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Figure 3. Crystal structure of the 6-O-tetradecanoate 5, showing the two molecules
in conformations 1S3 (left) and 4C1 (right) H-bonded to one another in the unit cell.
The tetradecanoate chain has been truncated to acetate for clarity.

Figure 4. Crystal structure of the tricyclic thiazoline ether 6 in the bridge-enforced
1C4 conformation.

Table 5
Vicinal coupling constants and conformations of GlcNAc-thiazolinesa

Compound J1,2 J2,3 J3,4 J4,5 Conform’n

1 (MeOH-d4) 7.2 4.2 3.8 9.2 OS2, 4C1, 1S3

2 (CDCl3) 7.2 3.1 1.7 9.2 OS2

5 (MeOH-d4) 7.2 4.8 3.6 9.2 OS2 et al.
5 (Crystal) 4C1 and 1S3

6 (CDCl3) 4.8 4.8 4.8 3.0 1C4

6 (Crystal) 1C4

7 (CDCl3) 7.2 3.0 1.5 9.3 OS2

8 (CDCl3) 5.1 4.2 5.4 3.0 1C4

10 (MeOH-d4) 7.2 4.4 4.0 9.2 OS2 et al.
11 (MeOH-d4) 7.0 4.5 4.0 9.2 OS2 et al.

a Coupling constants in hertz.
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7) in solution are best described as OS2 pseudo-(twist boats), a con-
formation also previously observed in solution and in the crystal
for the corresponding 3,4,5-tri-O-acetyl-GlcNAc-oxazoline16 as well
as a variety of methyl-functionalized and O-acetylated GlcNAc-
thiazoline analogues.12 The triol 1 and also its mono-acyl derivative
5 in solution have mostly the OS2 conformation, with contributing
minor conformations 4C1 and 1S3 mixed in. Since mono-acylation
at O-6 does not effect the solution conformation, hydrogen bonding
of the 6-OH must not play a major role determining the ring confor-
mation. In the crystal, 5 is found as equal parts 4C1 and 1S3 hydrogen
bonded to one another. Substitution of one of the methyl hydrogens
of 1 by fluoro- or azido- has led to the respective inhibitory thiazo-
lines 10 and 11;12 these have solution conformations that closely
match those of 1. The bridged pyranoses 6 and 8 in solution are con-
strained 1C4 pseudo-chairs, as expected.

3. Conclusions

The N-acetylhexosaminidase inhibitor GlcNAc-thiazoline 1 is
conformationally mobile in solution, existing simultaneously in a
pyranose pseudo-chair and two pseudo-(twist boats)—4C1, OS2,
and 1S3, respectively—each detectable by NOE studies. The energy
differences among them are likely on the order of 1–2 kcal/mol,
according to calculations. Furthermore, a monoacyl derivative 5
crystallizes simultaneously in the 4C1 and 1S3 conformations, again
suggesting a small energy difference. Because the energy differ-
ences among these three conformations are small, it is difficult to
specify what factors control the conformation distribution,
although 1,3-diaxial steric repulsions (C-6/O-2 and N/O-3) likely
account for why the 1C4 contributes little to the mix.
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An implication of this work for enzyme inhibitor design is that
flexible molecules resemble small libraries of inhibitor candidates.
One conformation, not necessarily the most stable one, is certain to
be superior to the others in terms of inhibition efficacy. Enzymes
are thought to catalyze reactions by stabilizing the substrate-de-
rived transition state.17 The inhibitor 1 binds in the N-acetylhex-
osaminidase active site as the 4C1 pseudo-chair, the conformation
that most closely matches the substrate transition state (B, Fig. 1).

4. Experimental

4.1. (3aR,5R,6S,7R,7aR)-6,7-Dihydroxy-5-(tetradecanoyloxy-
methyl)2-methyl-5,6,7,7a-tetrahydro-3aH-pyrano[3,2-d]thiazole
(5) and (3aR,5R,6S,7R,7aR)-7-Hydroxy-5,7-(methyleneoxy)-2-
methyl-5,6,7,7a-tetrahydro-3aH-pyrano[3,2-d]thiazole (6)

Diisopropyl azodicarboxylate (118 ll, 0.60 mmol) was added to
a stirred solution of 158 mg (0.60 mmol) of triphenylphosphine in
4 mL of THF while maintaining a bath temperature of �20 to
�30 �C. After 30 min, a thick white precipitate had formed. The
mixture was cooled with a �78 �C bath, and then a solution of
160 mg (0.70 mmol) of myristic acid in 2 mL of THF was added, fol-
lowed by a solution of 44 mg of the thiazoline triol2 1 in 1 mL of
THF. The reaction mixture was allowed to warm to 23 �C, and the
resulting pale yellow solution was stirred for an additional 18 h.
The reaction mixture was concentrated and then chromatographed
on silica with ethyl acetate as the eluant to afford 21 mg (21%) of
the tetradecanoate 5 as a colorless solid: mp 84–86 �C; Rf 0.51
(9:1 dichloromethane/methanol); 1H NMR (400 MHz, CD3OD) d
6.31 (d, 1H, J = 7.2), 4.32 (dddd, 1H, J = 7.2, 4.8, 2.4, 1.2), 4.25 (dd,
1H, J = 12.0, 2.8), 4.18 (dd, 1H, J = 12.0, 6.8), 4.13 (dd, 1H, J = 4.8,
3.6), 3.56 (ddd, 1H, J = 9.2, 3.6, 0.8), 3.47 (ddd, 1H, J = 9.2, 6.8,
2.4), 2.32 (t, 2H, J = 7.2), 2.25 (d, 3H, J = 2.0), 1.60 (br quint, 2 H,
J = 7.2), 1.22–1.36 (m, 20 H), 0.89 (t, 3H, J = 7.2); 13C NMR
(100 MHz, CD3OD) d 174.1, 169.4, 89.3, 79.5, 72.8, 72.5, 70.4,
63.9, 33.8, 31.9, 29.6, 29.6, 29.6, 29.5, 29.4, 29.3, 29.2, 29.0 24.9,
22.5, 19.4, 13.2; ESI-MS m/z 430 MH+, 452 MNa+, 881 M2Na+. Crys-
tals suitable for diffraction studies were grown by slow diffusion of
petroleum ether into a toluene solution of 5.

The column wash (methanol) from the reaction described above
was purified by preparative TLC on silica with 19:1 dichlorometh-
ane/methanol as the eluant to afford 4 mg (10%) of the cyclized
anhydro product 6 as a colorless solid: mp 114–117 �C; Rf 0.45
(19:1 dichloromethane/methanol); 1H NMR (300 MHz, CDCl3) d
5.93 (d, 1H, J = 4.8), 4.86 (t, 1H, J = 4.8); 4.29 (d, 1H, J = 11.1), 4.24
(br t, 1H, J = 3.0), 4.14–4.22 (m, 2H), 4.07 (dd, 1H, J = 11.1, 3.0),
2.45 (d, 1H, J = 9.0), 2.34 (d, 3H, J = 2.7); 13C NMR (75 MHz, CDCl3)
d 168.0, 85.9, 80.5, 76.9, 72.4, 71.9, 68.4, 20.9; ESI-MS m/z 202 MH+.
Crystals suitable for diffraction studies were grown by slow diffu-
sion of petroleum ether into a toluene solution of 6.

4.2. Acetate derivatives 7 and 8

Separate treatment of 5 and 6 with acetic anhydride in pyridine
solution followed by column chromatography gave the respective
acetate derivatives 7 and 8. Data for 7: 1H NMR (300 MHz, CDCl3)
d 6.24 (d, 1H, J = 7.2), 5.57 (dd, 1H, J = 3.0, 1.5), 4.95 (br d, 1H,
J = 9.3), 4.44–4.50 (m, 1H), 4.15 (dd, 1H, J = 12.3, 3.3), 4.10 (dd,
1H, J = 12.3, 5.7), 3.54 (ddd, 1H, J = 9.0, 5.4, 3.3), 2.33 (t, 2H,
J = 7.8), 2.32 (d, 3H, J = 2.4), 2.14 (s, 3H), 2.09 (s, 3H), 1.62 (br quint,
1H, J = 7.2), 1.22–1.34 (m, 20 H), 0.88 (t, 3H, J = 6.6); 13C NMR
(75 MHz, CDCl3) d 172.3, 168.4, 168.1, 167.0, 87.8, 75.7, 69.7,
68.3, 67.6, 62.1, 33.1, 31.0, 28.7, 28.7, 28.7, 28.7, 28.6, 28.4, 28.4,
28.2, 24.0, 21.8, 20.1, 20.0, 19.8, 13.2; ESI-MS m/z 536 MNa+. Data
for 8: 1H NMR (300 MHz, CDCl3) d 5.94 (d, 1H, J = 5.1), 5.12 (dd, 1H,
J = 5.4, 4.2), 4.86 (br dd, 1H, J = 5.4, 3.3), 4.44 (br t, 1H, J = 3.0), 4.28
(d, 1H, J = 11.1), 4.20–4.28 (m, 1H), 4.07 (dd, 1H, J = 11.1, 3.3), 2.29
(d, 3H, J = 2.4), 2.06 (s, 3H); 13C NMR (75 MHz, CDCl3) d 169.5,
163.1, 83.4, 79.5, 73.0, 70.6, 69.5, 67.4, 19.6, 19.4; ESI-MS m/z
244 MH+, 266 MNa+, 509 M2Na+.

4.3. NOE studies

NOESY1D spectra of 1 (see Supplementary data) were acquired
on a solution of 18.9 mg in 0.75 mL of methanol-d4 at 25 �C and
500 MHz. Coupling constants and NOE measurements were also
evaluated at twofold and fourfold dilution, and were observed to
be invariant.

4.4. Calculations

The GAUSSIAN 03 package18 was used to carry out all calculations.
Standard Pople-type basis sets were employed.19 All geometries
were optimized using hybrid density functional theory, the 6-
31G* basis set, and the B3LYP functional.20 All structures were ver-
ified as minima by the calculation of vibrational frequencies. Single
point energies were calculated at B3LYP/6-311++G** using the
B3LYP/6-31G* optimized geometries. Zero-point energies calcu-
lated at B3LYP/6-31G*, and corrected by a scale factor of
0.9804,21 were included in the energies reported. Isotropic shield-
ing values were computed using the GIAO method22 in conjunction
with the B3LYP/6-311++G**//B3LYP/6-31G* level of theory. This
procedure, together with appropriate empirical scaling has been
shown previously to provide proton chemical shifts with an accu-
racy of ±0.15 ppm.23 The calculated proton isotropic shielding val-
ues were converted to chemical shifts by using the previously
described scaling procedure. In the case of carbon, the calculated
isotropic shielding values were converted to chemical shifts by
using the average of all chemical shifts (and the average of all cal-
culated isotropic shielding values) in the molecule as an internal
standard according to: di = (davg + vavg) � vi. Spin–spin coupling
constants were computed using the spinspin keyword.24
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