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ABSTRACT: Altered levels of intracellular protein glycosylation
with O-linked β-N-acetylglucosamine (O-GlcNAc) have emerged as
being involved in various cancers and neurodegenerative diseases.
OGA inhibitors have proven critically useful as tools to help
understand the roles of O-GlcNAc, yet accessing large quantities of
inhibitors necessary for many animal studies remains a challenge.
Herein is described a scalable method to produce Thiamet-G, a
potent, selective, and widely used brain-permeable OGA inhibitor. This synthetic route begins with inexpensive precursor, requires
no column chromatography, employs simple nontoxic reagents, and in a single campaign can furnish several hundred grams of
crystalline Thiamet-G in an overall yield of 44% over six steps.

■ INTRODUCTION
The O-linked glycosylation of hydroxyl groups of serine and
threonine residues of nuclear and cytoplasmic proteins with N-
acetylglucosamine (O-GlcNAc) is a post-translational mod-
ification (PTM) found on well over a thousand proteins.1,2 O-
GlcNAc has been proposed to play roles in numerous cellular
processes and is implicated in various diseases including, most
notably, cancers3−6 and neurodegenerative diseases, including
both Alzheimer’s Disease (AD)7,8 and Parkinson’s Disease
(PD).9−11 However, the molecular basis by which altered O-
GlcNAc levels influence cellular pathways and the pathophysi-
ology of cancers and human neurodegenerative diseases are ill-
defined and remain topics of high interest.
Interestingly, there are only two enzymes that control this

dynamic post-translational modification. O-GlcNAc is installed
by O-GlcNAc transferase (OGT) and removed by O-
GlcNAcase (OGA), a family 84 glycoside hydrolase
(GH84.)12 One important and widely used class of chemical
tools for studying this relationship are potent and selective
inhibitors of OGA, which can be used to increase levels of
cellular O-GlcNAcylation in different model systems. Accord-
ingly, both academic and industrial teams have worked to
develop potent and selective OGA inhibitors to study the
physiological function of OGA in animal models of neuro-
degeneration toward the development of potential therapeu-
tics.
While several OGA inhibitors have been reported, including

some from industry derived high-throughput screening
medicinal chemistry optimization campaigns (Figure 1) such
as MK-8719,13 ASN90,14 and LY3372689,15 the compound
that has seen the widest use is Thiamet-G.
The design of Thiamet-G was inspired by mechanistic

studies of the OGA enzyme showing the enzyme uses a two-
step reaction involving an oxazoline intermediate.16 These

mechanistic insights led to the preparation of the transition
state analog Thiamet-G, which is one of the most potent (Ki =
2.1 nM) and selective (37,000 fold selectivity hOGA over β-
hexosaminidase17) compounds currently reported. Genetic
deficiencies in β-hexosaminidase resulting in its inability to
cleave glycoconjugates from gangliosides are responsible for
the manifestation of the orphan congenital diseases known as
Tay Sachs and Sandhoff’s. The importance of hOGA selectivity
was highlighted by the problematic off-target effects observed
in the first reported inhibitors that inadvertently also targeted
β-hexosaminidase.18 As an hOGA inhibitor, Thiamet-G is
orally bioavailable, permeates into the brain, and has
accordingly been used to study in vivo O-GlcNAcylation and
its role in the pathology of inflammation,19 cardiovascular
disease,20,21 cancers,4,6 stroke,22 AD,7,9,23 PD,16,24 Progressive
Supranuclear Palsy (PSP),25 and Huntington’s Disease
(HD).26 However, due to the modest permeability of
Thiamet-G, coupled with extended dosing needed in trans-
genic animal studies of neurodegenerative diseases, these
studies often require large quantities of Thiamet-G for chronic
long-term dosing administered via drinking water (>100 mg
kg−1 day−1).9,16,23,25,27−29 The requirement for large amounts
of material limits the feasibility of these studies within
academic settings. Unfortunately, the current synthetic route
for Thiamet-G is unsuitable for preparing large quantities in
academic laboratories due to its reliance on toxic heavy metals
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and column chromatography.16 Furthermore, MK-8719 and
many analogs of Thiamet-G use this compound as an advanced
intermediate, making improved routes to Thiamet-G of value.
Thiamet-G has also found use in inhibitor cross-competition
enzyme kinetics studies to orthogonally validate the binding
site for other OGA targeting molecules, including ASN90.14 As
such, there is a need for a more accessible and straightforward
synthetic route to Thiamet-G to support this field of research.

■ RESULTS AND DISCUSSION
In looking to develop a scalable synthesis, the previously
reported synthetic method (Figure 2) was adapted. This route
goes through the well-characterized intermediate, 1,3,4,6-tetra-
O-acetyl-2-amino-2-deoxy-β-D-glucopyranose hydrochloride
(4), the gram-scale synthesis of which is well established
(Figure 2A).30 Starting from the inexpensive and readily
available glucosamine hydrochloride salt (1) was isolated

Figure 1. Competitive OGA inhibitors MK-8719 (left), ASN90 (center), and LY3372689 (right).

Figure 2. Synthetic routes to Thiamet-G. Upper pathway (A) Synthetic route used to access central intermediate 4 (yields given for large-scale
reactions). (B) Comparison of the new and previously reported synthetic routes to Thiamet-G.

Table 1. Optimization of Conditions for the Formation of the Thiourea Intermediate 3a

condition catalyst cat. equiv EIT equiv solvent temp. (°C) solvent (M) time (h) yield (%)

reported16 3.0 MeCN 80 0.06 96
1 3.0 DCM 25 0.1 96 49
2 3.0 pyridine 25 0.1 48 88
3 3.0 MeCN 25 0.1 72 65
4 pyridine 0.20 1.2 MeCN 25 0.1 48 74
5 DMAP 0.20 1.2 ACN 25 0.1 48 71
6 DMAP 0.02 1.2 MeCN 50 0.1 24 42
7 pyridine 0.20 1.2 DMF 25 0.1 24 78
8 DMAP 0.02 1.2 DMF 25 0.1 36 76
9 DMAP 0.02 1.2 DMF 25 1.0 36 85

aThe listed reactions were carried out on a 1.0 gram scale quantity in the presence of 1.8 equiv of triethylamine unless otherwise noted.
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kilogram quantities of 4 in three steps (66% yield compared to
the 43% reported yield)30 using materials and reaction vessels
available within an academic setting. Furthermore, through
modification of washing and extraction volumes, the solvent
waste stream was reduced by over 25%.
With compound 4 in hand, the next aim was to scale up the

installation and subsequent cyclization of the C-2 ethyl
thiourea group. Employing the previously published conditions
(Figure 2B) of triethylamine and ethyl isothiocyanate refluxed
in acetonitrile failed to reproduce the reported 98% yield16 of
thiourea containing compound 5. Moreover, incomplete
conversion of the starting material was observed, which
necessitated flash silica column chromatography to isolate
product. Looking to improve the reliability of this reaction and
circumvent the need for heating, pyridine was substituted as a
solvent, which resulted in the reaction being completed within
48 h at room temperature. It was reasoned that pyridine might
be functioning as a nucleophilic catalyst and facilitating
complete conversion of the amine starting material. This in
turn led to examining the use of substoichiometric quantities of
pyridine as an additive in the original reaction conditions
(Table 1, condition 4). These new conditions decreased the
amount of time to completion of the reaction while also
eliminating the need for heating the reaction to reflux. To
further minimize the volume of pyridine needed, 4-
dimethylaminopyridine (DMAP) as a catalyst in place of
pyridine was examined. Optimizing the fractional equivalencies
of either DMAP or pyridine as nucleophilic catalysts in
acetonitrile allowed the reaction to proceed efficiently at room
temperature while also enabling the use of reduced equivalents
of ethyl isothiocyanate. Further, switching the reaction solvent
from acetonitrile to dimethylformamide (DMF) reduced the
required reaction times and enabled reducing the catalyst to
0.02 equiv (entry 8). Finally, the increased solubility of the
starting materials and product in DMF enabled increasing the
reaction concentration by 10-fold to 1.0 M. Accordingly, it was
feasible to run the reaction at 400 g (1 mol) scale within a
standard 3 L round-bottom flask without the need for reflux
condensation or column chromatography.
Following the installation of the thiourea, methods to

manipulate intramolecular cyclization to obtain thiazoline 6 in
a scalable manner were explored. Previously published
methods carried out this transformation using 4 equiv of
tin(IV) chloride as a Lewis acid catalyst.31 To avoid the use of
multihundred-gram quantities of this toxic reagent, various
Bro̷nsted acids were examined as alternatives. Trifluoroacetic
acid has previously been shown as an effective cyclization
reagent for the synthesis of thiazolines at room temperature.32

Using just 1.2 equiv of trifluoroacetic acid at room temper-
ature, efficient cyclization of compound 5 was observed, with
the resulting crude compound 6 being of sufficient purity to
move forward into subsequent reactions. To enable the use of
standard academic setting glassware, the concentration of the
limiting reactant was increased from 0.1 to 0.25 M with no
resultant impact on either yield or product purity. At the
suggestion of the reviewers and considering changing
regulations and industry practices demanding a shift away
from chlorinated solvents like dichloromethane (DCM),
additional solvent substitutes were retroactively explored for
this step. Using thin-layer chromatography and mass
spectrometry to monitor reaction conversion progress, it was
observed that acetonitrile and ethyl acetate were able to
achieve >99% consumption of the starting material (5) and

conversion to yield the thiazoline (6) within the same time
frame, the same temperature, and the same concentration of
reactants as used in the DCM based protocol. Additional
solvents tested in identical conditions including 1,4-dioxane,
THF, 2-MeTHF, DMF, and NMP all failed to fully consume
the starting material within 24 h. The authors suspect that
acetonitrile and ethyl acetate would perform equally well at
larger scales, and thus believe both solvents to be superior to
DCM as less toxic and less environmentally harmful
substitutes.
De-O-acetylation of 6 to yield the final product Thiamet-G

(7) was completed using catalytic amounts of sodium
methoxide (0.05 equiv) in anhydrous methanol. While it is
common to neutralize the base in such Zempleń reactions
using acidic resin, the reaction workup was simplified by
applying a quantity of sodium bisulfate equimolar to that of the
base. The resulting insoluble sodium sulfate solid was
conveniently removed via filtration through a pad of Celite.
In this way, it was possible to isolate pure Thiamet-G by
crystallization from a mixture of methanol and ethyl acetate.
This route (Figure 2B) delivered the desired Thiamet-G in
high purity with an overall yield of 66% over three steps from 4
and 44% yield across six steps beginning from the readily
available hydrochloride salt 1 with no column purifications.

■ EXPERIMENTAL SECTION
Thin-layer chromatography (TLC) was performed using
Merck silica gel 60 F254 aluminum-backed plates that were
stained by heating (≥200 °C) with 5% sulfuric acid in ethanol
or with a solution of phosphomolybdic acid (2.5% w/v),
cerium sulfate (1% w/v), and sulfuric acid (6% v/v) in water.
High pressure liquid chromatography (HPLC) was performed
on an Agilent 1100 series device equipped with a variable
wavelength UV−vis detector using ZORBAX 300SB C8
column (5.0 μm, 9.4 × 250 mm for analytical runs and
semipreparative scale purifications) and elution carried out
using HPLC grade solvents. To concentrate reaction mixtures
solvents were evaporated under reduced pressure on a rotary
evaporator between 40 and 60 °C using either a PIAB vacuum
system or Welch W Series high vacuum oil pump. NMR
spectra were recorded on Bruker AVANCE III 400 or
AVANCE II 600 QNP. Spectra are referenced according to
the chemical shift of the deuterated solvent in which they were
dissolved (1H NMR: CDCl3: 7.26 ppm, CD3OD: 3.30 ppm;
13C{1H} NMR: CDCl3: 77.0 ppm; CD3OD 49.0 ppm) and
peak assignments were made on the basis of 2D-NMR (1H
COSY, HSQC, HMBC) experiments. High resolution mass
spectra (HRMS) were recorded on a Bruker MaXis Impact
spectrometers using positive or negative electrospray ionization
(ESI). All reactions were carried out within the confines of an
ISO 9001:2000 compliant fume hood with operators wearing
full PPE including lab coats, chemical resistant butyl rubber
gloves, goggles, and 75SCP100L Honeywell respirators.
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2-Deoxy-2-[[(4-methoxyphenyl)methylene]amino]-β-
D-glucopyranose (2). Using a 20 L polypropylene bucket
sitting in a 83 L polyethylene Rubbermaid 0 °C ice bath
secondary container, a solution of glucosamine hydrochloride
(2.044 kg, 9.48 mol) in NaOH (1 M, 9.48 L) was prepared to
which p-anisaldehyde (1.15 L, 9.48 mol) was added dropwise
over 30 min under mechanical stirring. The resulting mixture
was stirred at 0 °C for 1 h and the precipitate was collected by
a 4 L Buchner funnel suction filtration, washed successively
with cold water (9.5 L), cold ethanol (9.5 L) and diethyl ether
(9.5 L), and then dried under vacuum to give the title
compound as a white solid. (2.37 kg, 84% yield).

1H NMR (400 MHz, Methanol-d4) δ 8.13 (s, 1H), 7.76−
7.66 (m, 2H), 7.03−6.92 (m, 2H), 6.53 (d, J = 6.8 Hz, 1H),
4.94 (d, J = 5.2 Hz, 1H), 4.83 (d, J = 5.5 Hz, 1H), 4.75−4.66
(m, 1H), 4.56 (t, J = 5.8 Hz, 1H), 3.80 (s, 3H), 3.73 (ddd, J =
11.7, 5.7, 2.0 Hz, 1H), 3.50 (dt, J = 13.0, 6.6 Hz, 1H), 3.43 (dt,
J = 9.0, 4.4 Hz, 1H), 3.24 (ddd, J = 9.8, 5.8, 2.1 Hz, 1H),
3.19−3.11 (m, 1H), 2.80 (dd, J = 9.3, 7.7 Hz, 1H).
13C{1H} NMR (101 MHz, DMSO) δ 191.7, 164.7, 161.7,

161.5, 132.3, 130.2, 130.1, 129.6, 115.0, 114.4, 96.1, 78.7, 77.3,
75.1, 70.9, 61.8, 56.2, 55.7.

1,3,4,6-Tetra-O-acetyl-2-deoxy-2-[[(4-methoxyphen-
yl)-methylene]amino]-β-D-glucopyranose (3). In a 20 L
polypropylene bucket housed in an 83 L polyethylene 0 °C ice
bath secondary container Imine (2) (700 g, 2.35 mol) and
pyridine (3.0 L, 37.6 mol) were stirred for 5 min 0 °C. Acetic
anhydride (5.52 L, 58.4 mol) was then added slowly over the
course of 2 h with continuous stirring. The reaction mixture
was maintained at 0 °C for 2 h and then at room temperature
overnight. The reaction was quenched transferring 1.0 L
portions of the reaction into 4.0 L of ice water at 0 °C. The
precipitate was collected by 4 L Buchner funnel suction
filtration, washed with 4.0 L of ice water and dried under
vacuum to give the title compound as a white solid (943 g,
86% yield).

1H NMR (400 MHz, Chloroform-d) δ 8.18 (s, 1H), 7.74−
7.63 (m, 2H), 6.96−6.91 (m, 2H), 5.96 (d, J = 8.3 Hz, 1H),
5.45 (t, J = 9.6 Hz, 1H), 5.16 (dd, J = 10.1, 9.5 Hz, 1H), 4.40
(dd, J = 12.4, 4.6 Hz, 1H), 4.15 (dd, J = 12.4, 2.1 Hz, 1H),
3.99 (ddd, J = 10.1, 4.6, 2.2 Hz, 1H), 3.86 (s, 3H), 3.47 (dd, J
= 9.8, 8.3 Hz, 1H), 2.12 (s, 3H), 2.06 (s, 3H), 2.04 (s, 3H),
1.90 (s, 3H).
13C{1H} NMR (101 MHz, Chloroform-d) δ 170.7, 169.9,

169.5, 168.8, 164.3, 162.3, 130.3, 128.3, 114.1, 93.2, 77.2, 73.3,
73.0, 72.8, 68.1, 61.9, 55.4, 20.8, 20.8, 20.7, 20.5.

1,3,4,6-Tetra-O-acetyl-2-amino-2-deoxy-β-D-gluco-
pyranose (4). In a 20 L polypropylene bucket housed in an
83 L polyethylene secondary container, a solution of acetoxy
imine (1.09 kg, 2.34 mol) in acetone (7.8 L) was treated with 5
M HCl (486 mL, 2.43 mol). The solution was stirred for 30
min before diethyl ether (3.6 L) was added, and the stirring
was continued for a further 1 h. The precipitate was collected
via 4 L Buchner funnel suction filtration, washed twice with 4.0
L of cold diethyl ether and dried under vacuum to give the title
compound as a white solid (885 g, 99% yield).

1H NMR (400 MHz, DMSO-d6) δ 6.05−5.80 (m, 1H), 5.35
(ddt, J = 10.6, 9.1, 2.8 Hz, 1H), 4.92 (dd, J = 10.2, 9.2 Hz,
1H), 4.18 (dd, J = 12.4, 4.3 Hz, 1H), 4.01 (ddd, J = 22.2, 10.1,
3.7 Hz, 2H), 3.65−3.45 (m, 1H), 2.16 (s, 3H), 2.02 (s, 3H),
1.99 (s, 3H), 1.96 (s, 3H).
13C{1H} NMR (101 MHz, DMSO-d6) δ 170.4, 170.2,

169.8, 169.1, 90.6, 72.1, 70.8, 68.3, 61.7, 52.6, 21.4, 21.3, 21.0,
20.8.

1,3,4,6-Tetra-O-acetyl-2-deoxy-2-ethylthioureido-β-
D-glucopyranose (5). In a 3.0 L round-bottom flask 1,3,4,6-
tetra-acetyl glucosamine hydrochloride (400 g, 1.04 mol) and
DMAP (2.55 g, 0.02 mmol) were suspended in anhydrous
DMF (1.0 L). Triethylamine (256 mL, 1.84 mol) was added to
the suspension in a dropwise fashion over 30 min, after which
the suspension fully dissolved. Ethyl isothiocyanate (110
mL,1.25 mol) was added to the reaction mixture over 2.5 h
using a dropping funnel. The reaction was then stirred at room
temperature for 48 h. Following reaction completion as judged
by TLC (95% CH2Cl2 5% MeOH v/v) the mixture was diluted
with 4 L of DCM and washed sequentially with a 4 L solution
water and brine (50% v/v), 4L of 0.01 M HCl, 4 L of saturated
NaHCO3, and 4 L of brine. The organic layer was then dried
using sodium sulfate and coconcentrated with a toluene
azeotrope yielding the product as a dark yellow viscous liquid
(384 g, 85% yield).

1H NMR (400 MHz, CDCl3) δ 6.14 (t, J = 5.2 Hz, 1H),
5.98 (s, 1H), 5.75 (d, J = 8.5 Hz, 1H), 5.28−5.15 (m, 2H),
4.30 (dd, J = 12.5, 4.6 Hz, 1H), 4.16 (dd, J = 12.5, 2.3 Hz,
1H), 3.85 (ddt, J = 6.3, 4.4, 2.2 Hz, 1H), 3.43 (s, 2H), 2.16 (s,
3H), 2.12 (s, 3H), 2.09 (s, 3H), 2.07 (s, 3H), 1.22 (t, J = 7.2
Hz, 3H).
13C{1H} NMR (151 MHz, CDCl3) δ 171.7, 170.8 169.8,

169.6, 169.3, 93.0, 73.0, 72.8, 67.7, 63.1, 61.7, 21.1, 20.9, 20.8,
20.6, 14.8, 14.1.
HR-ESI-MS calculated for C17H26N2O9S [M + H]+

435.1359, found 435.1431

3,4,6-Tri-O-acetyl-1,2-dideoxy-2′-ethylamino-α-D-glu-
copyranoso-[2,1-d]-Δ2′-thiazoline (6). Compound 5 (350
g, 0.805 mol) was dissolved in DCM (3.3 L). After addition of
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TFA (74 mL, 0.969 mol) the reaction mixture was then heated
to reflux with a heating mantle for 24 h and the reaction was
completed as judged by TLC (95% CH2Cl2 5% MeOH v/v).
The resulting crude mixture was filtered through a pad of
Celite and washed with saturated NaHCO3. The resulting
organic layer was concentrated in-vacuo to give the cyclized
product as a flaky light yellow solid (278 g, 92% yield).

1H NMR (400 MHz, CDCl3) δ 6.23 (d, J = 6.5 Hz, 1H),
5.43 (dd, J = 4.1, 2.7 Hz, 1H), 4.95 (ddd, J = 9.5, 2.7, 1.1 Hz,
1H), 4.36 (ddd, J = 6.5, 4.1, 1.1 Hz, 1H), 4.21−4.09 (m, 2H),
3.90−3.79 (m, 1H), 3.46−3.20 (m, 2H), 2.11 (s, 3H), 2.08 (s,
3H), 2.07 (s, 3H), 1.21 (t, J = 7.2 Hz, 3H).
13C{1H} NMR (151 MHz, CDCl3) δ 170.7, 169.7, 169.5,

89.6, 72.7, 71.9, 69.1, 68.5, 63.2, 39.5, 21.1, 20.9, 20.8, 14.9,
1.04.
HR-ESI-MS calculated for C15H22N2O7S [M + H]+

375.1148, found 375.1258.

1,2-Dideoxy-2′-ethylamino-α-D-glucopyranoso-[2,1-
d]-Δ2′-thiazoline (7). Compound 6 (278 g, 0.74 mol) was
dissolved into 2.97 L of anhydrous methanol (0.25 M solution)
followed by addition of 0.2 M sodium methoxide (185 mL,
37.1 mmol). The mixture was then stirred at room temperature
until the reaction was judged to be complete by TLC (95%
CH2Cl2 5% MeOH v/v). The reaction was quenched using a
1.0 M aqueous solution of equimolar sodium bisulfate (37.1
mL, 37.1 mmol) and subsequently filtered through a pad of
Celite before concentrating the resulting organic layer in-
vacuo. The product was isolated via recrystallization of the
crude dried material in 9:1 MeOH EtOAc to yield crude
Thiamet-G.
Recrystallization of Thiamet-G (7). Crude Thiamet-G

was completely dissolved in a minimal volume of 9:1 MeOH
EtOAc (10 mL/g) with the aid of heating (55 °C) and
rotational mixing via the rotary evaporator and bath under
atmospheric pressure. Once dissolved, the solution was
allowed to cool to room temperature and then placed in a
−20 °C freezer overnight. The next day, the precipitate was
collected via Buchner funnel vacuum filtration and rinsed with
chilled 9:1 MeOH EtOAc. The resulting supernatant was used
for further recrystallization. After three cycles of recrystalliza-
tion, the consolidated Thiamet-G was isolated as an off white
amorphous solid (157 g, 85% yield, 99.6% pure).
Decomposition point 143 °C.
Elemental analysis, Predicted: C 43.54% H 6.50% N 11.28%,

Found: C 43.70% H 6.36% N 11.25%.
1H NMR (600 MHz, Methanol-d4) δ 6.29 (d, J = 6.3 Hz,

1H), 4.05 (t, J = 6.1 Hz, 1H), 3.93 (t, J = 5.6 Hz, 1H), 3.79
(dd, J = 11.7, 2.1 Hz, 1H), 3.70−3.58 (m, 2H), 3.48 (dd, J =
9.1, 5.3 Hz, 1H), 3.31−3.22 (m, 2H), 1.17 (t, J = 7.2 Hz, 3H).
13C{1H} NMR (151 MHz, Methanol-d4) δ 163.1, 90.9,

76.3, 75.8, 75.7, 71.2, 63.3, 39.6, 14.9.
HR-ESI-MS calculated for C9H16N2O4S [M + H]+

249.0831, found 249.0904.
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