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a,a-Trehalose (a-D-glucopyranosyl a-p-glucopyranoside) is a naturally occur-
ring, nonreducing disaccharide with important biological properties. «,a-Trehalose
stabilizes proteins, lipid membranes, and other biomolecules in so-called anhydro-
biotic organisms which can survive almost complete desiccation for several years,
but the molecular basis for this phenomenon is not yet known in detail [1-4]). We
have initiated studies on this unique property of «a,a-trehalose and report herein
the synthesis of some a,a-trehalose derivatives, namely a,a-trehalose 6-mono-
phosphate and a,a-trehalose 6,6'-diphosphate. These compounds are furthermore
of biochemical interest, because «,a-trehalose 6-phosphate is an intermediate in
the biosynthetic pathway of a,a-trehalose, in which «a,a-trehalose 6-phosphate
phosphatase (EC 3.1.3.1) hydrolyzes o,a-trehalose 6-phosphate to trehalose and
inorganic phosphate. a,a-Trehalose 6-phosphate has recently been isolated and
purified from Saccharomyces cerevisiae [5], and has been found to play an impor-
tant role in the regulation of the first steps of the yeast glycolysis, mainly through
the inhibition of hexokinase II [6].

Recently, a simple large-scale synthesis of p-mannose 6-phosphate [7] was
described and the present work describes analogous methods to afford the «,a-
trehalose phosphates. The methods employ trimethylsilylation and selective
methanolysis of primary trimethylsilyloxy groups [8].

a,a-Trehalose dihydrate 1 was converted into its octakis-O-trimethylsilyl deriva-
tive 2 by modification of a previously described procedure [8]. The present
large-scale synthesis afforded 41.91 g of crystalline product in 94% yield from 20 g
of dihydrate 1, using much reduced amounts of silylating reagents and, in particu-
lar, of the solvent (pyridine) than previously described [8,9]. Compound 2 was
subjected to selective methanolysis with potassium carbonate in methanol afford-
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ing either 2,3,4,2',3' 4,6'-heptakis-O-trimethylsilyl-o,a-trehalose (3) or 2,3,4,2',3,
4'-hexakis-O-trimethylsilyl-a,a-trehalose (4) depending on the reaction conditions
[8,10]. Methanolysis at 0-4°C for ca. 20 min afforded the monohydroxylated
compound 3, in mixture with unreacted 2 and dihydroxylated compound 4. Com-
pound 3 was obtained pure in 36% yield after purification by silica gel chromatog-
raphy. In our hands, 3 could not be crystallized [8] and was hence phosphorylated
directly as a syrup (vide infra). Compound 4 was obtained by methanolysis at
0-4°C for 3 h. The yield was 87% after chromatographic purification.
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Phosphorylation of 3 with phosphorus oxychloride and N-ethylmorpholine gave,
after work-up, the hygroscopic and unstable dichlorophosphate 5 which was
characterized by NMR spectroscopy. The *C NMR spectrum (Table 1) revealed
an unsymmetrical compound and the doublet (J-p, 6.3 Hz) at 5 70.8 (C-6) clearly
indicated phosphorylation in one glucopyranosyl ring. The 'H NMR spectrum
showed two anomeric signals at 8 4.98 and 4.92, and the phosphorylated ring had a
signal for H-5 at & 4.08 (in the nonphosphorylated ring H-5 resonates at 4 3.80),
and signals for H-6 and (H-6) at & 4.48 and 4.40 (vs. § 3.71 when not phosphory-

Table 1

3C NMR chemical shift data (8, ppm) for compounds 5-8

§ ac 6 b, 72 8 b

C1 94.84 94.18 94.94 94.26
Cr 94.44 94.14
C2 72.80 71.70 72.44 71.58
Cc2 72.49 71.75
C3 73.40 73.18 73.15 73.10
Cc-3 73.31 73.26
C4 71.34 69.93 71.23 69.86
Cc-4 71.52 70.45
C-5 70.82 71.60 71.04 71.60
C-5 73.49 72.95
C6 70.84 (6.3) ¢ 65.59 (3.4) 4 70.63 (8.0) ¢ 65.59 3.0) ¢
Cc-6 61.94 61.29

The solvents used were:  CDCl;; b D,0. © The prime (‘) refers to the nonphosphorylated ring. 42y
coupling to phosphorus (Hz, doublet),
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Table 2

'H NMR chemical shift data (5, ppm) and coupling constants (J, Hz) for compounds 6-8
5 ac 6 bec 7 & 8 b

H-1 4.98 (d) 5.10(d) 4.95(d) 5.01 (d)

H-1 492 (d) 5.10(d)

H-2 3.45 (dd) 3.58 (dd) 3.47 (dd) 3.48 (dd)

H-2' 3.42 (dd) 3.55(dd)

H-3 3.94(ty 3.78 (1) 3.92() 3.67 ()

H-3 3.90 () 3.76 (1)

H-4 348 (D) 344 () 349 (1) 335

H-4 3.48 (1) 3.36 (1)

H-5 4,08 (m) 3.87 (m) 4.07 (m) 3.78 (m)

H-5 3.80 (dt) 3.73 (m)

H-6 4,48 (m) 4.48 (m) 4.47 (dd) 4.02 (m)

H-6' 3.71 (m) 4.14-4.05

H-¢ 4.40 (m) 3,73 (m) 4.41 (dd) 4.02 (m)

H-6" 3.71 (m) 4.14-4.05

Iia 3.6 39 36 3.6

Ty 36 39

Jo3 9.8 92 9.7 99

Iny 9.8 92

Ji4 9.8 9.2 9.7 9.5

Iya 9.8 9.2

I 9.8 92 9.7 9.5

Jos 9.8 92

The solvents used were: * CDCl;; b D,0. © The prime (') refers to the nonphosphorylated ring.

lated). The dichlorophosphate § was directly hydrolyzed to give a,a-trehalose
6-monophosphate (6) in 98% overall vield. The compound was very hygroscopic
and was characterized by its 'H and >C NMR spectroscopic data (Tables 1 and 2).
The *C NMR spectrum showed anomeric signals at & 94.18 and 94.14, respec-
tively, and the characteristic doublet (Jp 3.4 Hz) at 8 65.6 for the phosphorylated
C-6 (compared with & 61.3 for the nonphosphorylated C-6'). The 'H NMR
spectrum showed only one anomeric signal at 6 5.10, but phosphorylation was
apparent from the asymmetric character of the spectrum and from the signals at &
4.14-4.05 [H-6,H-6'] and & 3.87 (H-5).

Phosphorylation of 4 with 3 equiv of phosphorus oxychloride afforded the
likewise hygroscopic and unstable bis-dichlorophosphate 7 which was characterized
by NMR spectroscopy. The BC NMR spectrum showed a symmetrical compound
with the signal for C-6 and C-6' at & 70.6 (d, J-p, 8 Hz), clearly indicating
phosphorylation, and the 'H NMR spectrum showed signals at 8 4.41 and 4.47 for
the secondary protons and at & 4.07 for H-5 and H-5'. Hydrolysis afforded the
symmetrical 6,6'-diphosphate 8 in 98% overall yield. The diphosphate was charac-
terized by its '"H and *C NMR spectroscopic data (Tables 1 and 2). The *C NMR
spectrum showed the expected doublet at 8 65.6 (C-6, C-6', Jop 3 Hz), and the 'H
NMR spectrum showed signals at 8 3.78 for H-5 and H-5' and signals at § 4.02 for
the secondary protons, all of which indicate 6,6’-di-O-phosphorylation.

In conclusion, convenient syntheses of a,a-trehalose 6-monophosphate (6) and
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a,a-trehalose 6,6'-diphosphate (8) have been described, taking advantage of the
selective deprotection of per-trimethylsilylated a,a-trehalose and underscoring the
scope of the trimethylsilyl group as a protecting group in the phosphorylation
reaction [7). The syntheses reported herein of the a,a-trehalose phosphates are
simpler, faster, and more reliable than those previously described [5,11,12].

1. Experimental

General methods. —Analytical grade solvents were dried over molecular sieves
(pyridine was distilled from KOH and CH,Cl, from P,0Os). Chlorotrimethylsilane,
N-ethylmorpholine, hexamethyldisilazane, and P,O; were purchased from Fluka
and a,a-trehalose dihydrate from Sigma. Optical rotations were recorded on a
Perkin—Elmer 241 polarimeter, TLC was performed on Merck coated aluminium
foil plates F,s,, and vacuum liquid chromatography (VLC) was performed on silica
Gel 60 H (E. Merck). '"H NMR spectra were recorded on a Bruker AMS00
instrument. Samples containing trimethylsilyl groups were dissolved in alumina-
purified CDCl,. >C NMR spectra were recorded at 300 K in CDCl, relative to
CDCl, (8 77.0) or in D,O with an external reference of 1,4-dioxane (5 67.4). 'H
NMR spectra were recorded at 300 K in CDCI; relative to Me,Si (§ 0.000), or in
D,0 relative to acetone (8 2.225). Assignment of 'H NMR spectra was achieved
by homonuclear correlated 2D-spectroscopy and of BC NMR spectra by heteronu-
clear correlated 2D-spectroscopy.

23,4,6,2", 3 4',6'-Octakis-O-(trimethylsilyl)-a,a-trehalose (2).—A mixture of
chlorotrimethylsilane (200 mL, 1.58 mol) and hexamethyl disilazane (80 mL, 0.38
mol) was carefully added to a vigorously stirred solution of a,a-trehalose dihydrate
(1, 20.0 g, 48.3 mmol) in pyridine (300 mL) at 0°C. The temperature was slowly
raised to 20°C and the solution was stirred overnight. Solvent and excess reagents
were evaporated under reduced pressure at 50°C. The resulting syrup was taken up
in pentane (200 mL), washed with water, dried (MgSO,), and concentrated to
afford a syrup, which was crystallized from MeOH; yicld, 41.91 g (94%); mp
80-82°C; [a]Z +93.4° (¢ 1.8, CHCIL,); lit. [8] mp 80-82°C, [a], +94° (¢ 1.5,
CHCl,). The 'H and C NMR data were identical with those published [8].

2.3,4,2",3,4',6'-Heptakis-O-(trimethylsilyl)-a, a-trehalose (3).—Compound 2 (10
g, 10.9 mmol) was kept in a solution of K,CO; in MeOH (220 mL, 4.5 g/L) at
0-4°C for 20 min. After neutralization with AcOH (20 mL), the mixture was
concentrated to 100 mL and then worked up as previously described [8]. The yield
of 3 after purification by silica gel chromatography was 3.1 g 36%); [alF +113° (c
2.5, petroleum ether); lit. [8] [a], +114.5°, Attempts to crystallize the 3 from 9:1
MeCN-Et,O [8] were unsuccessful. The 'H and >C NMR data were identical
with those published [8].

2,3,4,2",3' 4'-Hexakis-O-(trimethylsilyl )-a, a-trehalose (4).—Compound 2 (10 g,
10.9 mmol) was dissolved in a solution of K,CO; in MeOH (66 mL, 4.5 g/L) and
MeOH at 0°C. The mixture was stirred at 0—4°C for 3 h, then neutralized with
AcOH (6 mL). The mixture was concentrated under reduced pressure to 100 mL,
and then worked up as previously described [8]. A sample (4 g) of the crude, syrupy
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product (8.23 g) was purified by silica gel chromatography to afford the title
compound 4 as a colourless, amorphous solid (3.7 g, 87%); mp 114-115°C; [a]Z
+99.5° (¢ 2.7, CHCL,); lit. [8] mp 116-118°C, [a]p + 100°. The 'H and *C NMR
data were identical with those published [8].

a,a-Trehalose 6-monophosphate (6).—A mixture of 3 (248 g, 3.31 mmol),
N-ethylmorpholine (0.98 mL, 7.73 mmol), dry CH,Cl, (20 mL), and POCI, (0.66
mL, 7.08 mmol) was stirred overnight at room temperature under Ar. After
work-up as described below, the syrupy, hygroscopic dichlorophosphate 5 was
characterized by "H and *C NMR spectroscopy, then hydrolyzed and lyophilized
as described below for 8, to afford the title compound 6 as a very hygroscopic,
colourless syrup (1.37 g, 98%). The 'H and “C NMR data for 5 and 6 are
presented in Tables 1 and 2. Compound 6 contained less than 1% of a secondary
phosphorylation product, according to 'H NMR (vide infra). Due to the previously
observed [11,13] difficulty of crystallizing and characterizing the barium or cyclo-
hexylamine salts of the product, no attempts to prepare these salts were made.

a,a-Trehalose 6,6'-diphosphate (8).—A mixture of 4 (2.0 g, 2.58 mmol), N-ethyl
morpholine (1.08 mL, 8.56 mmol), dry CH,Cl, (20 mL), and POCI; (0.73 mL, 7.83
mmol) was stirred under Ar overnight [7]. The CH,Cl, (10 mL) was removed by
evaporation and the mixture was diluted with hexane (15 mL). After stirring at 0°C
for 10 min, the resulting precipitate was removed by filtration. The filtrate was
cooled to —5°C and extracted with 1% HCI (5 mL) and ice (10 mL), then three
times with water (3 X 1 mL). The organic phase was dried (MgSO,), filtered and
concentrated to give the bis-dichlorophosphate 7 as a colourless syrup, which was
characterized by 'H and >C NMR spectroscopy. Water (10 mL) was added and a
white precipitate was formed. The mixture was left rotating on an evaporator for
30 min (at room temperature), whereupon the water was removed under reduced
pressure (bath temperature raised to 45°C). Two successive additions and evapora-
tions of water (2 X 10 mL) followed by lyophilization afforded the title compound 8
as a very hygroscopic, colourless syrup (1.28 g, 98%). The 'H and °C NMR data
for 7 and 8 are presented in Tables 1 and 2. According to 'H NMR, 8 contained
less than 2% of a secondary phosphorylation product, as suggested by a small
doublet at 8 79.0 (Jop 3 Hz) in the >C NMR spectrum. Due to the previously
observed difficulty of crystallizing and characterizing the barium or cyclohexy-
lamine salts of 8 [11], no attempts to prepare these salts were made.
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