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Abstract 

Described herein is an efficient method for the synthesis of the sixteen positional isomers of 
methylated and acetylated or benzoylated 1,5-anhydro-o-galactitol. The compounds are generated 
simultaneously by partial methylation of 1,5-anhydro-D-galactitol and subsequent benzoylation, 
and the individual isomers are obtained in pure form by high-performance liquid chromatography. 
Debenzoylation and acetylation yielded the desired acetates. Reported herein are the 1H NMR 
spectra of the benzoates and the electron-ionization mass spectra of the acetates and the 
tetra-O-methyl derivative. Also reported for the acetates and the tetra-O-methyl derivative are their 
linear temperature-programmed gas-liquid chromatography retention indices on three different 
capillary columns. 

Keywords: Reductive--cleavage method; 1,5-Anhydro-D-galactitol; Positional isomers 

1. Introduction 

The reductive-cleavage method [1] for glycosyl-linkage analysis is based upon 
methylation analysis but departs from it significantly in that reductive cleavage, rather 
than hydrolysis, of glycosidic linkages in the fully methylated glycan is performed. The 
partially methylated anhydroalditols so obtained are either converted to their benzoates, 
which are separated by high-performance liquid chromatography (HPLC) and character- 
ized by 1H NMR spectroscopy [2-5], or to their acetates, which are separated by 
gas-liquid chromatography (GLC) and analyzed by mass spectrometry (MS) [6-12]. 
Although the former method is laborious and requires greater amounts of sample, it does 
not depend upon the availability of authentic standards. The latter method, which is 
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much less laborious and much more sensitive, depends upon the availability of authentic 
standards. We recently described a general procedure for the synthesis of such standards 
as illustrated for the synthesis of the eight positional isomers of methylated and 
acetylated or benzoylated 1,5-anhydro-D-fucitol [13]. The positional isomers were 
generated simultaneously by partial methylation of 1,5-anhydro-D-fucitol and subsequent 
benzoylation, and the individual isomers were obtained in pure form by HPLC. 
Debenzoylation and acetylation afforded the desired acetates. 

Described herein is the application of this approach to the synthesis of the positional 
isomers of methylated and acetylated or benzoylated 1,5-anhydro-o-galactitol (1-16). 
As an aid to those who wish to use the reductive-cleavage method in either of its forms, 
1H NMR spectra of the fifteen methylated and benzoylated positional isomers of 
1,5-anhydro-o-galactitol (2b-16b) are reported, as are the electron-ionization (El) mass 
spectra of the corresponding acetates (2a-16a) and the tetra-O-methyl derivative 1. In 
addition, the retention data of the acetates (2a-16a) and the tetra-O-methyl derivative 1 
on three different GLC columns are reported as linear temperature-programmed gas- 
liquid chromatography retention indices (LTPGLCRI), a particularly accurate method of 
identification, but one not used until recently [13] for carbohydrate derivatives useful in 
glycosyl-linkage analysis. 

R3(~) / ~  H2OR4 

OR 

R 1 R 2 R 3 R 4 

1 Me Me Me Me 
2a Ac Me Me Me 

Bz Me Me Me 

3a Me Ac Me Me 

Me Bz Me Me 

4a Me Me Ac Me 
6 Me Me Bz Me 

5a Me Me Me Ac 
5b Me Me Me Bz 

6a Ac Ac Me Me 

8b Bz Bz Me Me 
7a Ac Me Ac Me 

Bz Me Bz Me 

8a Ac Me Me Ac 

Bz Me Me Bz 

9a Me Ac Ac Me 

9b Me Bz Bz Me 
10a Me A.c Me Ac 
lob Me Bz Me Bz 

11a Me Me Ac Ac 
~ b  Me Me Bz Bz 

12a Ac Ac Ac Me 
12b Bz Bz Bz Me 
13a Ac Ac Me Ac 

Db  Bz Bz Me Bz 
14a Ac Me ~ Ac 
14b Bz Me Bz Bz 

15a Me Ac Ac Ac 
15b Me Bz Bz Bz 

16a Ac Ac Ac Ac 

16b Bz Bz Bz Bz 
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2. Results 

Synthesis.--The tetra-O-methyl (1), tetra-O-acetyl (16a), and tetra-O-benzoyl (16b) 
derivatives of 1,5-anhydro-D-galactitol were prepared from the latter by total methyla- 
tion [14], acetylation, and benzoylation, respectively. The remaining fourteen partially 
methylated and benzoylated positional isomers (2b-15b) were prepared by partial 
methylation [15] of 1,5-anhydro-D-galactitol, followed by benzoylation in situ [13]. The 
resultant mixture of partially methylated 1,5-anhydro-D-galactitol benzoates was then 
separated by semipreparative reversed-phase HPLC using a Rainin C18 column (Table 
1). The individual components were isolated and, after removal of solvent, were 
identified by 1H NMR spectroscopy. Fractions containing compounds that were not 
resolved (4b and 5b, 6b and 7b, and 12b and 15b) were applied to a Regis silica column 
and, in all cases, complete separation was achieved (Table 1). A portion of each 
benzoate was then debenzoylated (NaOMe in MeOH), and the product was acetylated, 
affording the partially methylated 1,5-anhydro-D-galactitol acetate in chromatographi- 
cally pure form. 

Table 1 
Reversed-phase and normal-phase capacity factors (k') of compounds 2 b - l o b  a 

Compound b 
(position of O-benzoyl) Reversed-phase c Normal-phase d 

4b (4-) 0.86 5.57 
5b (6-) 0.86 4.46 
2b (2-) 1.09 
3b (3-) 1.23 
9b (3,4-) 3.23 
l i b  (4,6-) 3.37 
6b (2,3-) 3.56 3.26 
7b (2,4-) 3.56 2.18 
Sb (2,6-) 3.76 
lob  (3,6-) 3.85 
12b (2,3,4-) 4.70 2.47 
15b (3,4,6-) 4.75 1.99 
14b (2,4,6-) 4.96 
13b (2,3,6-) 5.03 
lOb (2,3,4,6-) 5.59 

a Capacity factors (k') were calculated from the equation k ' ( x ) =  (t,(x) - tm)/ t  m where k '(x) is the capacity 
factor of the compound of interest (x), tr(x) is the absolute retention time of the compound of interest (x), and 
t m is the dead time. Dead time was estimated from the equation t m = (0.5 .L. d 2 ) / F  where 0.5 is a unitless 
constant, L is the length of the column in centimeters, d c is the column diameter in centimeters, and F is the 
column flow rate in mL/min.  
b Compounds listed in the order in which they eluted from the C18 column. 
c Reversed-phase I-IPLC was conducted using a 5-p,m particle-size Rainin Dynamax Mierosorb semi-prepara- 
tive Cls column (1.0×25.0 eva) which was equilibrated in 50:50 MeCN-H20 at 3.0 mL/min.  After 
injection, the column was eluted for 10 rain, then programmed with a linear gradient to 95:5 MeCN-HzO over 
20 rain. 
d Normal-phase H_PLC was conducted using a 5-/~m particle-size Regis silica column (0.46 × 25.0 cm) which 
was equilibrated in 80:20 hexane-EtOAc at 3.0 mL/min.  After injection, the column was eluted isocratically 
until all compounds had passed through the column. 
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1,5-Anhyd ro-2,3,4,6-tetra-O-methyI-D-galacUtol (1) 
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Fig. 1. Electron-ionization mass spectra of the methylated 1,5-anhydro-D-galactitol acetates (compounds 1 and 
2a-16a). 
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6-O-Acetyl-l,5-anhydro-2,3,4-td-O-methyH)-galactitol (Ga) 
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1H NMR spectra of  partially methylated 1,5-anhydro-D-galactitol benzoates ( 2 b -  
1 6 b ) . - - G i v e n  in Table 2 are 1H NMR spectral data for compounds 2 b - 1 6 b .  The 
individual components of  the mixture (see Table 1) were easily identified based upon a 
straightforward analysis of  the chemical  shifts and coupling constants of  the ring 
hydrogen resonances. Al l  resonances displayed the multiplicit ies and coupling constants 
expected for a tetrahydropyran derivative of  the galacto configuration in the 4C 1 
conformation and, in addition, the positions of  substitution of  benzoyl  groups were 
readily discerned based upon the large downfield shift of  the respective ring hydrogen 
resonances. 

Mass spectra of  the methylated 1,5-anhydro-D-galactitol acetates (1, 2 a - 1 6 a ) . - -  
Compounds 1 and 2 a - 1 6 a  were analyzed by chemical ionization mass spectrometry 
(CIMS) with ammonia as the reagent gas and by EI mass spectrometry (EIMS). The CI 
(NH 3) mass spectra of  all compounds displayed the expected (M + H) + and (M + 
NH4) + ions, which, because of  the their unique molecular  weights, readily identifies 
them as anhydrohexitol  derivatives. The EI mass spectra (Fig. 1) of  the compounds (1, 
2 a - 1 6 a )  readily identified them as 1,5-anhydrohexitol derivatives since all displayed 
characteristic fragment ions for loss [16] of  either the exocyclic methoxymethyl  

Table 3 
Linear temperature programmed gas-liquid chromatography retention indices (LTPGLCRI) of compounds 1 
and 2a-16a a 

Compound Stationary phase 
(position of O-acetyl) DB-5 DB-17 RTx-200 

1 (none) 1398.12 b 1643.87 1561.62 
4a (4-) 1497.68 1789.31 1732.18 
3a (3-) 1555.98 1836.47 1862.63 
5a (6-) 1581.37 1870.08 1874.69 
2a (2-) 1589.03 1873.33 1934.34 
l l a  (4,6-) 1642.08 1945.75 1956.23 
9a (3,4-) 1653.72 1968.27 2052.63 
7a (2,4-) 1667.63 2001.19 2046.16 
6a (2,3-) 1683.73 1979.24 2127.00 
10a (3,6-) 1723.04 2049.42 2152.02 
12a (2,3,4-) 1758.03 2091.40 2244.44 
8a (2,6-) 1761.71 2085.35 2236.55 
15a (3,4,6-) 1779.30 2130.76 2248.01 
14a (2,4,6-) 1811.26 2191.62 2281.41 
13a (2,3,6-) 1850.75 2174.73 2426.35 
16a (2,3,4,6-) 1886.52 2253.60 2453.55 

a Indices were determined using a mixture of all compounds co-injected with the homologous series of 
n-alkanes from CllH24 to C26H54. Values were calculated from the equation LTPGLCRI(x ) = 100n +[100- 
An.(tp.(x) - tR(n))/(tR(n + An) - -  tR(n))] where LTPGLCRI(x ) is the linear temperature-programmed gas-fiquid 
chromatography retention index of the compound of interest (x), n is the carbon number of the n-alkane 
standard eluting just before the compound of interest (x), An is the difference in carbon number between the 
n-alkane standard einting just before and just after the compound of interest (x), tl~x) is the absolute 
retention time of the compound of interest ( x ) ,  and tv, (n) and tR( n + An) are the absolute retention times of the 
n-alkanes eluting just before and just after the compound of interest (x). 
b Values are listed according to increasing retention index on the DB-5 column. 
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(MeOCH2, M -  45) or exocyclic acetoxymethyl (AcOCH2, M -  73) group. Although 
fragmentation pathways for 1,5-anhydrohexitol derivatives have not been established, it 
is clear from inspection of their mass spectra that they are diagnostically different and 
fragmentation patterns appear to be similar to that of methyl hexopyranoside derivatives 
as reported by Kotchetkov and Chizhov [17]. 

GLC retention indices o f  methylated 1,5-anhydro-D-galactitol acetates (1, 2a-16a). 
--Given in Table 3 are the linear temperature-programmed gas-liquid chromatography 
retention indices [18] (LTPGLCRI) for compounds 1 and 2a-16a determined on three 
different capillary columns [13], one (DB-5) a relatively nonpolar stationary phase (5% 
phenyl-95% methyl polysiloxane), one (DB-17) a more polarizable stationary phase 
(50% phenyl-50% methyl polysiloxane), and one (RTx-200) a relatively polar stationary 
phase (50% trifluoropropyl-50% methyl polysiloxane). Analyses were performed in 
triplicate on each column using a mixture of all sixteen compounds and a mixture of 
n-alkanes from CllH24 to C26H54 as retention index standards [18]. All standard 
deviations were less than 0.1. 

3. Discussion 

This is another in a series of papers describing the synthesis and spectral characteriza- 
tion of authentic standards for the reductive-cleavage method. The goal of these studies 
is to provide such data for standards representing all possible combinations of position(s) 
of linkage and ring form for the most frequently encountered sugars. For such an effort 
to be successful, a simple, rapid method for the synthesis of these compounds was 
needed, and, moreover, a method of synthesis was needed wherein the ring form (furan, 
pyran) of the anhydroalditol product was not in question. As illustrated previously [13] 
for the synthesis of methylated and acetylated positional isomers of 1,5-anhydro-D-fuci- 
tol and herein for the methylated and acetylated positional isomers of 1,5-anhydro-D- 
galactitol, these requirements are easily met by a strategy involving partial methylation 
of the corresponding 1,5-anhydroalditol. This strategy also has the advantage of provid- 
ing both the benzoyl and acetyl derivatives of the standards, as both types of derivatives 
are useful for structural analysis. 

Equally as important as the development of an efficient synthetic scheme was the 
decision to report retention data as retention indices on three different stationary phases. 
As the data base of reductive-cleavage standards has grown, it has become apparent that 
the probability is great of two or more compounds having very similar retention data on 
one and even two different stationary phases. As described by Elvebak [19], combining 
the accuracy and precision of retention indices [20] with the superior differentiation 
power of a three-stationary phase approach [21] ensures that retention data will be 
reliable and unambiguous. 

4. Experimental 

General . - -Dimethyl  sulfoxide (Me2SO) was refluxed over lithium aluminum hy- 
dride then distilled and stored over 4A molecular sieves. Lithium methylsulfinyl- 
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methanide, prepared as previously described [11], was standardized [22] and stored at 
0°C in 2 mL aliquots in 4-mL screw cap vials fitted with Teflon septa. Iodomethane was 
passed over a small column of silica gel, then distilled and stored over copper at 3°C 
under nitrogen. Acetic anhydride and 1-methyl imidazole were each distilled and stored 
under N 2 at room temperature. Benzoic anhydride was dissolved in chloroform, and the 
solution was washed with aqueous sodium bicarbonate. The chloroform layer was 
evaporated to dryness under vacuum and the benzoic anhydride was crystallized from 
petroleum ether. Chloroform was obtained from EM Science and used without further 
purification. Reagent grade methanol was refluxed over magnesium methoxide, distilled, 
and stored at room temperature over 3A molecular sieves under N 2. Dowex 50 (H ÷) 
cation-exchange resin was washed with methanol, charged by elution with M HC1, then 
thoroughly rinsed with deionized water. Sodium was freshly cleaned before use. HPLC 
grade solvents were filtered with a 0.50-/xm pore-size filter. 

All alkane standards were obtained from Aldrich Chemical Company. A stock 
solution of the homologous series of alkanes from CllH24 to C26H54 was prepared by 
combining 20-30 mg of each alkane and diluting to 10 mL with hexane. 

I n s t r u m e n t a t i o n . - - H P L C  was performed using a Beckman model 338 System Gold 
chromatograph. Reversed-phase chromatography was performed on a 5-/.tm particle-size 
Rainin Dynamax Microsorb semi-preparative C18 reversed-phase column (1 × 25 cm) 
equipped with a guard column (1 X 5 cm) having the same packing. Normal-phase 
chromatography was performed on a 5-/xm particle-size Regis Spherisorb S5W Hi-Chrom 
analytical silica column (4.6 mm X 25 cm). The system was fitted with a 2.0-/zm 
stainless steel in-line filter frit installed between the solvent mixing chamber and the 
injector and a 0.50-/xm stainless steel in-line filter frit installed between the injector and 
the guard column. UV-vis detection was performed at 254 nm and 280 nm for 
reversed-phase and normal-phase solvents, respectively. 

Analytical GLC was performed on a Hewlett-Packard 5890 gas-liquid chromato- 
graph equipped with two split/splitless injection ports, two flame ionization detectors, 
and a Perkin-Elmer Nelson 1020X Dual Channel Personal Integrator. The columns used 
were a J&W  Scientific DB-5 fused silica capillary column (0.25 mm X 30 m, 0.25-/xm 
film thickness, 5% phenyl-95% methyl polysiloxane stationary phase), a J& W  DB-17 
fused silica capillary column (0.25 mm X 30 m, 0.25-/zm film thickness, 50% phenyl- 
50% methyl polysiloxane stationary phase) and a Restek RTx-200 fused silica capillary 
column (0.25 mm X 30 m, 0.25-/xm film thickness, 50% trifluoropropyl-50% methyl 
polysiloxane stationary phase). Each column was fitted with a J& W  deactivated fused 
silica capillary guard column (0.25 mm x 1 m) via a press-tight connector (either J& W  
or Restek). Chromatography on the DB-5 and RT~-200 columns was performed simulta- 
neously by fitting these columns and a guard column into a two-way (Y) press-tight 
capillary column splitter (Restek); the guard column was installed in the injection port. 
The injector and detector temperatures were set at 250 and 275°C, respectively. Helium 
was used as the carrier gas at measured linear velocities (methane injection, oven 
temperature 80°C) of 26.1, 28.4, and 27.8 cm/s ,  respectively, for the DB-5, DB-17, and 
RTx-200 columns. The temperature program for all columns, which was optimized 
according to the guidelines set forth by Krupcik et al. [23], was 80-250°C at 2°C/min 
with no initial hold time. 
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GLC-MS analyses were performed using a Finnegan MAT 95 high-resolution, 
double-focusing, reverse-geometry mass spectrometer equipped with a Hewlett-Packard 
5890A Series II gas chromatograph and a DEC model 2100 workstation. Chemical-ioni- 
zation mass spectra were acquired with NH 3 as the reagent gas at a source temperature 
of 180°C, and NH 3 was introduced at a pressure of 4 × 10 -4 torr as indicated on the 
source ionization gauge. For CI spectra, the instrument was scanned from m / z  60-650 
at 1 s/decade. Electron-ionization mass spectra were obtained at an ionization energy of 
70 eV and at a source temperature of 200°C. For E1 spectra, the instrument was scanned 
from m / z  20-650 at 1 s/decade. The accelerating voltage was 5 kV. Both CI and EI 
spectra were acquired at a resolution of 1000 (10% valley definition). 

1H NMR spectra were recorded on a Varian VXR-500S NMR spectrometer in CDCI 3 
as the solvent and were referenced to internal tetramethyl silane. 

Partially methylated 1,5-anhydro-D-galactitol benzoates (2b-16b).--1,5-Anhydro- 
o-galactitol (80 mg), prepared by the method of Ness et al. [24], was dissolved in 4 mL 
of dry Me2SO in a flame-dried 10-mL conical flask. Aliquots (3 × 1 mL) of this 
solution were removed and added separately to flame-dried 10-mL conical flasks. To 
each flask was added 0.75, 1.5, 2.5, and 3.5 equiv, respectively, of lithium methyl- 
sulfinylmethanide. The mixtures were then subjected to methylation, followed by 
benzoylation as previously described [13]. 

Separation of the above mixture of benzoates (2b-16b) was accomplished by 
reversed-phase and normal-phase HPLC (Table 1) using a semipreparative C18 column 
and an analytical silica column, respectively. Aliquots (20 /~L) of the mixture were 
applied to the C18 column, which was equilibrated in 50:50 MeCN-H20 at 3.0 
mL/min.  After injection, the column was eluted for 10 min, then programmed with a 
linear gradient to 95:5 MeCN-H20  over 20 min. The individual components from eight 
or more applications were collected and combined and, after removal of solvent by 
evaporation under vacuum, were dissolved in CDC13 and identified by aH NMR 
spectroscopy. 

Compounds 4b and 5b, 6b and 7b, and 12b and 15b, which did not separate under 
reversed-phase HPLC conditions, were each isolated in pure form by normal-phase 
HPLC (Table 1). The contents of the NMR tubes containing the mixtures of components 
were quantitatively transferred to separate 10-mL conical vials, and the CDC13 was 
removed by evaporation under vacuum. The compounds were redissolved in 200 /zL  of 
EtOAc. Aliquots (20 /xL) of the mixtures were applied to the analytical silica column 
which was equilibrated in 80:20 hexane-EtOAc at 3.0 mL/min.  The column was then 
eluted isocratically until all compounds had passed through the column. The individual 
components were collected and combined and, after removal of solvent by evaporation 
under vacuum, were dissolved in CDCI 3 and identified by 1H NMR spectroscopy. 

Methylated 1,5-anhydro-D-galactitol acetates (1, 2a-16a).--Approximately one third 
to one half of each pure benzoate, obtained as described above, was debenzoylated and 
acetylated as previously described [13] to afford the partially methylated 1,5-anhydro-D- 
galactitol acetate standard in pure form. The pure standards were then chromatographed 
individually on the three aforementioned GLC columns under the conditions already 
described, except that the temperature of the columns was programmed from 80-250°C 
at 6C°/min. In this way, the relative orders of elution of the standards on each column 
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were determined. In order to expedite acquisition of their mass spectra, further studies 
used mixtures of the standards prepared by acetylation of portions of the partial 
methylation reactions that were saved. The latter mixtures were also found to contain the 
tetra-O-methyl derivative 1, whose position of elution was verified by chromatography 
of an independently synthesized sample. 

Determination of LTPGLCRI values of methylated 1,5-anhydro-~galactitol acetates 
(1, 2a-16a).--In order to ensure that the mixture of standards contained only the title 
compounds, aliquots of the individual pure standards were combined such that the 
integral of the area (flame ionization detection) of each component was at least 5% of 
the area of the most abundant component. An aliquot of the stock solution of n-alkanes 
from C n H 2 4  to C26H54 was diluted 20-fold with hexane, then amounts of the alkane 
standard solution and the methylated anhydroalditol acetate standard solution were 
chosen for injection such that their area responses were comparable. Typically, a 1.0-/zL 
Hamilton syringe was loaded sequentially with 0.05 /xL CHCI3, 0.05 g L  air, 0.5 /zL 
methylated anhydroalditol acetate standard solution, 0.05 /xL air, 0.1 /zL alkane 
standard solution, and 0.1 /xL air, then injected. The manner of loading the syringe is 
that recommended by the manufacturers of the GLC columns. Immediately after 
injection, the temperature program for the column was begun. LTPGLCRI values were 
determined in triplicate on each of the columns using the equation given in Table 3. 
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