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A Paradigm Case for the Merging of Glycal and 
Enzymatic Assembly Methods in Glycoconjugate Synthesis: 
A Highly Efficient Chemo-Enzymatic Synthesis of GM, 

Kevin K.-C. Liu and Samuel J. Danisbefsky" 

Abstract: A concise, regio- and stereoselective synthesis of the ganglioside GMJ has 
been achieved. Use of an ~-1,Zoxirane derived from lactal facilitated installation of the 
anomeric j-ceramide side chain. Introduction of the sialic acid residue at C,. of the 
lactose was accomplished regiospecifically by enzymatically mediated sialyl transfer 
from CMP-Neu-SAC. 

Introduction 

Gangliosides are cell-surface sialic acids containing glycolipids. 
They are encountered in the central nervous system where they 
may play an important role in the process of transmembrane 
signal transduction.['* The lipid-like ceramide backbone an- 
chors the gangliosides to the cell membrane. Gangliosides have 
also been identified as tumor-associated and as cell 
differentiation markers.[41 They are implicated in other signifi- 
cant biological settings such as cell-cell and cell 
growth reg~1ation.I'~ The diversity of gangliosides in either 
moderating or masking biological events arises mainly from 
their complex oligosaccharide domains. Additional diversity is 
contributed by homologous series variations in the N-acyl sub- 
stituent. While there are no ganglioside drugs, GM, has been 
suggested as a promising therapeutic agent for the treatment of 
Parkinson's disease."] 

In 1952, Yamakawa's group first discovered and isolated gan- 
glioside GM, from equine erythrocytes.['l It has been shown to 
serve as a biosynthetic precursor for other complex gan- 
gliosides.["] It is known to modulate the epidermal growth fac- 
tor (EGF) and the platelet-derived growth factor (PDGF) re- 
ceptors.[' ' I  Abnormal supression of GM, (with concurrent 
buildup of GD,) has been observed in tumor It has also 
been demonstrated that cytotoxic T cells and suppressor T cells 
in antimelanoma immune responses recognize GM, .I1 Given 
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the extreme difficulty of isolating homogeneous gangliosides 
from natural s0urces,('~1 effective routes for their preparation 
are much to be desired. 

The major challenges in a synthesis of GM, are those of 
overall conciseness as well an efficient, regiospecific sialylation 
reaction. It is also necessary to incorporate the ceramide moiety 
with high positional control and stereoselectively. For the latter 
goal, the C-2 hydroxyl group of a proposed donor has to be 
differentiated from the remaining masked hydroxyl groups. 
Placement of a participatory protecting and directing group on 
this a-"hydroxyl" center promotes the formation of the j-ce- 
ramide-like glycosidation product. It was in this respect that 
a-l,2-anhydrosugars, derived from direct epoxidation of gly- 
cals, might be attractive as glycosyl donors for the formation of 
j-glycosides.['sl This methodology could avoid the need for 
fashioning a unique #?-directing group at C-2. 

Another major advance in the field of ganglioside synthesis 
could be occasioned by application of glycosyl transferases in 
the construction of oligosaccharides.['61 Enzymatic methods 
can provide several advantages over classic chemical methods. 
High regio- and stereoselectivity may be achieved by biological- 
ly based catalysis, thus obviating the need for much of the pro- 
tection and deprotection of classical oligosaccharide assembly. 
The prospect of introducing the synthetic equivalent of ce- 
ramide through reaction with a glycal epoxide before the sialic 
acid is already in place seemed attractive in that it might then 
not be necessary to protect this sialic acid functionality. How- 
ever, success of the enzymatic sialylation requires acceptance of 
the substrate by the sialyl transferase for delivery of the sialic 
acid from the cytidine monophosphate (CMP) sialic acid donor. 
Thus, the challenge to a combined chemoenzymatic synthesis of 
GM, became that of identifying an intermediate where enzy- 
matic sialylation could be conducted at a stage where the 
introduction of the ceramide residue was already well advanced. 
Our solution to this problem is described and documented be- 
low, wherein we describe a highly expeditious route to 
GM,.tI7. 181 
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Results and Discussion 

Lactal 1 a[”] was treated with excess triethylsilyl triflate in pyri- 
dine to give the pertriethylsilylated product 1 b in 81 YO yield 
(Scheme 1). Exposure of this uniformly per-protected glycal to 

the preferred glycosidation promoter. Among the other pro- 
moters surveyed, tin triflate also resulted in a seemingly clean 
reaction at the TLC level. but the isolated yield was lower than 
with zinc triflate. Interestingly, when silver tetrafluoroborate 
was used, we observed that a-glycosidation took place. While 

not useful for the case at hand. this 

r 1 

a ( l a  R = H (lactal) L JBU~S~O.,+ (CHzhzCH3 

OH 

3A 

2 
l b  R = Et$i 

3 

Scheme 1 .  a) 9equiv TESOTf, cat. DMAP. pyridine (81 %). b) 2.2-dimethyldioxirane. acetone, 0°C. c) 1 . 1  equiv 3, 
0.5 equiv (nBu,Sn),O. toluene. reflux. d) 2 equiv 3, 2 equiv Zn(OTf),, THF, 0 “C + RT. e) TBAF. THE f) Acetic 
anhydride. cat. DMAP. pyridine (44%. l b  -5). g) NaOMe. MeOH (95%). 

capability enhanced the value of a- 
1,2-anhydrosugars because they 
can be used to introduce either a- 
or b-glycosides with silver tetra- 
fluoroborate or zinc triflate, re- 
specti~eIy.[~’] 

Compound 4 was subjected to 
chemical sialylation with various 
sialyl donors, including sialyl 
phosphite, sialyl chloride, sialyl 
xanthate and sialyl methanethio- 
late. However, these attempts 
proved to be fruitless. Chemically 
selective sialylation of the lactosyl 
ceramide had once more been 
shown to be dificult, when the 
pre-ceramide side chain was al- 
ready in place. The wisdom of the 
previous “all-chemical” syntheses, 
where the reversed order is prac- 
ticed, was thus confirmed.[’8*281 

At this pont, our interests were 

2,2-dimethyldioxirane in acetone12’* gave rise to per-TES 
1,2-anhydrolactal derivative 2. To confirm that the 1,2-anhy- 
drosugar had the a-configuration, compound 2 was treated with 
excess methanol thereby affording, after deprotection, the read- 
ily characterizable j?-methyl lactoside. 

Confident of the a-configuration of the 1 ,Zanhydrosugar 
linkage, we turned to the use of 2 as a glycosyl donor with 3.[211 
We hoped for a straightforward extension of our earlier method- 
ology (i.e. anhydrous zinc chloride as the promoter), as prac- 
ticed in our synthesis of GM4.t221 Application of the zinc chlo- 
ride protocol gave disappointing results. Perhaps, in this case, 
the presence of a diol linkage in the ceramide precursor 3 inter- 
feres with the ability of zinc chloride to orchestrate the glycosi- 
dation. Furthermore, in the GM, synthesis, we made use of the 
a-l,2-anhydrosugar derived from galactal cyclic 3,4-carbonate. 
In general, this glycal epoxide is among our most effective and 
high-yielding donors. Thus, success with this donor is not neces- 
sarily extendable to other glycosylating combinations.1231 

Fortunately, a new procedure, which strengthens the nucleo- 
phility of the glycosyl acceptor and obviates the need for differ- 
ential protection of the diol acceptor, was developed. The stan- 
nyl alkoxide (cf. 3A) was generated in situ from the reaction of 
3 with bis(tributy1tin) oxide in refluxing toluene under a Dean- 
Stark trap.[241 After being dried on a pump, 3 A  was treated with 
2 in the presence of zinc triflate. Following exhaustive desilyla- 
tion, b-glycoside 4 was generated. The product in crude form 
was acetylated (purely for purposes of purification and spectral 
analysis) to provide the octaacetate 5 (44% yield from 1 b). A 
minor contaminant (ca. So/,) derived from glycosidation of the 
C 3 hydroxyl of 3 was also found. Deacetylation of 5 with sodi- 
um methoxide in methanol provided homogeneous 4 in 95% 
yield. The generality of the stannyl alkoxide glycosidation was 
further applied to our syntheses of digitalis saponintZs1 as well 
as of the human breast tumor associated antigen.1261 

A variety of Lewis acids were evaluated for this stannyl alk- 
oxide glycosidation reaction before we selected zinc triflate as 

directed to enzymatic sialylation. 
For this goal, it would be crucial to find a compound which 
would be tolerated by a-2,3-sialyItransfera~e.~~~* ‘“l In this way, 
introduction of the sialic acid residue by enzymatically mediated 
transfer from cytidine 5’-monophospho-N-acetylneurminic acid 
(CMP-Neu-SAc, 6)[29’ could be achieved. We were mindful 
that the enzyme a-2.3-sialyltransferase has been reported to re- 
ject lactosylceramide as a substrate.[301 Whether this failure is a 
consequence of innate topological incompatibility between sub- 
strate and enzyme, or arises from the poor solubility of the 
lactosylceramide in aqueous solution is not clear. 

In seeking an appropriate substrate, we decided to try the less 
hydrophobic “preceramide lactoside” 4, hoping that it would be 
recognized and accepted by the transferase. Happily, compound 
4 was indeed sialylated by the transferase in the presence of 
CMP-Neu-5-Ac (6) in pH =7.4 buffer solution, to produce 7 in 
good yield (75 %) (Scheme 2). This keyfinding, in principle, pro- 
vides many new avenues in theJield of ganglioside synthesis. 

In the case at hand, sialylation was followed by reduction of 
the azide group of 7 (saturated H,S in pyridine/H,O solution). 
The crude amine was stearoylated in a biphasic system (THF/ 
50% NaOAc) according to the Shapiro without af- 
fecting the hydroxyl and carboxylic groups. The crude amide 
was purified on LiChroprep RP-18 resin and Bio-gel P-2 column 
to give GM, in 40% yield from 7. 

When our program was in progress, another chemoenzymatic 
synthesis of GM, was However, extensive manip- 
ulations were necessary to prepare the substrate for enzymatic 
sialylation and to achieve selective glycosidation for late-stage 
1,2-transgIycosidation. 

Conclusion 

In summary, the a-1 ,Zanhydrosugar 2 derived from readily 
available lactal 1 a functioned as an accessible, stereoselective 
lactosyl donor without the need for multistep hydroxyl group 
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Scheme 2. a) a-2.3 sialyltransferase ([E. C.2.4.99.41). Triton CF-54 (0.5%0), bovine Serum albu- 
min, calf intestine alkaline phosphatase, HEPES buner (pH 7.4), 5 d, RT (75%). b) i) H,S. 
pyridinelwater = 1: 1. ii) stearoyl chloride, 50% NaOAcpHF = 1 :2 (40%. two steps). 

differentiation. Based on our chemistry and that of other labo- 
r a t o r i e ~ , ~ ~ ~ ]  glycals have been demonstrated to be convertible to 
a number of derivatives. They have emerged as attractive start- 
ing materials for the construction of biologically important gly- 
coconjugates such as adhesion molecules[331 and glycopep- 
tides.[341 The combination of the powers of glycal chemistry and 
enzymatic glycosidation holds considerable promise for simpli- 
fications in the synthesis of other complex g lycoc~n juga te s .~~~~  
Further extensions of these findings will be the subject of future 
reports. 

Experimental Procedure 

General Metbods: Infrared spectra were recorded on a Perkin Elmer 1600 Series 
FTIR. 'HNMR spectra were obtained on a General Electric QE Plus NMR 
(300 MHz) or Bruker WM-250 and are reported in parts in million (6) relative to 
SiMe, (0.00 ppm) or to (D,]methanol (3.65 ppm) as internal reference, with cou- 
pling constants (J) report in hertz. High-resolution mass spectra were recorded on 
a Kratos MS-8ORFA mass spectrometer. Optical rotations were recorded on a Jasco 
DIP-370 polarimeter with a 1 dm cell at the reported temperatures and concentra- 
tions. Sialyltransferase was kindly provided by Cytel Cop. (La Jolla, California). 
Chemicals used were reagent grade and used as supplied except where noted. 
Pyridine, toluene. benzene. and dichloromethane were distilled from calcium hy- 
dride under N,. Tetrahydrofuran was distilled from sodiumlbenzophenone ketyl 
under N,. Analytical thin-layer chromatography was performed on E. Merck silica 
gel 60F,,, plates (0.25 mm). Compounds were visualized by dipping the plates in a 

cerium sulfate/ammonium molybdate solution followed by heating. 
Liquid column Chromatography was performed using forced flow of 
the indicated solvents on E. Merck silica gel 60 (40-63 UM). 

O-(ZJ,4,6-Tetra-O-~e~yriethylsilyl-b-o-g.l.I)-( 1-4)- I$- 
aohydm-3.6-di- O-triethylsi lyl-2~xy-D-Pmbinobex-l~~tol ( I  a): 
A solution of lactall a (310 mg. 1 mmol) in dry pyridine (10 mL) was 
treated with triethylsilyl trifluorornethanesulfonate (2 mL. 9 mmol) 
and DMAP (24 mg, 0.2 mmol) at 0 "C. The solution was allowed to 
warm up to RT and was stirred for 36 h. The residue, after concen- 
tration, was purified by Si02 column chromatography (ethyl ac- 
etate: hexane = 1 :7) to give 1 b (804 mg, 81 % yield) as a viscous 
liquid. [a]:, = - 5.06 (c  = 2.49. CHCI,); IR (CHCI,): ? = 2953. 
2876, 1651. 1241, 1103, 1 0 0 8 m - ' ;  'HNMR (400MHz. CDCI,): 

1H). 4.35 (d. J=7.5Hz, lH) ,  4.20 (m. 1H). 4.06 (dd, J=11.4, 
3.7Hz).3.92-3.90(m,2H).3.85-3.82(m,lH).3.75(dd.J=11.5. 
2.5Hz.1H),3.71(dd,J=7.4,2.2Hz,1H),3.64-3.68(m,lH),3.55 
(dd.J=9.6.4.9Hz,lH),3.35(dd.J=9.3.2.3Hz,lH),3.18(dd, 
J = 9.2, 5 Hz. 1 H), 0.97-0.88 (m, 36H). 0.66-0.50 (m. 54H): 
HRMS (FAB) calcd for (M+Na+):  1015.6193. found: 1015.5530. 

(2$3~,4E)-3-(A~tyloxy)-2-(uido)-l-~(2J~,dtetr~-O-aeetyl-~-~- 
gdactopyrawsyl)-(l + QHL3,6tri-Oncetyl-b-o-glueopyraaosyl- 
oxy)l-4+ctadeceoe (5): Compound 1 b (121 mg. 0.12 mmol) was dis- 
solved in dry CH,C12 (2 mL) and cooled to 0 "C under a nitrogen 
atmosphere. Dimethyldioxirane (4 mL of a 0 . 0 7 ~  solution. 
0.28 mmol) was added dropwise. and stirring was continued at 0 "C 
for 30 min. The solution containing the resultant epoxide 2 was 
concentrated to dryness under a stream of nitrogen followed by 
vacuum drying for 1 h. Zinc triflate (87 mg. 0.24 mmol) was added 
to the resultant product under a nitrogen atmosphere. A solution 
of (2S,3R,4E)-2-azido-3-hydroxy-l -tributylstanyloxy-4-octadeccne 
(3) [2l] (0.24 mmol. 2 equiv) in dry THF (5  mL) was added to 2, and 
the reaction mixture was cooled to 0 "C. The reaction was allowed to 
slowly warm up to RT and stirred overnight. The reaction mixture 
was passed through silica gel plug and concentrated under reduced 
pressure. The residue was treated with tetrabutylammonium fluo- 
ride (TBAF) (1 M. 1 mL, 1 mmol) in THF (5  mL) at RT for 24 h. 
Solvent was removed under reduced pressure. and the residue dis- 
solved in dry pyridine ( 5  mL). Acetic anhydride (1.5 mL) and 4- 
dimethylaminopyridine (DMAP) (14 mg, 0.12 mmol) were added to 
the pyridine solution. After 24 h, the solvent was concentrated under 
reduced pressure. and the residue purified by SiO, column chro- 
matography (ethyl acetate: hexane = 1: 1) to give 55 mg of com- 
pound 5 as a viscous liquid (44% overall yield from Ib). 
[a]:, = - 20.86 (c  = 0.7, CHCI,); IR (CHCI,): i = 2924, 2853, 
2101. 1750, 1369, 1229. 1057cm-I: 'HNMR (400 MHz, CDCI,): 
6 = 5.81 (dt. J = 6.6. 15.3 Hz, 1 H), 5.40(dd. J = 6.1.15.4 Hz, 1 H), 
5.33(d. J=3.3Hz.  lH).5.30(dd. J=4 .4 .8 .2H~, lH) ,5 .17 (1 .  
J=9.2Hz.lH~.5.10~dd.J=7.9.10.3Hz.1HI.4.94Idd.J=3.4. 

6 = 6.26 (dd. J = 6.0. 1.1 Hz. 1 H, H-1). 4.60 (dd, J = 6.1, 2.9 Hz, 

10.4Hz,1H),4.90(t,J=8.8Hz,1H),4.51-4.47(m,3H),4.14-4.05(m,3H), 
3.87-3.71 (m, 4H), 3.59 (ddd, J =  2. 4.9, 9.8 Hz, 1 H), 3.49 (dd. J = 5.2, 9.9 Hz, 
1 H). 2.15 (s. 3 H), 2.12 (s, 3 H), 2.06 (s. 3H). 2.05 (s, 3H). 2.05-2.02 (m. 2H). 2.04 
(s, 3H). 2.02 (s, 3H). 2.01 (s, 3H). 1.96 (s, 3H), 1.35-1.25 (m, 22H). 0.87 (I. 
J =  6.6 Hz,3H);HRMS(FAB)calcdfor(M+Nat): 1008.4528.found: 1008.4596. 

(2S,3R,4O- 1 -I (b-o-CalactopyraaosyI)-(1~4)-~-o-glncopyranosyloxy~-2-Pzido-4- 
oetadecem-hl(4): AsolutionofcompoundS(100mg.O.l mmol)and25%sodium 
methoxide (0.1 mL) in dry MeOH (5  mL) was stirred at RT for 12 h. The mixture 
was neutralized with Amberlite. IR120 (H+). Filtration, concentration of the fil- 
trate, and purification with reverse-phase column chromatography (LiChroprep. 
RP-18. MeOH) gave 62 mg of 4 (95% yield) as a viscous liquid. [a]:' = - 8.57 
(c  = 0.7. CH,OH); IR (neat): i = 3354, 2959, 2923. 2853. 2096cm-I; 'HNMR 

15.3 Hz. 1 H).4.31 (d,J=7.6 Hz, 1 H).4.26(d,J = 8 Hz, 1 H),4.13-4.10(m, 1H). 
3.05-3.87 (m, 15H).  2.02 (4. J=7.2Hz.  2H), 1.23-1.33 (m, 22H). 0.84 (t, 
J=7.1 Hz. 3H); HRMS (FAB) calcd for (M+Na'): 672.3683. found: 672.3946. 

O-(Sodium 5 a c e t a m i d o - 3 , M i d e o x y - o - % y c e r o l ~ - ~ d a e t ~ 2 ~ n ~ o p y r ~ y ~  
n t e ~ 2 ~ 3 ~ ~ ~ a l a e t o p y r ~ y l ~ l - 4 ) - ~ ~ - g l . r o p y r ~ l ) - ( l ~  1)- 
(ZSJR,4&2-.zido-46etadece1t1+1,3-did (7): The acceptor 4 (20 mg, 0.031 mmol) 
was sonicated for 10 min in HEPES buffer (2 mL, pH =7.4) containing Triton 
CF-54 (30 uL) and NaN, (1 YO). The suspension was incubated at 25°C in the 
presence of bovine Serum albumin (2 mg), a-2.3-sialyl transferase (0.4 Unit). alka- 
line phosphatase (from calf intestinal mucosa, 4 Unit), and CMP-Neu-5-Ac (40 mg, 
0.064 mmol) for 5 d. The reaction mixture was lyophilized to remove water. The 
residue was purified with reverse-phase C,, column (LiChroprep. RP-18. EM Sci- 
ence, MeOH:H,O = 4: 1) and Bio-gel P-2 column to give 7, 23 mg. 75% yield, as 
a fluffy compound. = - 10.87 (c  = 0.8, MeOH); IR (neat): i = 3350. 2922. 
2852, 2098, 1657. 1640. 1616. 1071. 1031 cm-'; 'H NMR (400 MHz, CD,OD): 

(400MH~. CD,OD): 6 = 5.75 (dt. J = 6.8. 15.4 Hz. 1H). 5.47 (dd. J =  6.3. 
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d = 5.86 (m, IH), 5.58 (m. 1H). 4.56 (d. J=7.6Hz). 4.48 (d, J=7.8Hz, l H ) ,  
4.20-4.14 (m. 2 H ) .  3.99-3.52 (m, 18H). 3.40-3.37 (m. 1H).  2.79 (broad d. 
J =7.2 Hz. I H. sialyl-H,.,). 2.16-2.10 (m. 2H) .  2.04 (s, 3H). 1.86 (m. 1 H, sialyl- 
H,.,). 1.46-1.26(m.22H).0.93(1.J=7.2Hz.3H).HRMS(FAB)calcdfor(M 
+Na'): 985.4457. found: 985.4503. 

O-(Sodium 5 - n c e t ~ i d o - 3 , J - d i d e o x y - ~ l y ~ ~ - ~ - g ~ m r t ~ 2 - ~ ~ o p y r a m 3 s y ~ t e ~  
(2-r3)-O-~-~-galnrtopyran~yl-( 1 +4)-o-P-D-@UCOpy~am3syI( I 4 1)-(2$3R,4€)-2- 
octsd~saPmido-40ct.denw-1,3-diol (CM,): Compound 7 (10 mg, 0.01 mmol) in 
pyridinelwater (1 : I .  5 mL) was saturated at RT with hydrogen sulfide. After one 
day, TLC analysis indicated that the reaction was finished. and the reaction mixture 
was concentrated to give crude amine (TLC: iFrOH:EtOAc:H,O = 2:2:1, 
R, = 0.35. detection with 1 % solution of ninhydrin in ethanol). The crude amine 
was used directly in the next step. To a rigorously stirred suspension of the crude 
amine in THF (2 mL) and 50% sodium acetate in water (1 mL) was added stearoyl 
chloride(l0 uL. 0.028 mmol). After 21 h. themixture wasconcentrated and purified 
with a reverse-phase chromatographic column (LiChroprep RP-18; 
MeOH:H,O = 9:l)  and a gel filtration column (Lipophilic Sephadex, LH-20, 
100% MeOH) to give GM, (5  mg, 40% yield from 7) as a viscous liquid. The 
spectroscopic data for this synthetic GM,. which were consistent with the previous- 
ly reported data 1181. wereas follows. [a];) =1.65 (c = 0.1. MeOH:CHCI, = l : l ) ;  
IR  (neat): i = 3750-2810. 2930. 2834. 1675, 1643, 1550; 'HNMR (400 MHz, 
CD,OD): lactose unit 6 = 4.45 (d. 1 H. J = 8 Hz). 4.32 (d. 1 H. J =7.9 Hz); 
Neu,Ac unit 6=1.95 (5.5H. AcN), 2.897 (dd. 1H. J=11.8 Hz. 2.5Hz. H-3C); 
ceramide unit 6 = 0.92 (1. 6H.  J =  6.7 Hz. ZxCH,), 2.20 (I. 2H. J =  6.6Hi9.4.19 
(dd. l H ,  J = 9 . 8 , 3 . 9 H ~ ) .  5.48(dd. l H ,  J=7.5, 15.4Hz).5.69(dt. lH ,  J=15.3. 
7.6 Hz). HRMS (FAB) calcd for (M+Na'): 1203.7342. found: 1203.7285. 
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