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Abstract
A highly convergent synthesis of the sialic acid rich biantennary N-linked glycan found in human
glycoprotein hormones, and its use in the synthesis of a fragment derived from the β-domain of human
Follicle-Stimulating Hormone (hFSH) are described. The synthesis highlights the use of the Sinaÿ
radical glycosidation protocol for the simultaneous installation of both biantennary side-chains of
the dodecasaccharide as well as the use of glycal chemistry to construct the tetrasaccharide core in
an efficient manner. The synthetic glycan was used to prepare the glycosylated 20–27aa domain of
β-subunit of hFSH under a Lansbury aspartylation protocol. The proposed strategy for incorporating
the prepared N-linked dodecasaccharide-containing 20–27aa domain into β-hFSH subunit was
validated in the context of a model system providing, protected β-hFSH subunit functionalized with
chitobiose at positions 7 and 24.

Introduction
Important recent developments in the fields of carbohydrate and polypeptide synthesis have
now enabled organic chemists to consider the possibility, at various levels of realism, of gaining
access to highly complex biomolecules through purely synthetic means.1 In particular,
advances in the area of protein synthesis, including the development of solid phase peptide
synthesis (SPPS)2 as well as thiol-based ligation methods,3 have served to enable the
preparation of polypeptides and small proteins. In nature, many biologically important proteins
undergo post translational modifications, often resulting in the formation of highly complex
heterogeneous glycoforms. The chemical synthesis of such glycoproteins still remains a
daunting task, due to the paucity of chemical methods available for the incorporation of glycans
into proteins, not to speak of the difficulties inherent in the syntheses of the complex glycans.

Our laboratory has a long-standing interest in the development of enabling protocols addressed
to accomplishing de novo syntheses of naturally occurring glycoproteins of demonstrated

s-danishefsky@ski.mskcc.org.
Supporting Information Available. Experimental procedures and spectroscopic and analytical data for all new compounds. This
material is available free of charge via the internet at http://pubs.acs.org.

NIH Public Access
Author Manuscript
J Am Chem Soc. Author manuscript; available in PMC 2010 April 29.

Published in final edited form as:
J Am Chem Soc. 2009 April 29; 131(16): 5792–5799. doi:10.1021/ja809554x.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://pubs.acs.org


therapeutic value. Each individual target will, of course, present its own unique set of synthetic
challenges. Nonetheless, we are pursuing approaches for the general synthesis of glycoprotein
target compounds. Our strategy for the assembly of N-linked glycoproteins is adumbrated in
Figure 1.4 Thus, the oligosaccharide unit, prepared through chemical synthesis, is
functionalized in the form of an anomerically aminated glycan. Next, the aminoglycan is
merged with an aspartic acid-containing peptide under Lansbury aspartylation conditions.5 The
resultant glycopeptide undergoes sequential ligations to provide the target glycoprotein.
Indeed, we have been able to demonstrate the gross feasibility of this approach in the context
of model systems. It is our ultimate goal to apply the convergent strategy outlined in Figure 1
to the total synthesis of highly complex glycoproteins (vide infra).

In investigating potential targets of N-linked glycoproteins with major biological activity, we
first launched a program in the context of erythropoietin (EPO), used in the treatment of anemia.
6 More recently we have been focused on Follicle-Stimulating Hormone (hFSH), which is used
to treat anovulatory disorders associated with infertility.7 Other targets in our workscope
include Chorionic Gonadotropin (hCG), Luteinizing Hormone (hLH), and Thyroid Hormone
(hTH).8 Though these glycoproteins have varying structures and biological functions, all of
them carry mono-, di-, tri-, and tetra-sialo N-linked carbohydrates as illustrated in Figure 2.
These structures possess a common core I (cf. Manα1–6[Manα1–3]Manβ1–4GlcNAcβ1–4
[Fucα1–6]GlcNAc).9 The defucosylated version of I, previously synthesized by our group as
well as by others,10 has been employed in the preparation of highly branched glycans frequently
expressed on the prostate-specific antigen (PSA)11 and on gp120.12 A chemical total synthesis
of structures II-VI constitutes a formidable challenge, due to the presence of multiple N-acetyl
neuraminic acid (NAN) linkages as well as the labile fucose branching. The need to
accommodate these chemically sensitive substructures serves to limit the range of available
options for synthesis. We hoped to meet the challenge by synthesizing the dibranched
dodecasaccharide II,8,9 a motif that has been found not only on all of the aforementioned
hormones, but also on alpha fetoprotein,13 associated with human hepatocellular carcinoma,
and on PSA.14 Once prepared, carbohydrate II could then be used to elaborate hormones by
total synthesis according to the approach outlined in Figure 1.15 We first describe a pleasingly
concise route to the 12-mer. From there we show how the 12-mer is incorporated in an FSH-
like peptidyl domain. Finally, we demonstrate the general viability of the proposed scheme to
a total synthesis of β-hFSH, through the total synthesis of a congener in which chitobiose units
are inserted at the mature 12-mer linkage sites of the wild type.

Results and Discussion
The synthetic logic toward dodecasaccharide II common to our targets is outlined in Scheme
1. The protecting group strategy was designed to minimize the number of required steps, while
hopefully maximizing the yield and diastereoselectivity for the glycosidation steps. It was
anticipated that global deprotection would be executed toward the end of the synthesis,
presumably by reductive and base mediated steps.

In order to take advantage of the symmetry of II, and to make the synthesis optimally
convergent, a late stage bis-glycosidation of the hexasaccharide 6 with the sialic acid-
containing trisaccharide 7 was planned. In turn, the symmetry of 6 would allow for a bis-
glycosidation reaction of the precursor tetrasaccharide, 5. The latter would be assembled from
the known building blocks 1–4, through the addition of an α-fucosylation step to the synthesis
of the core I motif (i.e. Manα1–6[Manα1–3]Manβ1–4GlcNAcβ1–4GlcNAc), previously
reported by our group.10cd

The progression to tetrasaccharide 5 commenced with the coupling of glycal 116 to the known
glucosamine derivative 2,17 using MeOTf as a promoter (Scheme 2). The desired disaccharide
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was isolated in 55–72% yield as a 7:1 ratio of β:α anomers. This mixture was then treated with
TBAF/AcOH in THF to remove the primary tri-isopropylsilyl protecting group. The resultant
anomeric mixture was separable by column chromatography (98% yield). Next, the
fucosylation of 8 was examined under various conditions. It was found that MeOTf-promoted
18 reaction of 8 with tri-O-benzyl-1-thioethylfucoside donor resulted in formation of a complex
mixture of inseparable products (entry 1). When a mixture of anomeric fucosyl fluorides19 was
employed in the coupling reaction, it was discovered that only the β-anomeric fluoride (3) was
reactive, while the corresponding α-anomeric fluoride survived intact. The use of (Cp)2Zr
(OTf)2•THF as a promoter20 (entry 3) gave poor levels of product diastereoselectivity at the
newly fashioned glycosidic bond. Fortunately, however, Sn(OTf)2 was found to be a more
favorable promoter. Following optimization, the reaction of the β -anomeric fluoride 3 and
acceptor 8 proceeded in good yields (65–75%) and acceptable diastereoselectivity (8:1: α:β,
entry 4).21 It was found that stoichiometric amounts of Lewis acid, administered in small
portions, were required to drive the reaction to completion and to suppress yield erosion by
isomerization of the β-anomeric fluoride to the more stable unreactive α-anomer. Superior to
the fluoro method, the trichloroacetimidate derivative of tri-O-benzyl-L-fucose (entry 2) could
be employed under Schmidt glycosidation conditions to provide the desired trisaccharide 9 in
excellent yield (95%), and useful selectivity (6:1 α:β).22

Having established a reliable route to 9, we next directed our attentions to the synthesis of the
tetrasaccharide unit (5, Scheme 3). First, functionalization of the terminal glycal to the
corresponding glucosamine derivative was achieved by the two-step procedure previously
developed in our laboratory. 23 Thus, treatment of 9 with iodonium dicollidin perchlorate
(IDCP) and benzenesulfonamide resulted in the formation of the 2-iodo-1-sulfonamide, which
subsequently underwent a triethylamine-induced rearrangement in aqueous medium to the 2-
sulfonamide-1-hydroxy derivative. The anomeric hydroxyl group of this product was
protected, providing an anomeric silyl ether, exclusively as the α-anomer, and the acetate group
was removed under Zemplèn conditions, furnishing the desired compound 10 (45–55%, 4
steps) as a single diastereomer. Subsequent triflatemediated β-mannosylation of 10 proceeded
smoothly under Kahne-Crich protocols24 to provide tetrasaccharide 11 in 80–90% yield as a
6:1 β:α mixture of anomers. The undesired α-isomer could be removed during the deprotection
of the C4 PMB group with cerium ammonium nitrate (CAN), to yield the desired product as a
single isomer. Regioselective cleavage of the benzylidene acetal with BH3•THF in the presence
of dibutyl boron triflate afforded the 3,6-diol, 5. Two-fold glycosidation of the latter with the
mannose derivative, 12, was efficiently accomplished through the Sinaÿ radical activation
protocol25 (80–90% yield), by analogy with the corresponding transformation employed in the
PSA synthesis.11 The synthesis of hexasaccharide 6 was then completed through removal of
the benzoate esters with NaOMe/MeOH (77–85% yield).

With hexasaccharide 6 in hand, we next turned to the synthesis of the sialic acid containing
trisaccharide thiol donor, 7 (Scheme 4). The key disaccharide intermediate 18 could be
prepared through two alternative pathways, as shown. According to Path A, the synthesis of
18 began with the known glycal intermediates, 13 and 14.26 Activation of 13 with DMDO,27

followed by reaction of the resultant dioxirane with 14 provided disaccharide 15a in 81% yield
(2 steps). This product was benzylated to provide a fully protected glycal 15b, which underwent
iodosulfonamidation and the subsequent “roll-over” reaction to yield the glucosamine
derivative, 16 (92%, 2 steps).23 Compound 16 was next elaborated to the target disaccharide,
18, through a series of protecting group manipulations which included (1) replacement of the
cyclic carbonate with acetate groups, (2) changing the sulfonamide group to the corresponding
phthalimide moiety, and (3) removal of the acetate moieties through the action of sodium
methoxide in methanol.
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Alternatively, the target disaccharide, 18, was reached through Path B, which was found to be
more amenable to scale up. The synthesis commenced with Schmidt glycosidation of galactose
donor 1928 with the known glucosamine acceptor 20,29 to provide the disaccharide 2130 in
good yield and diastereoselectivity (79%, >95:5 β:α). This disaccharide was converted to 22
through NaOMe– mediated cleavage of the ester protecting groups, followed by selective re-
protection of the 3,4-diol of the galactose as an acetonide, culminating in di-benzylation of the
remaining hydroxyl groups (56%, 3 steps).31 The synthesis of the desired diol 18 was
completed through removal of the acetonide function with aqueous acetic acid (92% yield).
Finally, the coupling of 18 and known donor 23 was accomplished using TMSOTf as a
promoter, following the protocol previously reported by our group.32 The resultant
trisaccharide product was obtained as a 4:1 mixture of anomers, which was acetylated and
purified to furnish 7 as a single α-anomer (35–45%, 2 steps).

Having established routes to the key intermediates in the synthesis of II, the final bis-
glycosidation of the hexasaccharide 6 with trisaccharide 7 was evaluated (Scheme 5). Of the
various conditions examined, the Sinaÿ radical activation protocol25 was the most effective,
producing the fully protected dodecasaccharide 23 in 74% yield, together with ca. 10–15% of
the mono-glycosidated nonasaccharide.

Due to the high degree of functionalization of dodecasaccharide 23, the sequence for protecting
group removal had to be evaluated with great care. Since the sialic acid methyl ester group
would not be compatible with the usual conditions adopted for the removal of the phthalimide
protecting group, the concomitant NaOMe-mediated hydrolysis of the methyl esters and acetyl
protecting groups was undertaken first (Scheme 6). The resultant di-acid was treated with
ethylenediamine, to remove the phthalimide protecting groups. The unmasked amines were
re-protected through simultaneous reacetylation of the sialic acid portion.11 The subsequent
removal of the anomeric t-butyldimethylsilyl (TBS) protecting group (TBAF, AcOH) followed
by cleavage of the acetates with sodium methoxide. Opening of the lactones with sodium
hydroxide resulted in the formation of compound 24, together with the “peeling reaction”
products 24a and 24b.33 Fortunately, the formation of 24a and 24b could be drastically reduced
when the hydrolysis step was performed with NaOH in lieu of NaOMe. Finally, the benzyl and
sulfonamide protecting groups were cleaved under our previously described Birch reduction
conditions. The reader will note that this massive reductive deprotection can be conducted
without reduction of the “reducing end” of the 12-mer.34 The product diamine was acetylated
to yield the desired product, II. Our ultimate goal was to employ II for the construction of
naturally occurring glycoprotein hormones. Accordingly, it was subjected to prolonged
treatment with a saturated solution of NH4HCO3 at 40 °C.35 Excess of ammonium bicarbonate
and water were removed by the repetitive lyophilization. This protocol provided glycosyl
amine IIa in 54–63% yield over the entire deprotection sequence. Care was taken to minimize
the exposure of IIa to aqueous medium, as anomeric amines are known to be unstable under
these conditions.36

With the synthetic dodecasaccharide anomeric amine IIa in hand, we sought to evaluate its
likely utility for the construction of the FSH β-subunit (Scheme 7).37 The complexity of the
glycans, and a relatively long chain consisting of an 111 amino acid sequence serves to identify
this glycoprotein as an extremely ambitious target for total synthesis. Fortunately, a relatively
high frequency of cysteine distribution throughout the sequence allows one to consider
bisecting this structure into simpler fragments, which could be assembled in the forward
direction outlined in Figure 1. Accordingly, we defined as a target glycopeptide 27 (Figure 7),
which could be constructed by a direct coupling of dodecasaccharide anomeric amine IIa and
peptide 26 under modified Lansbury conditions.4,5 This glycopeptide contains C-terminal
thioester and N-terminal Thz-protected cysteine that can be exploited to enable elaboration of
27 to β-subunit of FSH. The synthesis of 27 commenced with Fmoc SPPS of the protected
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peptide 26, starting from commercially available resin 25. After cleavage from the resin, 26
was coupled with tryptophane ethyl thioester under Sakakibara conditions with no
epimerization being detected.38 Next, the peptide was treated with Cocktail B (trifluoroacetic
acid, phenol, triisopropylsilane, H2O) to provide the desired precursor 27 (21% from 25).

Finally, we pursued the direct coupling of the dodecasaccharide with peptide 27. After some
experimentation, the coupling was found to provide the desired product 28 in ca. 25–35% yield
with one of the major side products being an aspartimide 29. Although 28 was isolated as a
bis-lactone at the sialic acid termini, we believe that the required functionalities will be restored
in the consequent ligation steps. 15b A crucial observation made during the preparation of 28
was the finding that the efficiency of the aspartylation reaction is drastically dependent on the
quality of the anomeric amine after the Kochetkov amination. Thus, the use of highly pure
batches of ammonium bicarbonate, prolonged lyophilization times and filtration of the
insoluble residue were critical in providing reactive amine IIa.

It is known that ammonium bicarbonate is degraded during the course of such treatment,
producing variable amounts of ammonium carbonate and ureas. These basic byproducts
promote the formation of aspartamide, which is a serious impediment in the complex step.35,
39 Not surprisingly, due to different conformational restrictions imposed by the aspartic acid
residue, various peptide sequences exhibit different susceptibilities to such impurities. Only
inorganic impurity free batches of IIa exhibited consistent reactivity in the Lansbury
aspartylation of various peptides.

With the key dodecasaccharide-containing domain being successfully synthesized, we turned
our attention to validating the proposed synthesis of β-FSH subunit (Scheme 7), using the
corresponding fragments functionalized with a more available chitobiose disaccharide
(Scheme 8). The glycopeptides 31 and 33 were prepared by methods similar to those described
earlier for the preparation of compound 29 (Scheme 7).40

The coupling studies commenced with construction of the 20–111aa subunit 32 by ligation of
peptides 30 and 31. Thus, 31 and 30 underwent native chemical ligation in PBS (pH = 7.2)
providing the desired product, which was treated in situ with O-methylhydroxylamine (pH =
4.5) to yield glycopeptide 32 (75% conversion, 27% yield after HPLC). The glycopeptide was
isolated with its terminal cysteine residue deprotected and ready for coupling with glycopeptide
33. The all-crucial coupling step was conducted under standard NCL conditions (3% v/v PhSH,
6M Gnd·HCl, 0.1M PBS, pH = 7.2).3 The ligation between 33 and 32 proceeded smoothly.
There was obtained the desired product 34 in 64% yield after purification by HPLC, together
with the side product that presumably arises from the Met109 oxidation (ca.25%).40 We found
this demonstration to be quite gratifying. Thus, the work shown here provides a plausible
prospectus for reaching FSH itself. We now have significant confidence in the ability to
generate the β FSH with fixed carbohydrates at wild type sites. Although the present
demonstration involved a lactosamine model system, we are hopeful that these protocols will
be applicable to inclusion of the dodecamer. Of course, from the stage corresponding to
compound 34, in the 12-mer oligosaccharide series, we still have to master the intricacies of
global deprotection and glycoprotein folding.

Conclusion
In summary, we have developed a highly convergent and stereospecific synthesis of the sialic
acid rich biantennary N-linked glycan found in human glycoprotein hormones such as human
Erythropoietin (hEPO), Follicle-Stimulating Hormone (hFSH), and Chorionic Gonadotropin
(hCG) as well as in many other medicine-relevant glycoprotein targets. Our synthesis
highlights the use of the Sinaÿ radical glycosidation protocol for the simultaneous installment
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of both biantennary side-chains, a task that is very difficult to achieve with complex
carbohydrate systems. Moreover, it highlights the value of glycal chemistry first pioneered in
these laboratories to construct the tetrasaccharide core (5) in an efficient manner. A carefully
selected deprotection strategy allowed us to overcome the difficulties associated with the
presence of the multiple sialic acid and labile fucose linkages, thus enabling access to
significant quantities of the deprotected dodecasaccharide II.

We have also demonstrated that the presence of the multiple sialic acids as well as fucose
branching does not pre-empt usage of the Kochetkov amination reaction or of subsequent
Lansbury aspartylation of the resultant amine. The synthetic dodecasaccharide was used to
prepare the glycosidated 20–27 domain of β-subunit of hFSH, which comprises an essential
part of our program directed toward the synthesis of this glycoprotein hormone. Finally, the
possibility of constructing the β-FSH subunit functionalized with N-linked dodecasaccharide
was investigated using chitobiose-containing glycoproteins as a model. These studies
demonstrate that the selected retrosynthetic bisections proposed for FSH could be successfully
utilized for the preparation of the β-FSH subunit. Further synthetic efforts toward the
construction of the homogeneous β-FSH with N-linked biantannary dodecasaccharide will be
reported in due course.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Convergent approach to the synthesis of glycoproteins.
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Figure 2.
Sialylated N-linked carbohydrates found on some human glycoprotein hormones.
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Scheme 1. Synthetic strategy toward II
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Scheme 2. Assembly of the Trisaccharide Core.a
aReagents and Conditions: (a) 1, MeOTf, DTBP, DCM, MS 4 Å, 0 °C; 55–72% (7:1 β:α); (b)
TBAF, AcOH, THF; 98%; (c) 3, Sn(OTf)2 (4 × 0.25 equiv), DTBP, THF, MS 4 Å, −35 °C;
65–75% (8:1 α:β).
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Scheme 3. Synthesis of the 6.a
aReagents and Conditions: (a) IDCP, PhSO2NH2, THF, MS 4 Å, 0 °C; (b) Et3N, H2O, THF;
(c) TBSOTf, 2,6-lutidine, DCM; (d) NaOMe, MeOH, 45–55% (4 steps); (e) Tf2O, TBP, DCM,
MS 4 Å, 80–90%, (5:1 α:β); (f) CAN, MeCN/H2O, 65–70%; (g) Bu2BOTf, BH3THF, DCM;
74–95%; (h) 10, (BrC6H4)3NSbCl6, MeCN, MS 4 Å, 10 °C to rt, 80–90%; (i) NaOMe-MeOH,
77–85%.
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Scheme 4. Synthesis of the sialic acid containing trisaccharide 7
aReagents and Conditions: (a) DMDO, DCM, 0 °C; (b) 14, ZnCl2, THF; MS 4 Å, 81% (2
steps); (c) BnBr, NaH, DMF, 70–80%; (d) IDCP, TMSCH2CH2SO2NH2, MS 4 Å, THF; (e)
LHMDS, EtSH, DMF, 92% (2 steps); (f) NaOMe, MeOH, 90%; (g) Ac2O, Py, 92%; (h) CsF,
DMF, 64–77%; (i) phthalic anhydride, Py, Piv2O, 74–85%; (j) NaOMe, MeOH, 86–90%; (k)
TMOTf, DCM, MS 4 Å, −78 °C, 79% (>95:5 β:α); (l) NaOMe, MeOH, 97%; (m)
(MeO)2CMe2, CSA, 68–80%; (n) NaH, BnBr, TBAI, THF, 80%; (o) HOAc (aq), 60 °C, 92%;
(p) TMSOTf, MeCN, MS 4 Å, −40 °C (3.5:1 α:β); (q) Ac2O, Py, (35–45%, 2 steps).
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Scheme 5. Synthesis of the protected dodecasaccharide
aReagents and Conditions: (a) (BrC6H4)3NSbCl6, MeCN, MS 4 Å, 0 °C to rt, 74%.
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Scheme 6. Deprotection of the dodecasaccharide
aReagents and Conditions: (a) NaOMe, MeOH; (b) NH2CH2CH2NH2, Toluene, n-BuOH, 90
°C; (c) Ac2O, Py; (d) TBAF, AcOH, THF; (e) NaOMe, H2O, MeOH; (f) Na, NH3, THF, −78
°C; (g) Ac2O, NaHCO3, H2O; (h) NH4HCO3, H2O, 40 °C (54–63% overall yield).
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Scheme 7. Coupling of the dodecasaccharide with the 20–27aa domain of hFSH β-subunit
aReagents and Conditions: (a) H-Trp(SEt), EDC, HOOBt, TFE/CHCl3 (1:3); (b) TFA, PhOH,
TIPS, H2O; 21% from 25; (c) IIa, HATU, DIEA, DMSO, ca. 25–35%.
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Scheme 8. Assembly of the β-FSH subunit with N-linked chitobiose
aReagents and Conditions: (a) PhSH, Gnd·HCl, Na2HPO4, TCEPHCl (pH = 7.2); (b)
NH2OMeHCl (pH = 4.6); 85% conversion, 15% yield; (c) PhSH, Gnd·HCl, Na2HPO4,
TCEP·HCl (pH = 7.2), 64% yield.
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