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ABSTRACT: The total chemical synthesis of ladtetetraose
(LNT) has been completed using both convergentliaedr strat-
egies. Similarly to that of our previous HMO syrgbs, the do-
nor-acceptor protecting-leaving group combinatiovese found
to be of paramount significance to achieving susfceglycosyla-
tions and minimizing side reactions.

Carbohydrates are essential biomolecules that beamfirst
food! Oligosaccharides present in human milk (HMO) aappdy
building blocks for the development of the infartsnition? act
as prebioticsand antimicrobialé® Thanks to advances in glyco-
sciences, chemical structures of 162 HMO have lsberidated
to date®” but our understanding of how HMO function is incom
plete®® All HMO are composed of five monosaccharides:tidel
ing glucose (Glc), galactose (Gal)-acetylglucosamine (Glc-
NAc), fucose, and sialic acld.Many efforts to prepare HMO
enzymatically or chemically have been repoftetf, and im-
portance of including HMO in infant formulas hassheacknowl-
edged"*

The total amount and composition of HMO varies lestw
women and are dependent on maternal genetics penvant, and
geographic locatiofr Lacto-N-tetraose (LNT) represents one of
the most common and abundant core structures atasisified as
a type I HMO. It comprises a
Galpl - 3GIcNAB1 - 3GaPl - 4Glc sequence shown in Scheme
1. More specifically, LNT is a linear tetrasacchariwherein the
reducing end lactose disaccharide (3al4Glc) is elongated
with lacto-N-biose disaccharide residue (8al3GIcNAC).
Chemicat®*® and enzymatic synthes@f LNT have been re-
ported, and several of its derivatives have beeathggized using
chemical synthesis in solution and on solid plf&&& Despite
being one of the most abundant HMO core structirdsuman
milk, LNT is not yet available in large quantitiaed at reasona-
ble prices for research and application.

Previously, we reported the total synthesis of dddt
neotetraose that has been completed using botr larel conver-
gent approachés.Along the way, we developed the synthesis of
key building blocks, accessed scalability, andnegfi coupling
procedures to obtain different glycosidic linkagesl sequences.
Notably, the donor and acceptor protecting/leaxgnoup combi-
nations were found to be key parameters. In futgathetic stud-
ies of HMO in our lab reported herein is the systhef LNT 1.
First, we decided to investigate a convergent (Zy2}hetic strat-
egy, according to which we chose to converge theepted lacto-
N-biose donor2 and lactose accept8>® Based on our previous
synthetic endeavors and preliminary refinementeaftion condi-
tions2® for the synthesis of disaccharileve chose superarmed

S-benzoxazolyl (SBox) galactosyl dond®° and glucosamine
acceptor5. SBox galactosyl dono# was very instrumental in
avoiding the unwanted aglycone transfer side reaéf® that
was taking place in other previously investigatedilding
blocks?® As in our previous HMO synthesis, we chose benzyl
ethers as semi-permanent protecting groups.

Scheme 1. Retrosynthesisanalysisof LNT 1.
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The synthesis of glucosamine thioglycoside acceptavas
achieved from known building blodkas depicted in Schemé?2.
First, precurso6 was reacted with tert-butyldimethylsilyl chloride
(TBDMSCI) in the presence of imidazole in DMF at 9D to
obtain compound in 97% yield. The latter was then converted to
intermediate8 via the reductive regioselective opening of the
benzylidene acetal by reaction with 1 M Bid THF in the pres-
ence of catalytic TMSOTf in 82% vyield. Subsequen@yOH in
compound was benzylated with BnBr in the presence of NaH in
DMF to afford compoun® in 77% yield. In order to minimize
the formation of side products, temperature congdiighly im-
portant in this reaction (see the experimental frrtfurther de-
tails). Finally, the silyl group of compourilwas removed with
BFs-Et,0 in CH;,CN at 0°C to afford the desired glucosamine
thioglycoside acceptdin 87% yield.

We next turned our attention to the assembly of Ldidaccha-
ride 2. Selective activation of the SBox leaving groumiycosyl
donor 4 over thioethyl anomeric moiety of acceptér was
achieved in the presence of silver trifluoromettsaifenate
(AgOTf) to afford B-linked disaccharid® in excellent yield of
99%. Direct coupling of disacchari@ewith accepto3 was prov-
en inefficient, perhaps due to a fairly unreactiemor and accep-
tor combination. We consistently saw incompletectieas lead-
ing to very low yields of the tetrasaccharide prmiddo bypass



this, we chose to employ the corresponding phosptiahor10

that was obtained from thioglycosi@ein 90% yield via an effi-
cient one-step protocol developed by Seebergecansorkers?®

The coupling of phosphate dont® with lactose accept&in the
presence of TMSOTf was more successful, and tetthaaidell

was obtained in a moderate yield of 51% with comeple

stereoselectivity.

Scheme 2. Convergent synthesis of protected LNT 11.
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Despite numerous attempts involving modifying tleaation
condition, and replacing the glycosyl donor with @d S-
imidoyl leaving groups, we failed to improve theaame of this
reaction. We were also unable to elucidate strestuf by-
products forming alongside the desired tetrasa@ddd. Not
being satisfied with the outcome of the convergamithesis, we
were curious to investigate whether the linear apphn would be
more successful in achieving a better outcome. @niyinimal
strategic adjustment was required, and this inbk@nversion of
building block5 into its 4-O-Fmoc derivativé2 that was subse-
quently transformed into phosphate dod8r Glycosylation be-
tween donof3 and lactose accept8rin the presence of TMSOTf
afforded trisaccharidel4 in 86% yield. The Fmoc protecting
group was removed with 30% Bt in CH,CI, and glycosylation
of the resulting trisaccharide accepiérwith SBox dono# in the
presence of AgOTf afforded the desifgdinked tetrasaccharide
11 in 89% yield. Overall, the three-step linear adsignof 11
involving glycosylation of accepto8 with glycosyl donorl3,
interim Fmoc deprotection, followed by glycosylatioith donor
4 proceeded with 68% overall yield for the synthesfisetrasac-
charide1l. In contrast, the convergent approach was much les
efficient, 45% over three steps, primarily due he tvery low-
yielding last coupling step between disacchariead10.

With the key tetrasaccharide intermedialewe endeavored to
carry out its deprotection steps to obtain theetd\NT tetrasac-
charidel. Deprotection of the phthalimido and the esterugso
was performed in the presence of MNHi,-H,O in refluxing

MeOH. Subsequent N-acetylation with acetic anhydhidMeOH

furnished tetrasaccharide intermedid in 92% vyield. Subse-
quently, benzyl ethers were hydrogenated the pcesef 10%

Pd/C in wet ethanol to afford the target trisacidead in 81%

yield.

Scheme 3. Thelinear synthesis of tetrasaccharide 11 and
its deprotection to obtain LNT 1.
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In summary, the total synthesis of lacto-N-tetrabss been
completed using both linear and convergent syrdteggproaches.
The linear approach was significantly more effeziiv this appli-
cation. Along the way, we have developed new syitthgoto-
cols for different glycosidic linkages. Notably etldonor and ac-
ceptor protecting group and the leaving group coatdns were
found to be of paramount significance to succesgfytosyla-
tions. The protecting groups in precursors usedHtersynthesis

of the key building block8 were chosen to provide access to vari-

able glycosylation sites. In this application, 3H@ccepto3 was
achieved via the Fmoc group remofahut the same precursors
could also be used to achieve 6’-OH via the OProoig removal,
or provide access to 3',6'-diol for the synthesik bwanched
HMO. Further synthetic studies of HMO are underwayour
laboratory. We expect that new methods for obtginimdividual
HMO will boost practical applications of these im@mt biomol-
ecules.

Experimental

General methods. The reactions were performed using com-
mercial reagents and the ACS grade solvents werigouand
dried according to standard procedures. Columnnshtography
was performed on silica gel 60 (70-230 mesh) amph&gex G-25
size exclusion resin, reactions were monitored hZ ©n Kie-

selgel 60 b5, The compounds were detected by examination



under UV light and by charring with 10% sulfuricihin metha-
nol. Solvents were removed under reduced presgur@@°C.
CH,CI, was distilled from Cakldirectly prior to application. Mo-
lecular sieves (3A), used for reactions, were adsind activated
in vacuo at 390 °C during 8 h in the first instance andtfor 2-3

h at 390 °C directly prior to application. AgOTf svaco-
evaporated with toluene (3 x 10 mL) and driediacuo for 2-3 h
directly prior to application. Optical rotations meemeasured
using a Jasco polarimetéHd NMR spectra were recorded at 300
MHz or 600 MHz, and“C NMR spectra were recorded at 75
MHz or 151 MHz. The'H chemical shifts are referenced to the
signal of the residual TMS$( = 0.00 ppm) for solutions in CDg£I
or the signal of the residual,D (64 = 4.79 ppm) for solutions in
D,0. The'®C chemical shifts are referenced to the centraladig
of CDCl; (8¢ = 77.16 ppm) for solutions in CDgbr the central
signal of CRCOCD; 8¢ = 29.84 ppm) for solutions inJD. Accu-
rate mass spectrometry determinations were perfbromng
Agilent 6230 ESI TOF LCMS mass spectrometer.

Preparation of monosaccharidebuilding blocks

Ethyl 4,6-O-benzylidene-3-O-tert-butyldimethylsilyl-2-deoxy-
2-phthalimido-1-thio-p-D-glucopyranoside (7).  TBDMSCI
(0.37 g, 2.44 mmol) and imidazole (0.16 g, 2.44 Hmere add-
ed to a solution of ethyl 46-benzylidene-2-deoxy-2-
phthalimido-1-thiop-D-glucopyranosid® (6, 0.54 g, 1.22 mmol)
in DMF (7.0 mL) and the resulting mixture was heas 90°C
for 3 h. After that, the reaction mixture was cabte rt, diluted
with CH,Cl, (=250 mL) and washed with water (40 mL), sat. aqg.
NaHCG; (40 mL), and water (40 mL). The organic phase was
separated, dried over Mg$Oand concentrateth vacuo. The
residue was purified by column chromatography ditasigel
(ethyl acetate - hexane gradient elution) to afftive title com-
pound as a white form in 97% yield (0.65 g, 1.18at)mAnalyti-
cal data for7: R = 0.60 (ethyl acetate/hexane, 3/7, vig]{> -
2.5 (€ 1.0, CHCL); 'H NMR (300 MHz, CDC)): 5, -0.28, -0.12 (2
s, 6H, 2 x Si€l3), 0.59 (s, 9H, $Bu), 1.19 (t, 3HJ = 7.4 Hz,
CH,CHjy), 2.69 (m, 2H, E,CHy), 3.59 (t, 1HJ, 5= 8.8 Hz, H-4),
3.71 (M, 1HJs56,= 10.0 Hz,Js 6= 4.4 Hz, H-5), 3.81 (dd, 1H,
Jsaep= 10.0 Hz, H-6a), 4.32 (dd, 1H, 3= 9.6 Hz, H-2), 4.39 (dd,
1H, H-6b), 4.67 (dd, 1HJ; 4= 8.8 Hz, H-3), 5.37 (d, 1H} ,=
10.7 Hz, H-1), 5.54 (s, 1HCHPh), 7.31-7.94 (m, 9H, aromatic)
ppm; *3C NMR (75 MHz, CDC)): §, -5.1, -4.0, 15.0, 17.8, 24.2,
25.5 (x3), 56.7, 68.8, 70.6, 70.7, 81.9, 82.8, 10223.3, 123.8,
126.5 (x2), 128.3 (x2), 129.2, 131.7, 131.9, 1343}.4, 137.2,
167.7, 168.4 ppm; ESI TOF LCMS [M+Na]calcd for
C,9H3/NNaQ;SSi 578.2009, found 578.1997.

Ethyl 4-O-benzyl-2-deoxy-2-phthalimido-3-O-tert-
butyldimethylsilyl-1-thio-p-D-glucopyranoside (8). A 1 M
solution of BH; in THF (43 mL, 43 mmol) was added to a solu-
tion of 7 (4.80 g, 8.66 mmol) in C}€l, (45 mL). The resulting
solution was cooled to @, TMSOTf (0.78 mL, 4.33 mmol) was
added, and the resulting mixture was stirred fonvehile the reac-
tion temperature was allowed to gradually incretset. After
that, the reaction was quenched withNE{~2 mL) and MeOH
(~5 mL), and the volatiles were removadvacuo. The residue
was diluted with CHCI, (~500 mL), washed with sat. ag. Na-
HCO; (50 mL) and water (2 x 50 mL). The organic phess
separated, dried over Mg%0and concentrateth vacuo. The
residue was purified by column chromatography ditasigel
(ethyl acetate - hexane gradient elution) to afftrel titte com-
pound as a clear syrup in 82% yield (3.80 g, 7.08oih Analyti-
cal data for8: R = 0.80 (ethyl acetate/hexane, 2/3, vig]>
+27.4 € 1.0, CHCL); *H NMR (300 MHz, CDC}): §, -0.38, 0.00
(2 s, 6H, 2 x Si€ly), 0.76 (s, 9H, $Bu), 1.20 (t, 3H,] = 7.4 Hz,
CH,CHy), 2.21 (m, 1H, OH), 2.68 (m, 2HCH,CHjy), 3.52-3.67
(m, 2H, H-4, 5), 3.73 (m, 1H, H-6a), 3.94 (m, 1H6H), 4.27
(dd, 1H,J; 5= 10.6 Hz, H-2), 4.56 (dd, 1Hjz 4= 8.0 Hz, H-3),

4.80 (dd, 2H2) = 11.7 Hz, E&,Ph), 5.40 (d, 1HJ; ,= 10.6 Hz,

H-1), 7.27-7.95 (m, 9H, aromatic) pprtC NMR (75 MHz,

CDCL): 5, -4.6, -4.0, 15.0, 17.7, 24.3, 25.7 (x3), 56.80623.3,

74.7,79.7 (x2), 81.2, 123.3, 123.7, 127.3 (x2).62128.4 (x2),
131.7, 132.1, 134.3 (x2), 138.1, 167.6, 168.8 pf8] TOF

LCMS [M+Na]" calcd for GgHzgNNaQsSSi 580.2165, found
580.2163.

Ethyl 4,6-di-O-benzyl-2-deoxy-2-phthalimido-3-O-tert-
butyldimethylsilyl-1-thio-B-D-glucopyranoside (9). NaH (0.51
g, 0.021 mmol) was added portionwise to a coolgd {€) solu-
tion of 8 (3.80 g, 7.06 mmol) in DMF (30 mL) and the resgti
mixture was stirred under argon at -ZD until gas evolution has
ceased. After that, BnBr (1.06 mL, 9.18 mmol) wdded and the
resulting mixture was stirred for 6 h at -45. The reaction mix-
ture was cooled to -48C and glacial acetic acid (~2 mL) was
added dropwise. The resulting mixture was allonedttain rt,
then diluted with EtOAc (~500 mL) and washed withter (50
mL), sat. ag. NaHC®(50 mL) and water (2 x 50 mL). The or-
ganic phase was separated, dried over Mg®a6d concentrated
in vacuo. The residue was purified by column chromatogragiy
silica gel (ethyl acetate - hexane gradient el)timnafford the
titte compound as a colorless syrup in 77% vyield®%3g, 5.42
mmol). Analytical data foB: Ry = 0.80 (ethyl acetate/hexane,3/7,
vIV); [0]p2% +39.3 € 1.0, CHCY); *H NMR (300 MHz, CDG)): 5,
-0.36, 0.00 (2 s, 6H, 2 x SiG), 0.79 (s, 9H, $Bu), 1.26 (t, 3H)
= 7.4 Hz, CHCHy), 2.73 (m, 2H, €,CHy), 3.63-3.71 (m, 2H, H-
4,5), 3.77-3.86 (br d, 2H, H-64a, 6b), 4.35 (dd, 4= 10.0 Hz,
H-2), 4.58 (dd, 1HJ;,= 7.6 Hz, H-3), 4.64 (d, 2H)) = 9.6 Hz,
CH,Ph), 4.79 (dd, 2H2J = 12.0 Hz, Ei,Ph), 5.38 (d, 1HJ;,=
10.5 Hz, H-1), 7.21-7.99 (m, 14H, aromatic) ppi¢ NMR (75
MHz, CDCL): 5, -4.6, -4.1, 15.1, 17.7, 23.9, 25.8 (x3), 56.8069
73.4,73.5, 74.6, 79.5, 80.0, 80.8, 123.2, 1237,11(x2), 127.4,
127.6, 127.8 (x2), 128.4 (x4), 131.8, 132.2, 134.32), 138.3,
138.4, 167.7, 168.8 ppm; ESI TOF LCMS [M+Rajalcd for
C36H4sNNaO;SSi 670.2635, found 670.2633.

Ethyl  4,6-di-O-benzyl-2-deoxy-2-phthalimido-1-thio-g-D-
glucopyranoside (5). BF;-Et,0O (1.05 mL, 8.29 mmol) was added
to a solution o® (5.07 g, 7.54 mmol) in dry GJ&N (90 mL) and
the resulting mixture was stirred under argon fémain at 0°C.
After that, the reaction was quenched with sat. N@HCG; (5
mL), and the volatiles were removéu vacuo. The residue was
diluted with CHCI, (~500 mL)and washed with brine (2 x 50
mL). The organic phase was separated, dried ove8Qgand
concentratedn vacuo. The residue was purified by column chro-
matography on silica gel (ethyl acetate - hexaraelignt elution)
to afford the title compound as a white amorpharl&lsn 87%
yield (3.49 g, 6.54 mmol). Analytical data f6r R, = 0.30 (ethyl
acetate/hexane, 3/7, vivia]p? +7.3 € 1.0, CHC}); 'H NMR
(300 MHz, CDC}): 3, 1.20 (t, 3HJ = 7.4 Hz, CHCHy). 2.36 (d,
1H,J = 4.5 Hz, OH), 2.67 (m, 2H,K;CHj), 3.58-3.69 (m, 2H,
H-4, 5), 3.75-3.85 (m, 2H, H-6a, 6b), 4.24 (dd, Jj4=10.4 Hz,
H-2), 4.48 (m, 1H, H-3), 4.63 (dd, 2Pl = 12.1 Hz,CH,Ph), 4.70
(m, 2H,23 = 11.5 Hz,CH,Ph), 5.29 (d, 1HJ,, = 10.4 Hz, H-1),
7.15-7.90 (m, 14H, aromatic) ppiC NMR (75 MHz, CDCJ):
3,15.1, 24.1, 55.7, 69.0, 72.8, 73.6, 74.8, 793,(81.2, 123.4,
123.8, 127.8, 127.9 (x2), 128.0 (x2), 128.1, 12&3), 128.7
(x2), 131.7, 131.8, 134.2 (x2), 138.2 (x2), 16888.3 ppm; ESI
TOF LCMS [M+NaJ calcd for GgHz:NNaQ;S 556.1770, found
556.1767.

Ethyl 4,6-di-O-benzyl-2-deoxy-3-O-
fluorenylmethoxycar bonyl-2-phthalimido-1-thio-g-D-
glucopyranoside (12). FmocCl (3.88 g, 15.04 mmol) was added
to a solution o6 (2.08 g, 3.90 mmol) in C}I, (50 mL)and pyr-
idine (1.72 mL) and the resulting mixture was stirunder argon
for 2 h at rt. After that, the reaction mixture waguted with
CH,CI, (~500 mL) and washed with 1 M ag. HCI (50 mL) and



water (2 x 50 mL). The organic phase was separalgel] over
MgSQ,, and concentrateih vacuo. The residue was purified by
column chromatography on silica gel (ethyl acetdtexane gra-
dient elution) to afford the title compound as aitelamorphous
solid in 92% vyield (2.70 g, 3.58 mmol). Analyticdta forl2: R

= 0.40 (ethyl acetate/hexane2/3, vivig]d®® +55.2 € 1.0,
CHCy); '"H NMR (300 MHz, CDCJ): 3, 1.22 (t, 3H,J = 7.4 Hz,
CH,CH,), 2.70 (m, 2H, ®,CHjy), 3.73-3.86 (m, 4H, H-5, 643, 6b,
OCOCHCH), 3.91-4.16 (m, 3H, H-4, OCQgCH), 4.47 (dd,
1H, J, 3= 10.5 Hz, H-2), 4.62 (dd, 28 = 12.1 Hz, Gi,Ph), 4.64
(dd, 2H,%3 = 11.2 Hz, ®1,Ph), 5.46 (d, 1HJ; , = 10.5 Hz, H-1),
5.75 (dd, 1HJ;,= 8.9 Hz, H-3), 7.07-7.88 (m, 26H, aromatic)
ppm; *C NMR (75 MHz, CDCJ): 8, 15.1, 24.2, 46.5, 54.1, 68.8,
70.3, 73.6, 75.0, 76.6, 78.5, 79.2, 81.0, 120.0,(%23.7, 123.8,
125.1, 125.3, 127.3 (x2), 127.8 (x4), 127.9 (x48.4 (x2),
128.5 (x2), 131.3, 131.8, 134.1, 134.4, 137.8,2,3B41.1, 141.2,
143.0, 143.3, 154.8, 167.5, 168.0 ppm; ESI TOF LJMS$Na]"
calcd for GsHs1NNaGQsS 778.2451, found 778.2451.

Di-O-butyl 4,6-di-O-benzyl-2-deoxy-3-O-
fluor enylmethoxycar bonyl-2-phthalimido-B-D-glucopyranosyl
phosphate (13). A mixture containinghioglycoside12 (0.50 g,
0.66 mmol), dibutyl hydrogen phosphate (0.39 mi991mmol),
and molecular sieves (3 A, 1.0 g) in &, (10 mL) was stirred
under argon for 1h. The mixture was cooled to ON(S (0.29 g,
1.32 mmol) and TfOH (1QL, 0.13 mmol) were added, and the
resulting mixture was stirred under argon for 2@ i 0 °C. Af-
ter that, the solids were filtered off and washedcessively with
CH,Cl,. The combined filtrate (~100 mL) was washed wi@9al
aq. NaS,0; (15 mL), sat. ag. NaHCO3 (15 mL), and water (2 x
15 mL). The organic phase was separated, dried g&Q,, and
concentratedn vacuo. The residue was purified by column chro-
matography on silica gel (acetone - toluene gradéution) to
afford the title compound as a white form in 94%Igi(0.56 g,
0.62 mmol). Analytical data forl3: Re = 0.45 (ethyl ace-
tate/hexane,1/4, viv)o 52 +43.0 € 1.0, CHCE); *H NMR (300
MHz, CDCk): 8, 0.71, 0.85 (2 t, 6H, 2 x O(GHCHs), 1.07 (m,
2H, O(CH,),CH,CHj), 1.22-1.37 (m, 4H, OC}€H,CH,CHy),
1.48-1.60 (m, 2H, OCKCH,CH,CHz), 3.67-4.17 (m, 11H, 2 x
OCH,CH,CH,CHs;, H-4, 5, 6a, 6b, OCOE,CH, OCOCHCH),
4.49 (dd, 1H,J,5 = 10.6 Hz, H-2), 4.60 (dd, 2H) = 11.9 Hz,
CH,Ph), 4.64 (dd, 2HJ =11.2 Hz, ®i,Ph), 5.80 (dd, 1HJ;, =
8.9 Hz, H-3), 6.02 (d, 1H),, = 8.3, H-1), 6.97-7.86 (m, 22H,
aromatic) ppm3C NMR (75 MHz, CDCJ): 8, 13.5, 13.6, 18.4,
18.6, 31.9 (dJ = 7.0 Hz), 32.0 (d) = 7.2 Hz), 46.4, 55.3 (d, =
8.9 Hz). 67.9 (dJ 6.1 Hz), 68.1 (d) = 6.0 Hz), 70.3, 73.6, 74.9,
75.2, 76.0, 76.8, 77.3, 93.9 @,= 4.6 Hz), 120.0 (x2), 123.6,
125.0, 125.2, 125.4, 127.2 (x2), 127.7 (x3), 12(k8), 127.9
(x3), 128.3, 128.4 (x3), 128.5 (x3), 129.1, 134.37.6, 137.9,
141.1, 141.2, 143.0, 143.2, 154.6 ppm; ESI TOF LJMS$Na]"
calcd for G;HssNNaO,,P 926.3281, found 926.3285.

Synthesis of oligosaccharides

Ethyl O-(2-O-benzoyl-3,4,6-tri-O-benzyl-p-D-
galactopyranosyl)-(1->3)-4,6-di-O-benzyl-2-deoxy-2-
phthalimido-1-thio-g-D-glucopyranoside (2). A mixture of
benzoxazolyl 29-benzoyl-3,4,6-tri©-benzyl-1-thiof-D-
galactopyranosidé®° (4, 0.20 g, 0.29 mmol), acceptbr(0.12 g,
0.22 mmol), and freshly activated molecular sief@, 600 mg)
in CH,Cl, (7 mL) was stirred under argon for 2 h. The reacti
mixture was cooled to -36C, and freshly conditioned AgOTf
(0.15 g, 0.58 mmol) was added. The resulting m&tuas stirred
for 15 min while the temperature was allowed toé@ase gradual-
ly. The reaction mixture was then diluted with £&Hp, the solids
were filtered off, and rinsed successively with CH. The com-
bined filtrate (~50 mL) was washed with sat. aqgHS®; (10
mL) and water (2 x 10 mL) The organic phase wassgpd,
dried over MgS@ and concentrateth vacuo. The residue was

purified by column chromatography on silica geletane - tolu-
ene gradient elution) to afford the title compowsda white foam
in 99% yield (0.23 g, 0.22 mmol). Analytical data 2: R = 0.55
(acetoneftoluene, 1/9 viv)a[p® +34.1 € 1.0, CHCY); 'H NMR
(300 MHz, CDCY): 8, 1.09 (t, 3H, = 7.4 Hz, CHCHj). 2.56 (m,
2H, CH,CHg), 3.30-3.51 (m, 4H, H‘35, 64, 6b), 3.57-3.72 (m,
2H, H-4, 5), 3.77 (br d, 2H = 2.1 Hz, H-6a, 6b), 3.94 (br d, 1H,
Ja s = 2.5 Hz, H-4), 4.26 (dd, 2H2) = 11.6 Hz, G,Ph), 4.29 (d,
1H,J = 12.0 Hz, @&Ph), 4.30 (dd, 1HJ,3 = 10.3, H-2), 4.44 (d,
1H, Jy > = 7.9 Hz, H-1), 4.454.64 (m, 5H, 5 x [@Ph), 4.83 (dd,
1H, J34= 8.0 Hz, H-3), 4.91 (d, 1H = 11.3 Hz, ®iPh), 5.06 (d,
1H, J; = 10.4 Hz, H-1), 5.09 (d, 1Hl = 10.5 Hz, ®GiPh), 5.52
(dd, 1H,J, 3 = 9.9 Hz, H-2), 6.92-7.78 (m, 34H, aromatic) ppm;
3C NMR (75 MHz, CDC)): §, 14.9, 23.7, 54.8, 67.8, 69.2, 71.7,
72.5, 72.8, 73.3, 73.4, 73.5, 74.8, 75.0, 77.48,779.5, 80.3,
81.0, 100.7, 127.2, 127.5 (x3), 127.6 (x2), 12¥4,(128.0 (x3),
128.1 (x6), 128.2 (x3), 128.3 (x3), 128.4 (x3), B2(<3), 130.0
(x2), 130.3, 131.5, 132.8, 134.0, 137.5, 138.0,3,3B38.7 (x2),
165.4 ppm; ESI TOF LCMS [M+N4&]calcd for GsHgsNNaO,S
1092.3969, found 1092.3981.

Di-O-butyl O-(2-O-benzoyl-3,4,6-tri-O-benzyl-g-D-
galactopyranosyl)-(1->3)-4,6-di-O-benzyl-2-deoxy-2-
phthalimido-p-D-glucopyranosyl phosphate (10). A mixture of
compound2 (0.236 g, 0.234 mmol), dibutyl hydrogen phosphate
(0.14 mL, 0.802 mmol), and freshly activated molacsieves (3
A, 0.5 g) in CHCI, (5.0 mL) was stirred under argon for 1 h at rt.
The mixture was cooled to 0 °C, NIS (0.104 g, 0.4@80l) and
TfOH (4.15uL, 0.047 mmol) were added, and the resulting mix-
ture was stirred for 20 min at . After that, the solids were
filtered off and rinsed successively with @, The combined
filtrate (~100 mL) was washed with 10% aq.,8#; (15 mL)
and sat. ag. NaHGQ15 mL), and water (2 x 15 mL). The organic
phase was separated, dried over MgSd concentrateiah vac-
uo. The residue was purified by column chromatographgilica
gel (acetone - toluene gradient elution) to afftd title com-
pound as an oily syrup in 94% vyield (0.267 g, 0.2d90l). Ana-
lytical data for10: R = 0.35 (acetone/toluene,1/9, vivi]p=
+26.2 € 1.0, CHC}); 'H NMR (300 MHz, CDC)): 5, 0.67 (t, 3H,

J = 7.2 Hz, O(CH);CHjy), 0.81 (t, 3HJ = 7.3 Hz, O(CH)3CH3),
0.90-1.06 (m, 2H, O(CH,CH,CHz), 1.11-1.31 (m, 4H,
O(CH,),CH,CH;, OCH,CH,CH,CH), 1.38-1.53 (m, 2H,
OCH,CH,CH,CHj), 3.31-3.96 (m, 13H, H:34, 4, 5, 5, 6a, 6b,
6d, 68, 2 x OCOQ®,(CH),CHy), 4.20 (d, 1H,2J = 11.7 Hz,
CHPh), 4.24-4.32 (m, 3H, H-2, 2 xHPh), 4.43-4.54 (m, 5H, H-
1, 4 x GHPh), 4.59 (d, 1H2J = 12.0 Hz, @&Ph), 4.91 (m, 2H, H-
3, CHPh), 5.09 (d, 1H2J = 10.5 Hz, GIPh), 5.51 (dd, 1HJ, 3 =
8.8 Hz, H-2), 5.69 (dd, 1HJ; ,= 7.4 Hz, H-1) 6.94-7.74 (m, 36H,
aromatic) ppm*3C NMR (75 MHz, CDCJ): §, 13.5, 13.6, 18.3,
18.6, 31.8 (dJ = 7.1 Hz). 32.0 (dJ = 7.2 Hz), 56.1, 56.2, 67.6,
67.8 (d,J = 4.5 Hz), 68.0 (dJ = 6.4 Hz), 68.6, 71.7, 72.5, 72.8,
73.3, 73.5 (x2), 74.8, 74.9, 75.6, 76.2, 80.2, 44,1 = 4.6 Hz),
100.8, 123.5, 127.3, 127.5 (x2), 127.6 (x3), 12727.8 (x3),
128.0 (x7), 128.1 (x4), 128.2 (x4), 128.3 (x2), ¥26<2), 128.5
(x2), 130.0, 130.2, 131.5, 132.7, 134.0, 137.5,.0,3838.1,
138.6, 138.7, 165.3 ppm; ESI TOF LCMS [M+Rajalcd for
CroH76NNaO, 6P 1240.4799, found 1240.4829.

Benzyl O-(4,6-di-O-benzyl-2-deoxy-3-O-
fluor enylmethoxycar bonyl-2-phthalimido-p-D-
glucopyr anosyl)-(1->3)-0-(2-O-benzoyl-4-O-benzyl-6-O-
picoloyl-p-D-galactopyranaosyl)-(1->4)-2,3,6-tri-O-benzyl-g-D-
glucopyranoside (14). A mixture of donor13 (0.14 g, 0.15
mmol), acceptoB®® (0.12 g, 0.12 mmol) (reference from LNnT
paper), and freshly activated molecular sieves @80 mg) in
CH,ClI, (7.0 mL) was stirred under argon for 2 h. The om&twas
cooled to -30°C, TMSOTf (56uL, 0.31 mmol) was added, and
the resulting mixture was stirred for 15 min whte temperature



was allowed to increase gradually. The reactiontunéxwas then
diluted with CHCI,, the solids were filtered off and rinsed suc-
cessively with CHCl,. The combined filtrate (~50 mL) was
washed with sat. aq. NaHGQ@LO mL) and water (2 x 10 mL) The
organic phase was separated, dried over Mg8@ concentrated
in vacuo. The residue was purified by column chromatograpiy
silica gel (acetone - toluene gradient elution)afford the title
compound as a white foam in 86% vyield (0.17 g, Oriol).
Analytical data forl4: R; = 0.45 (acetone/toluene, 1/4 vivi]p>
+11.3 € 1.0, CHC}); *H NMR (600 MHz, CDC}): 8, 2.91 (ddd,
1H,J = 1.8, 3.0, 9.9 Hz, H-5), 3.27 (dd, 18~ 9.5 Hz, H-6a),
3.33 (dd, 1H,J,3 = 8.4 Hz, H-2), 3.38-3.42 (m, 2H, H-3, 6b),
3.69-3.75 (m, 3H, H-35, OCOCHCH), 3.79-3.85 (m, 4H, H-4,
5", 6d’, 61"), 3.87-3.93 (m, 2H, H‘4 OCO,CH), 4.02 (dd,
1H,J=10.5, 7.2 Hz, OCORB,CH), 4.11 (br d, 1H) = 2.4 Hz, H-
4), 4.18-4.24 (m, 2H, H-6aCHPh), 4.27 (d, 1H); ,= 7.7 Hz, H-
1), 4.34-4.40 (m, 2H, H‘2 6b), 4.42-4.49 (m, 3H); » = 8.1 Hz,
H-1, 2 x CHPh), 4.5-4.69 (m, 7H, 7 x1Ph), 4.80 (d, 1HX =
12.0 Hz, G1Ph), 4.81 (d, 1H3 = 12.0 Hz, ®&Ph), 4.92 (d, 1HJ

= 10.4 Hz, ®GPh), 5.12 (d, 1H% = 11.5 Hz, GPh), 5.36 (dd,
1H, Jy 5 = 10.1 HzH-2)), 5.44 (d, 1HJ;.» = 8.3 Hz, H-1), 5.66
(dd, 1H,J = 8.9, 10.7 Hz, H-3, 6.8%:8.73 (m, 56H, aromatic)
ppm; **C NMR (151 MHz, cdd)): 6, 46.4, 55.2, 63.8, 67.6, 68.9,
70.3, 71.0, 71.9, 72.0, 73.5 (x2), 73.6 (x2), 7347, 75.0 (x2),
75.2, 75.6, 76.2, 76.6, 80.6, 81.7, 82.6, 99.4,4,0002.6, 120.0,
125.0, 125.3, 125.5, 126.9, 127.2 (x2), 127.3, @2¥2), 127.7
(x3), 127.8 (x3), 127.9 (x5), 128.0, 128.1 (x9)8B2(x6), 128.4
(x3), 128.5 (x3), 128.6 (x9), 128.7 (x3), 129.49R 132.9,
137.0, 137.6 (x2), 137.9, 138.3, 138.7 (x2), 13941.1, 141.2,
142.9, 143.3, 147.8, 150.0, 154.6, 164.5, 164.5;pp881 TOF
LCMS [M+NaJ]" calcd for GodHgsN,NaO,; 1718.6280, found
1718.6222.

Benzyl O-(4,6-di-O-benzyl-2-deoxy-2-phthalimido-p-D-
glucopyr anosyl)-(1->3)-O-(2-O-benzoyl-4-O-benzyl-6-O-
picoloyl-g-D-galactopyr anosyl)-(1->4)-2,3,6-tri-O-benzyl-B-D-
glucopyranoside (15). Compound14 (135 mg, 0.0796 mmol)
was dissolved in a mixture of §&t in CH,Cl, (5.0 mL, 3/7, v/v)
and the resulting solution was stirred for 2 htatAfter that, the
reaction mixture was concentratedvacuo, and the residue was
purified by column chromatography on silica geletane - tolu-
ene gradient elution) to afford the title compowsda white foam
in 89% yield (104.8 mg, 0.0711 mmol). Analyticataldor 15: R
= 0.55 (acetone/toluene, 1/4 vivix]p* -11.6 € 1.0, CHCY); *H
NMR (600 MHz, CDC}): 3, 2.45 (d, 1HJ = 4.6 Hz, OH), 2.94
(ddd, 1H,J = 8.9 Hz, H-5), 3.29 (dd, 1H,= 10.3 Hz, H-6a), 3.34
(dd, 1H,J,3=9.0 Hz, H-2), 3.39-3.44 (m, 2H, H-3, 6b), 3.6itl(
1H,Jg 4 = 9.1 Hz,Jp 5 = 9.1 Hz, H-4), 3.67-3.76 (m, 3H, H-3
5", 6d'), 3.78-3.88 (m, 3H, H-4,'56L"), 4.11 (br s, 1H, H4,
4.13-4.26 (m, 3H, H-2 6d, CHPh), 4.29 (d, 1HJ; = 7.7 Hz, H-
1), 4.36 (dd, 1HJ = 6.1, 11.0 Hz, H-6, 4.44-4.52 (m, 4H); »
=8.0 Hz,H-1', 3", 2 x (HPh), 4.55-4.70 (m, 6H, 6 xHPh), 4.74
(d, 1H,23 = 11.4 Hz, E&IPh), 4.82 (d, 2HJ = 12.0 Hz, GIPh x 2
), 4.94 (d, 1H2J = 10.4 Hz, ®&Ph), 5.14 (d, 1H2 = 11.5 Hz,
CHPh), 5.22 (d, 1HJ,. > = 8.3 Hz, H-1), 5.34-5.39 (dd, 1Hl, 3
= 9.9 Hz, H-2, 7.00-8.75 (m, 48H, aromatic) ppriiC NMR
(151 MHz, CDC}): 3, 56.8, 63.9, 67.5, 69.1, 71.0 (x2), 72.0 (x2),
73.4,73.6 (x2), 74.3, 74.9 (x3), 75.1, 75.6, 764.2, 80.3, 81.6,
82.6, 99.7, 100.3, 102.5, 125.4, 126.9, 127.2,5,2127.7 (x3),
127.8 (x3), 127.9, 128.0 (x8), 128.1 (x4), 128.2)(128.3 (x6),
128.4 (x3), 128.5 (x3), 128.6 (x6), 128.7 (x3), 429129.6,
132.9, 133.6, 137.0, 137.5, 137.9, 138.1, 138.8.6,3138.8,
139.0, 147.7, 149.9, 164.4 (x2) ppm; ESI TOF LCM&+H]*
calcd for GgHgsN,Oq9 1473.5747, found 1473.5757.

Benzyl O-(2-O-benzoyl-3,4,6-tri-O-benzyl-p-D-
galactopyranosyl)-(1->3)-0-(4,6-di-O-benzyl-2-deoxy-2-
phthlimido-B-D-glucopyr anosyl)-(1->3)-O-(2-O-benzoyl-4-O-

benzyl-6-O-picoloyl-B-D-galactopyranosyl)-(1->4)-2,3,6-tri-O-
benzyl-g-D-glucopyranoside (11). Convergent method. A mix-
ture of donorl0 (80.0 mg, 0.065 mmol), accept8r(49.8 mg,
0.050 mmol¥® and freshly activated molecular sieves (3A, 400
mg) in CHCl, (7.0 mL) was stirred under argon for 2 h. The mix-
ture was cooled to -68C, TMSOTf (24puL, 0.131 mmol) was
added, and the resulting mixture was stirred fon80 while the
temperature was allowed to increase gradually.r€aetion mix-
ture was then diluted with GBl,, the solids were filtered off and
rinsed successively with GBI,. The combined filtrate (~50 mL)
was washed with sat. ag. NaHEQ@0 mL) and water (2 x 10 mL)
The organic phase was separated, dried over M(g8@ concen-
tratedin vacuo. The residue was purified by column chromatog-
raphy on silica gel (acetone - toluene gradienti@i) to afford
the title compound as an off-white amorphous swli§1% yield
(66.6 mg, 0.033 mmol)Linear method. A mixture of benzoxa-
zolyl 2-O-benzoyl-3,4,6-tri©-benzyl-1-thiop-D-
galactopyranosidé®’ (4, 13.3 mg, 0.0194 mmol), acceptd (22
mg, 0.0149 mmol), and freshly activated molecuiaves (3A,
100 mg) in CHCI, (2.0 mL) was stirred under argon for 2 h. The
reaction mixture was cooled to -30, freshly conditioned AgOTf
(10.0 mg, 0.0387 mmol) was added, and the resuttiix¢ure was
stirred for 15 min while the temperature was alldvie increase
gradually. The reaction mixture was then dilute¢thv@H,Cl,, the
solids were filtered off and was rinsed succesgivath CH,Cl,.
The combined filtrate (~30 mL) was washed with sa. Na-
HCO; (7 mL) and water (2 x 7 mL) The organic phase s&za-
rated, dried over MgSQand concentrategh vacuo. The residue
was purified by column chromatography on silica @aletone -
toluene gradient elution) to afford the title corapd as a white
foam in 89% yield (26.7 mg, 0.0132 mmol). Analyticata for
11: R = 0.45 (acetoneftoluene, 1/4, vivia]f?? +2.5 € 1.0,
CHCly); *H NMR (600 MHz, CDC)): 8, 2.85 (ddd, 1H,) = 9.6
Hz, H-5), 3.19 (dd, 1H] = 10.2 Hz, H-6a), 3.25-3.37 (m, 6H, H-
2,3,3",6d", 6b, 60", 3.43 (m, 1H, H5""), 3.583.66 (m, 3H, H-
3, 4, 5), 3.70 (m, 1H, H-8), 3.84-3.75 (m, 3H, H-4, 6a6h’),
3.88 (brd, 1 H) = 1.9 Hz, H-4'), 3.98 (s, 1H, H-3, 4.14-4.30
(m, 9H, H-1, 1", 2", 64, 6, 4 x CHPh), 4.33 (d, 1HJ,» = 8.0
Hz, H-1), 4.41-4.60 (m, 9H, 9 x I8Ph), 4.66 (d, 1H2J = 11.0
Hz, CHPh), 4.78-4.82 (m, 3H, H32 x CHPh), 4.89 (d, 2H =
11.0 Hz, 2 x @Ph), 4.95 (d, 1H2J = 11.7 Hz, E&Ph), 5.00 (d,
1H, Jy» = 8.3 Hz, H-1), 5.06 (d, 1H2J = 10.4 Hz, &IPh), 5.17
(dd, 1H,J, 3 = 9.8 Hz, H-2, 5.45 (dd,1H, J » 3 = 8.9 Hz, H-
2", 6.75-8.69 (m, 68H, aromatic) ppiC NMR (151 MHz,
CDCly): 8, 29.8, 31.1, 56.0, 63.8, 67.4, 67.8, 69.5, 71108,772.0
(x 2), 72.6, 73.2, 73.5 (x 2), 73.6, 74.4, 74.89745.0, 75.1,
75.2, 75.6, 75.8 (x 2), 76.1, 79.4, 80.2, 81.66829.3, 100.4,
100.5, 102.6, 122.7, 123.7, 125.4, 126.8, 127.3,4.2<2), 127.5
(x4), 127.6 (x2), 127.7, 127.8 (x7), 127.9, 12&B)( 128.1 (x7),
128.2 (x8), 128.3 (x4), 128.4 (x7), 128.5 (x6), B2¢<2), 128.8
(x2), 129.6, 129.8, 130.0, 130.2, 130.9, 131.3,.2,3233.0,
133.4, 134.6, 136.9, 137.5, 137.6, 138.0, 138.8.2,3138.5,
138.7, 138.8, 139.0, 147.8, 150.0, 164.3, 164.4.5,6166.3,
168.4 ppm; ESI TOF LCMS [M+Hgalcd for GoHi1/N,Oss
2010.7979, found 2010.7963.

Deprotection of tetrasaccharide 11

Benzyl O-(3,4,6-tri-O-benzyl-p-D-galactopyranosyl)-(1->3)-
0O-(3,6-di-O-benzyl-2-acetamido-2-deoxy-B-D-glucopyranosyl)-
(1>3)-0O-(4-O-benzyl-p-D-galactopyranosyl)-(1->4)-2,3,6-tri-
O-benzyl-g-D-glucopyranoside (16). Compoundl1l (59.0 mg,
0.029 mmol) was dissolved in MeOH (3.0 mL), MH,-H,O
(130 pL, 2.64 mmol) was added, and the resulting mixtwes
heated at 90C for 24 h. After that, the volatiles were removed
under reduced pressure, and the residue was idrieatuo for 3
h. The crude residue was dissolved in a mixturéAofO and
MeOH (2.0 mL, 1/1, v/v) and the resulting mixturasstirred for




12 h at rt. The volatiles were removed under redywessure, the
residue was diluted with Gigl, (50 mL), and washed with sat.
aq. NaHCQ (10 mL) and 1 M HCI (10 mL). The organic phase
was separated, dried over Mg&@nd concentrateieh vacuo. The
residue was purified by column chromatography ditasigel
(acetone - toluene gradient elution) to affordtitie compound as
an off-white amorphous solid in 92% yield (42.9 n@P26
mmol). Analytical data forl6: Ry = 0.50 (acetone/toluene, 3/7
vIV); [a]p2® +70.8 € 1.0, CHCL); *H NMR (600 MHz, CDC)): 5,
1.81 (s, 3H, E3C0O), 2.95-4.03 (m, 24H, H-2,,2", 2", 3, 3, 3",
3", 4,4,4", 4", 5,8,5", 5", 6a, 6§ 6d', 6", 6b, 6B, 60",60"),
4.23 (d, 1H2J = 11.8 Hz, GiPh), 4.30-4.58 (m, 10H, H-1,, 1",

7 x CHPh), 4.60-4.96 (m, 11H, 11 xHPh), 5.01-5.04 (m, 2H, H-
1", CHPh), 6.48 (d, 1HJ = 6.3 Hz, HCOCH), 7.12-7.37 (m,
50H, aromatic) ppm*C NMR (151 MHz, CDG)): §, 23.7, 58.4,
61.9, 68.2, 68.8, 69.4, 71.3, 71.6, 71.9, 72.18,723.5, 73.7 (x3),
73.8,74.3,74.7,74.8,74.9, 75.1 (x2), 75.2, 7B&46, 77.1, 81.9,
82.1, 83.0, 83.1, 83.7, 101.8, 102.9, 103.1, 10%4.4, 127.5,
127.6 (x3), 127.7 (x2), 127.8 (x3), 127.9 (x4), D26<7), 128.2
(x8), 128.3 (x6), 128.4 (x4), 128.5 (x6), 128.7)(xR8.8 (x2),
137.6, 138.0 (x2), 138.1, 138.2, 138.4, 138.6,7,3838.9, 139.0,
172.3 ppm; ESI TOF LCMS [M+N&alcd for GgHi0sNNaO»;
1631.7110, found 1631.7121.

O-(B-D-Galactopyr anosyl)-(1->3)-O-(2-acetamido-2-deoxy-
B-D-glucopyranosyl)-(1->3)-O-(B-D-gal actopyranosyl)-(1>4)-
D-glucopyranose (1, LNT). 10% Pd on carbon (125 mg) was
added to a solution of tetrasaccharide(40 mg, 0.025 mml) in
80% ag. EtOH (5.0 mL), and the resulting mixturesvedirred
under hydrogen atmosphere for 24 h at rt. Aftet,ttee solids
were filtered off and rinsed successively with naetbl and water.
The combined filtrate (~40 mL) was concentratedianuo. The
residue was purified by size exclusion column chatwgraphy on
Sephadex G-25 using water as the eluent to affeeditle com-
pound as a white amorphous solid in 81% yield (IMd 0.020
mmol). Analytical data for 1: R = 0.30 (chloro-
form/methanol/water, 2/1/0.4, vivivJdH NMR (600 MHz, BO):

3, 2.01 (s, 3H, E3CO), 3.24-3.51 (m, 2H), 3.49-3.96 (m, 33H),
4.14 (d, 1HJ = 3.3 Hz), 4.43 (d, 2H] = 7.8 Hz), 4.65 (d, 1H] =
8.0 Hz), 4.72 (dd, 1H) = 2.5, 8.4 Hz), 5.21 (d, 1H,= 3.8 Hz)
ppm; *C NMR (151 MHz, BO): §, 22.6, 55.0, 60.3, 60.4, 60.8,
61.3, 61.4, 68.7, 68.8, 68.9, 70.4, 70.5, 71.05,771.8, 72.8,
74.1, 74.7, 75.1, 75.2, 75.5, 75.6, 78.6, 78.73,882.4, 92.2,
96.0, 96.1, 102.9, 103.2, 103.3, 103.8, 175.3 ppgal TOF
LCMS [M+Na]'calcd for GgHssNNaO,; 730.2382, found
730.2361.
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The total synthesis of lacto-N-tetraose has been completed using both linear and convergent
synthesis approaches;

The linear approach was proven to be more efficient in this application;
New synthetic protocols for different glycosidic linkages have been developed and refined;

New methods for obtaining individual HMO help to improve understanding their roles and boost
practical applications
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