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Abstract: Presented herein is a study of the conformation
and reactivity of highly reactive thioglycoside donors. The
structural studies have been conducted using NMR spec-
troscopy and computational methods. The reactivity of
these donors has been investigated in bromine-promoted
glycosylations of aliphatic and sugar alcohols. Swift reac-
tion times, high yields, and respectable 1,2-cis stereoselec-
tivity were observed in a majority of these glycosylations.

-

While understanding the structure and functions of carbohy-
drates is difficult/V it is glycosylation, which is flawlessly exe-
cuted by enzymes,”” that has proven to be a particularly chal-
lenging reaction to chemists. With the aid of modern methods,
strategies, and technologies, the formation of many glycosidic
bonds can now be achieved.” The development of glycosyla-
tion reactions that will offer new capabilities for obtaining
complex glycans with exclusive stereoselectivity and enhanced
purity remains an important area of research in the field of
synthetic chemistry. The goal of controlling glycosylation has
been pursued in many ways, with the main focus recently
shifting to studying stereoelectronics and conformation of the
starting material and key reaction intermediates. Although
some model studies have helped to establish general trends,
practical application of the stereoelectronic and conformation-
al factors to stereocontrol of glycosylations is still limited.
Fraser-Reid’s seminal work on the armed-disarmed approach
showed that the building block reactivity can be modulated
through the choice of protecting groups.” In recent years, the
scope of the original armed-disarmed concept has been ex-
panded, and a number of reactivity levels that extend beyond
the traditional armed-disarmed boundary have been estab-
lished.” Following other early work in the area,”’ our group re-
ported that 2-O-benzyl-3,4,6-tri-O-benzoyl protected donors
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are less reactive (superdisarmed) than their disarmed per-Bz
counterparts.”! This unexpected protecting group effect was
explained by the existence of the O-2/0-5 cooperative effect
that takes into consideration the stabilization of reaction inter-
mediates, rather than only the electronics of the starting mate-
rial. While studying the activation of superdisarmed thioglyco-
sides with Br,, we developed conditions at which the -bro-
mide was the only intermediate leading to products
(Scheme 1A).®' The oxacarbenium ion either did not form or

A. Superdisarmed B-SEt donor: complete selectivity, poor yields
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B. Superdisarmed a-SEt donor: complete selectivity, improved yields
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Scheme 1. Previous glycosidations of thioglycosides with Br,.

had no contribution to the formation of glycosides. As a result,
the nucleophilic displacement of the -bromide intermediate
took place in the concerted fashion leading to exclusive a-ste-
reoselectivity of all glycosylations. Since the a-bromide re-
mained totally unreactive in this reaction, a-thioglycoside pre-
cursor was found to be a more suitable precursor to generate
the desired [-bromide intermediate stereoselectively
(Scheme 1B). This strategic adjustment led to improved yields,
however, unreactive glycosyl acceptors still produced only
moderate yields.

To enhance the reaction rates and achieve more practical
yields, we also investigated per-benzylated armed thioglyco-
sides (Scheme 1C). Although those reactive donors could
indeed be glycosylated quite rapidly in the presence of Br,
providing good yields, a decreased stereoselectivity was en-
countered.” These reactions proceeded via the intermediacy
of the a-bromide that was sufficiently reactive in the armed
series to couple with an acceptor. Low temperature NMR ex-
periments"” showed that the B-bromide was also present at
the early stage of the reaction. However, it was thought to be
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an insignificant intermediate en route to the product forma-
tion due to its rapid anomerization into the a-counterpart.

Described herein is our dedicated effort to extend the bro-
mine-promoted glycosylation reaction to the investigation of
glycosyl donors of the superarmed series. There are two
known concepts for superarming glycosyl donors. The first
concept, wherein the enhancement of reactivity was achieved
by changing the equatorial-rich *C, conformation to an axial-
rich skew-boat conformation by creating steric congestion
with tert-butyldimethylsilyl (TBS) protecting groups at the C-2,
-3 and -4, was introduced by Bols and co-workers."! The
second concept introduced by our group involves the elec-
tronic superarming using conventions of the 0-2/0-5 coopera-
tive effect. According to this effect, intermediates obtained
from the 2-O-benzoyl-3,4,6-tri-O-benzyl-protected glycosyl
donors are stabilized both anchimerically by the ester substitu-
ent at O-2 and electronically by the O-5 that is surrounded by
electron-rich ethers."? Bols’ and our groups have also jointly
developed glycosyl donors with combined conformational and
anchimeric superarming."? However, none of the superarmed
donors developed to date can be applied to the stereoselec-
tive synthesis of 1,2-cis glycosides. The development of highly
reactive (superarmed) a-stereoselective glycosyl donors would
be very useful for all investigators working on synthesizing 1,2-
cis-linked glycans in solution and solid supports.™

With a goal of investigating superarmed glycosyl donors in
application to 1,2-cis glycosylation, we began studying confor-
mational properties of a series of B-ethylthio glycosides 3-1-3,
prepared from a common diol precursor $-1."3* 'H NMR spec-
trum was recorded at rt and the coupling constants were con-
sistent with those expected for the standard “C, chair confor-
mation, typical for p-glucose derivatives."”™ We have also re-
corded a "®C NMR spectrum, and the list of signals is included
in Table 1. Diol precursor -1 was then protected with TBS
groups at C-3 and C-4 positions to obtain compound p-2. 'H
and "CNMR spectra were recorded at rt. The coupling con-
stants obtained from the 'H spectrum clearly showed an in-
creasing distortion in the conformation of -2 from the stan-
dard *C, conformation observed for $-1. The J values were con-
sistent with the previously reported values for similar com-
pounds.®'"*9 The difference was particularly noticeable in the
values for J,5 and Js;,. Thus, J,; decreases noticeably from 9.2
Hz in B-1 to 3.9 Hz in -2 and J;, decreases from 8.7 Hz in {3-1
to 5.0 Hz in B-2. This change was also associated with a shift of
the anomeric proton downfield from 4.51 ppm in (-1 to
4.79 ppm in [-2. This shift could be a sign of a particular distri-
bution of functional groups around the ring. The remaining
ring protons H-2-5 are all shifted downfield when TBS groups
are added.

A further conformational change was observed for 3,4-di-O-
triisopropylsilyl (TIPS) glucoside -3 as judged by the coupling
constants of J,;=J;,=J,5=0 Hz. The value could be related to
compound (-3 adopting an axial-rich conformation to release
the steric strain caused by bulky silyl groups at C-3 and C-4. All
ring proton signals H-2-5 in (-3 experience even greater
downfield Ad shift than those recorded for -2, while the
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Table 1. NMR data for thioglycosides [3-1-3.
OBz OBz OBz
HO O TBSO O TIPSO 0
HO SEt  TBSO SEt TIPSO SEt
BnO B
p-1 p-2 nO (-3 BnO
Cmpd Signal 'H NMR [ppm] J [Hz] 3C NMR [ppm]
B-1 H/C-T 451 (d) J,=97 85.06
H/C-2 3.28 (dd) J3=9.2 80.87
H/C-3 3.63 (dd) J34=87 77.95
H/C-4  3.47 (dd) Jy5=92 70.13
H/C-5 3.55-3.59 (m) ND 77.82
4.57 (br d) -
H/C-6 4.69-6.62 (m) Joagp=12.1 64.16
B-2 H/C1 479 (d) J,=83 82.81
H/C-2 3.42 (dd) J,3=3.9 82.50
H/C-3 3.91-3.86 (m) J3,=5.0 76.44
H/C-4 3.80 (1) J45=5.0 71.68
JS,ﬁa =74
H/C-5 3.97-3.91 (m) Jrgy— 49 79.41
441 (dd) 7
H/C-6 461 (dd) Joagp=11.3 65.52
B-3 H/C-1 5.05 (d) J,,=85 81.23
H/C2  3.60 (d) Jy3=0 83.09
H/C-3 416 (bs) J34=0 70.89
H/C-4 427 (bs) Jys=0 75.71
H/C-5 424 (1) Jsea=69 80.79
: Jsgp =69 :
450 (dd) B
HIC6 ) ) Joew=110 6613
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shifts for the H-6 protons are not affected by the 3,4-di-O-silyl-
ation.

Interesting trends have also been observed by comparing
the C NMR spectra of compounds B-1-3. The chemical shifts
of C-1, C-2 and C-5 were found to be particularly diagnostic of
the conformational changes undergone by the ring. The trend
identified is in shifting of the C-1 and C-3 signals upfield,
whereas C-2, C-4 and C-5 shift downfield. For example, the C-1
signal moves from 85.06 for -1 to 82.81 of -2 and to
81.23 ppm for -3. In contrast, C-5 shifts from 77.82 to 79.41 to
80.79 ppm in the same sequence of compounds.

Due to the significant changes in the coupling constants,
ring distortion was anticipated. Computational experiments
were set up to investigate whether the in silico data would
support the experimental data. A series of computational stud-
ies was performed on the compounds [3-1-3. Computational
models of thioglycosides 3-2 and 3-3 were built by implement-
ing the following workflow: 1) Monte Carlo/Energy Minimiza-
tion (MC/EM) conformational search was carried out at the mo-
lecular mechanics level (OPLS2005 force field) leaving all dihe-
dral angles free to move; 2) Representative minimum-energy
geometries of MC/EM search was optimized at the DFT B3LYP/
6-31G* level of theory; 3) The obtained stationary points were
confirmed as minima by calculating vibrational frequencies at
the same level of theory and their thermochemical properties,
including the final denoted total Gibbs free energy, were com-
puted. DFT minimum energy structures and relative energy dif-
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Table 2. DFT B3LYP/6-31G* minimum energy structures of thioglycosides
-2 and 3-3 with relative Gibbs free energies.
Cmpd Conformation Relative energy
[kcalmol™']
B-2 *C, chair 0.00
'C, chair 0.75
*°B boat 132
%S, skew-boat 253
B-3 3S, skew-boat 0.00
'C, chair 2.24
%S, skew-boat 4.72

ferences, resulting from these computational studies, are sum-
marized in Table 2.

In the case of compound B-2, the standard *C; chair confor-
mation is the most stable, whereas the axial-rich 'C, chair and
*%B boat conformations lie at 0.75 and 1.32 kcalmol™, respec-
tively, above the minimum energy structure, likely contributing
to the conformational equilibrium. Interestingly, the axial-rich
skew-boat conformation S, was located by DFT calculations as
the lowest energy minimum of the 3,4-di-O-TIPS glucoside (-3
(Figure 1), followed by the 'C, chair at 2.24 kcalmol™'. The

N \‘-

N A

\, - H/i’/ |
PN

/.-J
Figure 1. DFT-optimized S, skew-boat conformation of 3,4-di-O-TIPS thio-

glucoside -3 (hydrogens and phenyl groups have been omitted for clarity
in the ball and stick 3D-representation).

computational data achieved for thioglycosides (3-2 and (-3
match well the experimental trend, with the calculated cou-
pling constant values of the most stable skew-boat conforma-
tion of $-3 being very close to the experimental ones (see the
Supporting Information, Tables ST and S2).

To study the reactivity of thioglycoside (-2, the respective
bromide 4 was generated by the reaction with Br, following
previously established reaction conditions.”” We theorized that
the activation of superarmed donors with Br, will allow us to
investigate whether the conformational superarming may offer
additional stabilization modes to the anticipated f-bromide in-
termediate. When donors in the traditional *C, conformation
are used for the synthesis of B-bromides, the latter are able to
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undergo conformational changes to adopt the axial or pseu-
doaxial orientation (Figure 2)."® Since this adopted conforma-
tion is unstable, the 3-bromide equilibrates into the thermody-
namically stable a-counterpart and hence returns to its original
“C, conformation. Conversely, if the starting donor is already

Br N
o) u
\\;ﬁ/Br 5
P
H
\£Z;~Nu PO)
4C,: worst Boat: Lemieux (1975)
Br
o] N
<Z b Q7\H )

P9/<11Nu PO)

skew-boat: maybe 'C4: best

Figure 2. Conformation and stereoselectivity of 3-bromides.

present as a skew-boat, as determined for the conformationally
superarmed donors, the formation of f-bromide will addition-
ally reinforce the all-axial conformation. If the axial -bromide
is stabilized by the anomeric effect, as in compounds with the
preferred 'C, conformation (Figure 2), it will be both kinetically
and thermodynamically stable and will not equilibrate (or will
equilibrate much slower) into the a-counterpart. The analogy
is found in Matsuda and Shuto’s study of xylose derivatives
and their observation of altered anomeric effect and reversed
stereoselectivity in glycosylations."”” However, the hexose chair
is much more difficult to flip due to the CH,OR substituent at
C-5 that has a strong propensity to reside equatorially."®

Thus, bromide 4 obtained from 3,4-di-O-TBS donor -2 was
studied using a 300 MHz NMR as depicted in Scheme 2. Molec-
ular bromine was injected into a frozen solution of the donor

OBz
TBSO 0 min
TBSO
BrZ i

B-2 completely dlsappeared

| R

OBz m)ﬂu&\Jﬁkﬁ\thmegAﬁ,Jk_

TBSO 0
TBSO p-4 formation and disappearance
BnO Br l
o,p-4
G d ,_MMM fomin
5min a/p=1/1.2 N .
10 min o/f = 1.0/1 I
30 min «/p = 2.6/1

a-4 formation and accumulation

4h a/p =101

48 46 44 42 4.0 38 3.6 34 3
1

Scheme 2. Conversion of 3,4-di-O-TBS 3-SEt glucoside 3-2 into a,f3-bromides
4.
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in CDCl;. The mixture was allowed to melt at —50°C and then
'"HNMR spectra were recorded at different time points. The
starting material has been completely consumed within the
first 5 min of the reaction monitoring, as judged by disappear-
ance of the diagnostic signal for H-2 at 3.42 ppm. The pres-
ence of both a- and p-bromides 4 was also detected at this
timepoint. The signal for H-1 at 6.50 ppm is diagnostic, but it
cannot be used for quantifying the ratios of bromides because
it coincides for both anomers. In this respect, reaction monitor-
ing using more diagnostic signals at 3.94 ppm for H-2, H-3 of
-4 and at 3.25 ppm for H-2 of a-4 was proven most conven-
ient.

As shown in Scheme 2, the anomeric mixture of bromides 4
has almost completely converted into the a-anomer at 30 min
timepoint. Also evident at this timepoint is the presence of a
decomposed by-product due to the anticipated partial loss of
TBS protecting groups. This was an indication that the chosen
starting f-thioglycoside is probably not the most suitable pre-
cursor for generating the -bromide, even with the assistance
of the TBS groups. It should be noted that we also attempted
to convert thioglycoside 3-3 into the corresponding bromide.
Unfortunately, this attempt was largely unsuccessful due to a
very rapid cleavage of TIPS groups in the presence of Br,, per-
haps due to a significant weakening of the O—Si bonds due to
the steric congestion that these compounds experience.

In the attempt of achieving a more stereocontrolled forma-
tion of the reactive 3-bromide intermediate, we turned our at-
tention to investigating a-configured SEt donor. The analogy
can be found in our previous study wherein superdisarmed o-
SEt precursor produced the corresponding f-bromide predom-
inantly.”’ Starting from diol 0-1, we obtained TBS and TIPS pro-
tected thioglycosides, a-2 and a-3, respectively. The coupling
constants calculated from their proton NMR spectra clearly
demonstrated the conformational changes taking place. Thus,
in the series of compounds a-1, a-2 and -3, the J,; value de-
creases from 9.5 to 7.4 to 3.7 Hz. Coupling constants J;, and
J,5 behave similarly showing a steady decrease (Table 3). Differ-
ently from the f-series, no dramatic signal shifts were ob-
served in the 'H and "*C NMR spectra of the o-series. As a
matter of fact, the chemical shift difference between a-1 and
a-2 is minimal, with somewhat more significant changes ob-
served for a-3. This observation may be an indication of nota-
ble changes taking place upon transition from TBS to sterically
more demanding TIPS groups.

The computational data for a-thioglycosides was also consis-
tent with the experimental observations. Computational
models of thioglycosides a-2 and a-3 were built by imple-
menting the same protocol as that applied to the [(-series.
Only “C, and 'C, chair conformations were located as minimum
energy structures, showing the importance of the axial-rich 'C,
chair geometry for compound a-3 always higher than that for
a-2, according to both relative SCF DFT/B3LYP and Gibbs free
energies (see Supporting Information, Tables S3 and S4).

To study the reactivity of this series of compounds, the NMR
monitoring of the formation of anomeric bromide 4 from thio-
glycoside a-2 was conducted. The procedure used herein was
the same as that applied to the B-counterpart of 2 (vide
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Table 3. NMR data for thioglycosides a-1-3.
OBz OBz OBz
HO Q TBSO Q TIPSO 0
HO TBSO TIPSO
BnO BnO BnO
"y SEt wa OsEt o3 SEt
Cmpd Signal 'H NMR [ppm] J[Hz) 3C NMR [ppm]
a-1 H/C-1 5.44 (d) Jiy=54 82.69
H/C-2  3.64 (dd) J3=95 78.56
H/C-3 385 (1) J,=94 73.60
H/C-4 350 (1) J5=94 70.21
H/C-5 432 (ddd) Jsea =511 69.86
Jsep=1.9
4.58-4.47 (m) B
HIC6 ) dd) Josr=121 6398
a2 H/C-1 5.41 (d) J,=49 82.54
H/C-2 361 (dd) Jyy=74 79.25
H/C-3  3.96-3.93 (m) J;4=6.0 73.92
H/C-4  3.65 (dd) Jy5=87 72.95
H/C-5  435-4.31 (m) Js6a=7.0 71.65
Jsep=2.1
4.38 (dd)
H/C-6 4559 (dd) Joagp=11.5 64.52
a3 H/C-1 5.41 (d) J,=34 79.73
H/C-2 3.68 (1) J3=37 78.31
H/C-3 4.26-4.22 (m) J34=27 71.94
H/C-4  3.96 (dd) Jy5=49 71.39
Js6a=7.9
H/C-5 4.42-4.37 (m) Jsgp =34 75.12
4.45 (dd) B
H/C-6 474 (dd) Jeash=11.8 63.48
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supra). After 5 minutes, only f-bromide 4 was detected. At the
10-minute timepoint, the intermediate is still largely (-4, and
only a small peak at d ~3.3 ppm is indicating the beginning of
the anomerization process to a-4. Only after 2 hours, the reac-
tive bromide 3-4 has completely anomerized to a-4. Computa-
tional models of a- and B-bromides 4 were built by imple-
menting the same protocol applied for thioglycosides yet
using the LACVP basis set due to the presence of bromine
atoms. Only standard *C, chair conformations were achieved
for compound o-4, whereas a distorted “B boat (or an unusual
“S, skew-boat) conformation was located by DFT calculations
as the lowest energy minimum of compound (-4 (Tables S5
and S6).

Having acquired the evidence of adequate stability of the re-
active intermediate (-4, glycosidations of donor a-2 with
model glycosyl acceptors were conducted. At first, when Br,
was added to the reaction mixture containing donor a-2 and a
glycosyl acceptor at —50°C we observed that the formation of
the desired disaccharide was accompanied by the formation of
multiple by-products. These products were formed as a result
of competing side reactions including hydrolysis and partial
deprotection of the TBS groups. Therefore, to suppress the
side reactions, we chose to add a sub-stoichiometric amount
of a base to each glycosylation reaction mixture. Three basic
additives were investigated: triethylamine (TEA), N,N-diisopro-
pylethylamine (DIPEA) and 1,8-diazabicycloundec-7-ene (DBU),
and all three provided comparable results. Under these reac-
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tion conditions, glycosidation of donor a-2 with primary 6-OH
glycosyl acceptor 5 afforded the desired disaccharide 6 in high
yields of 82-95% and with complete a-stereoselectivity
(entry 1, Table 4). Glycosidation of donor -2 with secondary 2-
OH glycosyl acceptor 7 afforded the desired disaccharide 8 in
good yields of 74-79% and with good a-stereoselectivity (a/
p=8-13/1, entry 2). Highly reactive aliphatic alcohols such as
iPrOH, cyclohexanol, and benzyl alcohol were investigated, af-
fording the target glucosides 9-11 in high yields 78-99%,
albeit unremarkable stereoselectivity (a/f =2-5/1, entries 3-5).
This poor stereoselectivity may be a result of a direct displace-
ment of the anomeric a-bromide with powerful nucleophiles
that does not take place with sugar acceptors. 3,4-di-O-TIPS

protected donor a-3 provided a similar reactivity trend, but its
glycosidations were compromised by the competing silyl

group cleavage, even in the presence of a base (see the Sup-

porting Information for additional experimental data).

In conclusion, we expanded the application of Br,-mediated
glycosidation of thioglycosides to glycosyl donors of the super-

CHEMISTRY
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armed series. Over the course of this study, we investigated
the formation of the reactive intermediates that were moni-
tored and characterized by NMR spectroscopic techniques. An
extensive conformational analysis of the donor through cou-
pling constants values and carbon-hydrogen correlation was
performed. Furthermore, the stability of (3-bromide in solution
over time was studied using NMR. The experimental data are
supported by the molecular mechanic calculations and the
DFT studies. Glycosylation reactions were performed with a
group of standard acceptors, achieving high yields and high to
complete stereoselectivity with sugar acceptors. These results
complement our other recent studies dedicated to the activa-
tion of glycosyl halides.!

19]
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Table 4. Glycosidation of 3,4-di-O-TBS donor a-2.
OBz A OBz
TBSO Q Bry, MS 3 TBSO o)
TBsogﬁ DCM 78BSO Br 2 geaptor
BnOgg,  0°C, 15 min BnO il
-2 p-4 J
OBz
TBSO O
TBSO
BnO OR
Entry Acceptor Base  Product Yield and a/f ratio
none Multiple products
TEA OBz 82 %, a-only
O"(') DBU TBS%O’iol 95%, a-only
TB
1 Bg(r?o DIPEA B0 95 %, a-only
BnO
OMe BnO o
5 BnO
BnO
OMe
6
none OC?Z Multiple products
BnO TEA TESOC SE \ 79%, 13.0/1
Chies 0 DBU BnogOMe 74%, 85/1
2 K » DIPEA BnO 74%, 8.0/1
OMe BnO Io)
7 BnO
8
TEA ng 99%, 5.0/1
TBSO
DBU TBSO S \ 94 %, 5.0/1
3 iPrOH DIPEA BnOo 94 %, 4.0/1
9
TEA OC?Z 99%, 2.0/1
TBSO
o S a0
4 CyoH BnOg o
10
TEA ng 99%, 3.0/1
I DBU T%SBQOSE; \ 819%, 4.0/1
n [V
DIPEA BnO &g, 84 %, 3.0/1
11
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