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Abstract—Although the synthetic utility of the 1,2-trans relationship of the products of neighboring group participation is well
established, it is still common to find glycosylation reactions where the stereochemical purity of the products is not 100%. As part
of an ongoing series of density functional theory (DFT) studies of the factors that affect glycosylation reactions which are aimed at
allowing synthetic chemists to achieve such selectivities, the structures of four oxacarbenium ions and eight methanol complexes of
these ions were optimized for the prototypical ions 2-O-acetyl-3,4,6-tri-O-methyl-p-gluco- (1) and mannopyranos-1-yl (2). These
studies corroborate the two-conformer hypothesis and further demonstrate that glycopyranosyl oxacarbenium ions exhibit facial
selectivity that depends on, besides the inherent steric and Van der Waals effects, the conformational effect associated with the
change from sp” to sp> hybridization at C-1 during nucleophilic attack and H-bonding between the incoming nucleophile and
the electronegative atoms of the electrophile. Further studies based on systematic C-2-O-2 bond rotations found TSs that connect
the monocyclic ions with the bicyclic ions associated with neighboring-group participation. It was also possible to find two TSs that
connect nucleophilic attack at C-1 with C-2-0O-2 bond rotation ultimately leading to 1,2-trans O-glycosides, that is, the probable TS
that determines the stereochemistry of neighboring-group participation. Both of these TSs exhibit intramolecular H-bonding, which
is considered the first step in proton transfer. It is further hypothesized that this coupling of proton transfer and nucleophilic attack
is integral to glycosylation. It is further hypothesized that in many cases analogous intermolecular H-bonding is also favorable with
the most likely acceptor the anion that is ion-paired to the oxacarbenium ion. These general features are found for both 1 and 2, but
characteristic features of each isomer are found that provide further insights into the origins of stereoselectivity.

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The increasing demand for biologically active oligosac-
charides hastens the efforts to improve the efficiency of
glycosylation chemistry. In particular, if polymer-sup-
ported and related technologies are ever to be used to
produce oligosaccharides on industrial scale, then glyco-
sylation reactions require at least 99% yields of the de-
sired stereoisomer. Thus, there is a need to reduce side

*Corresponding author. Tel.: +1 613 993 5265; fax: +1 613 952
9092; e-mail addresses: dennis.whitfield@nrc.ca; dennis.whitfield@
nre-cnre.ge.ca

0008-6215/$ - see front matter © 2007 Elsevier Ltd. All rights reserved.

doi:10.1016/j.carres.2007.03.030

reactions and optimize stereoselectivity.! Since the tran-
sition state (TS) in most of the commonly used glycosyl-
ation chemistries is an oxacarbenium ion, one of the
tactics that can be pursued is detailed studies of such
ions.” Since such species have short lifetimes and are
therefore difficult to study experimentally, one of the
strategies is to use modern electronic structure calcula-
tions to estimate their properties such as probable
modes of formation, probable sites of reactivity, facial
selectivity, and mechanisms of interconversions.> To
this end our group has been using density functional the-
ory (DFT) quantum mechanical (QM) methods to
study some of these aspects of prototypical glyco-
pyranosyl oxacarbenium ions.* This study presents our
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Scheme 1. Chemical structures of ions considered in this study.

current thoughts on the formation of five-membered
dioxolenium ions from 2-O-acetyl-3,4,6-tri-O-methyl-
D-gluco- (1) and mannopyranos-1-yl (2) oxacarbenium
ions and their reactivity toward the model nucleophile
methanol® (see Scheme 1 for structures considered).
We present data on the importance of rotation about
the C-2-0O-2 bond and the pyranose ring conformations
in these species and processes.

Since the pioneering work of Winstein, Isbell, and
many others,® it has been recognized that groups capa-
ble of neighboring-group participation such as esters
provide a powerful stereodirecting method leading to
1,2-trans glycosides often exclusively and often in high
yields, although rarely as high as 99%. The original
formulation of this participatory mechanism focused on
the kinetic aspect as exemplified by the greater reactivity
of 1,2-di-O-acetyl derivatives of B-p-glucopyranose as
compared to their o anomers.” In recent years, where
much more reactive leaving groups than acetate are
typically used in glycosylation reactions, the thermo-
dynamic aspects of bicyclic dioxolenium ion formation
leading to 1,2-trans glycosides has gained more impor-
tance. However, in some cases stercoselectivity is not
complete, some amount—and even occasionally pre-
dominantly—of the 1,2-cis glycosides are formed. The
most frequent rationalization is that the cis-glycosyla-
tion reaction proceeds through the monocyclic
oxacarbenium ion.® Thus, it is of some interest to
determine the factors, and if possible the transition
states, associated with the interconversion of such
monocyclic and bicyclic ions. Our previous static DFT
studies of the relatively rigid 2,6-di-O-acetyl-3,4-O-iso-
propylidene-p-galactopyranosyl oxacarbenium ion (3)
found that both the oxacarbenium ions (B0 and B1)
and the dioxolenium ions (C0 and C1) have at least
two stable conformations that differ by ring inversion.
The C0 and C1 ions were found to be considerably more
stable then the B0 and B1 ions, suggesting their impor-
tance in glycosylation reactions.’® Further constrained
ab initio molecular dynamics (AIMD) studies found
compelling evidence for an interconversion pathway
that involved initial ring inversion followed by almost
barrierless C-2-0-2 bond rotation with an overall bar-
rier of 34 kJ mol™'.® Determining whether or not this
inversion-rotation pathway is normal or a special case
for 3 is one of the questions addressed in this work. Note

that glycosyl donors related to 3 were found experimen-
tally to exhibit a marked propensity to give an acyl-
transfer side reaction.”® Examination of a possible TS
in a proton transfer to O-2 triggered pathway for 3
led to the synthetic development of 2,6-dimethylbenzoyl
and 2,6-dimethoxybenzoyl protecting groups that
greatly minimize this side reaction.™

The B0 and B1 species have a lowest unoccupied
molecular orbital (LUMO) mostly positioned between
0O-5 and C-1, suggesting that nucleophilic attack should
occur at C-1 as usually observed.'® Nucleophilic attack
on the B face of such ions leads to F0 and F1 ions whereas
a face attack leads to GO and G1 ions. The CO and C1
ions have a LUMO with a high degree of p-orbital char-
acter centered on C-7, the former carbonyl carbon in the
dioxolenium ion.>® This suggests that nucleophilic attack
should first occur at C-7, followed by some process that
leads to attack at C-1."" We name the associated metha-
nol complexes as D0 and D1 and E0Q and E1. Thus, as
shown in Scheme 2 for 1 and Scheme 3 for 2, at least
12 species need to be considered. Species A are the corre-
sponding glycosyl donors and are not considered in de-
tail in this work. Nonspecific solvation is considered
using a continuum dielectric method parameterized to
CH,Cl,, a solvent often used in glycosylation reactions.
Neither direct solvent participation or ion pairing is
considered in our current QM methods. Since there
is considerable evidence that both these factors are
important,'> at least in some cases, this deficiency
remains for future work. Nonetheless, it is hoped that
determination of the 12 minimum-energy species B0 to
G1 for 1 and 2, as well as some of their interconversion
pathways, will assist synthetic chemists to develop effi-
cient glycosylation methodologies.

2. Methods

The DFT calculations were carried out with the Amster-
dam density functional (ADF) program system,
ADF2005."® The atomic orbitals were described as an
uncontracted triple-{ Slater function basis set with a sin-
gle-C polarization function on all atoms that were taken
from the ADF library (TPZ). The 1s electrons on carbon
and oxygen were assigned to the core and treated by the
frozen-core approximation. A set of s, p, d, f, and g
Slater functions centered on all nuclei were used to fit
the electron density and to evaluate the Coulomb and
exchange potentials accurately in each SCF cycle. The
local part of the V. potential (LDA) was described
using the VWN parametrization,'* in combination with
the gradient-corrected (CGA) Becke’s functional'® for
the exchange and Perdew’s function for correlation
(BP86).'"® The CGA approach was applied self-consis-
tently in geometry optimizations. Second derivatives
were evaluated numerically by a two-point formula.
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Scheme 2. Species A to G1 for gluco-configured 1. The numbers are the relative energies in kJ mol™" (see Section 2). The ring structures are drawn to
emphasize the ring inversion which distinguishes B0—G0 from B1-G1 and do not represent the actual conformations.
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Scheme 3. Species A to G1 for manno configured 2. The numbers are the relative energies in kJ mol ™! (see Section 2). The ring structures are drawn
to emphasize the ring inversion which distinguishes B0—~G0 from B1-G1 and do not represent the actual conformations.

The solvation parameters were dielectric constant C=17,0=14and H=1.2A and were taken from
£=9.03, ball radius=2.4 A, with atomic radii of the default ADF values.
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Initial BO and B1 structures were generated from the
optimized B0 or B1 conformations of the tetra-O-methyl
analogues*® and by starting from idealized *H; or *H,
conformations,'” followed by optimization with an inte-
gration accuracy of 6.5 and using internal coordinates.
Both starting conformations optimized to similar struc-
tures. CO0 and C1 conformations were generated from
the optimized B0 and Bl conformations by C-2-O-2
bond rotations of +120°, followed by optimization as
below. Subsequently DO to G1 methanol complexes were
formed by adding methanol to the appropriate face of
the molecule and optimizing as below. After initial opti-
mization it was often found, as indicated by frequency
calculations, that one or more methyl groups were not
in a minimum conformation. The appropriate methyl
group was then rotated as indicated by the coefficients
of the imaginary frequency and the structure reoptim-
ized with a higher integration accuracy of 8.5. In some
cases the resulting structures were still not a minimum.
In this case intrinsic reaction coordinate (IRC) calcula-
tions were used following the imaginary frequency going
both forward and backward. Then the lowest of the for-
ward or backward pathways energy, conformation was
reoptimized and checked as a minimum. In a few cases
the process had to be repeated several times before a
minimum was found. Then the C-5-0-6 dihedral angle
was optimized using a linear transit (LT) procedure by
rotating this internal coordinate in twelve 30° incre-
ments. If a lower energy conformer was found, it was
reoptimized. In this way all reported minima have opti-
mized side-chain conformers.

To investigate B0 to C0, B1 to C1, EO to F0 (or GO for
2), and E1 to F1 (or G1 for 2) interconversions LT proce-
dures, rotating the C-2-O-2 dihedral angle in thirty-six
10° increments in either direction were done. Both rota-
tion directions were studied to insure reproducibility.
Apparent TS’s (maxima) from the resulting energy versus
dihedral angle plots were then tested by frequency calcu-
lations. Then, the lowest imaginary frequency was used in
a transition-state optimization. The resulting conforma-
tion was then checked by frequency calculation to have
one imaginary frequency. The coefficients of this fre-
quency were then checked to insure that they correspond
to the atoms expected to be involved in the TS, typically
CH-2, C-2, 0-2, C(=0), (C=)0, (C=)CH; and C-1, CH-1.
If methanol was in the study, its atoms were also found.

3. Results and discussion

All 12 species for each of gluco-configured 1 and manno
configured 2 were fully optimized (see Section 2 for de-
tails). Ball-and-stick representations are shown in Figure
la—n for 1 and in Figure 2a-1 for 2. For 1 two additional
species FO' and F1’ were also found. These species are
included, even though they are higher in energy than

Figure 1. Ball-and-stick representations of the optimized conforma-
tions of 1 (a) B0, (b) B1, (c) CO0, (d) C1, (e) DO, (f) D1, (g) EO, (h) E1, (i)
Fo, (j) F0’, (k) F1, (1) F1’, (m) GO, (n) G1.
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Figure 1 (continued)

FO or F1 because they represent significantly different
structures. Species F1' has the hydroxylic proton trans-
ferred to O-6 and is a plausible intermediate on the
way to glycosides in the absence of external bases. Sim-
ilarly FO’ has the hydroxylic proton H-bonded to the
carbonyl oxygen attached to O-2 (O-7), and although
not the minimum for this minimally protected proto-
type, it is a plausible species for donors with different
protecting groups. Note that both F0O and F1 for 1 and
2 have strong H-bonds to O-6, and therefore the protect-
ing group at O-6 is expected to markedly influence the
stability of the FO and F1 species.

The relative energies and selected bond lengths, bond
angles, and torsion angles of these 26 species are com-
piled in Table 1. The ring conformations of all station-
ary points are tabulated in Table 2 using the canonical
vector representation. A complete description of the
canonical vector representation is provided in the
references.”" In short, all the conformations of six-
membered rings can be conveniently expressed as
combinations of the three coordinates, and in accord
with standard TUPAC nomenclature these are termed
chair, skew boat, and boat conformations. This allows
the conformations to be plotted on a three-dimensional
sphere, thus providing an easy graphical representation.
On this sphere the poles correspond to the two chair
conformations, and the boat and skew boats lie along
the equator. Two sets of half chair and envelope confor-
mations lie halfway between the equator and either pole
(see Fig. 3). As an illustrative example the B0 conforma-
tion of 1 has the following three principal *C; 0.513 >°B

Figure 2. Ball-and-stick representations of the optimized conforma-
tions of 2 (a) B0, (b) B1, (c) C0, (d) C1, (e) DO, (f) D1, (g) EO, (h) E1,
(i) FO, (j) F1, (k) GO, (1) G1.
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Figure 2 (continued)

0.098 'S5 0.477 vectors showing that this conformation
is nearly exactly half a chair and half a skew boat with
a small boat component. Thus, it is nearly a perfect half
chair, *H; 0.953. The corresponding ring torsion angles
are compiled in Table 3 where 7; = C-1-C-2-C-3-C-4,
7, = C-2-C-3-C-4-C-5, etc.

For both 1 and 2 two sets of species B0-G0 and B1 to
G1 that conform to the two conformer hypotheses were
found (Fig. 3a and b).*® B0~GO for 1 and all but axial O-
2 in 2 keep all substituents pseudoequatorial, whereas
species B1 to G1 are ring inverted. Importantly and as
previously found for other gluco-configured ions, BI,
F1 and G1 species are found in a °S; conformation that
allows O-2 to be pseudoequatorial, whereas all other
substituents are pseudoaxial (Fig. 1b, k, and n).'"® For
the 2 B1 to G1 species, this allows O-2 to be pseudoequ-
atorial and all other substituents pseudoaxial (Fig. 2b, d,
f, h, and 1). These new results strongly corroborate our
finding of a marked preference for the electronegative
substituent at C-2 to be pseudoequatorial in glyco-
pyranosyl oxacarbenium ions. This result has important
implications for the reactivity of such ions including the
question of the design of TS inhibitors for glycosyl
processing enzymes (GPE) that are believed to have
oxacarbenium ion-like TSs.'®

As above for 1, the B0 ring conformation is almost
100% *H; which is long expected to be the preferred
conformation for gluco-configured glycopyranosyl oxa-
carbenium ions. The tetramethyl analogue of 2 was
found to have a *H; conformation with O-2 axial, but
for 2 a conformation distant from any of the 38§ [IUPAC
conformations which is best characterized as *Hs 0.686
was found. Examination of Figure 2a shows that this
also allows O-2 to be close to pseudoequatorial again
showing the importance of this effect. The origin of this
effect is not clear, but is thought to be related to favor-
able interactions between the lone pairs on O-2 and the
double bond like LUMO between C-1 and O-5. Since
such effects are challenging to accurately calculate,' it
is anticipated that as software and hardware improve-
ments become available a more detailed analysis of this
effect may be possible. At the current DFT level (see
Section 2), the B1 species are >10 kJ mol ™' more stable
than the B0 species, suggesting that if these species are

sufficiently long lived to equilibrate, these will be the
dominant conformations.?® Furthermore, if such species
subsequently react with nucleophiles such as methanol,
then species F1 and G1 are likely intermediates whose
stability could in part control the stereoselectivity of
the glycosylation reaction.

Ring closure to form the C0 and C1 dioxolenium ions
involves for 1 a net movement of O-7 from the B face to
the o face or for 2 from the o face to the B face (see
Fig. 1c, d and 2¢c, d). This requires large changes in
the CH-2-C-2-0-2-O-7 torsion angle, see Table 1. As
could be expected from the delocalization of charge into
the five-membered ring the O-5-C-1 bond lengthens by
about 0.06 A on going from the B to the C species in
all cases. What is less easily deduced or explained is that
C-1-C-2 increases by about 0.08 A on going from the B
to the C species whereas C-5-O-5 decreases by about
0.03 A. The ring conformation for CO of 1 is a chair
(*Cy 0.747), but the large skew boat coefficient ('S5
0.287) shows that the conformation is close to *Hs and
can be seen as a pseudorotation to allow C-1-C-2 to ap-
proach planarity rather than O-5-C-1. A similar trend is
observed for C1 of 1 where a pseudorotation from Bl
>S| to near °S; is all that is necessary. The B-face ring
closure to form 2 CO0 or C1 in both case leads to chair
conformations.

The wy (CH-5-C-5-C-6-0-6) conformation varies
among all species, and in most cases takes values near
the expected gg (wy = 180°) and gt (wy = —60°) rota-
mers for all species. However, for 1 C1, D1, and Gl1,
as well as for 2 D1 and E1, the unusual 7g (wg = 60°)
conformation was found. No obvious correlation
between energetic stability and wy conformation is ob-
served except for the cases where substituents attached
to C-6 are involved in H-bonding interactions. The geo-
metric characteristics of all intramolecular H-bonded
species are compiled in Table 4.

Conventional descriptions of glycopyranosyl oxa-
carbenium ions consider that 75 should be near 0° as
the O-5-C-1 bond should have considerable double-
bond character and C-1 considerable sp” character.?!
However, only the isolated B0 and B1 ions exhibit this
feature. All other ions that have additional bonding to
C-1 show considerable deviation from planarity, that
is, 75 has markedly nonzero values, see Table 3. This is
true for both 1 and 2, but there are significant differences
between them notably for the neighboring-group ions
CO to E1. For such gluco-configured ions, 74 has small
values showing that the C-1-C-2 bond approaches pla-
narity to allow for dioxolenium ion formation, whereas
this does not occur for manno-configured ions that form
dioxolenium ions with chair conformations only slightly
distorted toward boat or skew boat conformations (see
Tables 2 and 3). This result also has implications for
GPE TS inhibitor design, as considerable synthetic effort
has been directed at mimicking ions with planar s
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Table 1. Selected geometric variables and relative energies of oxacarbenium ions B0, B1 to G1 for 1 and 2

Compound C-5-0-5(A) 0-5-C-1(A) C-1-C-2(A) C-1-OCH; (A) CH-2-C-2-0-2-0-7 (°) CH-5-C-5-C-6-0-6 (°) AE* (kI mol™ )

1 B0 1.473 1.261 1.436 —
1B1 1.475 1.268 1.433 —
1Co 1.444 1.321 1.511 —
1C1 1.44 1.334 1.526 —

1 DO 1.438 1.331 1.517 2.1942
1 D1 1.438 1.335 1.524 2.5952
1 E0 1.442 1.321 1.509 2.766
1E1 1.439 1.332 1.524 2.689
1 FO 1.433 1.372 1.526 1.468
1 F0’ 1.432 1.355 1.52 1.469
1F1 1.431 1.367 1.513 1.474
1 F1’ 1.415 1.427 1.507 1.363
1 GO 1.452 1.323 1.508 1.571
1G1 1.441 1.364 1.507 1.483
2 B0 1.481 1.261 1.439 —

2 B1 1.47 1.264 1.432 —

2 Co 1.433 1.366 1.511 —
2C1 1.449 1.32 1.509 —

2 D0 1.429 1.373 1.51 2.18
2 D1 1.437 1.334 1.514 2.261
2 E0 1.433 1.367 1.513 2.86
2 El1 1.44 1.329 1.511 2.924
2 F0 1.433 1.377 1.523 1.456
2F1 1.437 1.378 1.509 1.454
2 G0 1.455 1.324 1.507 1.595
2G1 1.439 1.363 1.518 1.483

12.9 —179 0
1.5 —157.3 —14.5
—140.8 173.9 —69.9
—133.2 54.2 —74.7
—134.5 174.2 —111.1
—126.3 52.5 —109.4
—139.9 175.1 —116
—129.8 —-171.4 —111.5
—48.3 177.6 —154.2
—52.8 177.8 —134.7
6.7 —85.2 —143.7
30.8 —1759 —133.4
—4.4 173.1 —94.1
—37.1 56.2 —140
—40.4 177.5 0
—23.1 —51.4 —10.3
94.2 171.8 —56
149.1 —39.1 —69.9
85.2 170.2 —100.8
142.9 64.2 —112.2
96 170.7 —88
146 60.4 —108.2
—14.7 —174.8 —152.4
—38.5 —98.1 —145.3
35.4 172.3 —79.6
-39.1 —49.3 —127.5

#Relative energies including ZPE at the TPZ DFT level, including isolated methanol for the B and C species. For each of 1 B0 and 2 BO set to
0.0 kJ mol~!, absolute energies for 1 B0 are —7.64368506 a.u. and for 2 B0 —7.64215867 a.u. With MeOH at this level the absolute energy is

—1.11661603 a.u (1 a.u. =2625.4985 kJ).

Many GPE TSs likely have some appreciable degree of
interaction with either the incoming nucleophile or the
departing leaving group and therefore have a nonplanar
15 which should be considered when designing mimics.?*

For all dioxolenium ions of both 1 and 2, methanol
complexation causes only small pyranosyl ring confor-
mational changes from the parent CO or C1 conforma-
tions to any of DO, D1, E0 or E1 complexes. In all
these cases the CH3;0-C-1 bond length is greater than
2A, suggesting a strong ion-dipole interaction. In
marked contrast, methanol complexation with B0 and
B1 ions leads to species with CH30-C-1 bond lengths
near 1.5 A, which can be considered hydronium ions.
The C-5-0-5, O-5-C-1, and C-1-C-2 bond lengths all
change comparably to the B to C case, suggesting charge
delocalization in this case onto the incoming nucleo-
phile. These charge effects may also explain the nonplan-
arity of 75 discussed above, which are further coupled to
ring conformational changes that can be either favor-
able or unfavorable. For example, o attack on B0 ions
leads toward chair conformations and is favorable.
Whereas B attack on the same B0 ions leads to unfavor-
able boat (2 F0) or skew boat (1 F0) conformations.
Viewed on the three-dimensional sphere o attack corre-
sponds to movement toward the poles, whereas P attack
is toward the equator. For 2 B1 just the opposite hap-
pens with o attack (G1) leading to a skew boat and
attack (F1) a chair. Again showing a distinct difference

between manno and gluco configurations, o attack
(G1) or B attack (F1) on 1 B1 leads to only small pyran-
osyl ring conformational changes. These last results
again show the stability of the °S; conformation of 1
that allows O-2 to be pseudoequatorial and hence lie
close to the plane of the O-5-C-1 double bond.'®

One clear trend is that B glycosylation is favored by
intramolecular H-bonding to O-6 in the F species. This
is a factor that synthetic chemists can control by choos-
ing O-6 protecting groups. That is, small electron-donat-
ing protecting groups should favor P glycosylation,
whereas o glycosylation should be favored by large elec-
tron-withdrawing groups. Attempts to promote o glyco-
sylation through the use of bulky protecting groups is
well known>® and is known to require very large groups
for high selectivity. It has also been shown that o/f
selectivities follow a Hammett relationship in the direc-
tions suggested above, providing further evidence that,
at least in some cases, o/ selectivities can be controlled
by favoring or disfavoring H-bonding.**

As noted by another author,? it is difficult to recon-
cile these thermodynamically stable species (B0 to G1)
with the fact that in most modern glycosylation reac-
tions stereoselectivity is kinetically controlled. Notably
the conventional model of neighboring-group participa-
tion would have E-like complexes as the closest to the
TS. If the energy barrier to neutral glycosides was the
same for every E species, and the relevant E species



1298 D. M. Whitfield, T. Nukada | Carbohydrate Research 342 (2007) 1291-1304

Table 2. Canonical vector coefficients for the pyran rings of oxacarbenium ions B0, B1 to G1 for 1 and 2

Compound Chair Boat Skew boat Intermediate Ist 2nd

1 B0 4y 0.513 258 0.098 155 0.477 4H; 0.953 258 0.098 4C, 0.037
1B1 ¢, 0.256 %3 0.044 58, 0.847 58, 0.847 1C4 0.256 %3B0.044
1Co 4C, 0747 %3 0.004 155 0.287 4y 0.747 93B0.004 155 0.287
1C1 ¢, 0.116 B,50.090 35, 0.883 35, 0.883 E, 0.181 ¢, 0.026
1 D0 4Cy 0.753 %38 0.039 185 0.291 4C, 0.753 185 0.291 %38 0.039
1D1 ¢4 0.103 B,50.120 35, 0.869 2S5, 0.869 E, 0.205 B, 5 0.886
1 E0 4Cy 0.659 B,5 0.064 155 0.284 4Cy 0.659 155 0.284 B,5 0.064
1E1 1¢40.165 25B0.054 38, 0.712 1C4 0.165 38, 0.712 25B0.054
1 FO 4Cy0.124 2358 0.096 155 0.986 155 0.986 2E0.193 4C,0.028
1 Fo’ 4, 0.654 By 0.324 185 0.077 4Cy 0.654 By30.324 155 0.077
1F1 4Cy 0.040 03B 0.144 58, 0.936 58, 0.936 03B 0.144 4Cy 0.040
1F1I 14 0.234 B4 0.196 25, 0.859 25, 0.859 E, 0.391 1C40.138
1Go 4y 0.808 4B 0.136 %S, 0.030 4C, 0.808 4B 0.136 95, 0.030
1G1 4Cy 0.209 By30.214 58, 0.810 55, 0.810 E; 0418 B3 0.814
2 Bo 4Cy0.343 B3 0.144 155 0.668 “Hs 0.686 155 0.325 By 0.144
2 Bl 1C4 0.545 93B0.487 58, 0.041 3E 0.975 SH, 0.081 1C40.018
2 Co 4Cy 0.817 B,50.167 185 0.036 4y 0.817 B,50.167 185 0.036
2C1 1¢, 0.753 25B0.046 38, 0.225 1C4 0.753 38, 0.225 25B0.046
2 D0 4Cy 0.832 B,50.174 351 0.002 40y 0.832 B,50.174 381 0.002
2 D1 1¢, 0739 25B0.034 38, 0.221 1C4 0.739 38, 0.221 25B0.034
2 E0 4¢, 0.793 %3B 0.060 155 0.236 4, 0.793 155 0.236 %38 0.060
2 E1 1¢40.716 B4 0.145 08, 0.117 'c, 0716 B4 0.145 08, 0.117
2 FO 4, 0.113 B3 0.864 >$, 0.100 B3 0.864 2H, 0.199 4C,0.014
2F1 ¢, 0.874 4B 0.005 95, 0.053 1C4 0.874 95, 0.053 4B 0.005
2Go 4, 0.768 L4 0.204 25, 0.021 4y 0.768 4B 0.204 25, 0.021
2G1 ¢, 0.083 B,.5 0.006 38, 1.003 38, 1.003 ¢, 0.083 B,5 0.006
B0-CO TSI 1 4C,0.529 4B 0.425 25, 0.042 4E 0.851 4y 0.104 25, 0.042
B0-C0 TS2 1 4Cy 0.489 4B 0.439 25, 0.113 4E 0.879 25, 0.113 4Cy 0.050
B1-C1 TSI 1 'C,4 0.240 93B3 0.050 55, 0.854 'c, 0.240 %33 0.050 55, 0.854
B1-C1 TSI 1 ¢, 0.271 %38 0.205 55, 0.858 55, 0.858 3E 0411 1C4 0.066
B0-CO TS 2 4C, 0.507 25B 0.047 150471 ‘H; 0.942 2E0.072 258 0.011
B1-C1 TS 2 1¢4 0.557 03B 0.484 155 0.009 3E 0.968 ¢, 0.073 185 0.009
EO0 Gly TS 1 ', 0.019 B,50.224 1s; 0.882 ¢, 0.019 B,50.224 155 0.882
E1 Gly TS 2 ', 0.119 B3 0.130 581 0.783 55, 0.783 Ey0.28 By 0.794

freely interconvert, then the lowest energy species would
determine stereoselectivity. For 1 this would be E0 and
for 2 it would be E1. However, even comparing to the
closest species D, where for 1, E0 is the lowest, but for
2, D1 is the lowest energy, more complex behavior is
suggested. For example, this would suggest a tendency
for 2-0O-acyl mannopyranosyl donors to form ortho-
esters rather then glycosides, that is, reaction via D1
not El. Although manno-configured orthoesters are
known, this is not usually the case.’® For all eight of
these D and E species, at least three interrelated things
have to happen in order to arrive at neutral species.
These are that, the CH;0-C-1 or CH30-C-7 bond must
shorten considerably, that the hydroxylic proton must
transfer, and that C-1 or C-7 must rehybridize to sp’.
That these should be of approximately the same energy
seems reasonable. The exact differences are, however,
difficult to estimate due to, in particular, the ambiguity
over what species is the ultimate proton acceptor and
what pathway the proton takes to arrive there.

The various F species are all intramolecularly
H-bonded, and this suggests one plausible pathway type
which is a proton-transfer pathway where the first step

is intramolecular. In fact 1 F1’ is a possible example
where the hydroxylic proton has transferred to O-6
and is H-bonded to O-4. Similarly 1 FO’ which feature
a H-bond to the carbonyl oxygen suggests a variant
intramolecular proton transfer pathway, which in this
case involves transfer to the carbonyl oxygen of the ester
protecting group.

At least one further complexity in comparing the D to
G species is that the species with appreciable hydro-
nium-ion character but no intramolecular H-bonds
likely have intermolecular H-bonds since such strong
acids will seek out electronegative atoms especially in
weakly polar solvents like dichloromethane that are
typically used in glycosylation reactions. This effect is
estimated to be 28 kJ mol ' based on previous work.>
For 1 the energetic comparisons between B0 and G1
fit the observed high B selectivity for 2-O-acyl gluco-
pyranosyl donors considering reactions through the E
or F species. However, for 2 this thermodynamic analy-
sis fails as the observed high o selectivity, in fact typi-
cally exclusively a, for 2-O-acyl mannopyranosyl donors
is not predicted as the G versus F or as above the D
versus E selectivities are backwards, even after the
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Figure 3. Spherical representations of the conformation of six-mem-
bered rings top 1 with the 14 minima placed in their approximate
positions and bottom 2 with the 12 minima placed in their approximate
positions. (a) Top, (b) bottom.

28 kJ mol~! correction for H-bonds, see Table 1. This
result compels the need for a more sophisticated model
that at least includes some of the interconversion barri-
ers like the ones between B and C species discussed
above.

Our first test was to see if the B to C interconversions
could be modeled by simple C-2-O-2 bond rotations.

Table 3. Ring dihedral angles of the pyran ring of oxacarbenium ions
B0, B1 to G1 for 1 and 2

Compound T] (%) T3 T4 T5 Te

1 B0 —50.2 59.1 —40.2 10 -1.7 235
1 B1 -59 424 664 -38.1 -—12.1 36.8
1Co —36 532 —619 538 -364 275
1C1 386 —59.1 29.1 249 472 12.7
1 D0 —34.3 51.6 —62.5 564 -38.7 27.6
1 D1 392 =574 259 271 472 11.3
1 E0 —44 564 —52.2 347 =223 27.6
1E1 276 —51.8 357 8.6 —33.7 134
1 FO —42.3 659 -32.1 -278 53 —14.8
1 F0’ —56.2 60.8 —44.1 221 -172 349
1F1 20.5 =56 27.8 36.7 74 40.4
1F1 -36.7 -0.7 495 —-675 277 245
1 GO —46.1 56 —57.6 50 —41.3 39.8
1G1 -284 256 537 21 -355 634

2 B0 —10.3 483 —609 324 82 -20.2
2 B1 599 —-626 365 -39 1.6 -31.7
2C0 —40.6 512 —-594  58.6 —46.8 37.4
2C1 482  -59.1 551 —40.6 31.8 -364
2 D0 —40 49.7 =599 o6l —49.8 393
2 D1 479 =579 53.6 -39 31.1  —-36.6
2 E0 =375 509 —61.3 589 —439 33

2 E1 431 528 513 —-414 341 =351
2 F0 —61.4 546 2.5 —49 423 13.7
2F1 56.1 =532 504 502 503 —54.5
2 GO —47.2 593 574 449 333 34.4
2G1 349 645 354 251 -56.8 231
B0-CO TSI 1 —34.2 588 =556 295 -5 7.4
B0-COTS21 -353 593 -52.8 22 0.5 7.1
B1I-C1 TS11 —-6.7 —42.1 658 -37.1 —-13.7 38

B1-C1TSI1 4 —531 68.6 —-293 -21.5 359
B0O-COTS2 —47 587 —42 133 -19 19.6
B1-C1TS2 62 —-61.8 34 -33 42 333
EOGlyTS1 —12.6 50.5 -394 -—13.6 552 —40.6
E1GlyTS2 -222 -21.6 539 -395 -89 41

Thus, this torsion angle (CH-2-C-2-0-2-C-7) was varied
in 10° increments with full geometry optimization a
every point. After further optimization and character-
ization, the TSs for such rotations were found (see Sec-
tion 2). As shown in Figure 4a—d one or two TSs were
found for each case. The clearest picture emerged for

Table 4. Structural characterization of the H-bonds in selected complexes

Compound Donor Acceptor O-H (A) H---O (A) O---0 (A) O-H---0(°)
1 E0 CH;0H 0-6 0.999 1.71 2.69 166
1E1 CH;0H 0-6 1.003 1.68 2.676 171.9
1 FoO CH,;0H 0-6 1.202 1.209% 2.405 171.6
1 Fo’ CH;0H 0-7 1.202 1.205* 2.399 170.9
1F1 CH;0H 0-6 1.208 1.208% 2.401 167.4
1F1U OH-6 0-4 1.138 1.272% 2.404 172.3
1G1 CH;0H 0-4 1.175 1.247% 2.395 163
1E0TS CH;0H 0-6 1.21 1.205* 2412 174.1
2 El CH,;0H 0-4 0.996 1.693 2.668 165
2 FO CH;0H 0-6 1.202 1.213* 2.4 167.4
2 F1 OH-6 O-1 1.236 1.171% 2.391 167
2Gl1 CH;0H 0-4 1.167 1.261* 2.4 162.5
2E1TS CH,;0H 0-4 1.026 1.547 2.54 161.2

aShort H-bonds have considerable covalent bond character.®?
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52.4
TS2*, ccHz.c2-02.0(=0)
5 978 387 <CH2-C2-02-C(=0)
ST
% 0.0 3
BO %
<CH2-C2-02-C(=0) 5
12,9 ° %
%.69.9
co
<CH2-G2-02-C(=0)
-140.8 °
c
~ % <CH2-C2-02-C(=0)
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<CH2-C2-02-C(=0)  *
-40.4 ° K
-56.0
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<CH2-C2-02-C(=0)
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46.8 <CH2-C2-02-C(=0)
TS2% 7 Tqfer: 2L Se C=)
27.6
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<CH2-C2-02-C(=0)
149.1 °

Figure 4. Possible TSs for dioxolenium ion formation (a) B0 to C0 1, (b) B1 to C1 1, (¢) B0 to C0 2, and (d) B1 to C1 2.

1 where rotation toward or away from C-1 led to two
TSs for both B0 to C0 and B1 to C1 conversions with
values of this torsion angle near +90°. These TSs have
the ester carbonyl nearly perpendicular to a plane
defined by CH-2, C-2, and O-2. This is the ‘normal’
barrier to C-2-O-2 bond rotation for the O-2 methyl-
substituted glycopyranosyl oxacarbenium ions.?’ This
barrier arises in part because of hyperconjugative inter-
actions between the O-2 lone pairs and the C—C and the
C-H bonds attached to C-2, as well as longer range
interactions with the C-1 and O-5 atoms.’’ Conse-
quently, it is anticipated that both the steric and elec-
tronic properties of the O-2 protecting group can
modify this barrier (see below). The case for 2 was very

similar except that the B0 to CO barrier was shifted from
90° to 42.2°. The barriers are all similar to the
34 kJ mol™' found for the BO to C1 transformation of
3, although the origin of the barrier is very different.
Examination of the canonical vector coefficients
describing the ring conformations of all these B to C
TSs clearly shows that the ring conformations change
only slightly (Table 2). The determination of B0 to C1
and related transformation involving ring inversion
have not been investigated yet for 1 and 2. These studies
must be done to arrive at a firm conclusion, but tenta-
tively it appears that 3 is anomalous, perhaps consistent
with its tendencies for related glycosyl donors to give
acyl-transfer side reactions.
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The recognition that species like D should play a role
in neighboring-group assisted glycosylations has been
recognized for a number of years.”® However, the mech-
anism by which the D species lead to glycosides is largely
unknown, although several suggestions have been put
forth.?® Many of these suggestions relate to the mecha-
nism of orthoester glycosylation. Most orthoester gly-
cosylations rearrange neutral orthoesters with protic
acid or strong Lewis acids. Several experimental facts
are pertinent to this discussion including that if two dif-
ferent orthoesters are rearranged in the same pot, the
alcohol portions are fully exchanged, strongly support-
ing an intermolecular mechanism based on protonation,
disassociation, recombination at C-1 and deprotona-
tion.>® The order of C-1 recombination and deprotona-
tion cannot be deduced from these results. These
observations obviously support the formation of species
like D on the route to neutral glycosides from neutral
orthoesters, recognizing that Lewis acids can be
exchanged for protons, although the detailed mecha-
nisms are clearly different.>! We have computationally
examined many of these plausible pathways, but none
of our results have satisfactorily explained glycosylation.
Importantly, we have never found a five-coordinate Sn2
TS that corresponds to the one drawn in most depic-
tions of neighboring group participation (upper right
Scheme 4). Three such mechanisms are shown in Scheme
4. All our efforts have led either to species that are not
TSs, that is, do not have one imaginary frequency or
are of implausibly high energy. Another key result from

C7-attack

C-7 to C1-mi%rati0n

OMe

our studies is that the potential energy surface (PES)
separating the D species from the E species is so shallow
that they should interconvert rapidly, that is, the first
step of mechanism 1 in Scheme 4 appears feasible, but
not the 2nd.

These failures have led us to consider other possibili-
ties. For example, based on our result that proton trans-
fer from the D species to O-2 is a trigger for the acyl-
transfer species, we wondered if proton transfer to either
O-1 or O-5 could be a trigger to glycosylation. To
this end we performed the calculations shown in
Scheme 5. Protonation at either O-1 or O-5 is energeti-
cally uphill and appears not to be a viable pathway.
Protonation on O-2 leads to acyl transfer and is
exothermic.

Next we reasoned that if C-2-0O-2 bond rotation led to
dioxolenium ion formation, might it not lead to glyco-
side formation from the four E species that we have
already shown to be in easy equilibrium with the D spe-
cies? In two of the four cases examined, we found TSs
that have the requisite one imaginary frequency by the
procedure described above for B to C conversion. Fur-
thermore, the geometric parameters of these two TSs
all seem reasonable as shown in Figure 5 for 2 E1 going
toward the expected o glycoside. These include that the
CH;0-C-1 bond length is 2.08 A, and the C-1-O-7
bond length is 2.12 A, with the CH;0-C-1-0-7 bond
angle of 158.4°, that is, nearly symmetric and linear.
The CH-2-C-2-0O-2-C-7 torsion angle is 95.6° which is
near the expected value of 90°, and finally the incoming

S,2 5-Co-ordin§1te TS

Me éH s]-

OH

Tetrahedral Intermediate at C-7 C-7 to C1-migration

Me

Me

+H*

Hy

Scheme 4. Three (top, middle, and bottom) possible mechanisms for converting the D species to neutral glycosides following suggestions taken from

the literature.
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Orthoester
+ H'

Me!
Me
&,
L l'ia -
Me Z
Me
Mel e

— +
Ho

" Ha

-7.8 kJ mol

X

O-5 Protonation

0O-1 Protonation
Me 1497 kJ mol"

Hy

Me +18.6 kJ mol’ Glycoside 7

Scheme 5. Protonation of the orthoester related to 1 DO at various oxygens. The numbers are the relative energies in kJ mol™! (see Section 2).

<0,-C1-(C=)0
158.4 ©

<CH1-C1-0,-C,,
-39.1°

Figure 5. Ball-and-stick representation of the putative SN2 TS for 2 E1
to the o glycoside.

methanol nucleophile is approaching at a value near the
—60° expected for the exo-anomeric effect, that is, the
CH-1-C-1-O-CHj3 torsion angle is —39.1°. The ring
geometry also approaches the equator of the conforma-
tional sphere and takes a conformation near >S; 0.783.
Skew boat and boat conformations have been associated
with TSs for enzymatic glycosylation reactions.*>

As shown in Figure 6 for 1 E0 going toward the ex-
pected B glycoside, the geometric parameters show some

{ <CH1-C1-0,-C,
914°

<0,-C1-(C=)0

<CH2-C2-02-C(=0) 1555 °

-119.6 °

Figure 6. Ball-and-stick representation of the putative SN2 TS for 1 EQ
to B glycoside.

similarities. These include that the CH30-C-1 bond
length is 1.49 A, and the C-1-O-7 bond length is
2.63 A, with the CH;0-C-1-O-7 bond angle of 155.5°,
that is, not symmetric but linear. The CH-2-C-2-O-2-
C-7 torsion angle is —119.6°, which is near the expected
value of —90°, and finally the incoming methanol nucle-
ophile is approaching at a value nearer the secondary
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S\2 5-Co-ordinate TS
with intramolecular H-bonding

S\2 5-Co-ordinate TS
with intermolecular H-bonding

Hy

Scheme 6. Putative S\2 TSs for the glycosylation reaction involving
intra- or intermolecular H-bonds between the incoming nucleophile
and suitably disposed electronegative atoms.

minimum at —60°, that is, the CH-1-C-1-O-CHj; torsion
angle is —91.4°. Finally the ring conformation is 'S;
0.882, which is also near the conformational equator.
The TS starting from 2 E1 is 26.8 kJ mol~' above 2
El, and the TS starting from 1 EO is 12.9 kJ mol™!
above 1 EO0.

The key feature of these two TSs that was not recog-
nized until now is the presence of intramolecular H-
bonds. Both TSs exhibit this characteristic effect with
the gluco-configured one having a very strong H-bond
that is likely the origin of the distorted geometric
parameters, compared to those of the manno-configured
case. These results have led us to hypothesize that, in the
absence of a suitable intramolecular H-bond acceptor,
the neighboring-group participation TS will have
an intermolecular H-bond as shown schematically in
Scheme 6. The most likely candidate for the H-bond
acceptor is the counteranion that is ion paired to the
oxacarbenium ion.

4. Conclusions

These new DFT QM calculations on 1 and 2 and some
of their plausible methanol complexes have reiterated
some previous tentative conclusions. These are most
notably: (1) These studies provide further examples of
the two conformers of glycopyranosyl oxacarbenium
ion theory, that is, B0 to GO versus B1 to G1. (2) They
provide further examples for a pseudoequatorial con-
formational preference for O-2 in glycopyranosyl oxa-
carbenium ions, including the marked stability of S,
conformations for gluco-configured ions. (3) They also
include numerous examples of glycopyranosyl oxacarb-
enium ions that have nonplanar values of the O-5-C-1
(t5) torsion angle. These conformations arise due to
additional interactions with nucleophiles. All three of
these conclusions markedly affect the numerous at-
tempts to design TS mimics of the glycopyranosyl oxa-
carbenium ion TSs postulated to occur in GPEs. The
first strongly suggests that such enzymes need to be clas-
sified as BO- or Bl-utilizing enzymes. The second sug-

gests that TS mimics should have the equivalent to O-
2 in a pseudoequatorial disposition relative to the posi-
tively charged and/or flat portion of the mimic. The
third suggests that, at least in some cases, such TSs
may be nonplanar about C-1, and mimics may need to
accommodate this property.

Two new insights emerged from these studies. The
first relates to the possible importance of intramolecular
H-bonds and the obligatory proton-transfer step in gly-
cosylations. Although we have speculated previously on
its importance,” its probable importance was not clearly
established until the discovery of the TSs for neighbor-
ing group participation shown in Figures 5 and 6. Based
on these results we speculate that the proton-transfer
step is linked to the nucleophilic attack, and therefore
all such glycosylations require a suitably oriented basic
site to proceed. The orientations of bases can be con-
trolled by synthetic chemists, either by the choice of pro-
tecting groups or by the addition of additives to
glycosylation reactions. The second insight is that the
motion of the leaving group in the Sy2 like opening of
neighboring group E ions is not a bond stretching as
normally depicted, but rather a CH-2-C-2-0-2-C-7
bond rotation. This bond rotation is subject to control
by choice of protecting groups at O-2. It is also affected
by other protecting groups on the donor sugar, espe-
cially at O-3 since interactions of the O-2 and O-3 pro-
tecting groups can occur depending on the C-2-O-2
torsion angle above and other conformational aspects
of the donor. Furthermore, this conformational prefer-
ence can be studied by QM calculations, thus providing
a strategy for optimizing neighboring-group glycosyla-
tion reactions.
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