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ABSTRACT: Glycosylations promoted by triflate-generating
reagents are widespread synthetic methods for the construction
of glycosidic scaffolds and glycoconjugates of biological and
chemical interest. These processes are thought to proceed with the
participation of a plethora of activated high energy intermediates
such as the α- and β-glycosyl triflates, or even increasingly unstable
glycosyl oxocarbenium-like species, among which only α-glycosyl
triflates have been well characterized under representative reaction
conditions. Interestingly, the remaining less accessible intermedi-
ates, yet to be experimentally described, seem to be particularly
relevant in α-selective processes, involving weak acceptors. Herein,
we report a detailed analysis of several paradigmatic and illustrative examples of such reactions, employing a combination of
chemical, NMR, kinetic and theoretical approaches, culminating in the unprecedented detection and quantification of the true β-
glycosyl triflate intermediates within activated donor mixtures. This achievement was further employed as a stepping-stone for the
characterization of the triflate anomerization dynamics, which along with the acceptor substitutions, govern the stereochemical
outcome of the reaction. The obtained data conclusively show that, even for highly dissociative reactions involving β-close ion pair
(β-CIP) species, the formation of the α-glycoside is necessarily preceded by a bimolecular α → β triflate interconversion, which
under certain circumstances becomes the rate-limiting step. Overall, our results rule out the prevalence of the Curtin−Hammett fast-
exchange assumption for most glycosylations and highlight the distinct reactivity properties of α- and β-glycosyl triflates against
neutral and anionic acceptors.

■ INTRODUCTION

The acknowledgment of the relevance of glycoconjugates in
biological processes has run parallel to the development of new
methods for glycosidic bond formation.1−9 Thus, the last few
decades have witnessed a burgeoning progress in the area of
glycosyl donor engineering, with a more recent focus on the
understanding of glycosylation mechanisms.10−15 Central to
many of these processes is the role played by glycosyl triflates.
These highly reactive species are formed upon activation of
common sugar donors, such as glycosyl sulfoxides or thio-
glycosides among others,16 and are believed to exist as a mixture
of α- and β- anomers in a fast exchange equilibrium. Both of
them can, in turn, participate in nucleophilic substitutions with
alcohol acceptors through a continuum of mechanisms spanning
the gap between pure SN2 and SN1 processes, as shown by
extensive studies performed by Crich and colleagues.10 Owing
to stereoelectronic and polar considerations, equatorially
oriented anomeric triflates display a decreased stability with
respect to their axial counterparts, as dictated by the anomeric
effect.17 However, while β-triflates are, at best, marginally
populated, they can still play key roles in glycosylations due to

their much enhanced reactivity. Indeed, a Curtin−Hammett
scenario, implying a rapid α/β triflate interconversion on the
reaction time-scale, has been traditionally invoked to describe
glycosidic bond formation and to explain the stereoselectivity of
the process (Figure 1a).10 A paradigmatic example of this is
provided by the diverging α- and β-selectivity observed in
glycosylations with 4,6-O-benzylidene-protected D-glucopyra-
nosyl and D-mannopyranosyl donors, respectively.
According to current knowledge, the decreased stability/

population of the β-triflate intermediate for mannose deriva-
tives, disfavored both by the anomeric effect and by repulsive
dipolar interactions with the axial substituent at C2, would
effectively thwart any Curtin−Hammett kinetic scheme, thus
determining the preferential formation of the β-product via the
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major α-triflate.10 On the contrary, analogous glucose donors
would evolve through a more accessible β-triflate to yield the
corresponding inverted α-products. Interestingly, chemical
glycosylations with poorly nucleophilic acceptors seem to
proceed, in all cases, with an enhanced α-selectivity as shown
by Codeé and colleagues, which could reflect the dominant role
played in these circumstances by the minor, yet more reactive
intermediates, such as β-triflates or even glycosyl oxocarbenium-
like species present in the reaction mixture (Figure 1b).11a

Notwithstanding the wide relevance of anomeric triflates in
glycochemistry, very little is known about the anomerization
process and its potential impact on the glycosylation outcome.
More specifically, the NMR detection of the highly unstable
equatorially oriented triflates has represented a significant
challenge in itself, and just one example, involved in a
conformational rather than an anomerization equilibrium, has
been confidently reported so far.18 However, key aspects of the
mechanism, including triflate α/β exchange rates or their
substitution kinetics by an alcohol, have proven inaccessible to
the chemical community under direct experimental scrutiny,
due to themarginal population and high reactivity of some of the
species involved (Figure 1). In fact, it is important to emphasize
that, in the absence of more detailed information, the general
prevalence of Curtin−Hammett’s conditions for these processes
should be considered a mechanistic assumption. To address
these issues, we have carried out a comprehensive analysis of
anomeric substitutions involving α- and β-triflate species,
focusing our attention on those reaction pathways that
determine the formation of a major α-glycoside from a
seemingly exclusive α-glycosyl triflate intermediate. With this
objective in mind, we have employed a multidisciplinary
approach comprising the extensive use of variable temperature
NMR (vt-NMR) on both unlabeled and isotopically labeled
samples, as well as competition and kinetics experiments, high-
level computational chemistry calculations and preparative scale
reactions.

■ RESULTS
Experimental Determination of Relative Glycosyla-

tion Rates. From a chemical perspective, the divergent
stereoselectivities observed for the 4,6-O-benzylidene-protected
epimeric donors 1a and 2a must reflect the distinct rates that
characterize the alternative reaction pathways represented in
Figure 1a. While a complete picture of the operating
glycosylation mechanism is difficult to draw, relative formation
rates for the α/β products can, in principle, be estimated by
straightforward competition experiments. In order to gain
insight into the differential reactivity and properties of the
glucose/mannose dyad (1a vs 2a, Figure 2a), two comple-
mentary assays (herein referred to as c-I and c-II) were carried
out, employing low temperature NMR (Figure 2b):

• In competitions type c-I, glycosyl triflates derived from 1a
or 2a (in separate assays), were treated with an
equimolecular binary mixture of competing alcohols in
significant excess, comprising a good nucleophile
(ethanol) and a weakly nucleophilic acceptor (trifluor-
oethanol) (Figure 2b; green-shaded boxes). This kind of
assay reveals the acceptor sensitivity displayed by each
triflate. It is worth mentioning that analogous experiments
were originally employed by Sinnott and colleagues for
the study of glycoside solvolysis reactions and have since
been used by other authors in different contexts.19

• On the contrary, in competitions type c-II, an
equimolecular mixture of competing triflates, derived
from 1a and 2a, was treated with a substoichiometric
amount of a given acceptor alcohol, either ethanol or
trifluoroethanol (in separate experiments) (Figure 2b;
yellow-shaded boxes). Under these experimental con-
ditions, we should be able to determine the relative donor
reactivity for each acceptor alcohol.

Each individual experiment (either c-I or c-II) can yield a
mixture of four glycosylation products whose population ratios,
determined through 1D or 2D-HSQC spectra, indicate their

Figure 1. (a) Schematic representation of the multiple SN2/SN1 reaction pathways leading to the formation of α- and β-glycosides from glycosyl triflate
intermediates. CIP, SSIP, and SEIP stand for contact ion pair, solvent separated ion pair, and solvent equilibrated ion pair, respectively. (b) Reactivity
gradient for the potential donor intermediates and acceptor alcohols. Glycosylations with weakly nucleophilic alcohols proceed with increased α-
stereoselectivity.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://dx.doi.org/10.1021/jacs.0c05525
J. Am. Chem. Soc. 2020, 142, 12501−12514

12502

https://pubs.acs.org/doi/10.1021/jacs.0c05525?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c05525?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c05525?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c05525?fig=fig1&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://dx.doi.org/10.1021/jacs.0c05525?ref=pdf


relative formation rates. It should be noted that these values can
reflect a mixture of processes and to some extent depend on the
concentration of the reacting agents. However, they still provide
valuable insights about the underlying reaction mechanism.
Relative formation rates estimated for the eight possible
glycosides generated, together with the experimental conditions
employed for each assay, are represented in Figure 2 (see also
Figure S1 of the Supporting Information, SI) and the main
conclusions thereof are summarized in the following points:

• Regarding β-glycosylations, the replacement of ethanol by
the weaker trifluoroethanol determines, in all cases, the
expected reduction in the corresponding reaction rates
(3β vs 4β and 5β vs 6β). Interestingly, this effect is much
more pronounced for the glucose case (>20-fold), where
the TFE-derived β-product was barely detectable in the
reaction mixtures. On the contrary, both α-glycosylations
seem fairly insensitive to the nucleophilic character of the

acceptor alcohol, with relative rate decreases in the 1.6−
2.5 range (3α vs 4α and 5α vs 6α). These latter results are
fully consistent with experimental observations reported
by Codeé and colleagues according to which α-stereo-
selectivity increases for poor acceptors, and points to the
involvement of more reactive species, either β-triflates or
glycosyl oxocarbenium ions, in this particular reaction
pathway.11

• With nucleophilic acceptors such as ethanol, both gluco-
and manno- β-glycosides form with nearly identical rates
(derivatives 3β vs 5β). This is an unexpected conclusion,
given the well-known β-selectivity of mannosyl triflates in
contrast with the α-selectivity of its glucosyl counterpart.
Therefore, the reason for the diverging stereochemical
outcome of these two donors has to come from the α-
glycosylation process, which indeed is significantly faster
for the glucose derivative (ca. 6-fold, 3α vs 5α), a trend

Figure 2. (a) Different chemical species involved in the competition experiments. (b) Competition experiments type c-I (green-shaded boxes) and c-II
(yellow-shaded boxes) performed with donors 1-αTf and/or 2-αTf (initial concentrations shown in black), employing ethanol and/or
trifluoroethanol (TFE) as acceptors (concentrations displayed in red and cyan, respectively). Relative populations for the products were determined
by 1D and 2D-HSQC experiments (see the examples at the bottom) and allowed estimation of the relative formation rates for the eight possible
glycosylation products. These values are represented in mauve.
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that is further accentuated in the presence of weak
alcohols (ca. 10-fold, 4α vs 6α).

These initial studies confirm that the configuration of position
2 of the sugar donor is key in modulating the stereoselective
outcome of the glycosylation process, probably by affecting the
stability/population of the corresponding β-glycosyl triflates,
and further support the participation of such intermediates in
the process of α-glycosylation.
Comprehensive NMR Analysis of the Anomeric

Substitution of Glucosyl Triflates by Poor Acceptors.
With the results from the previous section in hand, we focused
our attention on the intriguing behavior displayed by glucosyl
donor 1a with trifluoroethanol. As shown in Figure 2, this
particular glycosylation proceeds with a total stereoselectivity to
render an exclusive α-adduct from a predominant α-triflate
intermediate, which would make the involvement of a highly
reactive β-species even more relevant in this case. Importantly,
while the existence of a β-glucosyl triflate has often been
postulated, to the best of our knowledge, it has neither been
detected, nor quantified before. Taking this into consideration,
we first decided to have a closer inspection at the triflate
mixtures generated from glucosyl donors under different
glycosylation conditions.
NMR Detection of the β-Glucosyl Triflate Intermediate. In

order to increase the chances to detect the key β-triflate
intermediate, we resorted to 13C-labeled samples. Thus, both the
thio-phenyl derivative 1a and the corresponding sulfoxide 1b
were synthesized from 13C-glucose and preactivated at low
temperature. The resulting solutions were analyzed by means of
HSQC experiments (Figure 3a) and revealed the presence of an
apparently exclusive α-triflate species (>99%), in agreement
with previous reports.10,16

In fact, despite the extra sensitivity provided by the
isotopically labeled samples, significant accumulation times
were required before an anomeric cross-peak could be
confidently assigned to a β-triflate intermediate. This signal
appears at δH = 5.48 ppm, around 0.6 ppm upfield shifted with
respect to that of the major α derivative and presents a δC value
of 104 ppm in chloroform (Table S1). In addition, both the
homonuclear proton−proton (3JHH = 7.2 Hz) and the
heteronuclear proton-carbon (1JHC = 177 Hz) coupling
constants are in agreement with the equatorial orientation of
the anomeric substituent. Satisfactorily, this result was
successfully reproduced regardless of the activation protocol
employed, inherent to each donor type (thiophenyl or sulfoxide

donors, 1a and 1b). Finally, from the intensity of the detected
cross-peaks, the β-triflate population was estimated between
0.25 and 0.50%, consistent with a Kαβ equilibrium constant in
the 2.5 × 10−3 to 5.0 × 10−3 range, which corresponds to a free
energy difference of 2.3± 0.15 kcal/mol at −65 °C between the
α- and β-triflates.

Kinetics of the α-Glucosylation Process with Poor Accept-
ors. The time evolution of the glucosyl triflate mixtures upon
addition of trifluoroethanol was analyzed next. This represented
a significant challenge from an experimental perspective, given
the high reactivity and reduced stability of the triflate
intermediates. However, a careful experimental design allowed
us to handle these solutions with minimal temperature
fluctuations during the whole process, particularly during the
critical steps of adding the acceptor alcohol and mixing the
resulting solution. Nevertheless, as an extra precaution to
minimize the impact of any potential temperature changes on
the reaction time courses, the first data point recorded in each
experiment was discarded by default, and the initial concen-
trations reset accordingly.
Reactions were performed with increasing concentrations of

trifluoroethanol (TFE), herein referred to as experiments A−E,
and monitored through sequential 1D-NMR spectra. Selected
data sets, together with all reaction curves derived for this
donor/acceptor pair, are shown in Figure 4a and b, respectively
(see also, Figure S2). A visual inspection of curves A and B
reveals that the process becomes faster with the acceptor
concentration. Intriguingly though, this acceptor sensitivity
diminishes in experiments B−C, and totally vanishes for
reactions D−E carried out with the highest trifluoroethanol/
donor ratios (Figure 4b−d). Such observations seem incon-
sistent with the assumption of either a simple bimolecular or
unimolecular mechanism, and points to a more complex
scenario for the formation of the α-glycoside. Indeed, attempts
to analyze the obtained curves assuming a first-order process
yielded a poor fitting for data set A, which progressively
improved for curves B−E (Figures 4d and S3).
In view of these results, the experiments were re-examined in a

more elaborate fashion, fully assuming the kinetic model
represented in Figure 4c, which involves triflate anomerization
prior to substitution of the resulting β-derivative with
trifluoroethanol. Therefore, the system is defined by four rate
constants, herein referred to as kαβ and kβα for triflate
anomerization, and kGα and kGβ for the alcohol substitution
processes of each individual glucosyl-triflate. A least-squares
fitting of the ten reaction curves was simultaneously performed
with the program Dynafit20 to determine the set of constant
values which better agrees with all the experimental information
available. Considering the significant nucleophilic character
exhibited by triflate anions in organic solvents,21 the
anomerization step was assumed to be bimolecular, and the
kβα/kαβ ratio was constrained to the experimentally determined
value (Kαβ = 3.3 × 10−3). Regarding the second step, both zero
and first-order kinetics in the alcohol were explicitly considered,
but only the second mechanistic assumption produced
satisfactory results (see Figures S4 and 4b, respectively).
According to these data, the substitution of the α-glucosyl
triflate with the acceptor alcohol is much slower than its
conversion into the more reactive β-triflate (kGα≪ kαβ), which is
in agreement both with the negligible fraction of β-glycoside
product generated in the process, and also with the higher
nucleophilic character of the triflate anion with respect to
trifluoroethanol.21 On the contrary, the highly reactive β-triflate

Figure 3.HSQC experiments acquired with triflate mixtures generated
upon activation of 13C-labeled donors 1a and 1b. Cross-peaks
corresponding to the (unlabeled) benzylidene CH fragment in the
major α-glucosyl triflate intermediate (in cyan), and the 13C-labeled
anomeric CH group in the corresponding β-glucosyl triflate (in orange)
are shown. Peak relative ratios, together with the estimated population
for the β-derivative are indicated.
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intermediate shows no preference for any of these two species
(kGβ∼kβα), in line with the behavior observed in the ethanol/
trifluoroethanol competitions c-I (vide supra). Strikingly, the
resulting scenario, built on the obtained set of kinetic constants,
does not satisfy Curtin−Hammett conditions, for which triflate
exchange should be much faster than the acceptor substitutions
(kαβ ≫ kGα and kβα ≫ kGβ). As a consequence, the α/β ratio for
triflate intermediates cannot remain constant throughout the
reaction, and so it must evolve during the process. More
importantly, the global reaction rate can increase with the
acceptor concentration up to a limit in which triflate
anomerization becomes rate-limiting. In agreement with this
view, glycosylations with TFE in the presence of additional
triflate anion revealed a clear enhancement in the reaction rates
which must partially reflect a faster anomerization process.
Interestingly, these data sets also suggest additional activating
effects of the triflate on the alcohol substitution step (Figure S5).
Indeed, a catalytic influence of triflate anions on glycosylation
processes has been recently reported.14b

This similar reactivity deduced for trifluoroethanol and
anionic triflate against the β-glucosyl triflate is intriguing and
made us wonder whether the same behavior stands for even
weaker nucleophiles. With this idea in mind, we performed
additional assays employing acetic acid as acceptor (Figure 4e,
experiment F; this assay did not include any base in the reaction
mixture to ensure that no acetate form was present). Under

these conditions, we observed that the reaction proceeds with
total stereoselectivity to yield a sole α-O-acetyl-glycoside and
that the obtained kinetic curves were almost identical to those
previously recorded with a comparable concentration of
trifluoroethanol (experiment D), strongly suggesting a common
reaction pathway (Figures S6).
While this model-based interpretation of the experimental

data is plausible, the marginal β-triflate concentration present in
the reaction mixtures renders key parameters of the kinetic
scheme (such as the anomerization rate constants, kβα and kαβ)
inaccessible by direct experimental measurements, thereby
precluding further validation of our conclusions. At this point,
we reasoned that an adequate redesign of the donor substrate,
aimed at increasing the β-glycosyl triflate fraction in equilibrium,
could provide definite support for the proposed kinetic regime.

Amplifying the β-Glycosyl Triflate Population through
α-Selective Destabilizing Interactions: The Allose Case.
In order to reduce the energy gap between both anomers, which
ultimately determines the equilibrium populations, a simple
strategy based on the destabilization of the α-glycosyl triflate by
means of an unfavorable 1,3-diaxial interaction with a properly
oriented substituent was employed. This approach was fully
supported by quantummechanics calculations carried out on the
model structures (PCM(CHCl3)/M06-2X/6-31G(d,p)). Thus,
according to theoretical data (Figure 5), the orientation of the
C-2 substituent of the pyranose exerts a substantial influence on

Figure 4. (a) Time evolution of 1-αTf in CDCl3 at−65 °C upon addition of trifluoroethanol (experimentsA andD). (b) Experimental reaction curves
(circles and triangles) derived from experiments A−E. The solid lines represent the simultaneous least-squares fitting of the ten curves to the kinetic
model shown on panel c. (c) Kinetic model employed for the analysis of the experimental reaction curves. The resulting kinetic constants are
represented in black. During the fitting procedure the kβα/kαβ ratio was constrained to the experimentally determined range. (d) First-order fitting of
reaction curves for the consumption of 1-αTf in experiments A and E. (e) Experimental curves for experiment D superimposed on that derived from
experiment F employing acetic acid as acceptor to yield derivative 7α.
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the magnitude of the anomeric effect that decreases from
manno- to gluco-configurations from 4.0 to 2.3 kcal/mol, in
terms of free energy differences. It is worth mentioning that in
the case of the glucose derivative, the calculated value shows a

total agreement with the one experimentally estimated by us
(2.3 kcal/mol; Figure 3).
As previously anticipated, the C-3 substituent offers the

opportunity to further diminish the energy difference between
anomers: an inversion of its orientation from equatorial to axial
(such as in D-allose) leads to a severe polar/steric destabilization
of the α-triflate, which in turn is accompanied by a slight
stabilization of the β-anomer via a noncanonical CH−O
hydrogen bond (a similar interaction has been previously
proposed for α-equatorial triflates; Figure 5).18 These combined
effects would determine a sharp reduction of the α/β triflate
energy gap, which becomes proximate to 1 kcal/mol and should
therefore render the β-triflate amenable to experimental
detection and characterization by NMR. Indeed, according to
the obtained theoretical data, its population at−65 °C should be
larger than 6%. The use of a larger basis set 6-311+G(2d,p)
further increased the calculated stability of the β-triflate to yield
a ΔG of 0.1 kcal/mol, and a β-triflate population around 45%.

Detection of the Allose β-Triflate Intermediate and NMR
Characterization of the Exchange Dynamics. With this
promising theoretical support in hand, we embarked in the
preparation of D-allose donors 8a and 8b, which were
preactivated employing regular conditions. To our satisfaction,
low temperature NMR experiments confirmed, in both cases,
the presence of an equilibrium mixture composed of α- and β-
triflates in a 2.7:1 ratio, respectively, corresponding to a ΔΔG
value of 0.4 kcal/mol at −65 οC (Figures 6a and S7).
The signal of the anomeric proton of the β-allosyl triflate

appears at δH = 5.74 ppm, ca. 0.3 ppm downfield shifted with

Figure 5. Free energy differences between α- and β-glycosyl triflates for
D-manno-, D-gluco- and D-allo-derivatives (in the gas phase) computed
by quantum mechanics calculations (PCM(CHCl3)/M06-2X/6-31G-
(d,p)level). The predicted Kαβ equilibrium constants are represented in
blue.

Figure 6. (a) Relative equilibrium concentrations for the α- and β-allosyl triflates (8-αTf and 8-βTf) generated from donors 8a or 8b, in CD2Cl2 and
CDCl3, as revealed by 1D-NMR (for additional solvent or temperature conditions see Figure S8). The resulting Kαβ and ΔG (kcal/mol) values are
indicated. (b) Example of selective NOESY-1D experiments acquired with excitation of either the α or β anomeric signals (left and right, respectively).
EXSY plots provided the rate constants, which were independently determined for the α → β and β → α processes and are represented in red. (c)
Anomerization rate constants determined under different experimental conditions (solvent, temperature and triflate anion concentration). The
horizontal axis represents the absolute concentration of the triflate anion in the reaction media, including contributions from the activating triflic
anhydride and the added TBAOTf.
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respect to that previously detected for its glucose analog (Figure
3), probably reflecting its polar interaction with the axial
methoxy group. However, both 3JHH and 1JHC constants for the
anomeric position were fully consistent with those measured for
the analogous β-gluco- intermediate (8 and 178 Hz,
respectively). Interestingly, all measurable 3JHH values are in
agreement with a 4C1 conformation for both anomers,
evidencing no significant distortions even for the α-derivative,
where a steric conflict seems clearer (Figure S7 and Table S2).
Additionally, to further interrogate this previously undetected
anomerization equilibrium, both its temperature and solvent
dependence were also studied. As expected, considering the
reduced dipole moment exhibited by the β-anomer, its molar
fraction increases in low dielectric environments (from α/β 6:1
in CD2Cl2 to 2.3:1 in toluene-d8). Similarly, the α/β ratio at
equilibrium is tilted in favor of the less stable β-anomer at higher
temperatures (Figures 6a and S8). In summary, according to our
data, the fraction of β-triflate available for glycosylation shows a

significant sensitivity to the experimental conditions employed,
being the solvent polarity and the temperature two key
parameters to consider.
The unusually large β-triflate population exhibited by the

allose system offered the possibility of characterizing, also for the
first time, the glycosyl triflate exchange dynamics. This
anomerization process is central to the Curtin−Hammett
schemes typically invoked to explain glycosylations. Fittingly,
both 1D and 2D-EXSY experiments confirmed the presence of
exchange peaks between α- and β-triflate intermediates, which
allowed the determination of the corresponding rate constants
under a variety of experimental conditions (Figures 6b and S8−
S12).22 Both kαβ and kβα were independently measured
following a protocol analogous to that described by Gschwind22a

and Taylor,22b and the rate constant ratios (kβα/kαβ) were found
to be consistent with the corresponding experimental
equilibrium constants (Keq).

Figure 7. (a) Product ratios obtained upon treatment of triflates 8-αTf + 8-βTfwith different acceptors or acceptor mixtures (competition type c-I, last
entry). (b) Kinetics experiments G-I (initial 8-αTf and acceptor concentrations indicated) performed in CDCl3 at −65 °C. Selected 1D data sets,
before and after addition of the acceptor (TFE or acetic acid), are shown. The anomeric triflate ratios (represented in gray) reveal the preferential
consumption of the β-stereomer by the acceptor. Reaction curves for the consumption of the major α-allosyl triflate 8-αTf, together with the
corresponding first-order fittings and rate constants derived thereof are shown at the bottom. (c) Kinetics experiments J−M performed in CD2Cl2 at
−80 °C (initial 8-αTf and acceptor concentrations indicated). The time evolution of the allosyl triflate mixture in experiment J as monitored by 1D
NMR is displayed on the left. Reaction curves derived from experiments J−M are represented on the right. First-order fittings and rate constants are
shown in red. The solid colored lines represent the simultaneous least-squares fitting of the 12 curves to the kinetic model shown at the bottom-right
corner. The resulting kinetic constants are represented in black.
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Several conclusions can be obtained from these data. First, the
exchange rates determined for D-allopyranosyl triflates in
chloroform at −65 °C are 1 order of magnitude higher than
those described for unconstrained glycopyranosyl mesylates at
25 °C, which shows the extreme lability of the former reactive
species (see Figure 6b and Table S3).22b Second, resulting from
the increased polarity of dichloromethane, whose influence on
triflate equilibrium is already clear (Figure 6a), the experimental
exchange rate values derived in this media are slightly larger than
those measured in chloroform. Further, this process shows a
great sensitivity to temperature, becoming 5-fold faster by
simply raising the temperature to −50 °C. Conversely, the
obtained experimental data is consistent with an almost 10-fold
reduction in the exchange rate constant at −80 °C in
dichloromethane (Figures S8−S12 and Table S3).
Most importantly, experiments carried out in the presence of

increasing concentrations of tetrabutylammonium triflate
(TBAOTf) at −50 οC and at −65 °C demonstrated that the
exchange kinetics depend linearly on the triflate anion
concentration in both solvents, with a slope that fully supports
a bimolecular SN2-like anomerization mechanism (Figures 6c
and S8−S12 and Table S3). This observation agrees with the
significant nucleophilic character of triflate anions in apolar
environments21 and implies that the apparent exchange rates
derived from EXSY NMR data using the initial rate
approximation22a correspond, in fact, to the product between
the actual bimolecular constants and the concentration of triflate
anion available for each assay (see the Experimental Methods).
Therefore, true SN2 rate constants (now expressed in M−1 s−1)
could be inferred, and the resulting values are also included in
Table S3.
As a final point, the relevance of the obtained values under

actual glycosylation conditions was tested, for which hexa-
fluoroisopropanol (HFIP) was employed as the acceptor
counterpart. By virtue of the slow progression of this reaction
(vide infra), we were able to acquire quick EXSY NMR
experiments during the process (Figure S13), showing that the
triflate exchange dynamics previously described remain basically
unaltered in the presence of the acceptor alcohol.
Chemical Characterization of the Allosyl Donor: Selectivity

and Reaction Kinetics.The unusually large β-triflate population
exhibited by the activated 8a donor mixtures would be expected
to have a significant impact on its reactivity in glycosylations.
Thus, we carried out assays with a selection of representative
weakly nucleophilic acceptors and the obtained results are
compiled in Figure 7a. As it can be observed, the marked α-
preference exhibited by the analogous glucose derivative with
trifluoroethanol is slightly reduced in this case by the inversion
of the pyranose position 3. This can be rationalized by an
enhanced reactivity of the corresponding α-allosyl triflate, now
capable of reacting sluggishly with this alcohol (10α:10β 8:1
compared with 4α:4β > 20:1). Nevertheless, as previously
shown for the glucose/mannose case,11a further attenuation of
the acceptor nucleophilic character (from trifluoroethanol to
hexafluoroisopropanol or acetic acid) should favor α-glyco-
sidation, and indeed, in these two additional cases, the reaction
proceeds with a total α-stereoselectivity (Figure 7a).
Type c-I competitions with ethanol/trifluoroethanol mixtures

also revealed a similar behavior to that observed for glucose and
mannose derivatives: the α-allosylation displays an almost null
sensitivity to the acceptor, while the β-glycosylation remains
significantly sensitive (Figure S14). Alternatively, competitions
type c-II, carried out with 1-Tf/8-Tf triflate mixtures, showed

that the formation rates of the allose products are at least 10-fold
faster in comparison to those derived from glucose, regardless of
the anomeric configuration of the product or the nature of the
accepting alcohol. Overall, this reactivity enhancement must be
reflecting both the destabilizing influence exerted by allose axial
substituent on the α-triflate, and the concomitant growth in the
β-triflate population.
Next, we analyzed the time evolution of the allose triflate

mixtures upon addition of poor acceptors, such as trifluor-
oethanol or acetic acid at −65 °C in chloroform. The obtained
results are represented in Figures 7b, S15, and S16 (experiments
G−H) and highlight several key features of the glycosylation
process. Thus, the ratio between α- and β-triflate populations is
not maintained throughout the experiment, owing to the fact
that the minor β-triflate is preferentially consumed, at a rate too
large to permit its monitorization by NMR. This observation
shows that the reactivity difference between both anomers is
significant despite the relatively small energy gap between them.
Most importantly, the substitution of the β-triflate by the
acceptor must be faster than the triflate anomerization, thus
confirming that the glycosylation process cannot be described in
terms of the Curtin−Hammett principle, as previously deduced
for glucose donors.
The integration of anomeric signals for both the α-triflate

intermediate and the products allowed us to build the
corresponding reaction curves (Figure 7b). Interestingly, first-
order analysis of these data sets yielded good fittings with rate
constants highly similar to those previously derived for the α→
β anomerization process (0.014−0.015 vs 0.013−0.024 s−1 (see
Table S3). This experimental evidence establishes a mechanistic
connection between the formation of the α-glycoside and the
triflate exchange process and supports the notion that this latter
step must be both essential and rate-limiting.
Conversely, glycosylation assays with the extremely deacti-

vated HFIP (experiment I) evolve at a much-reduced rate,
although with an exquisite α-stereoselectivity. Meaningfully, the
relative populations of the α- and β-allosyl triflates remain
unaltered throughout the reaction. These combined observa-
tions have two key mechanistic implications: on the one hand,
the substitution of the β-triflate intermediate with this alcohol is
slower than the exchange between allosyl triflates, in a way that
the whole process now satisfies Curtin−Hammett requirements
(see Figure S17). It should be noted though that this behavior is
anecdotal and will certainly not hold for most of the alcohols
commonly employed in glycosylation reactions. On the other
hand, the conversion of the β-triflate into the major α-product is
shown to respond to the substantial attenuation of the
nucleophile (TFE vs HFIP), a plausible argument in favor of a
bimolecular-like behavior for the substitutionmechanism during
this step.
Given the high reactivity exhibited by the allose donor with

trifluoroethanol, we decided to carry out additional assays at
even lower temperatures (−80 °C in CD2Cl2). These
experimental conditions determined a slower progression of
the reactions, allowing a more adequate monitorization of the
experimental time courses. Analogously to the glucose case,
reaction curves were derived at increasing concentrations of the
acceptor alcohol (herein referred to as experiments J−M). The
obtained results represented in Figures 7c, S18, and S19 were
consistent with the qualitative description of the glycosylation
reaction previously outlined. Consequently, the β-triflate
intermediate is preferentially consumed in all cases. Moreover,
individual first-order analysis of the reaction curves (either for
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the consumption of the α-allosyl triflate or the formation of the
α-product) renders rate constants in the range of those
previously measured for the triflate exchange under similar
experimental conditions (Table S3). Furthermore, the reaction
rate shows only a slight sensitivity to the acceptor concentration,
which for the dominant α-anomer could be attributed to the
rate-limiting character of the preceding anomerization step,
although amore SN1-like alcohol association cannot be ruled out
either.
In order to derive the set of kinetic constants that better

reproduces all the experimental data, the obtained reaction
curves were simultaneously fitted to the more elaborate kinetic
scheme shown in Figure 7c. According to previous experimental
evidence, we decided to consider both SN2 and SN1 scenarios for
the alcohol substitution reactions. Contrarily, the exchange
between α and β allosyl-triflates was taken as a pure SN2 process,
in accordance with the linear dependence on the triflate
concentration revealed by NMR data previously shown (Figure
6c and Table S3). Therefore, the corresponding kinetic
constants for this latter step (kαβ and kβα) were constrained to
the experimentally derived values during the fitting procedure.
Slightly better fitting results were attained by considering
acceptor reactions with the β- and α-triflate intermediates as
bimolecular processes. However, kinetic constants derived with
the alternative mechanistic assumption, that is unimolecular,
would still be consistent with the conclusion previously outlined
(Figures S20 and S21): the formation of the major α-
glycosylation product is rate-limited by the interconversion
between α- and β-glycosyl triflates, in this case, even at roughly
stoichiometric trifluoroethanol concentrations. This behavior
results from the peculiar reactivity of the β-allosyl triflate
intermediate whose substitution with the acceptor alcohol
seems clearly favored over the one involving anionic triflate.
Primary 13C-Kinetic Isotope Effect (KIE) Analyses for

the Glucose and Allose Cases. As a next step, to get further
insights into the reaction mechanisms, the primary 13C-KIEs for
both dominant products, the α-glucoside (4α) and the α-
alloside (10α) formed with trifluoroethanol, were determined
employing the NMRmethod originally proposed by Singleton23

and later adapted by Crich10d for low temperature chemical
glycosylations. Individual values measured at three different
reaction conversions, together with the corresponding average
are represented in Table 1 (see also Tables S4 and S5). It should
be noted that according to the kinetic model considered in
Figures 4c and 7c, both 13C-KIE values could, to some extent,

have contributions arising from both the triflate anomerization
and the subsequent alcohol trapping, thus making an in-depth
analysis of these single values not straightforward. Notwith-
standing, they can still be employed for comparative purposes as
similar reactions have been already analyzed by this method.
Thus, for the glucose case the 13C-KIE value determined (1.012)
lies significantly closer to the range expected for SN1-like
substitutions (1.00−1.01), rather than to concerted SN2
reactions (1.03−1.08). Comparatively, a 13C-KIE of 1.023 has
been reported for the α-glycosylation of the same triflate
intermediate with isopropanol.10d According to these data, the
replacement of isopropanol by a poorer nucleophile determines
a shift in the reaction mechanism toward a more dissociative
process, as proposed by Codeé and Crich.10,11a,b

Regarding the allose model, the obtained value (1.002) points
to an even more dissociative process involving, most likely, the
participation of a contact ion pair (β-CIP), which could be
explained by a combination of factors. First, the axially oriented
methoxy group at position 3 could favor contact ion pair
formation by stabilizing the positive charge located at the
anomeric position via through-space polar interactions.24

Second, the large fraction of the β-allosyl triflate in equilibrium
must also determine a higher population of the corresponding β-
CIP, the species presumably involved in the substitution
process.
Overall, the obtained results for both glycosylation processes

suggest the participation of discrete short-lived oxocarbenium-
like intermediates, structurally related with the corresponding
parent β-glycosyl triflates. However, despite the dissociative
character attributed to the reactions involving such intermedi-
ates, our results seem to imply that the alcohol is still involved in
a kinetically significant way, on the basis of the sensitivity
exhibited by the reaction rates to both the nucleophilicity and
the concentration of the acceptor.

Quantum Mechanical Calculations. With the aim of
further dissecting the interplay between triflate anomerization
and the alcohol substitution processes we analyzed the ground/
transition states involved by quantum mechanical calculations
(see Computational Details), considering both ethanol and
trifluoroethanol as acceptor alcohols. Computed energies and
geometries are represented in Figure 8. Some clear trends are
apparent from these data: first, the formation of the β-glycosides
from the corresponding α-triflates via a direct inversion
mechanism proceeds, in all cases, through high energy TSs
(herein referred to as TSGβ; Figure 8), which are significantly
more unfavored for the trifluoroethanol-involving reactions.
Conversely, α-glycosylation processes show lower activation
barriers and much reduced sensitivities to the nucleophilic
character of the alcohol, in agreement with the competition
experiments reported above. Additionally, TSs involved in
triflate anomerization and α-glycosylations (named TSExch and
TSGα, respectively) display comparable stabilities. Indeed, for
the allose case, a considerable deviation from the Curtin−
Hammett scenario is correctly anticipated, reflecting the balance
between assisting and opposing influences of the pyranose axial
substituent on both processes. Certainly, while this methoxy
group stabilizes TSGα by means of a hydrogen bonding
interaction with the incoming alcohol, it destabilizes TSExch
through repulsive interactions with the anionic triflate
nucleophile. This is in good agreement with the experiments
herein reported, which show that the relative stability between
TSGα and TSExch is, in fact, even more tilted in favor of the
former, withΔG‡

Gα≈ΔG‡
Exch for glucose (Figure 4) andΔG‡

Gα

Table 1. Experimentally Determined Primary 13C-KIEsa

conversion (%) 4α

11% 1.013
15% 1.012
21% 1.010
average 1.012 ± 0.002

conversion (%) 10α

6% 1.004
15% 1.005
20% 0.998
average 1.002 ± 0.004

aObtained values for the α-glucopyranoside 4α and the α-allopyrano-
side 10α were measured at −65 °C (CHCl3) and −80 °C (CH2Cl2),
respectively, with three different reaction conversions. From them, the
corresponding values at 25 °C were calculated.
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<ΔG‡
Exch for allose (Figure 7). Of note, single-point energy

calculations with SMD(CHCl3)/M06-2X/6-311++G(2d,p)
improved the results observed at the PCM(CHCl3)/M06-2X/
6-31G(d,p) level used for geometry optimizations and correctly
reproduced the trend observed experimentally: triflate exchange
is the rate-limiting step for allose, thus making the α-
glycosylation rate almost independent of the nature of the
accepting alcohol within this range. It is important to mention
that the inversion of pyranose configuration at position 3, from
D-gluco- to D-allo-, effectively diminishes the energy gap between
α- and β-glycosyl triflates, as shown experimentally. However, a
slower triflate anomerization is predicted for the allose case in
both the α → β and β → α directions. This is only in partial
accordance with our experimental data, which revealed a faster α
→ β inversion for the α-allosyl triflate.
Regarding the computed geometries for TSExch as well as TSGα

and TSGβ with ethanol (Figures 8 and S22−S27), they can be
broadly classified as loose (exploded) SN2 transition states,
similar to those previously described by Crich and Bennet for
other anomeric substitutions.10,12 Interestingly, while α-glycosyl
triflates evolve through late TSs, characterized by larger
distances between the anomeric carbon and the departing
group, the corresponding β-anomers progress through early TSs,
with shorter distances to the leaving triflate anion. This distinct
behavior most probably reflects the operativity of the anomeric

effect which renders the α-anomers more stable. As expected,
the loose character exhibited by the calculated TSs with ethanol
is further exacerbated for the trifluoroethanol reactions. Thus,
according to our theoretical calculations, the anomeric
substitutions of the β-glycosyl triflates with this acceptor
proceed with the concomitant formation of a close-ion pair
(β-CIP), now identified as a broad minimum in the reaction
coordinate (Figure 8), which is separated from both the starting
β-glycosyl triflate and the α-glycosylation product by exceed-
ingly low energy barriers. Of note, the allosyl β-CIP is around 2
kcal/mol more stable than the corresponding glucosyl β-CIP, as
previously hypothesized in light of the experimental results.
Similar CIP structures could be located by replacing the
incoming trifluoroethanol by two solvent molecules (Figure
S28), further proving the propensity of β-triflates to form
transient formally charged species in the presence of poorly
nucleophilic/coordinating additives. Intrinsic reaction coordi-
nate (IRC) calculations proved that very asynchronous but
concerted reaction pathways operate for all anomerization and
glycosylation reactions except for the α-glycosylations with
trifluoroethanol, for which a stepwise inversion mechanism was
consistently found (Figure S25). For glucose, this process would
be rate-limited by the nucleophilic attack of the alcohol to the
contact-ion-pair intermediate (TSGα2) in agreement with a
DN*AN

‡ mechanism. Indeed, the theoretical KIE calculated at

Figure 8. Relative stabilities for the transition states and intermediates involved in the anomeric substitution of glucosyl (up) and allosyl (down)
triflates with ethanol and trifluoroethanol (employed notation is shown below), evaluated by quantum mechanics. Computed geometries for selected
transition states and intermediates are also represented. The reaction coordinate calculated for the anomeric substitution of the β-allosyl triflate with
trifluoroethanol is shown at the bottom-right corner, together with the geometry of the pertaining TSs/intermediates along this path (above).
Geometries and intrinsic reaction coordinates (IRC) were calculated with PCM(CHCl3)/M06-2X/6-31G(d,p). Relative free energies (ΔG andΔG‡)
are given in kcal/mol and interatomic distances in angstroms. Relative stabilities derived through single-point energy calculations at the
SMD(CHCl3)/M06-2X/6-311++G(2d,p)//PCM(CHCl3)/M06-2X/6-31G(d,p) level are shown in parentheses.
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25 °C for TSGα2 amounts to 1.0154, in line with the experimental
value. On the contrary, for allose, hydrogen bonding of the
alcohol to donor position 3 would lead to a preferential
stabilization of TSGα2 with respect to TSGα1 and a DN

‡*AN
reaction is predicted. However, in this case, the theoretical KIE,
derived from TSGα1 amounts to 1.0167, showing a larger
deviation from the measured value. Most likely, the minute
energy differences between TSGα1 and TSGα2 predicted by the
calculations for allose (0.8 kcal/mol at the highest level) renders
the distinction between DN*AN

‡ and DN
‡*AN mechanism

extremely difficult to pinpoint.
Overall, the theoretical rendition of the glycosylation reaction

presented in this section manages to capture most of the key
features experimentally observed for the processes herein
described, and supports the atypical mechanistic interpretation
inferred from our model systems.

■ DISCUSSION
The obtained results highlight the mechanistic relevance of β-
glycosyl triflates in glycosylation processes, either as reactive
intermediates or as reservoirs of even more unstable cationic
species, and show that the population and reactivity properties
of each anomer together with their mutual exchange dynamics
determine to a large extent the stereochemical outcome of the
reaction. Regarding β-triflate population, its influence is clearly
illustrated by the distinct behavior exhibited by the glucosyl- and
mannosyl-triflate mixtures in our competition experiments type
c-II: the reaction with ethanol yields β-glycosides with nearly
identical rates, while α-product formation is around 10-fold
faster for the glucose model, probably reflecting the increased
fraction of β-triflate available in this case. Accordingly, this
process is further accelerated for the allosyl donor, whose β-
triflate equilibrium population is noticeably much higher.
Regarding the intrinsic reactivity properties of the glycosyl

triflate intermediates, our competitions type c-I reveal some
general trends which are common for the manno-, gluco-, and
allo- donors assayed. Thus, the reaction mechanism leading to
the β-products display, in all cases, a significant sensitivity to the
nucleophilic character of the acceptor, within the ethanol-
trifluoroethanol range, while the opposite is true for the α-
stereomers. The simplest interpretation of these observations is
that the former derivatives are generated through bimolecular
SN2-like substitutions taking place upon the major, more stable
α-glycosyl triflate. On the contrary, α-glycoside formation must
involve the participation of more reactive, less discriminating
intermediates, such as β-glycosyl-triflates or even β-glycosyl
CIPs, which become especially relevant when poor acceptors are
employed.
Despite the widespread interest in these latter chemical

processes, a detailed picture of the underlying mechanism was
still incomplete. With this idea in mind, we set out to dissect two
representative examples of these reaction pathways. In the first
instance, we focused our attention on the glycosylation of
glucose derivative 1a with trifluoroethanol, which renders a
dominant retention α-product from a seemingly exclusive α-
glycosyl triflate intermediate. Our second model system was
provided by allose donor 8a and its reaction with the same
acceptor. This choice is justified on the basis of chemical
considerations, which pointed to an unusually large population
of β-triflate intermediate for this particular hexopyranose. Our
first efforts were oriented to confirming the presence and, in
such case, quantifying the population of these reactive species in
the activated reaction mixtures. For the glucose case this goal

was achieved by resorting to 13C-labeled samples which allowed
us to detect a very minor equilibrium concentration of the β-
triflate derivative, thereby defining the equilibrium constant and
the free energy gap between both anomers. Regarding the allose
donor, NMR experiments not only confirmed our predictions,
revealing a remarkably large fraction of the corresponding β-
glycosyl triflate in solution, but also allowed the analysis of the
anomerization process with unprecedented detail. Hence,
equilibrium and kinetic constants were determined under a
variety of solvent and temperature conditions. Notably, EXSY
NMR experiments performed in the presence of increasing
concentration of TBAOTf were consistent with a bimolecular
anomerization mechanism.
With this information in hand, the time evolution of glucosyl-

and allosyl- triflates upon addition of increasing concentrations
of trifluoroethanol was analyzed. The obtained results with both
glucose and allose model systems draw a common scenario: the
anomeric substitution of the α-glycosyl triflate with anionic
triflate to yield the corresponding β-anomer is, in all cases,
significantly faster than the reaction with trifluoroethanol to
produce the inverted β-glycoside. This observation is in
agreement with the reported21b relative nucleophilic character
of both acceptor species and partially explains the α-stereo-
selectivity of both glycosylation processes. However, the more
unstable β-triflate displays the opposite behavior, showing no
preference for any of them, as in the glucose case, or reacting
even faster with the alcohol, as in the allose case. Several
nonexclusive explanations could account for this latter
observation: the nucleophilic attack of the anionic triflate
through the α-face of the β-allosyl intermediate is hindered by a
polar/steric repulsion with the axially oriented methoxyl
substituent at the pyranose position 3, as suggested by the
>20-fold drop in the calculated rate constant for this step, kβα, in
comparison with the glucose case. Alternatively, the very same
substituent may assist the nucleophilic attack of the neutral
alcohol via an intermolecular hydrogen bond interaction, not
available for the triflate anion, as supported by our theoretical
analysis. According to this view, the hydrogen bonding capacity
of the acceptor alcohol (especially that of poor acceptors) would
drive the preformation of glycosyl-triflate/acceptor complexes
which collapse to the final glycosylation products upon
departure of the anomeric leaving group, in line with a SNi
contribution to the substitution mechanism recently proposed
for 3-amino-3-deoxy-allose donors.25

Ultimately, the obtained results show that the analyzed
glycosylations do not satisfy the Curtin−Hammett boundary
requirements for which triflate anomerization should be much
faster than the alcohol substitution processes. This conclusion is
visually illustrated by the preferential consumption of the β-
allosyl triflate over its α-counterpart, which determines that the
conversion rate of the α-triflate intermediate into the major
retention α-glycoside product is defined by the α → β triflate
anomerization. Such a piece of experimental evidence links the
formation of the α-glycoside with the triflate exchange process,
implying that the latter can become the rate-limiting step.
Additionally, the obtained primary 13C-KIE values point toward
very dissociative substitution processes involving oxocarbe-
nium-like reactive species. Altogether, these data support a β-
triflate intermediate acting as the exclusive source of β-CIP,
whose lifetime must be too short to allow solvent equilibratio-
n.12a
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■ CONCLUSIONS
Glycosylation reactions involving glycosyl triflate intermediates
and weakly nucleophilic alcohols are known to proceed with
increased or even complete α-selectivity, presumably reflecting
the participation of extremely reactive species, such as the
corresponding β-triflates or even glycosyl oxocarbenium ions,
otherwise marginally populated in the reaction medium. This
evidence has guided the development of new synthetic strategies
oriented to directing the stereochemistry of the newly formed
glycosidic bonds.11b However, a detailed description of the
mechanism underlying these processes was still missing. Herein,
we have performed a thorough analysis of several paradigmatic
and illustrative examples employing a combination of
experimental and theoretical chemical approaches that include
synthetic chemistry, NMR, kinetic analysis, and computational
studies. Despite the highly dissociative character assigned to
these processes, which probably involve a β-CIP as the reacting
donor species, the obtained results provide support for the key
role of the β-triflates as a cornerstone in α-glycosylations.
Therefore, the SN2-like anomerization of the preponderant α-
triflate represents an essential step which necessarily precedes
glycosidic bond formation. Strikingly, under certain exper-
imental circumstances, weak acceptor alcohols can indeed
outcompete the triflate anion in the β-triflate substitution, thus
turning the glycosyl triflate exchange into the rate-determining
step. In our opinion, this behavior reflects the distinct properties
of neutral and charged nucleophiles under the low polarity/low
temperature conditions commonly employed in glycosylations.
Against common belief, and according to our data, only
extraordinarily weak alcohols (i.e., HFIP) react within
Curtin−Hammett boundary conditions.
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13762. (b) Martin, A.; Arda,́ A.; Deśire,́ J.; Martin-Mingot, A.; Probst,
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