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ABSTRACT: Metal triflates have been utilized to catalytically
facilitate numerous glycosylation reactions under mild con-
ditions. In some methods, the metal triflate system provides
stereocontrol during the glycosylation, rather than the nature of
protecting groups on the substrate. Despite these advances, the
true activating nature of metal triflates remains unclear. Our
findings indicated that the in situ generation of trace amounts of
triflic acid from metal triflates can be the active catalyst species
in the glycosylation. This fact has been mentioned previously in
metal-triflate-catalyzed glycosylation reactions; however, a thorough study on the subject and its implications on
stereoselectivity has yet to be performed. Experimental evidence from control reactions and 19F NMR spectroscopy have
been obtained to confirm and quantify the triflic acid released from nickel triflate, for which it is of paramount importance in
achieving a stereoselective 1,2-cis-2-amino glycosidic bond formation via a transient anomeric triflate. A putative intermediate
resembling that of a glycosyl triflate has been detected using variable temperature NMR (1H and 13C) experiments. These
observations, together with density functional theory calculations and a kinetic study, corroborate a mechanism involving triflic-
acid-catalyzed stereoselective glycosylation with N-substituted trifluoromethylbenzylideneamino-protected electrophiles.
Specifically, triflic acid facilitates formation of a glycosyl triflate intermediate which then undergoes isomerization from the
stable α-anomer to the more reactive β-anomer. Subsequent SN2-like displacement of the reactive anomer by a nucleophile is
highly favorable for the production of 1,2-cis-2-aminoglycosides. Although there is a previously reported work regarding glycosyl
triflates, none of these reports have been confirmed to come from the counterion of the metal center. Our work provides
supporting evidence for the induction of a glycosyl triflate through the role of triflic acid in metal-triflate-catalyzed glycosylation
reactions.
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■ INTRODUCTION

Recent advances in the field of glycoscience have revealed
carbohydrates as an essential component of many biologically
important molecules in nature.1 Carbohydrate oligosaccharides
are often found in low concentrations and heterogeneous
forms, greatly complicating their isolation and analysis. To
attain these carbohydrate targets under mild and operationally
simple techniques, many methodologies have begun to utilize
catalytic amounts of transition metals.2−4 Of these transition
metal catalysts, metal triflates in particular have been found to
be highly efficient at facilitating glycosylation reaction, and
some even provide stereocontrol during the glycosylation.2−7

Metal triflates have illustrated many advantages over traditional
activating reagents for promoting glycosidic bond formation.
Since the turnover is high, only substoichiometric amounts of
metal triflates have been utilized in the reaction, thus
promoting the strategies of “green chemistry”.8 Furthermore,
the stereoselectivity of the newly formed glycosidic bond can
be tuned by the nature of the ligand attached to the metal

center. In addition, transition metal complexes have been
utilized to promote chemoselective activation for orthogonal
glycosylation strategies.2,3 However, during many of the
mechanistic elucidations, the question remains for the true
role of the metals in the catalytic glycosylations.
Recently, it has been presented that many organic

transformations performed by metal triflate catalysts are truly
promoted by triflic acid, which is released from the metal
center and has been coined as “hidden Brønsted acid
catalysis”.9−14 Although eluted in the literature,15−22 a
systematic study on the possible release of triflic acid from a
metal triflate to promote a glycosylation has not yet been
reported. Not only can the release of triflic acid potentially
activate the departure of the anomeric leaving group, but there
is also a possibility that it has implications on the stereo-
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selectivity of the reaction, as it has been reported that the
triflate anion can play an important role in the diastereose-
lectivity of the newly formed glycosidic bond.23 However, the
possibility that triflic acid plays a key role in catalytic
glycosylations is quickly dismissed because studies by our
group and others have illustrated that triflic acid was not able
to replicate the results obtained by the metal triflate. Typically,
the carbohydrate coupling products are obtained in poor yield
using triflic acid with an equivalent amount to that of the metal
triflate, leading to the impression that triflic acid is less effective
and can be prematurely ruled out as the active catalyst.6,11 To
study the concept of “hidden Brønsted acid catalysis” being the
actual promoter for metal-triflate-catalyzed glycosylation
reactions and its impact on the stereoselectivity, we system-
atically probed the activation and operative mechanisms of our
recently developed method for 1,2-cis-aminoglycoside syn-
thesis via nickel-triflate-catalyzed glycosylation with a C(2)-
benzylideamino N-phenyl trifluoroacetimidate electrophile
(Scheme 1).24

Herein, we report our detailed investigations of the 1,2-cis-2-
amino glycosylation reaction aimed at understanding the
mechanism of α-selective glycosidic bond formation utilizing
nickel(II) triflate. Although the hidden Brønsted acid theory
has been suggested previously, there are many discrepancies
and lapses in the literature pertaining to a detailed study on the
subject. Therefore, this work includes (1) confirming that the
actual active catalyst species in the reaction can be triflic acid
when utilizing metal triflate catalysts, (2) utilizing computa-
tional and experimental studies to detect and analyze transient
glycosyl intermediates after N-phenyl trifluoroacetimidate
activation by the “hidden Brønsted acid” released from
Ni(OTf)2, and (3) validating the significant role of the metal’s

counterion on selectivity and activation. More importantly, this
mechanistic study can have implications on future metal-
catalyzed glycosylations and also to previously developed
metal-catalyzed mechanisms, of which many contain triflate
counterions, and a complementary glycosylation reaction can
be performed under Brønsted acid conditions.

■ RESULTS AND DISCUSSION

As part of the effort to develop catalytic stereoselective
glycosylations,2,25−27 we recently identified a novel, scalable
method to address many of the synthetic limitations previously
associated with the construction of 1,2-cis-2-aminoglycosides
(Scheme 1).6,7,24,28−32 In our studies, we examined an array of
glycosyl electrophiles and metal salts. From this evaluation, we
discovered that the combination of C(2)-N-substituted
trifluoromethylbenzylideneamino N-phenyl trifluoroacetimi-
date electrophiles 1 and nickel triflate, Ni(OTf)2, provided
high α-selectivity for 1,2-cis-amino linkage formation. How-
ever, some ambiguity about the mechanism and the catalyst
still existed. Several reaction pathways have been proposed,
including nickel directed glycosylation reaction, hydrogen-
bond assisted reaction, glycosyl triflate promoted SN2-like
displacement, or imine addition followed by migration (vide
inf ra, Figure 1).
The 1,2-cis-2-amino glycosylation reaction depicted in

Scheme 1 involves a transfer of 15 mol % Ni(OTf)2, generated
in situ from nickel chloride (NiCl2) and silver triflate (AgOTf),
to a solution of N-phenyl trifluoroacetimidate 1 (1 equiv) and
a glycosyl nucleophile (RO-H, 1.2 equiv) in methylene
chloride at 25 °C. The reaction mixture is then allowed to
proceed at 35 °C for 12 h to afford the 1,2-cis-2-amino product
2 in good yield and high diastereoselectivity. Ni(OTf)2 is
commercially available from several different sources and air-
stable. However, we discovered that discrepancies did arise in
the yield when different batches of Ni(OTf)2 were used for the
glycosylation.24 In contrast, the in situ generation of Ni(OTf)2,
from NiCl2 and AgOTf, resulted reproducible and consistent
results.24 From a practical point of view, it is worth noting that
both NiCl2 and AgOTf are commercially available, and they
are not as deliquescent as other metal salts.33 Therefore, in situ
generated Ni(OTf)2 became the catalyst of choice for the
construction of several highly desired saccharide motifs
containing 1,2-cis-2-amino linkages.24,32

Scheme 1. Formation of 1,2-cis-2-Aminoglycosides

Figure 1. Potential reaction mechanisms for Ni(OTf)2-catalyzed 1,2-cis-2-amino glycosylation.
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Initial Mechanistic Investigations. Although a number
of reaction pathways can be envisioned for the 1,2-cis-amino
glycosylation, it is likely that the mechanism of the trans-
formation proceeds via initial activation of the anomeric N-
phenyl trifluoroacetimidate leaving group. In the original
proposed mechanism, we hypothesize that Ni(OTf)2 could
effectively coordinate to both the benzylidene group at C(2)
and the trifluoroacetimidate at C(1) of glycosyl electrophile 1
to form the corresponding nickel−substrate complex 3 (Figure
1a).7 Subsequent ionization of 3 followed by exchange
between the trifluoroacetamide group and the glycosyl
nucleophile (RO-H) could generate a nickel−alkoxide
complex 4, which directs the addition of the alkoxide
functionality to the α-face of an oxocarbenium intermediate
to afford 1,2-cis-2-aminoglycoside 2. Alternatively, one could
invoke several other mechanistic pathways after imidate
activation including SN2 displacement of a temporary β-
intermediate (Figure 1c). A second possibility is the addition
of the acceptor to the N-benzylidene imine to form an unstable
hemiaminal followed by migration to the α-face (Figure 1d).
Lastly, the C(2)-imine could be utilized as a hydrogen-bond
acceptor and assist in the delivery to the α-face (Figure 1b).
Thus, our goal is to elucidate which mechanism is more likely
to operate under Ni(OTf)2-catalyzed glycosylation conditions.
Our first objective is to determine the role of Ni(OTf)2 in

the glycosylation or whether “hidden Brønsted acid catalysis”
plays a role in the reaction. This is important because many
reactions that utilize metal triflates (or a combination of metal
halides and silver triflate) as catalysts are indeed activated by a
Brønsted acid. In these reactions, traces of triflic acid (TfOH)
which are slowly released from metal triflates are sufficient for
the reaction to proceed.9−14 As such, we hypothesized that
triflic acid released from a combination of nickel chloride
(NiCl2) and silver triflate (AgOTf) could be responsible for
the observed catalytic glycosylation as triflic acid has been used
as a promoter of imidate glycosylation reactions.34 To
determine if triflic acid is the source of catalysis, glycosyl
electrophile 5 and 1-adamantanol 6 were utilized as model
coupling partners in our investigations to simplify the analysis
of product mixtures (Table 1). In the experiment, the
glycosylation of 6 with 5 was performed in the presence of
15 mol % in situ generated Ni(OTf)2 and 60 mol % 2,6-di-tert-
butyl-4-methylpyridine (DTBMP) as an acid scavenger (entry
2).9 Consistent with our hypothesis, addition of DTBMP
almost completely suppressed the reaction (less than 5% yield
of the desired product 7 was detected), indicating that the
reaction is activated by triflic acid.21,22 Acid scavenger
experiments typically are underutilized when metal triflates
are the glycosylation catalyst.35 In the absence of NiCl2 or
AgOTf, only a minuscule amount of 7 was observed (entries 3
and 4), and the coupling partners 5 and 6 were recovered
quantitatively. These results establish that NiCl2 and AgOTf
serve as catalyst precursors for the in situ generation of
Ni(OTf)2, which then upon formation releases triflic acid.
Next, we explored the ability of other metal triflates to

promote the 1,2-cis-2-amino glycosylation (Table 1, entries 5−
7) to further validate whether triflic acid released from these
metal salts is the source of catalysis. For metal salts with weakly
coordinating anions, the release of Brønsted acids through
cation hydrolysis has been documented.36 In addition, there is
a correlation between the catalytic activity of metal triflates and
their hydrolysis constants (pKh).

33 Cationic metals are
generally difficult to hydrolyze when their pKh values are

greater than 10.1. In contrast, cations with pKh values less than
4.3 are easy to hydrolyze.33 For example, since the pKh value of
Ag(I) is too large (pKh = 12) for hydrolysis to occur, almost no
catalytic activity is observed in the glycosylation reaction,
potentially from minimal release of triflic acid (entry 4, only 30
mol % AgOTf was utilized). The reaction proceeds to
completion only in the presence of a stoichiometric amount
of AgOTf (entry 5). In contrast, Ni(II) and Zn(II) have
suitable pKh values (9.86 for nickel and 8.96 for zinc), and thus
their corresponding Ni(OTf)2 and Zn(OTf)2 sufficiently
release triflic acid to catalyze the reaction and provide 1,2-cis
glycoside 7 in excellent yield (entries 1 and 6). The easily
hydrolyzable In(OTf)3, whose pKh value of In(III) is 4.0, was
quite effective at catalyzing the reaction (entry 7). To compare,
lanthanide triflates which are some of the most commonly used
metal triflates for promoting glycosylation reactions have
potential to go through a similar hydrolysis reaction as they
have pKh = ∼7−8.16 Furthermore, we hypothesize that the
impact of Brønsted acid catalysis can be attenuated by
employing Lewis basic solvents.41 As expected, utilization of
tetrahydrofuran (THF) or propionitrile (EtCN) completely
suppresses the reaction (Table 1, entries 8 and 9). If Ni(OTf)2
has been producing triflic acid species through hydrolytic
interactions with adventitious H2O, then molecular sieves will
shut down the coupling event. We have found that no
glycosidic bond (<1%) occurs with use of 3 Å activated
molecular sieves (entry 10).37 This result is consistent with our
previous observation that utilization of commercially available
Ni(OTf)2 led to inconsistencies in the yield of the product
when different batches were used.24 These variances could
arise from batch-to-batch variation of moisture content.38

It is well-documented that in situ generated triflic acid from
metal triflates has distinct advantages over the direct use of
triflic acid for several reasons: (i) Triflic acid is not readily
soluble in apolar solvents, particularly in a small-scale
experiments.14 (ii) The use of triflic acid with equivalent
amount to metal triflate in control experiments often can lead

Table 1. Effect of Reaction Parameters

entry variation from the “standard” conditions
yielda

(%) α:β ratiob

1 none 90 10:1
2 added 60 mol % DTBMP 5 n/a
3 no AgOTf <1 n/a
4 no NiCl2 6 n/a
5 1 equiv of AgOTf, instead of in situ generated

Ni(OTf)2
80 5:1

6 15 mol % Zn(OTf)2, instead of in situ
generated Ni(OTf)2

91 10:1

7 15 mol % In(OTf)3, instead of in situ
generated Ni(OTf)2

95 9:1

8 THF, instead of CH2Cl2 <1 n/a
9 EtCN, instead of CH2Cl2 <1 n/a
10 added 3 Å MS <1 n/a

aIsolated yield. bDetermined by 1H NMR analysis.
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to the misleading impression that triflic acid is less effective
than metal triflates due to product decomposition and
significant amount of side products.7,11 (iii) Triflic-acid-
catalyzed control reactions often show inferior catalytic activity
because they cannot receive the optimized amount of triflic
acid that metal-triflate-catalyzed reactions generally receive. To
validate these limitations, we probed the effect of varying
amounts of triflic acid on the coupling efficiency (Table 2).
These experiments also allowed us to compare qualitatively the
rate of the glycosylation in the presence of triflic acid to that in
the presence of nickel triflate. As illustrated in Table 2,
although the reaction with use of 10 mol % TfOH proceeded
to completion within 1 h at 25 °C (entry 1), a significant
amount of elimination product 8 was observed (7:8 = 3:1).
Decreasing the triflic acid loading (entries 2 and 3) further
suppressed formation of the side product 8, but significantly
slowed down the rate of glycosylation. Overall, these
observations showed that the rate and the coupling efficiency
catalyzed by 1 mol % TfOH at 35 °C (entry 4) was similar to
that catalyzed by 15 mol % Ni(OTf)2 at 35 °C (Table 1, entry
1).
At present, the nickel-triflate-catalyzed glycosylation proto-

col is conducted under acidic and elevated temperature
conditions. Therefore, there is a possibility that postcoupling
anomerization of the 1,2-trans glycosides to the thermody-
namically stable 1,2-cis glycosides can occur.39−48 As a result,
we subjected an α- and β-mixture of product 7 to the standard
glycosylation conditions catalyzed by either nickel triflate or
triflic acid. No anomerization was observed after 12 h at 35 °C
(Scheme 2). It appears that the α:β ratio of product 7 is
kinetically derived and is not reflective of a thermodynamic
distribution arising from postcoupling anomeric anomeriza-
tion.
To understand how triflic acid is being produced from nickel

triflate and acts as the active catalyst to promote the
glycosylation, three control 19F NMR experiments were
conducted at 35 °C (Figure 2). Triflic acid was not detected
from the reagent combination of NiCl2 and AgOTf (Figure 2a)

or from the mixture of NiCl2, AgOTf, and an adamantanol
nucleophile (Figure 2b). Interestingly, in the presence of
glycosyl electrophile 5, a broad singlet 19F resonance at δ
−78.99 ppm was detected (Figure 2c), a chemical shift which
is consistent with characteristics of triflic acid (δ = −79.4 ± 0.5
ppm) (Figure S1).14 Quantitative analysis of the newly formed
broad singlet provides it at a 2 mol % ratio relative to 8 (Figure
S1), which is nearly identical to the amount of triflic acid
needed to replicate the results of the metal-triflate-catalyzed
glycosylation (Table 2). This result suggests that residual
moisture content of the carbohydrate substrate potentially
facilitates the initial release of triflic acid from the metal center.
Once the reaction initiated, triflic acid can be continuously
generated through many other reaction pathways.
On the basis of the above observations, it is unlikely that

nickel-coordinated delivery of an alkoxide nucleophile to
generate 1,2-cis-2-amino product is the operative catalytic
pathway (Figure 1a). Importantly, these data further support
that Brønsted acid catalysis is likely to operate in this reaction.
With the understanding that the reaction is catalyzed by “triflic
acid” which is slowly released from Ni(OTf)2, it is necessary to
compare the benefits of both catalyst conditions. Although
utilization of Ni(OTf)2 does requires a two-step procedure, the
precatalysts (NiCl2 and AgOTf) used in the reaction are
moisture-stable. In addition, slow release of triflic acid from
Ni(OTf)2 makes the method amenable to a wide variety of
acid-sensitive protecting groups. On the other hand, use of
pure triflic acid can quickly decompose acid-labile substrates;
although the procedure is operationally simple, triflic acid is
more moisture-sensitive leading to unpredictable yields when
used at low catalytic loadings.
Next, we examined the role of triflic acid in influencing the

stereochemical outcome of the glycosylation. Since the triflic
acid released from Ni(OTf)2 is the potential active catalyst, it is
likely that a glycosyl triflate could be generated in the
subsequent stages of the reaction.23,49 The glycosyl triflate
intermediate has been invoked to be involved in the formation
of β-1,2-cis-mannoside products.23,50−53 As a result, we
hypothesize that substitution of Ni(OTf)2 with nickel
triflimide, Ni(NTf2)2, could impact the outcome of the
selectivity.51,54−58 Accordingly, the coupling of 6 with 5 was
conducted in the presence of 15 mol % Ni(NTf2)2 (Scheme
3a), generated in situ from NiCl2 and silver triflimide
(AgNTf2). Confirming our hypothesis, the reaction proceeded
with poor anomeric stereoselectivity (α:β = 1.4:1). Similarly,
use of triflimide, Tf2NH (Scheme 3b), also provided a 1.3:1
mixture of α- and β-isomers. Lack of selectivity with use of the
triflimide anion implies that the reaction goes through an

Table 2. Effect of the Amount of Triflic Acid

entry TfOH loading (mol %) temperature (°C) reaction time (h) conversiona (%) 7:8 ratioa 7 yield (%)b 7 α:β ratioa

1 10 25 1 100 3:1 73 10:1
2 5 25 3 85 11:1 78 10:1
3 1 25 24 35 >99:1 34 10:1
4 1 35 12 95 >99:1 78 10:1

aDetermined by 1H NMR analysis. bIsolated yield.

Scheme 2. Studies of Postcoupling Anomerization
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oxocarbenium ion intermediate in favor of an SN1-type
mechanism for the catalytic process. Furthermore, this
observation suggests that both the hydrogen-bond assisted
(Figure 1b) and hemiaminal rearrangement mechanisms
(Figure 1d) are not likely to be the operational pathways.
For both of the aforementioned pathways to be operative, the
selectivity should remain the same regardless whether
triflimide or triflate is used in the reaction. Overall, the poor
selectivity observed with triflimide illustrates the importance of

the triflate anion and further supports the possibility that the
reaction goes through a transient glycosyl triflate intermediate.
Coinciding with the notion that the glycosyl triflate is the

key intermediate in the reaction, we analyzed previously
reported data in which we exchanged different substituents
(both electron-donating and electron-withdrawing) on the
C(2)-benzylidene group; there was no trend on the
selectivity.6 One would hypothesize that if an electron-
donating substituent was placed on the aryl ring of the
C(2)-benzylidene nitrogen which would become a better
hydrogen-bond acceptor, higher α-selectivity could be
observed (Pathway B, Figure 1). Alternatively, an electron-
withdrawing substituent would increase the electrophilicity of
the C(2)-benzylidene imine carbon, making nucleophile
addition more favorable (Pathway D, Figure 1). Upon analysis,
there was no correlation between the electronic nature of the
substituent and the stereochemical outcome of the reaction.
Thus, the data rule out that the proposed pathways B and D
(Figure 1) are likely to be the operative pathways in the nickel-
triflate-catalyzed glycosylation.
Finally, to further confirm that both anomers of N-phenyl

trifluoroacetimidate 5 reacted to produce the 1,2-cis-2-amino

Figure 2. Detection of triflic acid monitored at 35 °C by 19F NMR in CD2Cl2: (a) Ni(OTf)2 generated in situ from NiCl2 and AgOTf; (b)
adamantanol 6 and Ni(OTf)2 generated in situ from NiCl2 and AgOTf; (c) electrophile 5 and Ni(OTf)2 generated in situ from NiCl2 and AgOTf.
Top portion of resonances corresponding to 8 and 9 has been removed; for full spectrum see Figure S1.

Scheme 3. Nickel-Triflimide-Catalyzed Glycosylation
Reaction

Figure 3. Proposed mechanism of triflic-acid-catalyzed glycosylation.
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product with similar selectivity, we separately subjected them
to the 15 mol % Ni(OTf)2 reaction conditions. While α-
imidate 5 proceeded to completion within 4 h, β-imidate 5
progressed slowly and completed after 16 h. Nevertheless, they
produced adamantanol glycoside 7 in α:β = 10:1 and similar
yields (α, 95%; β, 88%). This result suggests that both anomers
of imidate 5 are likely to proceed through the same reaction
pathway.
Overall, our initial observations reveal several key aspects of

the 1,2-cis-2-amino glycosylation. First, triflic acid released
from nickel triflate is likely to be the active catalyst in effecting
stereoselective formation of glycosidic bonds. Second, nickel
triflate is not directly involved in the key glycosidic bond-
forming process and serves as a precursor to the active triflic
acid catalyst. Third, the presence of triflate anion is essential
for the observed α-selectivity. Fourth, it is unlikely that the
reaction proceeds through a nickel−substrate complex as we
originally proposed (Figure 1a). An alternative pathway
consistent with the aforementioned observations is illustrated
in Figure 3. In the first step, TfOH, released from Ni(OTf)2,
can engage in electrophilic activation of the N-phenyl
trifluoroacetimidate leaving group of glycosyl electrophile 5
to form the activated donor complex 10. Subsequent ionization
of 10 can lead to an array of reactive glycosyl intermediates.
The oxocarbenium ion intermediate 11 can exist in a series of
equilibria as it can be either closely associated with the triflate
counterion in the form of contact ion pairs (CIPs) or further
separated from the triflate counterion in the form of solvent
separated ion pairs (SSIPs).50 An intermediate such as 11 is
likely as it can be obtained by both anomers of N-phenyl
trifluoroacetimidate 5, consistent with previous results that
both α- and β-anomers provide the product with similar α-
selectivity (α:β = 10:1). Triflic acid promoted stereoselective
glycosylation via SN1 pathway would have to bias the addition
of a glycosyl nucleophile 6 to either diastereomeric face of this
oxocarbenium ion-like intermediate 11 (Figure 3). Alternately,
the two covalent glycosyl triflate intermediates 12 and 13 can
be formed by nucleophilic attack of a triflate anion and are in
equilibrium with oxocarbenium-like intermediate 11.51 Dis-
placement of the covalent triflate species by a nucleophilic

partner takes place via an invertive SN2 pathway, in such a way
that the stereochemistry of the 2-aminosugar product would be
dictated by the anomeric configuration of the glycosyl triflate
intermediates. Although the glycosyl triflate has been reported
to exist predominantly with an α-linkage (such as 12)
regardless of the electrophilic donor configuration, a dynamic
system wherein α-glycosyl triflate is in equilibrium with its less
stable but more reactive β-glycosyl triflate (such as 13) has
been proposed.23,50,53 The rapid equilibrium between these
two triflate anomers can take place at low temperatures (−78
°C).23,50,53 Therefore, the equilibrium and the relative
reactivity of the putative α- and β-covalent triflates could
account for the observed selectivity in the formation of the 2-
aminoglycoside products. This proposed catalytic glycosylation
system, which affords 1,2-cis-2-aminoglycoside product 7 from
the more reactive and less stable β-glycosyl triflate, is loosely
reminiscent of a mechanism for 1,2-cis glycoside formation for
α-glycosyl bromide in the presence of external bromide ion
reported by Lemieux.59

Computational Investigation. To provide further insight
into the reaction mechanism in which triflic acid plays a key
role in controlling the 1,2-cis selectivity through rapid
isomerization of transient glycosyl triflate intermediates
followed by nucleophilic attack to the more reactive triflate
species, we utilized density functional theory (DFT)
calculations performed by the Gaussian program.60 All
geometries were optimized using the SMD61 implicit solvent
model and the B3LYP62 functional with the 6-31G(d) basis set
and corrected for basis set superposition error. Vibrational
frequency calculations were used to confirm that the optimized
structures are minima or transition state structures on the
potential energy surface. To test the reliability of the B3LYP
results, the single point energies for the B3LYP optimized
geometries were also computed at the wB97XD/6-31+G(d)
level of theory (Figure S22).63 The potential energy surface
computed at the wB97XD/6-31+G(d) level is consistent with
the calculations at B3LYP/6-31G(d).
To benchmark our calculations, the proper orientation for

the substituents in our computational model were determined
from the crystal structure of the β-N-phenyl trifluoroacetimi-

Figure 4. Overall reaction free energy for the formation of methyl glycosides. The initial computational model was formed from the crystal
structure of the β-N-phenyl trifluoroacetimidate 5 (CCDC 1854007). Thermal ellipsoidal figure is included in the Supporting Information (Figure
S21). Relative enthalpies (first number) and free energies (second number) are in kcal/mol (at 298 K) calculated using B3LYP/6-31G(d) with a
SMD implicit solvent model.
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date 5 (Figure 4 and Figure S21) which was obtained by a
CH2Cl2/hexane slow diffusion at low temperature. We were
able to confirm that the saccharide ring of the electrophile
exists as a 4C1 conformer, and the N-benzylidene prefers the E-
configuration with the trifluoromethyl group positioned
upward and in line with the imine group. From the derived
structure, the initial computational study found the reaction
free energies for the overall glycosylation involving protonated
imidate 14 and methanol to be −4.6 and −3.6 kcal/mol,
respectively, for the α- and β-methyl glycoside products (15
and 16, Figure 4). The formation of α- and β-methyl glycoside
products is similar in reaction free energy, potentially
rationalizing why a low α:β selectivity was obtained when
the triflimide or nickel triflimide was used as the catalyst
experimentally (Scheme 3). This observation also implies that
(a) there is the formation of an intermediate that plays a major

role in controlling the product distribution, and (b) the selectivity
does not come from a major inherent dif ference in the product
energies.
To investigate the role of the glycosyl intermediate that

enhances the 1,2-cis selectivity of the methyl glycoside product,
a possible reaction pathway for the formation of α- and β-
triflates (12 and 13, Figure 3) was examined. Upon
protonation, the departure of the N-phenyl trifluoroacetimi-
date leads to formation of the contact oxocarbenium/triflate
ion pair intermediate 18 (Figure 5) in the 4H3 half-chair
conformation by an exothermic process at −5.1 kcal/mol for
the protonated α-imidate 17 and −5.5 kcal/mol for the
protonated β-imidate 14 (for unprotonated data, see Figure
S2). After the contact ion pair is formed, the oxocarbenium ion
intermediate can produce either the α- and β-glycosyl triflates
(12 and 13), both in an exothermic fashion (−20.0 and −17.2

Figure 5. Energy of formation of glycosyl triflate intermediates 12 and 13. Relative enthalpies (first number) and free energies (second number) are
in kcal/mol (at 298 K).

Figure 6. Energetic profile for the comparison of the isomerization of α-glycosyl triflate 12 to β-glycosyl triflate 13 versus their respective SN2
displacements. Energies on the blue line are in respect to 13, and energies on the gray line are in respect to 12 (units = kcal/mol).
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kcal/mol). The large release in energy upon formation of the
covalent triflates can be attributed to the electron-withdrawing
nature of the N-benzylidene group destabilizing the
oxocarbenium ion.49,64 This observation is consistent with
what has been observed with other short-lived transient
intermediates (such as sulfonium ions) that direct stereo-
selectivity of the glycosylation.65 Furthermore, electron-
withdrawing protecting groups (such as acetyl groups) also
provide stabilization of a covalent triflate avoiding the
glycosylation to proceed via an oxocarbenium ion intermedi-
ate, but rather proceeding through an SN2 displacement of a
triflate.65 We have previously observed that the SN1−SN2
glycosylation paradigm can be slightly shifted for C(2)-N-
benzylidene imidates by replacement of the electron-with-
drawing acetyl groups with the electron-donating benzyl
groups (α only → 10:1).29,31,54

Calculations indicate that the α-glycosyl triflate is 2.8 kcal/
mol more stable than β-glycosyl triflate (Figure 5).46,47

Knowing that these anomers need to isomerize, we studied
the conversion of α-triflate 12 to β-triflate 13 via a direct SN2-
like displacement with the triflate anion (TS19, Figure 6).
However, the activation barrier for this direct substitution was
calculated as 29.3 kcal/mol (Figure 5), suggesting that the
preferred pathway for formation of β-glycosyl triflate 13 is the
addition of the triflate anion to an oxocarbenium intermediate
18 in a CIP-type mechanism.
Following the calculations of the glycosyl triflate inter-

mediates, the energy profile was calculated for the triflic-acid-
mediated formation of 1,2-cis-2-aminoglycoside and is shown
in Figure 6. When a methanol nucleophile is approaching the
α-face of β-glycosyl triflate 13, the methanol-β-triflate complex

intermediate begins to pucker into a 2SO conformation 20
(dC(1)‑MeOH = 3.248 Å and dC(1)‑OTf = 1.496 Å) with a change
of 9.5 kcal/mol with respect to 13. On the other hand, when a
methanol nucleophile is approaching the opposite face of an α-
glycosyl triflate 12, the methanol-α-triflate complex inter-
mediate maintains a 4C1 conformation 21 (dC(1)‑MeOH = 3.595
Å and dC(1)‑OTf = 1.482 Å) with a barrier of 6.67 kcal/mol with
respect to 12. From 21, nucleophilic attack of methanol to the
β-face of α-triflate 12, via transition state (TS22), requires an
activation energy of 27.2 kcal/mol to form the β-protonated
methyl glycoside 16. Conversely, methanol attack to the α-face
of β-triflate 13, via TS23, requires an activation barrier of only
21.5 kcal/mol to form the α-protonated methyl glycoside 15.
Once the protonated glycoside product is generated, it will be
quickly deprotonated to complete the catalytic cycle.
Comparing two transition states (TS22 and TS23), the energy
difference (ΔΔG⧧) is 3.0 kcal/mol in favor of the α-
nucleophilic attack of methanol to the more reactive β-glycosyl
triflate species. The Curtin−Hammett principle states that the
product distribution can be influenced if anomerization of the
α-triflate to the corresponding β-triflate intermediate is rapid
and more favorable than the subsequent nucleophilic attack.66

Accordingly, the calculations for the product determining transition
states have presented a higher activation barrier for nucleophilic
attack to the opposite face of α-trif late (27.2 kcal/mol) in
comparison to the anomerization of an α-trif late via an
oxocarbenium ion to the β-trif late (20.0 kcal/mol) which is
then followed by a quick subsequent nucleophilic attack to the
opposite face (21.5 kcal/mol). These calculations are reflected in
the experimental product distribution (vide inf ra, Figure 10)
and support the proposed mechanism in Figure 3.

Figure 7. Addition of triflic acid to α- and β-imidates 5 was monitored by 1H NMR in CD2Cl2: (a, h) α- and β-imidates 5 at room temperature; (b,
g) α- and β-imidates 5 at −60 °C; (c, f) −60 °C, 20 min after addition of TfOH; and (d, e) −60 → −20 °C, 20 min.
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We also performed a computational analysis to account for
the reactivity differences between the two transition states,
TS22 and TS23 (Figure S3). Looking at the optimized
transition state structure of TS23 for the α-nucleophile attack
by methanol, the C−O bond length between the departing β-
triflate group and the anomeric carbon is shorter than that
between the incoming methanol and the anomeric carbon
(2.194 Å vs 2.588 Å, Figure 6). A noncovalent interaction
(NCI) plot was calculated for TS23 (Figure S4), and no
hydrogen-bonding interactions were found between the C(2)-
imine nitrogen and the methanol molecule, further supporting
that the stereoselectivity is not being derived from hydrogen
bonding (see Figure 1b). The six-membered ring structure in
TS23 for the α-nucleophilic attack by methanol closely
resembles the 2SO conformation of intermediate 20, suggesting
that the reaction proceeds through the early transition state.
The puckered conformation of 20 is achieved to relieve
potential steric interactions between methanol and the N-
benzylidene in the transition state structure (TS23). According
to the Hammond postulate, an early transition state (TS23) is
preferred over a late transition state (TS22) as illustrated with
the β-nucleophilic attack, wherein a six-membered ring remains
in a productlike 4C1 conformation as the nucleophile
approaches.67

NMR Studies. With the possibility that the reaction goes
through a transient triflate intermediate which is generated
from the reaction of triflic acid with the glycosyl electrophile,
we next attempted to detect this putative species spectroscopi-
cally. Although different types of glycosyl triflates have been
observed by low-temperature NMR spectroscopy, there are
few reports of α-triflate intermediates (12, Figure 3) generated
from N-phenyl trifluoroacetimidate electrophiles.49,68 As
previously described by Yu, N-phenyl trifluoroacetimidate
electrophiles present a unique challenge when monitoring by
NMR.69 These electrophiles are known to undergo inter-
conversion via syn−anti isomerization around the carbon−
nitrogen bond, resulting in a 1H NMR spectrum with broad
resonances.69 As expected, both α- and β-imidates 5 were
found at room temperature to have the broad anomeric proton
resonances at δ 6.22 and 6.50, respectively (Figure 7a,h).
However, at −60 °C interconversion is slow, and these
anomeric proton resonances are no longer broad (Figure 7b,g).
As a result, we could be able to confirm the anomeric
configuration of both α- and β-imidates 5 (α-5, 3JH1H2 = 3.3
Hz; β-5, 3JH1H2 = 8.3 Hz) at −60 °C. The imine proton of the
trifluoromethylbenzylidene group for both α- and β-imidates 5
appeared as a singlet resonance (δ 8.75) at room temperature
(Figure 7a,h). Interestingly, we detected two sets of proton
resonances (β-5, δ 8.75 and 8.65; α-5, δ 8.75 and 8.45) for
these imine protons at −60 °C (Figure 7b,g), indicating that
the N-phenyl group becomes locked in either the E- or Z-
isomers at low temperature; however, the chemical environ-
ment around the imine proton is changed. To validate this
proposal, a control study was performed in which each anomer
in CD2Cl2 was cooled to −60 °C and gradually warmed to
room temperature. Coalescence of these resonances into a
single resonance δ 8.75 while taking the 1H NMR spectra at
different temperature intervals confirmed them as isomers (see
Figures S5 and S6 in the SI).
Next, triflic acid (50 mol %) was added to the NMR tube

containing β-imidate 5 at −60 °C (Figure 7c). Upon addition
of TfOH, several new sets of proton resonances were detected,
and there was a distinct doublet resonance resided at δ 9.0

ppm with a coupling constant value of 16.4 Hz. This downfield
doublet resonance had corresponding integrations to two other
resonances in the anomeric region, δ 6.60 (d, J = 8.4 Hz), δ
5.96 (t, J = 9.9 Hz). We established the identity of the proton
resonance at δ 9.0 as a protonated iminium ion of β-imidate 5
by the addition of 50 mol % TfOH β-glycosyl acetate S1 at
−60 °C (Figure S7). The 1H NMR spectrum of the
corresponding protonated glycosyl acetate S2 is illustrated in
Figure S7, wherein the iminium proton resonance has a large
trans coupling value of 15.4 Hz and resides at δ 9.03. The data
is consistent with that of protonation of β-imidate 5. The same
findings were found for α-imidate 5.
After identifying several proton resonances of the protonated

α- and β-imidates 5, our next goal is to determine the identity
of the doublet resonance with a coupling constant value of 3.1
Hz at δ 6.15 (Figure 7). Consistent with our hypothesis that
the reaction proceeds through the same intermediate, the
resonance at δ 6.15 was detected in both α- and β-imidate 5
upon addition of TfOH (Figure 7c,f) at −60 °C. This also
rules out anomerization of the imidate leaving group, as the
anomeric resonance β-imidate was not detected in the
spectrum of the α-counterpart and vice versa.30 Since the
chemical shift and coupling constant of this proton
corresponds to the range of the previously reported anomeric
proton resonance of α-glycosyl triflates (δ 6.0−6.5),49 it was
tentatively assigned as α-triflate 12 (Figure 3). A COSY 2D-
NMR experiment of this putative glycosyl triflate intermediate
indicated the resonance at δ 6.15 to be at the C(1) position
(Figure S8a). Additionally, a HSQC 2D-NMR experiment of
this presumed glycosyl triflate intermediate correlated the C(1)
proton resonance at δ 6.15 to a 13C resonance of δ 105.62,
which is analogous to the 13C resonance for the C(1) carbon of
previously reported glycosyl triflates (Figure S8b).49 Next, the
reaction was allowed to gradually warm at 10 °C increments.
At −20 °C, 1H NMR spectral data contained only two major
carbohydrate species which were identified as the unreacted
imidate substrate 5 and the putative α-glycosyl triflate 12
(Figure 7d,e). Unfortunately, imidate 5 was not completely
converted to the corresponding α-triflate 12 even in the
presence of excess TfOH. Any further temperature increase
above −20 °C led to decomposition into the highly conjugated
glycal 8 and the undesired α-glycosyl acetate 26. (Vide inf ra,
Figure 10. Also see Figures S9 and S10 for VT-NMR
decomposition experiments for α- and β-imidates 5.)70 To
further verify the identity of the principal carbohydrate species
as a glycosyl triflate, we conducted a control experiment using
Tf2NH in lieu of TfOH. We reasoned that if this species is the
principal intermediate in the reaction, it would not be formed
upon addition of Tf2NH to α- and β-imidates 5. Confirming
our hypothesis, the proton resonance at δ 6.15 ppm was not
observed for the reaction (see Figures S12 and S13 in the SI).
The subsequent stage in the glycosylation procedure

involved the introduction of a nucleophile. We chose to use
2-propanol as a nucleophilic partner for ease of character-
ization of the carbohydrate intermediates. In the first scenario,
2-propanol (IPA) was introduced at the beginning of the
reaction (Figure 8). A principal carbohydrate species having
the proton resonance at δ 6.15 ppm was not detected. Upon
warming of the reaction to 20 °C followed by quenching the
mixture with triethylamine, formation of the isopropyl
glycoside 24 was, however, observed with two doublet proton
resonances (one at δ 4.96 ppm and other at δ 4.85 ppm)
whose coupling constant values were 3.5 and 7.8 Hz,
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respectively. This data suggests that the desired product 24
exists as a mixture of α- and β-isomers (Figure S14). As
expected, 24 was isolated in 85% yield and 6:1 α:β selectivity,
and no side products were detected. In comparison, when the
glycosylation reaction was conducted in a Schlenk flask under
nickel triflate conditions, a similar outcome was observed
(78%, α:β = 8:1). It is worth noting that the 1H NMR
spectrum at 20 °C after full conversion did not look like that of
the isolated isopropyl glycoside 24. However, upon addition of
triethylamine, the 1H NMR spectrum became identical to the
isolated product 24, indicating that the protonated isopropyl
glycoside 25 (Figure S14) was initially formed under acidic
conditions. To validate that the principal carbohydrate species
prior to triethylamine addition is simply the protonated
glycoside 25, the isolated product 24 was treated with 1 equiv
of TfOH (see Figure S15) wherein the 1H NMR spectrum
matched that for the monitored NMR experiment. After
quenching the reaction with triethylamine, the protonated
glycoside product 25 was reverted to the isopropyl glycoside
24 with no change in α:β selectivity (Figure S15).
The complementary experiments were also performed by

adding 2-propanol nucleophile after the putative glycosyl
triflate with the proton resonance at δ 6.15 ppm was detected
at −30 °C (12, Figure 9 and Figure S16). Upon gradual
warming of the reaction at 10 °C increments, the desired
glycoside 24 was detected along with other significant side
products 8 and 26 (Figure 9). At the temperature range
between −20 and −10 °C, an unexpected α-glycosyl acetate 26
(H1 = δ 6.24, d, 3JH1H2 = 3.2 Hz, Figure S16) was detected
presumably via intermolecular acetyl migration. Formation of
glycal 8 was also detected between −20 and −10 °C (Figure
S16). At low temperatures, we hypothesize that the
thermodynamically favored α-triflate has an increased pop-
ulation and could not rapidly undergo anomerization to the
more reactive β-triflate. As a result of the increased pools of
glycosyl triflate 12, the elimination pathway to produce the
conjugated glycal 8 is competing with the nucleophilic attack
of 2-propanol to form the desired product 24. On the other
hand, under standard conditions at elevated temperature (35
°C), isomerization of the transient glycosyl triflate followed by
nucleophilic attack occurs faster than the competing
elimination pathway. As a result, glycal 8 was not detected
when the reaction was conducted at 35 °C (Table 1, entry 1)

or when a nucleophile was introduced at the beginning of the
reaction (Figure 8).
The need for interconversion from the α- to the β-glycosyl

triflate intermediate (12 and 13, Figure 3) explains why we
have observed selectivity changes with different glycosyl
nucleophiles (Figure 10).71 By using bulky or deactivated

nucleophiles such as glucuronic acid 28 (α:β = 1:0)24 and
adamantanol 6 (α:β = 10:1), the reaction becomes very α-
selective because more time is allowed for anomerization of the
α-triflate to the more reactive β-triflate. An alternative
explanation is that these acceptors are not reactive enough to
displace the stable α-glycosyl triflate.52,54,71−73 On the other
hand, when a more reactive nucleophile is used in the reaction,
the α-selectivity decreases significantly.52,54,71−73 For instance,
use of the highly reactive methanol provided the product 27 as
a 3:1 α:β mixture, albeit in favor of α-anomer (for additional
examples of acceptors, see ref 24).
It was also observed in a kinetics experiment that varying the

equivalents of adamantanol 6 (Figure 11) had a significant
impact on the selectivity of the reaction; however, there was no
observed pattern for change in rate (Figure S17).73 In contrast,
there was a first order correlation when the amount of triflic
acid catalyst was varied (Figure S18). For each different

Figure 8. Glycosylation monitored by 1H NMR in CD2Cl2.

Figure 9. Glycosylation monitored by 1H NMR in CD2Cl2.

Figure 10. Relationship of reactivity of nucleophile and α:β selectivity
of product under nickel-triflate-catalyzed conditions.
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nucleophile concentration, the α:β selectivities were individ-
ually taken at multiple different time points. At a specific time
point (5 h), increasing adamantanol 6 to 4 equiv dropped the
α:β selectivity to 3.5:1, while only using 1 equiv of 6 produced
the desired coupling product 7 in α:β = 9:1. We hypothesize
that increasing the nucleophile concentration allows the
nucleophilic attack to compete with the isomerization of α-
glycosyl triflate to the corresponding β-glycosyl triflate, thus
increasing the amount of β-product. Over the duration of the
experiment, each nucleophile concentration showed an
increase in α:β selectivity as time progressed because there is
more time for the isomerization of the glycoysl triflate (Figure
S17). These rate orders and changes in selectivity based on
nucleophile concentration support a mechanism in which the
rate is limited by the formation and isomerization of a glycosyl

triflate, that can then be facilely displaced by a nucleophile.
Formation of the β-glycosyl triflate induces a bottleneck,
making the nucleophile appear zeroth order.73

To further support the triflate isomerization hypothesis and
to probe the influence of the C(2)-N-benzylidene on the
formation of a glycosyl triflate intermediate, C(2)-azido- and
C(2)-OBn-derived imidates were employed (30 and 31, Figure
12).74−76 Upon subjection of 50 mol % TfOH at −50 °C, the
previously reported C(2)-azido glycosyl α-triflate 32 was
formed with a new anomeric resonance at δ 6.13 ppm (Figure
S19 in the SI).77 Upon warming the NMR probe, the C(2)-
azido glycosyl triflate had a decomposition temperature of 0
°C, which is greater than that of the C(2)-N-benzylidene
glycosyl triflate 12 (−20 °C). Alternatively, glycosyl triflate 33,
which was formed from subjecting C(2)-OBn imidate 31 to 50
mol % TfOH at −50 °C, decomposed at a slightly lower
temperature of −30 °C (Figure S20). According to Crich and
Codeè, a more stable α-glycosyl triflate does not allow for
isomerization to the β-glycosyl triflate and will result in higher
β-selectivity of the glycosylation product.49,64,71 As expected,
when the more electron-withdrawing C(2)-azido donor was
subjected to a nickel-triflate-mediated coupling reaction with
adamantanol 6, the selectivity of the coupling product dropped
to α:β = 4:1.71 In contrast, the N-benzylidene and C(2)-benzyl
ether modulate the electronics suitably allowing for the triflate
to isomerize, thus resulting in higher α-selectivity (Figure 12).
An additional rationalization for the difference of these three

imidates for high α-selectivity comes from the induction of an
early transition state as the α-face attacking nucleophile
interacts with the steric bulk of the N-benzylidene. On this

Figure 11. Kinetic study with different equivalents of nucleophile.

Figure 12. Relating the glycosyl triflate decomposition temperature to α:β selectivity of C(2)-protected glycosyl donors under Ni(OTf)2-catalyzed
conditions: (a) upon subjection of 50 mol % TfOH at −50 °C in CD2Cl2; (b) glycosyl triflate allowed to warm from −50 °C to room temperature
while 1H NMR was taken at 10 °C intervals; and (c) 15 mol % Ni(OTf)2 in CH2Cl2.
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basis, it has been reported that the N-benzylidene and O-
benzyl protecting groups have similar size and can induce
similar reactions because of their steric A value of 1.39,78,79

whereas the azido group is smaller (steric A value = 0.45−
0.62) and can perhaps not induce the early transition state as
readily.78,79

■ CONCLUSIONS
In summary, we have presented the first systematic
investigation of the release of triflic acid by a metal triflate
for activation and its impact on the stereochemical outcome of
metal-triflate-catalyzed glycosylation. As metal triflates are one
of the most commonly utilized catalysts for glycosylations and
provide many benefits over traditional activation methods, we
have laid the foundation for future studies involving these
catalysts as elucidations of their operative mechanism can be
complex. We have shown that these catalysts are capable of
producing triflic acid and that their hydrolysis constants should
be taken into consideration. Once released, as systematically
studied in our nickel-triflate-catalyzed glycosylation mecha-
nism, triflic acid can influence the anomeric selectivity through
a generation of a transient glycosyl triflate. However, a glycosyl
triflate mechanism is not universal in affecting the selectivity of
the newly formed glycosidic bond; a multitude of other factors
need to be taken into consideration when trying to rationalize
selectivity, including protecting groups and carbohydrate
coupling partners. Under our nickel-triflate-catalyzed con-
ditions, the release of triflic acid in combination with the
unique stereoelectronic nature of the C(2)-N-benzylidene
group on glycosyl N-phenyl trifluoroacetimidate provided the
formation of 1,2-cis-aminoglycosides to be highly favorable.
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(43) O’Brien, C.; Polaḱova,́ M.; Pitt, N.; Tosin, M.; Murphy, P. V.
Glycosidation−Anomerisation Reactions of 6,1-Anhydroglucopyra-
nuronic Acid and Anomerisation of β-D-Glucopyranosiduronic Acids
Promoted by SnCl4. Chem. - Eur. J. 2007, 13, 902−909.
(44) Wang, Y.; Cheon, H.-S.; Kishi, Y. Unique Reactivity of the
Mukaiyama Glycosidation Catalyst (SnCl3ClO4) Toward β-Man-
nopyranosides. Chem. - Asian J. 2008, 3, 319−326.
(45) Pilgrim, W.; Murphy, P. V. SnCl4- and TiCl4-Catalyzed
Anomerization of Acylated O- and S-Glycosides: Analysis of Factors
That Lead to Higher α:β Anomer Ratios and Reaction Rates. J. Org.
Chem. 2010, 75, 6747−6755.
(46) Manabe, S.; Satoh, H.; Hutter, J.; Lüthi, H. P.; Laino, T.; Ito, Y.
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