1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
J Org Chem. Author manuscript; available in PMC 2018 September 15.

s HHS Public Access
«

Published in final edited form as:
J Org Chem. 2017 September 15; 82(18): 9263-9269. doi:10.1021/acs.joc.7b01850.

Trifluoromethanesulfonate Anion as Nucleophile in Organic
Chemistry

Bibek Dhakal?, Luis BohéP, and David Crich?
aDepartment of Chemistry, Wayne State University, Detroit, Ml 48202, USA

bInstitut de Chimie des Substances Naturelles, CNRS-ICSN UPR2301, Université Paris-Sud,
Avenue de la Terrasse, 91198 Gif-sur-Yvette, France

Abstract

Although the triflate ion is not generally perceived as a nucleophile many examples of its behavior
as such exist in the literature. This synopsis presents an overview of such reactions, in which
triflate may be either a stoichiometric or catalytic nucleophile, leading to the suggestion that
nucleophilic catalysis by triflate may be more common than generally accepted, albeit hidden by
the typical reactivity of organic triflates which complicates their observation as intermediates.
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The trifluoromethanesulfonate anion (triflate, TfO™) is an outstanding leaving group, and is
widely used as such in organic chemistry,1=2 and nowhere more so than in carbohydrate
chemistry.3-> Conversely, the use of triflate as nucleophile in substitution reactions, albeit
exploited since the very beginnings of triflate chemistry for the formation of simple alkyl
triflates,%-8 is rarely considered, even though triflate is widely recognized as a co-ordinating
anion in inorganic chemistry.? This synopsis summarizes the literature on the action of
triflate as nucleophile, whether by design or accident, with the aim of dispelling the notion
of triflate as an innocent bystander in many reactions.

The powerful nucleofugal capacity of triflate in part arises from its ability to stabilize
negative charge. However, literature values for the pKa of triflic acid in water vary over a
range from —5.9 through —14, prompting Leito and coworkers to adopt a “crude average”
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value of —12+5 pKa units.10 Thus, in water, triflic acid is more acidic than
bis(pentafluoroethyl)sulfonamide, HBr and HI (pKa: <-2, =9 and 9.5, respectively).
Conversely, in organic solvents and in the gas phase although triflic acid is still a very strong
acid, its pKa is little different from that of bis(pentafluoroethyl)sulfonamide.1°

The ability to observe covalent triflates, whether formed by alcohol triflation or by
nucleophilic attack of triflate on electrophiles, depends on the substrate and/or conditions
suppressing displacement or solvolysis reactions. This is challenging in view of the triflate
ion’s nucleofugal properties, and suggests that nucleophilic reactions of triflate may be more
common than is generally believed. Triflate is not on any published scale of nucleophilicity
including Mayr’s scale,11-12 which also does not contain mesylate, or iodide. Nevertheless,
rate constants for the reaction of mesylate with 1-arylvinyl cations in acetonitrile were found
to be ~102-fold less than those of acetate or iodide and some fifteen and seventy five-fold
greater than those of bromide or chloride, respectively,13 suggesting that sulfonates may be
more nucleophilic than commonly perceived. A computationally-derived intrinsic reactivity
index4 affords a ranking of reactivity: CI™> Br >>AcO">MeSO3 >TfO™>MeOH, with the
latter two entries relevant to the question of catalysis by triflate in glycosylation and other
reactions.

Because of the instability of many organic triflates, it is not surprising that early
observations of triflate as nucleophile arose from metathesis reactions of organic halides
with silver triflate driven by precipitation of silver halide. Thus, in 1956 Gramstad and
Haszeldine reported the preparation of simple alkyl triflates by solvolysis of alkyl halides
with silver triflate.5~7 This process, which is applicable to tertiary alkyl triflates, is
illustrated with the preparation of 1-adamantanyl triflate (Scheme 1).15-16

The metathesis reaction extends to 1,n-dibromoalkanes for which a kinetic analysis revealed
the participation of bridging bromonium ions and even of bridging trifloxy groups.17-18 In
the reaction of propyl iodide with silver triflate the ratio of the resulting propyl and
isopropyl triflates is solvent dependent.19 Reactions in benzene were slowest and were
accompanied by the absence of rearrangement. This was attributed to solvation of the silver
ion either i) reducing its electrophilicity and enforcing a more Sy2-like transition state for
the displacement, or ii) increasing the nucleophilicity of the triflate anion. In a study of the
metal triflate-catalyzed hydroalkoxylation of alkenes, silver triflate was demonstrated to
react with 1,2-dichloroethane to afford 2-chloroethyl triflate, whose subsequent
decomposition yields triflic acid.20

The preparation of simple alkyl triflates by nucleophilic substitution reactions, however, is
not limited to metathesis reactions: methyl triflate is obtained by distillation of a mixture of
triflic acid and dimethyl sulfate.® The crystalline 1,4-ditrifloxybutane is obtained by reaction
of tetrahydrofuran with triflic anhydride (Scheme 2).8

The cleavage of ethers by trifluoroacetyl triflate also affords triflates by nucleophilic attack
by triflate on the activated ether.2! Thus, a 1:1 mixture of ethyl trifluoroacetate and ethyl
triflate is formed at 0 °C from diethyl ether (Scheme 3). Similarly, tetrahydrofuran afforded
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1-trifluoromethanesulfonyl-4-trifluoroacetyl-1,4-butanediol quantitatively on reaction with
trifluoroacetyl triflate.

Other early indications of the nucleophilicity of triflate toward reactive cation-like
electrophiles include the reaction of a spiro[5.2]octanone with triflic anhydride leading to
the formation of two vinyl triflates, one of which involved nucleophilic cleavage of the
spirocyclic system (Scheme 4).22 The reaction of p-pericyclocamphanone with a triflic
anhydride/triflic acid mixture results in the formation of a rearranged ditriflate (Scheme
5),23 through a process initiated by nucleophilic ring opening of the cyclopropane by triflate,
and completed by trapping of a tertiary cation by triflate following a series of 1,2-shifts and
dehydrations. Triflate also serves as the nucleophile in the capture of carbenium ions
generated by rearrangements of polycyclic aldehydes in the presence of benzoyloxy
triflate.16 More interesting in the light of subsequent work on glycosy! triflates is the
reaction of 7-norbornanone with triflic anhydride to give the corresponding geminal
ditriflate (Scheme 6).24

The Zefirov group provided examples of triflate acting as competitive nucleophile for the
trapping of a variety carbocation-like electrophiles.25-28 Thus, the addition of halogens
(Scheme 7) and arylsulfenyl chlorides to olefins in aprotic solvents, in the presence of
lithium or tetraalkylammonium triflate affords the corresponding halo or arylsulfenyl
triflates. The additions give the trans-adducts with cyclic alkenes and follow Markovnikov’s
rule indicating that triflate acts as nucleophile on cyclic chloronium ions or related species.
The addition of (2-nitrophenyl)sulfenyl chloride to a skeletally complex triene in acetic acid
in the presence of lithium triflate afforded 12% of an endo-triflate resulting from
rearrangement of the initial cationic intermediate together with 69% of the corresponding
acetate (Scheme 8). Thus, the triflate anion is insufficiently nucleophilic to compete with the
skeletal rearrangement, but does compete with the solvent for capture of the rearranged
cation.2’

In an investigation into catalyst passivation during isobutene alkylation by olefins, the
Markovnikov addition of triflic acid to simple alkenes forming alky! triflates was
investigated by NMR spectroscopy in CDCl3 at —62 °C,28 when even tbutyl triflate could be
observed. Recalling the solvent dependence of the silver triflate-alkyl halide metathesis, 19
addition to 1-pentene gave a 2.7:1 ratio of 2-pentyl/3-pentyl triflates in CDCl3, but in hexane
at —78 °C aratio of 16:1 was obtained. Thus, trapping of the initial carbenium ion by triflate
trumps the 1,2-hydride shift under appropriate conditions (Scheme 9).28

Hypervalent iodine reagent addition to olefins in the presence of lithium triflate can afford
the corresponding bistriflates as in the addition of Phl1(OAc), to 1-hexene when 1,2-
ditrifloxyhexane is formed in 15% yield.2 Higher yields are achieved with p-oxo-bis-
phenyliodonium triflate. For example, reaction with cyclohexene affords the ¢/s-1,2-ditriflate
in 50% yield (Scheme 10),2%-30 in a process arising from Sy2-like nucleophilic
displacement of an iodonium ion by triflate.

In another hypervalent iodine-mediated reaction Moriarty and coworkers prepared a-keto
triflates from silyl enol ethers and iodosobenzene in the presence of trimethylsilyl triflate.
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The mechanism involves attack of a silylated iodonium reagent on the enol ether to give an
alkyliodonium species, followed by nucleophilic attack by triflate (Scheme 11).31

Reaction of various hypervalent iodonium triflates with alkynes affords crystallographically
confirmed E-trifloxyvinyl aryliodonium triflates, by a process involving nucleophilic
opening of iodonium adducts (Scheme 12).32-34

An alternative reaction for the formation of vinyl triflates uses copper-promoted reaction of
alkynylarenes with phenyl perfluoroalkyliodonium triflates (Scheme 13). The mechanism
invokes addition of a perfluoroalky! radical to the alkyne generating a vinyl radical that is
subsequently oxidized to the corresponding cation before nucleophilic trapping by triflate.3°

Reaction of certain dialkoxy sulfuranes with triflic acid affords the corresponding triflates in
high yield.36 180-Labelling studies indicated this reaction to proceed via trapping of a.,a.-
bis(trifluoromethyl)benzyl cations by triflate (Scheme 14).

Earlier reports described the generation of aryl triflates by reaction of arenediazonium salts
with trimethylsilyl triflate or triflic acid.3-38 More recent examples of the nucleophilicity of
the triflate anion toward aryl cation-like electrophiles include the formation of p-aminoaryl
triflates on treatment of aryl azides with triflic acid (Scheme 15).3° Vinyl triflates are
isolated from the addition of triflic acid to aryl alkynyl ketones (Scheme 16),%° and have
been postulated as intermediates in the reaction of benzhydryl triflate with phenylethyne.41

Drawing parallels with Zefirov’s generation of alkyl perchlorates in the nitrous acid-
mediated deamination of aminoalkanes,*2 we employed triflic acid as proton source and
nucleophile in the Zbiral-type*3-44 deamination of an A-nitroso-A-acetyl sialic acid
derivative (Scheme 17).%° This reaction, which affords a single diastereomer of a stable
triflate, appears to proceed via an intermediate 1-oxabicyclo[3.1.0]hexanium ion.*4 The use
of triflate as nucleophile in this manner is competitive with the more conventional but
circuitous use of levulinic acid as nucleophile followed by deprotection and triflation of the
residual alcohol (Scheme 17).4°

The most widespread use of triflate as nucleophile in preparative chemistry has been in the
generation of glycosyl triflates for use as glycosyl donors. Under appropriate conditions, a
range of glycosyl donors are readily converted to the corresponding glycosyl triflates. Early
work was conducted by Schuerch and coworkers and employed the metathesis of per-C-
benzyl-D-glucopyranosyl chloride with silver triflate at =78 °C enabling NMR
characterization of the a-glycosy! triflate and studies of its reactivity.46-48 The perceived
instability of the glycosyl triflates, however, was such that the majority of the work was
conducted with the more stable glycosyl mesylates, tosylates and trifluoroethanesulfonates.
Thus it was not until our demonstration by NMR methods of the generation of glycosyl
triflates from glycosyl sulfoxides with triflic anhydride at low temperature (Scheme 18),4°
that glycosyl triflates were accepted as tools for glycosidic bond formation and the study of
glycosylation mechanisms.59-52 Subsequently it was demonstrated that glycosyl triflates
may be accessed from many other classes of glycosyl donor by the application of triflate-
based promoters. Such methods include the reaction of glycosyl trichloroacetimidates and
TMSOTT in dichloromethane/ionic liquid mixtures,3 the reaction of glycosyl fluorides with
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TMSOTH,>* and the low temperature activation of thioglycosides with sulfenyl triflates and
related species,>5°657 among others.

Many glycosy!l triflates have now been characterized by low temperature NMR
methods.>8-59 The ensuing chemistry of the glycosyl sulfonates has been reviewed>8.60-63
and will not be commented on here. It is, however, appropriate to contrast these methods
involving nucleophilic attack of triflate on electrophilic glycosylating species, with the early
work on the attempted generation of glycosyl triflates by triflation of anomeric hemiacetals.
Thus, the activation of tetra- O-benzylglucopyranose with triflic anhydride in the absence of
base was determined to involve simple triflic acid-mediated dehydrative coupling, rather
than the formation of any intermediate glycosyl triflate.54-65 When such reactions are
performed in the presence of collidine, the 1,1’-disaccharide is obtained as reaction of the
hemiacetal with the glycosyl triflate is faster than with triflic anhydride.®8 Clearly, as with
the formation of simple alkyl triflates, methods involving nucleophilic attack of triflate on
cation-like electrophiles generated in situ are superior to methods relying on triflation of the
corresponding alcohols.

We now turn to the possible role of triflate as nucleophile in processes in which it is only
present in catalytic quantities, limiting ourselves to bona fide cases based on experimental
evidence. Thus, in an investigation of the role of the conjugate base in Lewis acid-mediated
Mukaiyama aldol reactions, Yamamoto and coworkers demonstrated by crossover
experiments that the mode of transfer of a trialkylsilyl group from the immediate
condensation product to a further molecule of aldehyde is counterion dependent. With
trialkylsilyl triflimide and trialkylsilyl tris(triflyl)methide, the transfer of the silyl group
occurs either directly or is mediated by the solvent when the reaction is run in diethyl ether
(Scheme 19, paths a and b). Conversely, when the catalyst is a trialkylsilyl triflate, silyl
group transfer is mediated by the triflate anion and involves reformation of a silyl triflate
(Scheme 19, path c). The greater nucleophilicity of triflate as compared to triflimide and
Tf3C~ was offered in explanation of this difference in pathways.%” Observations by Mathieu
and Ghosez also support the notion of the triflate anion being more tightly bound to the
trimethylsilyl “cation” than triflimide.58 The divergent pathways observed in the reactions of
acyl polysilanes with either TMSOTf or TMSNTf, were also attributed to the enhanced
nucleophilicity of triflate as compared to triflimide.59

In a study of the formal [4+3] cycloaddition of epoxy enolsilanes with dienes catalyzed by
trialkyl silyl triflates, evidence was presented for the intervention of triflate as nucleophile
toward the O-silylated epoxide in the formation of the minor enantiomers of both the exo
and endo-products. Under typical conditions with catalytic silyl triflate, the major
enantiomers of the exo and endo-products are considered to be formed via an asynchronous
Sni2-like ring opening of the silylated epoxide by the diene with a subsequent barrierless
formation of the remaining CC bond (Scheme 20, path a). Conversely, Sy2 ring opening of
the silylated epoxide by the catalytic triflate followed by Sn2-like displacement of the
triflate by the diene with subsequent collapse to the cycloadduct gives the minor enantiomers
(Scheme 20, path b). The critical role of triflate in this latter process was confirmed by: i)
Addition of the diene to a preformed mixture of epoxy enolsilane and TESOTT resulting in
predominance of path b (Scheme 20), and reversal of the overall selectivity, and ii)
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replacement of TESOTTf by TES[CgF5)4B], when no loss of enantioselectivity was
observed.”0

The issue of catalysis by triflate in glycosylation reactions promoted by sub-stoichiometric
amounts of triflate-based promoters was raised by Bols and coworkers. These workers
discovered that a 4,6- O-silylene protected mannosyl thioglycoside was p-selective in its
reactions with alcohols in reactions conducted at room temperature with activation by N-
iodosuccinimide and only 10 mol% of triflic acid (Scheme 21).7 This observation, coupled
with the parallel identification of a p-selective reaction promoted by silver perchlorate in the
absence of triflate, led the authors to propose that the -selectivity arose not from
displacement of an intermediate a-glycosyl triflate, but by B-face attack on a glycosyl
oxocarbenium ion in B, 5 conformation. As reported previously, the cognate 4,6-O-
benzylidene oxocarbenium ion does access the 5, 5 conformation’2 and is B-selective in its
reactions with C-nucleophiles.”® However, the evidence for the nucleophilicity of
perchlorate toward cation-like electrophiles exceeds even that for triflate?® suggesting the
intermediacy of a a-glycosyl perchlorate in the triflate-free reaction. Indeed, glycosyl
perchlorates were observed spectroscopically more than two decades before glycosyl
triflates.”* In a follow up to this work Bols and coworkers applied similar conditions,
catalytic in triflate, to the activation of 4,6- O-benzylidene protected mannosyl thioglycosides
and sulfoxides with comparable results.”® Also studied was the activation of a 4,6-O-
benzylidene protected a-trichloroacetimidate with BF3OEt, in the presence and absence of
triflate. In the complete absence of triflate, B-mannosides were not formed owing to the
well-known competing abstraction of fluoride from the reagent,’® but B-mannoside
formation was restored on addition of lithium triflate, ultimately leading the authors to
remark on the beneficial catalytic effect of the triflate ion.”®

Continuing this thread, Kowalska and Pedersen studied the glycosylation reactions of 4,6- O-
benzylidene protected mannosyl trichloroacetimidates with activation by
bis(trifluoromethanesulfonyl)imide and its N-TMS derivative. Stereoselectivity was found to
depend on the configuration of the initial trichloroacetimidate, with substitution taking place
mostly with inversion of configuration from either anomer. These observations contrast with
earlier work on the activation of comparable 4,6- O-benzylidene protected mannosyl
trichloroacetimidates by catalytic TMSOTT, when both anomers were described as giving
comparable B-selectivity (Scheme 22).77 This dependence of anomeric selectivity on the
promoter was rationalized in terms of the differing nucleophilicity of triflimide and triflate:
reactions conducted with a triflimide-based activator involve direct displacement of the
activated trichloroacetimidate by the acceptor alcohol,’8 albeit a glycosyl triflimide has been
tentatively identified by NMR spectroscopy in previous work by Yoshida and coworkers.”®
Reactions employing the more nucleophilic triflate progress via the formation of a glycosyl
triflate.’8

In contemporaneous work, Zhu and Yu investigated the activation of two mannosyl o-
alkynyl benzoates with a series of gold complexes.8% With catalytic PhsPAUOTf both
anomers of the donor gave comparable results indicative of a common intermediate,
demonstrated to be the a-mannosyl triflate by NMR spectroscopy. Conversely, on activation
with the PhaPAu complexes of triflimide, hexafluoroantimonate, and

J Org Chem. Author manuscript; available in PMC 2018 September 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Dhakal et al.

Page 7

tetrakis(pentafluorophenyl)borate, the two anomers gave opposite selectivities, both reacting
with predominant inversion of configuration. It was demonstrated that activation with the
gold complexes afforded the corresponding mannosyloxy isochromenylium-4-gold
complexes, which were directly displaced by the incoming acceptor alcohols to afford the
glycosides. With triflate as counter-ion, the gold complex is first converted to the anomeric
triflate that then serves as the active glycosyl donor (Scheme 23). The striking change in
mechanism with counterion not only requires the formation of an intermediate glycosyl
triflate, but also that the catalytic triflate competes effectively with the acceptor alcohol as
nucleophile for the displacement of the initial gold isochromylium oxy complex.

Conclusion

The evidence for the action of triflate as nucleophile toward cation-like electrophiles is
considerable and, in stoichiometric processes, covers many areas of organic chemistry and
many types of reaction. Good evidence also exists for the role of triflate as a nucleophilic
catalyst in several reactions, suggesting that the phenomenon may be widespread even if not
always apparent because of the high reactivity of the intermediate covalent triflates. In
common with all entities that are effective nucleophilic catalysts, it appears that the
activation barriers for both the addition of triflate to a given electrophile and its subsequent
departure are low.
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Scheme 8.
Competitive Cation Trapping by Triflate in Acetic Acid
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Solvent Dependence in the Addition of Triflic Acid to 1-Pentene
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Scheme 10.
Reaction of Alkenes with Zefirov’s Reagent
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Reaction of a Silyl Enolether with lodosobenzene and TMSOTf
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Scheme 13.
Generation of Fluoroalkyl Vinyl Triflates from Alkynes
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Triflate as Nucleophile in Deamination
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Scheme 18.
Generation of a Mannosyl Triflate from the Sulfoxide
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Counterion-Dependent Pathways for Silyl Transfer in the Mukaiyama Aldol Reaction
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Scheme 21.
B-Selective Mannosylation with only Catalytic Triflic Acid
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Scheme 22.
Diverging Reaction Pathways on the Activation of p-Mannopyranosyl Trichloroacetimidates

with Triflate and Triflimde-Based Promoters
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Scheme 23.
Counterion-dependent Mechanisms in Gold-Catalyzed p-Mannosylations (Illustrated for the

[-donor only)
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