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It is a pleasure to introduce the 3rd in the series of Thematic

Issues on organo-fluorine chemistry for the Beilstein Journal of

Organic Chemistry (BJOC). These series have become

progressively more successful over time in terms of the number

and quality of the contributions received. It is also pleasing to

note that the profile and impact factor of the journal has

increased steadily over this time as well.

Organo-fluorine chemistry is enjoying a high profile at present,

particularly in methodology development. There has been

considerable success across the international community in the

development of organometallic methods for the incorporation of

fluorinated substituents onto aryl and heterocyclic rings. Such

motifs are required by the pharmaceutical and agrochemical

industries to modulate the performance and pharmacokinetics of

bioactives. The particular challenge of delivering direct and

efficient methods for C–F, C–Rf or C–XRf bond formation has

been a major focus in the last few years and landmark develop-

ments have been made. Many of the contributions in the

Thematic Series focus on this aspect of organo-fluorine

chemistry.

Fluorine touches all categories of performance compounds

extending from bioactives to organic materials, and society

demands continual improvements in the quality and perform-

ance of products and devices. As the global population steadily

increases the pressure to improve health care and agricultural

yields, is immense. This requires innovation in molecular

design, and because of its particular ability to tune properties,

fluorine chemistry may provide the means. To meet these

demands we continually need new methods and new building

blocks to prepare new classes of compounds. As our ability to

prepare and apply organo-fluorine molecules improves, it

demands a deeper understanding of their properties and

behaviour. The papers of the Thematic Series touch on all of

these aspects and the area remains as innovative and relevant as

ever.

I have to thank all of the authors who have taken the time to

prepare manuscripts, and to offer their latest scientific contribu-

tions to this Thematic Series. The quality of the papers and the

geographical distribution of the contributing laboratories is a

clear indication of the health, vitality and importance of fluorine

chemistry as a specialism within the wider chemical enterprise.

David O'Hagan

St Andrews, September 2013
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Abstract
Starting from easily accessible gem-difluoropropargylic derivatives, a DBU-mediated isomerisation affords enones in fair yields

with a gem-difluoroalkyl chain. These derivatives were used to prepare pyrazolines and pyrrolines with the desired gem-

difluoroalkyl side chain by cyclocondensations in good yields and with excellent stereoselectivity. A one-pot process was also

successfully developed for these sequential reactions. By carrying out various types of Pd-catalyzed coupling reactions for com-

pounds with a p-bromophenyl substituent a route to focused chemical libraries was demonstrated.
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Introduction
A widely used strategy in bioorganic, medicinal chemistry and

in chemical biology is the selected introduction of fluorine in

organic molecules since it strongly modifies their properties

[1-9]. On the other hand, heterocyclic molecules – in particular,

the so-called privileged scaffolds – are introduced very classic-

ally in the core of pharmaceutical products [10,11]. Therefore, it

appears to be of much interest to design novel methodologies

for the preparation of new fluorinated heterocyclic molecules.

We developed a programme to investigate the preparation and

uses of new propargylic fluorides [12-14], which have been

employed in the synthesis of fluorinated analogues of lipids

[15,16] and in carbocyclic systems [17,18]. They have also been

used for the preparation of several 5 and 6-membered hetero-

cycles [19-22]. The goal of the present work is to demonstrate

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:ahachem@ul.edu.lb
mailto:rene.gree@univ-rennes1.fr
http://dx.doi.org/10.3762%2Fbjoc.9.230
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that selected propargylic derivatives [23-25] can be employed

for the preparation of enones with a gem-difluoroalkyl chain by

using an isomerisation process (Scheme 1).

Scheme 1: Strategy towards the target molecules.

These intermediates can be employed for the preparation of

representative 5-membered heterocyclic systems with CF2R

side chains by using cyclocondensation reactions. Furthermore,

selected molecules in these series were functionalized by using

appropriate palladium-catalyzed coupling reactions en route to

chemical libraries.

Results and Discussion
The first example of a base-mediated isomerisation process for

an alkyne activated by an ester group was reported by Nineham

and Raphael in 1949 [26]. Later, extension to other electro-

philic alkynes was demonstrated by Sonye and Koide [27].

Recently, it has been established by Yamazaki’s group that pro-

pargylic alcohols bearing a CF3 group on the triple bond

could be isomerised to the corresponding enones. In that

case, Et3N proved to be sufficient as a catalyst to perform this

transformation [28].

The required starting propargylic alcohols were obtained by a

reaction of the lithium salt of easily available gem-difluoro pro-

pargylic derivative 1 [18] with aromatic aldehydes, affording

compounds 2a–2e in 71–82% yields (Scheme 2 and Table 1).

With these gem-difluoro intermediates, Et3N was not an effi-

cient catalyst since only a low conversion was observed and the

reaction was not clean. On the contrary, the DBU-mediated

isomerisation was successful, affording the desired enones

3a–3e in 60–63% yields. The selectivity was excellent since in

all cases the E-isomer was obtained almost exclusively (>98%).

Similar reactions were carried out with propargylic derivatives

bearing alkyl groups instead of the (Ar) aromatic or heteroaro-

matic group, but these reactions were not successful. Therefore,

this reaction appears limited to derivatives with aryl or hetero-

aryl substituents as in the case of the CF3-substituted propar-

gylic derivatives [28].

Next, we turned towards the preparation of heterocyclic struc-

tures from enones 3. Pyrazolines are well-recognized hetero-

cyclic cores for pharmacologically active molecules [29].

Scheme 2: Synthesis of enones with a gem-difluoroalkyl side chain.

Table 1: Synthesis of enones 3a–3e.

Entry Ar Step 1 Yield (%) Step 2 Yield (%)

1 Ph 2a (82) 3a (62)
2 C5H4N 2b (78) 3b (62)
3 C4H3O 2c (79) 3c (63)
4 C4H3S 2d (71) 3d (60)
5 p-PhBr 2e (81) 3e (61)

Therefore, they were selected as first examples of 5-membered

heterocyclic targets with the fluorinated side chain. Reaction of

3a–3e with methylhydrazine gave the desired pyrazolines 4a–4e

in 79–86% yields (Scheme 3).

Scheme 3: Synthesis of pyrazolines with a gem-difluoro side chain.

It appeared that the reaction conditions for the synthesis of these

pyrazolines were compatible with the first isomerisation step,

therefore the possibility of a "one-pot" reaction was considered.

Indeed, by heating a mixture of propargylic alcohols 2a–2e with

DBU (1,8-diazabicycloundec-7-ene) in the presence of methyl-

hydrazine (Scheme 4) the pyrazolines 4a–4e were obtained after

3–7 h in excellent yields (82–92%, Table 2). This very short

and efficient synthesis of pyrazolines 4 can be related to another

excellent one-pot reaction with 3-components where the first

step is a Pd-catalyzed coupling–isomerisation process followed

by a cyclocondensation [30].
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Scheme 5: Synthesis of pyrrolines with a gem-difluoro alkyl side chain.

Scheme 6: One-pot synthesis of pyrrolines with a gem-difluoro side chain.

Scheme 4: One-pot synthesis of pyrazolines with a gem-difluoro side
chain.

Table 2: Synthesis of pyrazolines 4a–4e.

Entry Ar Yield (%) (3 to 4) Yield (%) (1 to 4)

1 Ph 4a (85) 4a (86)
2 C5H4N 4b (79) 4b (82)
3 C4H3O 4c (81) 4c (84)
4 C4H3S 4d (82) 4d (83)
5 p-PhBr 4e (86) 4e (92)

Pyrroline is another noteworthy example of a heterocyclic scaf-

fold useful in bioorganic and medicinal chemistry [31,32]. It is

also well-recognized for agrochemicals, especially in combin-

ation with CF3 substituents. Recently, the group of Shibata has

developed an elegant organocatalyzed asymmetric approach to

such pyrrolines [33]. Moreover, an efficient synthesis of β-tri-

fluoromethylated Δ1-pyrrolines has been reported [34]. There-

fore, we selected pyrrolines with CF2R side chains as a second

example of 5-membered heterocyclic targets. Condensation of

the anion of glycine ester diphenylimine 5 with the enones

3a–3e afforded the desired pyrrolines 6a–6e (Scheme 4 and

Table 3). In all cases good yields were obtained, and a complete

selectivity for the trans-isomer was observed as established by

NMR analysis of the crude reaction mixtures. This is different

from the results obtained by starting from enones with

CF2CF2X side chains, where trans/cis mixtures were reported

[34]. The 3JHH (6.3–6.5 Hz, trans) of our pyrrolines were very

close to those of similar molecules bearing CF2–CF3 chains

(6.4–6.6 Hz), while for latter derivatives the cis coupling

constants were larger (≥ 8.3 Hz) [34]. This was confirmed in the

case of pyrroline 6a by performing additional 19F/1H hOe 2D

experiments which revealed strong correlations between the

fluorine atoms of the CF2 group and the cyclic protons Hc and

Ha (see Scheme 5 and 2D spectrum in the Supporting Informa-

tion File 1 for details).

Table 3: Synthesis of pyrrolines 6a–6e.

Entry Ar Yield (%) (3 to 6) Yield (%) (1 to 6)

1 Ph 6a (74) 6a (73)
2 C5H4N 6b (73) 6b (76)
3 C4H3O 6c (75) 6c (73)
4 C4H3S 6d (74) 6d (71)
5 p-PhBr 6e (78) 6e (75)

The reaction conditions were compatible with both steps and an

example of a one-pot reaction was performed starting from

2a–2e. The desired pyrrolines 6a–6e were obtained in excellent

yields (71–76%, Scheme 6 and Table 3).

Another important issue was the possibility of using these

molecules as scaffolds for the preparation of focused chemical

libraries. In order to explore this possibility we developed

representative examples of Pd-catalyzed reactions starting from

p-bromo derivatives 4e and 6e.
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Scheme 7: Pd-catalyzed coupling reactions towards chemical libraries of pyrazolines with a gem-difluoro side chain.

Scheme 8: Pd-catalyzed coupling reactions towards chemical libraries of pyrrolines with a gem-difluoro side chain.

The results are given in Scheme 7 for pyrazoline 4e.

Suzuki–Miyaura coupling [35] gave biphenyl derivative 7e in

82% yield, while the Heck [36] and Sonogashira [37] reactions

afforded also the desired targets 8e and 9e in 72% and 77%

yield respectively. Similar results were obtained in Pd-medi-

ated reactions starting from pyrroline 6e, as indicated in

Scheme 8. The desired molecules 10e–12e were obtained in

good yields.

Conclusion
In summary, we developed an efficient access to enones with

gem-difluoroalkyl side chains through a base-mediated isomer-

isation of fluorinated propargylic alcohols. Although this

method is, to date, limited to compounds with aryl or hetero-

aryl substituents, corresponding enones appear as versatile

intermediates for the preparation of heterocyclic derivatives.

This has been established through the synthesis of pyrazolines
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and pyrrolines with gem-difluoroalkyl side chains. With appro-

priate substituents, derivatives of this type can be used for the

preparation of chemical libraries.

Supporting Information
Supporting Information File 1
Experimental details, NMR analysis and characterization

data of new compounds.

[http://www.beilstein-journals.org/bjoc/content/

supplementary/1860-5397-9-230-S1.pdf]
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Abstract
A practical route for the stereoselective synthesis of (2S,3S)-5,5,5-trifluoroisoleucine (L-5-F3Ile) and (2R,3S)-5,5,5-trifluoro-allo-

isoleucine (D-5-F3-allo-Ile) was developed. The hydrophobicity of L-5-F3Ile was examined and it was incorporated into a model

peptide via solid phase peptide synthesis to determine its α-helix propensity. The α-helix propensity of 5-F3Ile is significantly lower

than Ile, but surprisingly high when compared with 4’-F3Ile.

2009

Introduction
Due to the unique physicochemical properties of fluorine,

namely its small size, extremely low polarizability and the

strongest inductive effect among all chemical elements [1],

fluorine substitution has become a powerful tool for modu-

lating the properties of pharmaceuticals and biologically active

compounds. In this respect, the incorporation of amino acids

with fluorinated side chains has been established as an efficient

strategy to alter distinct properties of peptides and proteins,

such as hydrophobicity, acidity/basicity, and conformation [2].

Numerous studies have focused on the incorporation of fluori-

nated aliphatic amino acids in helical folds [3-7], even though

their intrinsic tendency to adopt this secondary structure (i.e.

their α-helix propensity) was shown to be considerably reduced

when compared to their canonical analogues [8,9]. Thus, if

enhanced thermal stabilities of helical assemblies containing ali-

phatic fluorinated building blocks have been observed, this

stability was mainly attributed to a higher hydrophobicity or the

formation of a fluorous core [2,10]. Tirrell et al. found that the

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:beate.koksch@fu-berlin.de
mailto:cczekeli@chemie.fu-berlin.de
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Scheme 1: Synthesis of optically active N-acyloxazolidinone 5 from 4,4,4-trifluorobutanoic acid. Conditions: (a) TsCl, DMAP (cat.), pyridine, 0 °C to rt,
12 h, 79%; (b) NaCN, NaI (cat.), DMSO, 60 °C, 2.5 h, 85%; (c) HCl (conc.), reflux, 2.5 h, 80%; (d) NEt3, PivCl, THF, −78 °C to 0 °C, 90 min, then
n-BuLi, (S)-4-benzyloxazolidin-2-one, THF, −78 °C to rt, overnight, 84%.

biological function of the helical GCN4 transcription factor can

be retained, when utilizing racemic mixtures of 5,5,5-trifluoro-

isoleucine (5-F3Ile) as isoleucine surrogates for protein syn-

thesis in Escherichia coli [11,12]. Moreover, studying the

impact of global Ile substitution with 5-F3Ile in comparison to

the substitution of Val by 4,4,4-trifluorovaline (4-F3Val)

through protein expression, they showed that the replacement of

the δ-CH3 group of Ile by CF3 resulted in an approximately

eight-fold higher thermal stability of the respective GCN4

analogue than the replacement of the γ-CH3 group of Val by

CF3 [12]. This finding was explained by the substantial loss of

side-chain entropy of Val due to steric restriction between the

significantly larger γ-CF3 group and the helix. In agreement

with these findings, we previously showed that the replacement

of a CH3 group by a CF3 substituent in close proximity to the

α-carbon of aliphatic amino acids dramatically reduces their

α-helix propensity [13].

Since isolated α-helices are only marginally stable in solution,

they are often stabilized in proteins by being wound around

each other in a superhelix, a so-called coiled-coil arrangement,

where hydrophobic side chain interactions are maximized

within a helical interface. Coiled-coil structures are based on a

(pseudo-) repetitive sequence (abcdefg)n, the so-called heptad

repeat, in which hydrophobic side chains are primarily located

at the a- and d-positions on one side of the helix, while most of

the other positions are hydrophilic or charged [2,14]. In a

parallel helix alignment of coiled-coils, two fundamentally

different packing geometries occur at hydrophobic core posi-

tions a and d. The α−β bond vector of the amino acid side chain

can either point out of the hydrophobic core, termed parallel

packing, or into the core and thus directly towards the neigh-

boring helix (perpendicular packing). As a consequence,

hydrophobic β-branched amino acids (Ile or Val) are the most

stabilizing amino acids in parallel packing arrangements,

because they project the hydrocarbon side chain from the

β-carbon atom directly into the helical interface, whereas

perpendicular packing precludes β-branched residues from

occupying these sites and Leu is favored [14,15]. Therefore, the

preparation of enantiomerically pure fluorinated isoleucine

analogues with retained α-helix propensity is of general interest

for site-specific modification of coiled-coil positions in parallel

packing arrangements, especially when solid phase peptide syn-

thesis is employed.

Herein, we report a flexible approach to enantiomerically pure

(2S,3S)-5,5,5-trifluoroisoleucine (L-5-F3Ile) and (2R,3S)-5,5,5-

trifluoro-allo-isoleucine (D-5-F3-allo-Ile). Since the relation-

ship of side chain hydrophobicity and α-helix propensity is of

crucial importance for the overall stability of helical assemblies,

these two properties were examined for L-5-F3Ile, as one of the

possible fluorinated analogues of proteinogenic isoleucine.

Results and Discussion
Amino acid synthesis
We have recently described a new method for the conjugate tri-

fluoromethylation of α,β-unsaturated acyloxazolidinones [13].

Using this approach, all four diastereoisomers of N-Boc-

protected 4,4,4-trifluorovaline as well as (2S,3S)-4,4,4-trifluoro-

isoleucine were prepared from the corresponding products in

enantiomerically pure form via diastereoselective auxiliary-

induced amination. It was found that both diastereoisomers of

trifluorovaline and trifluoroisoleucine show extremely low

α-helix propensities compared to their non-fluorinated

analogues valine (Val) and isoleucine (Ile), which we attribute

to steric clashes of the larger γ-CF3 group with the helix back-

bone [13]. We wondered whether the replacement of the δ-CH3

group of Ile by CF3 might retain α-helix propensity. In light of

the fact that 5,5,5-trifluoroisoleucine has mostly been synthe-

sized and incorporated into peptides as diastereomeric mixtures

so far [11,12,16], we decided to extended our previous ap-

proach towards the synthesis of (2S,3S)-5,5,5-trifluoroiso-

leucine. For this, we envisioned acyloxazolidinone 5 as an inter-

mediate for the synthesis of enantiomerically pure L-5,5,5-tri-

fluoroisoleucine [13,17]. For the synthesis of this building block

we started from enantiomerically pure alcohol 1, which was

prepared using a modified protocol reported by Wang and

Resnick from commercially available 4,4,4-trifluorobutanoic

acid by diastereoselective enolate alkylation followed by reduc-

tion with lithium borohydride (Scheme 1) [18].
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Scheme 2: Synthesis of enantiomerically pure (2S,3S)-5-F3Ile and (2R,3S)-5-F3-allo-Ile. TMGA = 1,1,3,3-tetramethylguanidinium azide, Trisyl-N3 =
2,4,6-triisopropylbenzene-sulfonyl azide.

Fluorinated alcohol 1 was transformed into the corresponding

tosylate ester 2 and subsequently reacted with sodium cyanide

to afford nitrile 3. Acid hydrolysis of 3 provided the enan-

tiomerically pure carboxylic acid (R)-4 [19], which was then

coupled to the oxazolidinone via the mixed anhydride

(Scheme 1). With N-acyloxazolidinone 5 in hand, the optically

active fluorinated α-amino acids (L-5,5,5-trifluoroisoleucine 7

and D-5,5,5-trifluoro-allo-isoleucine 10) were synthesized by

stereoselective, auxiliary-induced amination following pro-

cedures reported by Evans and coworkers (Scheme 2) [17,20-

24]. For this, acyloxazolidinone 5 was transformed into the

α-azido derivative which upon reduction and auxiliary removal

gave the N-Boc protected L-amino acid 7 (L-5-F3Ile). Likewise,

the corresponding D-amino acid 10 (D-5-F3-allo-Ile) was

prepared by α-bromination followed by nucleophilic azide dis-

placement under stereochemical inversion (Scheme 2).

The absolute configuration of the amino acids was confirmed

by crystal structure determination of intermediate 6, based on

the known auxiliary configuration (see Supporting Information

File 1).

Hydrophobicity of L-5-F3-Ile
We investigated the relationship between side chain volume and

hydrophobicity of L-5-F3Ile. Since size and hydrophobicity are

known to be essential factors for secondary structure formation,

we compared 5-F3Ile with previously studied (2S,3S)-4’-F3Ile

[13], as well as with (S)-5,5,5,5’,5’,5’-hexafluoroleucine

(F6Leu), which was prepared according to procedures reported

by Keese and coworkers [25].

By plotting their side chain van der Waals volume versus their

retention time from an RP-HPLC experiment, we previously

investigated the relationship between size and hydrophobicity

of various fluorinated and non-fluorinated amino acids [26]. In

this experiment the non-polar phase of a reversed-phase column

serves as a mimic of a biological membrane or the kind of

hydrophobic interactions, that would be present in hydrophobic

cores of proteins and in ligand–receptor binding [27]. We

extended these initial studies by 2-aminoheptanoic acid (Aha)

as an amino acid with an unbranched aliphatic side chain. The

van der Waals volumes of the amino acid side chains were

calculated according to Zhao et al. [28].

Aha correlates very well with its smaller non-fluorinated

analogues and their retention time increases non-linearly with

increasing side chain volume (Figure 1). As expected, the

enlargement of the aliphatic side chain results in an increase in

hydrophobicity.

In agreement with previous studies that focused on other fluori-

nated amino acids [26], also the retention times of 5-F3Ile and

4’-F3Ile do not fit into the correlation between side chain

volume and retention time (Figure 1). Although similar in size,

the two fluorinated stereoisomers of Ile are less hydrophobic

than Aha. F6Leu is similar to Aha in hydrophobicity, while ex-

hibiting a much larger volume. In a free energy perturbation

study, the hydration energy of F6Leu was shown to be

1.1 kcal/mol higher than that of leucine [29]. This, together with

our previous and new findings, suggests that there are two

factors determining the overall hydrophobicity of fluorinated
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Figure 1: Retention times of Fmoc amino acids plotted against the van
der Waals volume of their side chains. Non-fluorinated amino acids are
depicted as black triangles; their correlation is shown as a black line.
Fluorinated amino acids are represented by green triangles.

amino acids [26]. On one hand, substitutions of hydrogen by

fluorine increase the solvent accessible surface area and thus

lead to an increase in hydration energy. On the other hand, the

C–F bond is more polarized than the C–H bond, and electro-

static interactions of the fluorinated group with the solvent are

energetically more favored. As a consequence, fluoroalkyl side

chains possess two seemingly contrary physicochemical prop-

erties, hydrophobicity and polarity, and the combination of both

leaves fluorinated amino acids to be less hydrophobic than their

surface area would suggest.

α-Helix propensity of L-5-F3Ile
In general, fluorination of amino acids leads to a dramatic

decrease in helix propensity [8,9,13]. As the extreme of this

effect, we previously reported the complete loss of helix

propensity when the β-methyl group in β-branched hydrophobic

amino acids is replaced by a CF3-substituent [13]. We now

investigated the α-helix propensity of 5-F3Ile according to

methods established by Cheng et al., who showed that when an

amino acid of interest is incorporated into an α-helical polyala-

nine model peptide (KX), its α-helix propensity can be calcu-

lated from circular dichroism (CD) spectroscopy [8,9]. There-

fore, 5-F3Ile was converted into its Fmoc analogue and subse-

quently used in solid-phase synthesis of K-5-F3Ile applying

standard Fmoc-based chemistry (see Supporting Information

File 1) [30]. The α-helix propensity [ω] was calculated from CD

data (Table 1).

Although the helix propensity of 5-F3Ile is half of that for Ile,

two distinct minima at 208 nm and 222 nm in the corres-

ponding CD spectrum clearly indicate a helical structure of the

Table 1: Ellipticity [Θ] at 222 nm was taken from normalized CD data.
Fraction helix [fhelix] and helix propensities [ω] were calculated from
[Θ222 nm] applying a modified Lifson–Roig theory [31-33].

peptide [Θ222 nm] fhelix ω

K-Ile –13813 ± 156 0.40 ± 0.01 0.52 ± 0.05
K-5-F3Ile –10776 ± 216 0.31 ± 0.01 0.26 ± 0.03
K-4’-F3Ile [13] –3602 ± 130 0.10 ± 0.01 0

model peptide, whereas the absence of these minima in the

K-4’-F3Ile spectrum demonstrates a complete loss of helicity in

the corresponding peptide (Figure 2). The drastic decrease in

helix propensity upon fluorination has been previously attrib-

uted to a possible burial of fluorocarbon side chains in the

unfolded state of the model peptide [8]. The exposure of these

side chains in the helical state would lead to unfavourable helix

formation energetics, due to the hydrophobic nature of fluoro-

carbon side chains. Moreover, due to its branching on the

β-carbon atom, the side chain atoms of Ile come in close prox-

imity to the peptide backbone [34], leading to a reduced

α-helicity in comparison to its unbranched analogue

([ω]Leu= 1.06 [8]). This effect is amplified for K-4’-F3Ile which

carries the voluminous CF3 group on its β-carbon atom. The

close proximity of this sterically demanding group to the

peptide backbone seems to prevent the formation of α-helical

structures, resulting in a helix propensity of zero [13]. Here, we

show that if isoleucine’s δ-methyl group is substituted with

CF3, the α-helix propensity of this amino acid is partially

retained.

Figure 2: CD spectra of K-5-F3Ile and K-Ile peptides (KX:
Ac-YGGKAAAAKAXAAKAAAAK-NH2). The K-4’-F3Ile spectrum [13] is
shown for comparison. Spectra were recorded at pH 7 in 1 mM phos-
phate, borate, and citrate buffer with 1 M NaCl at 0 °C. Depicted
spectra are normalized and represent the mean of three independent
measurements at three different concentrations (80 µM, 50 µM, and
30 µM).
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Conclusion
We synthesized two diastereoisomers of 5,5,5-trifluoroiso-

leucine ((2S,3S)-5-F3Ile and (2R,3S)-5-F3-allo-Ile) in enan-

tiomerically pure form. The hydrophobicity of (2S,3S)-5-F3Ile

was shown to be increased in comparison to its proteinogenic

analogue, but to a lesser extend than the surface area would

suggest. The α-helix propensity of 5-F3Ile, though lower than

that of Ile, is significantly increased in comparison to (2S,3S)-

4,4,4-trifluoroisoleucine. Thus, fluorinating isoleucine’s δ-pos-

ition rescues α-helix propensity, while the fluorination of

isoleucine’s β-branched methyl group abolishes it. It remains to

be elucidated as to what extent helix propensity affects protein

stability at buried positions, e.g. within hydrophobic cores of

proteins, since the reduced helix propensity may in part be

attributed to unfavorable solvent interactions at exposed posi-

tions of the applied monomeric model peptide. Since

hydrophobic, β-branched amino acids are the most stabilizing

amino acids in parallel packing arrangements within the

hydrophobic core of coiled-coils [14,15], we believe that

5-F3Ile demonstrates a promising building block for fluorine

modifications within this folding motif.

Supporting Information
Supporting Information File 1
Experimental procedures, characterization data, copies of

all 1H, 13C, and 19F NMR spectra of all new compounds.
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supplementary/1860-5397-9-236-S1.pdf]
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Abstract
The regioselective carbon–carbon bond formation was studied using 5,5,5-trifluoro-1-phenylpent-3-en-1-yne as a model substrate,

and predominant acceptance of electrophiles β to a CF3 group as well as a deuterium trap experiment of the lithiated species led to

the conclusion that the obtained regioselectivity is kinetically determined for the reactions with electrophiles, under equilibration of

the possible two anionic species.
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Introduction
We have previously reported [1] the interesting behavior of (E)-

1-chloro-3,3,3-trifluoropropene ((E)-1) [2-4] towards MeLi,

where the proportion of two possible products, propargylic

alcohols 2 and allylic alcohols 3, was proved to be significantly

dependent on the equivalents of MeLi used. Thus, as shown in

Scheme 1, under the action of up to 1.6 equiv of MeLi, 2 was

obtained as a sole product probably by initial Hb abstraction

from (E)-1 and the resultant Int-1 was stabilized by the energeti-

cally favorable 5-membered intramolecular Li···F chelation [5].

This intermediate Int-1 experienced Fritsch–Buttenberg-

Wiechell (FBW) rearrangement [6,7] to give 3,3,3-trifluoro-

propyne, and Int-2 derived from this alkyne eventually captured

appropriate aldehydes to afford CF3-containing propargylic

alcohols 2 [8-12]. Alternatively, stereospecific and exclusive

construction of the corresponding allylic alcohols 3 was attained

by utilization of greater than 1.7 equiv of MeLi where the stabi-

lized intermediate Int-3 formed by complexation of Int-1 with

MeLi might play an important role. It turned out that the

isomeric (Z)-1 as a substrate furnished only 2 [13] even by the

addition of 1.7 equiv of MeLi, presumably as a result of regio-

selective deprotonation of Ha, followed by smooth elimination

[14,15] of the trans-disposed chlorine atom. However, it is also

likely that the anionic intermediate produced after Hb abstrac-

tion would prefer the reaction course to 2 by way of FBW

rearrangement because of its lower stability than Int-1 with loss

of the possibility for Li···F chelation.
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Scheme 1: Proposed reaction mechanism between 1 and MeLi.

It was not only MeLi but also LDA which demonstrated this

unique base-amount dependent product selectivity of (E)-1 and

this substrate was successfully converted to 2 or a mixture of

2:3 = 25:75 by the action of 1.2 or 2.2 equiv of LDA, respect-

ively. Although these phenomena are quite interesting, issues

remain to be solved for complete mechanistic understanding of

the process depicted in Scheme 1.

For clarification of the reactivity of (E)-1 on deprotonation,

enyne 4 was used as a model because, after trapping the vinylic

anionic species by appropriate electrophiles, comparison of the

yields of the resultant regioisomeric 5 and 6 would give us a

hint for solving this puzzling question. Moreover, we also

expected that such data as well as the additional deuterium trap

experiment would offer deeper insight to the actual mechanism.

Results and Discussion
Investigation of reaction conditions was initially carried out in

Et2O. A complete recovery of 4 was observed irrespective of

the base used (Table 1, entries 1 and 2).

Neither were 5a and 6a detected in THF when MeLi or n-BuLi

were employed and this system produced only a complex mix-

ture (Table 1, entries 3 and 4). A survey of bases established

that, in spite of failures with PhMgBr and LHMDS, the use of

LDA led to the formation of 5a and 6a in 24 and 6% yields, res-

pectively, after trapping the resultant anionic intermediates by

PhCHO (Table 1, entries 5 to 7). An increase in LDA concen-

tration to 2 equiv improved the yield of product to 41% (5a) and

10% (6a), but additional LDA was not effective (Table 1,

entries 8 and 9). Subsequent to determining that LDA was the

base of choice, a brief study of the effect of additives was

performed. The addition of HMPA or DMPU was detrimental

and no trace amount of 4, 5a, nor 6a was detected (Table 1,

entries 10 and 11). However, TMEDA affected this process to

some extent (Table 1, entries 5 vs 12) [16-18], and the addition

of 2 equiv each of LDA and TMEDA produced the regioiso-

meric 5a and 6a in better yields of 68% and 11%, respectively

(Table 1, entry 13). The recovery of 15% of the substrate 4

under these conditions prompted further raise in their amount to

3 equiv, but again, no significant improvement was noticed

(Table 1, entries 13 vs 14). The effect of temperature on the

reaction was crucial. Thus, efficient deprotonation was not

occurred at −100 °C (Table 1, entry 15) with the consequence

that decomposition of the vinylic anions at −40 °C led to forma-

tion of different intermediates which would further consume

LDA, leaving a larger amount of 4 unreacted (Table 1, entry

17). In conclusion, the reaction conditions in entry 13 in Table 1

were selected to be optimal.

With optimized conditions in hand, the scope and limitation of

this procedure were investigated. A number of carbonyl com-

pounds were employed as electrophiles for the anions gener-

ated from the enyne 4. Benzaldehydes with electron-donating

(Table 2, entries 2 and 3) as well as -withdrawing (Table 2,

entry 4) substituents at the para position were nicely accepted as

electrophiles. The allylic alcohols 5 were formed as the major

product without exception in a similar 5/(5+6) ratio of 70–75%

(Table 2, entries 1 to 5). An inseparable mixture of the com-

pounds 5 and 6 was also synthesized from aliphatic aldehydes

as shown in entries 5 and 6 in Table 2. Their proportion seemed

to be affected by the bulky substituent and pivalaldehyde

attained the higher ratio of 88%. Although 5 and 6 were

obtained in 50 to 70% combined yields by the reaction with
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Table 1: Investigation of reaction conditions.

Base Additive Temp. 19F NMR Yield (%) Recov.a

Entry Solvent (equiv) (equiv) (°C) 5a 6a (%)

1 Et2O n-BuLi (1.0) — −80 0 0 100
2 MeLi (1.0) — −80 0 0 100
3 THF n-BuLi (1.0) — −80 0 0 5
4 MeLi (1.0) — −80 0 0 17
5 LDA (1.0) — −80 24 6 20
6 PhMgBr (1.0) — −80 0 0 17
7 LHMDS (1.0) — −80 0 0 17
8 LDA (2.0) — −80 41 10 15
9 LDA (3.0) — −80 44 8 32
10 LDA (1.0) HMPA (1.0) −80 —b

11 LDA (1.0) DMPU (1.0) −80 —b

12 LDA (1.0) TMEDA (1.0) −80 34 2 11
13 LDA (2.0) TMEDA (2.0) −80 68 11 15
14 LDA (3.0) TMEDA (3.0) −80 64 19 14
15 LDA (2.0) TMEDA (2.0) −100 19 5 76
16 LDA (2.0) TMEDA (2.0) −60 50 17 1
17 LDA (2.0) TMEDA (2.0) −40 —b 43
18 LDA (2.0) TMEDA (2.0) −80c 54 17 8

aRecovered starting material. bAlmost no fluorinated products were detected by 19F NMR. cAfter addition of PhCHO, stirring was continued for 1 h at
−80 °C, followed by 3 h at 0 °C.

Table 2: Scope and limitation of the present reactions.

Isolated yielda (%) 5/(5+6)b Recov.c

Entry R1 R2 Product 5 6 (%) (%)

1 Ph- H a 50 (65) 21 (25) 72 15
2 p-Me-C6H4- H b 49 (52) 17 (17) 75 18
3 p-MeO-C6H4- H c 49 (43) 15 (17) 72 16
4 p-F3C-C6H4- H d 36 (43) 12 (17) 72 32
5 Et- H e 47 (57) 16 (19) 75 26
6 t-Bu- H f 54 (59) 10 (8) 88 23
7 Ph- Me- g (15) (8) 65 52

aIn the parenthesis were shown the yields determined by 19F NMR. bThese ratios were determined by 19F NMR for the crude materials. cRecovered
starting material.
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Scheme 3: Deuteration of anionic species from 4.

aldehydes, lower reactivity was displayed by the less electro-

philic and more hindered acetophenone. Products 5g and 6g

were formed in 15% and 8% yields, respectively, while there

was a 52% recovery of 4 under these conditions detected by 19F

NMR (Table 2, entry 7).

Compounds 5 and 6 were readily characterized by 19F NMR

spectra. The former material showed clear 3J couplings of 7 to

9 Hz between F and Ha, but with the latter 4JF-Hb was usually

not observed. Moreover, the fact that isolation of the furan 7a in

51% yield was realized by subjection of a 70:30 mixture of

inseparable 5a and 6a to the already reported Pd-catalyzed

cyclization conditions [19] suggested that the major isomer

should be 5a, not 6a (Scheme 2). In the case of 5 and 6, elec-

trophiles were incorporated without stereochemical contamina-

tion in all instances.

Scheme 2: Furan synthesis from a mixture of 5a and 6a.

For obtaining further mechanistic proofs for the present reac-

tion, we have planned to capture the intermediary anionic

species with the aid of the usual deuteration technique. Thus, a

large excess amount (26 equiv) of CD3OD was introduced to a

solution containing the anionic species which was prepared

from 4 by the standard conditions, which expected us to obtain

a mixture of 4-d1 and 4-d2 or either of them predominantly

(Scheme 3).

Observation of the well-resolved two sets of peaks was possible

for the two vinylic protons Ha and Hb in the enyne 4 at δ 6.15

(qd, J = 6.6, 15.9 Hz) and 6.48 (qd, J = 2.4, 15.9 Hz), respect-

ively (Figure 1 and Supporting Information File 1).

On the other hand, relatively complex peaks were detected from

the crude deuterated mixture due to incomplete quench of the

reactive anionic species by CD3OD, but new resonance peaks

(indicated by ■ and▲) undoubtedly appeared with overlapping

the ones of the original Ha ( ) and Hb (●). At the lower field

(around 6.5 ppm) area, peaks indicated by ▲ are considered as

a part of quartet with a coupling constant of 2.3 Hz, which is

close to the 4JH-F coupling value of 4 shown above. Moreover,

disappearance of the large 3JH-H constant typical for (E)-

alkenes suggested that a deuterium atom should be incorpo-

rated at the site where Ha was originally situated and that 4-d2

was actually produced. It is also clear that the Ha region also

contains a couple of peaks (■) with the 3JH-F coupling constant

of 6.6 Hz basically identical to the one of 4, which anticipated

us the simultaneous formation of the regioisomeric 4-d1 on the

basis of the similar consideration.

Thus, lithiation of 4 and the following quench with CD3OD

furnished a mixture of 4-d1 and 4-d2, which directly proved

that the both lithiated species 4-Li1 and 4-Li2 were actually

generated (Scheme 4), although it is quite unfortunate not to be

able to quantitatively discuss the proportion of 4-d1 to 4-d2. On

the other hand, as apparent from Table 2, aldehydes preferen-

tially yielded 5 with qualitatively better ratio of 5/6 than the one

of 4-d1/4-d2. Our computation of 4-Li1 and 4-Li2 by Gaussian

09W [20] using the B3LYP/6-31+G* level of theory uncovered

that the former was energetically more favorable than the latter

by 5.34 (3.67) kcal/mol under vacuum (in THF [21]), which

would indicate that intramolecular Li···F chelation is

contributed to the stability more significantly rather than the

electron-withdrawing stabilization by the CF3 group. Thus, with

this computational information in hand, the process shown in

Scheme 4 would be elucidated as follows: deuteration would

quickly occur to afford 4-d1 and 4-d2 whose proportion would

reflect the ratio of 4-Li1 and 4-Li2. On the other hand, less
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Figure 1: A part of 1H NMR chart of 4 and its deuterated mixture.

Scheme 4: Lithiation of 4 and the following electrophilic reactions.
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Scheme 5: Alternative reaction mechanism between 1 and MeLi.

reactive aldehydes should be captured more slowly and the

product preference of 5 to 6 would be kinetically determined by

their activation energy difference with equilibration between

these two lithiated species in the presence of such a proton

source as iPr2NH [22].

This interpretation also led to the reconsideration of the

proposed mechanism shown in Scheme 1. If deprotonation of

both Ha and Hb in (E)-1 was possible, lithiated species Int-4 and

Int-1 was obtained, respectively (Scheme 5). Due to slow elimi-

nation of a LiCl molecule from Int-4 due to the cis relationship

of Li and Cl, Int-4 would act as a base to abstract a terminal

proton of 3,3,3-trifluoropropyne via FBW rearrangement of Int-

1. The regenerated (E)-1 would be converted to a mixture of

Int-1 and Int-4 again to eventually yield the propargylic alco-

hols 2. However, a larger amount of MeLi would allow

constructing the complex Int-3 presumably with possessing

better stability and the allylic alcohols 3 were obtained. In the

case of the stereoisomeric (Z)-1, situation was totally different,

and Int-5 without intramolecular chelation should accelerate the

elimination of LiCl and the ideal trans disposition of Li and Cl

in Int-6 also favored the route to trifluoropropyne, and as a

result, propargylic alcohols 2 were selectively afforded.

Conclusion
By using the representative model substrate 4, we have reached

to a conclusion that its initial lithiation would occur at both

vinylic sites and the following reactions with appropriate elec-

trophiles would proceed under kinetic control where equilibra-

tion of the resultant lithiated species might be effective if the

capture of electrophiles was slow. This important information

allowed us to reconsider our previously proposed mechanism as

shown in Scheme 5.

Supporting Information
Supporting Information File 1
Experimental.

[http://www.beilstein-journals.org/bjoc/content/

supplementary/1860-5397-9-256-S1.pdf]
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Abstract
Regioselective conjugate 1,4-trifluoromethylation of α,β-unsaturated ketones by the use of shelf-stable electrophilic trifluoro-

methylating reagents, S-(trifluoromethyl)diphenylsulfonium salts and copper under mild conditions is described. A wide range of

acyclic aryl–aryl–enones and aryl–alkyl–enones were converted into β-trifluoromethylated ketones in low to moderate yields.
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Scheme 1: Trifluoromethylation of α,β-unsaturated ketones.

Introduction
One of the challenges in synthetic organic chemistry is the

nucleophilic 1,4-addition of the trifluoromethyl (CF3) group

into electron-deficient internal alkenes as represented by the

Michael addition reaction, even in a racemic, non-stereoselec-

tive fashion [1-5]. The nucleophilic trifluoromethylation to

conjugated alkenes essentially occurs solely via a 1,2-addition

[1-11], not a 1,4-addition (Scheme 1), with the exception of

non-general examples of 1,4-additive trifluoromethylation of

(trifluoromethyl)trimethylsilane (Me3SiCF3, Ruppert–Prakash

reagent) to very specific substrates such as trans-1-benzoyl-2-

(dimethylamino)ethylene [12], 2-polyfluoroalkylchromones

[13,14], isoxazoles with a nitro group at the 4-position [15], and
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Table 1: Optimization of CF3 reagents, metal, and solvent for copper-mediated conjugate trifluoromethylation of chalcone (1a).a

Entry CF3 reagent metal solvent Yield (%)b

1 3a Cu DMF 4
2 3a Cu NMP 6
3 3a Cu DMSO 11
4 3a Cu DMF/H2O (1:1) 23
5 3a Ni DMF/H2O (1:1) 9
6 3a Zn DMF/H2O (1:1) trace
7 3a Cu NMP/H2O (1:1) trace
8 3a Cu DMSO/H2O (1:1) 5
9c 3a Cu DMF/H2O (1:1) 25
10c 3a Cu DMSO/H2O (1:1) 37
11 3b Cu DMSO/H2O (1:1) 24
12c 3b Cu DMSO/H2O (1:1) 27
13 3c Cu DMSO/H2O (1:1) trace
14 3d Cu DMSO/H2O (1:1) 0
15 3e Cu DMSO/H2O (1:1) trace
16 Me3SiCF3 Cu DMSO/H2O (1:1) 0
17c,d 3a Cu DMSO/H2O (1:1) tracee

aThe reaction of 1a with 3 (2.0 equiv) was carried out in the presence of metal (3.0 equiv) at 60 °C. bIsolated yield. c3 (4.0 equiv) and metal (6.0 equiv)
were used. dThe reaction was performed in the presence of TEMPO (4.0 equiv). eO-Trifluoromethylated TEMPO was detected in 2% by 19F NMR.

Morita–Baylis–Hillman adducts (via SN2’ [16] or successive

SN2’/SN2’ mode [17]).

Sevenard and co-workers reported the nucleophilic 1,4-tri-

fluoromethylation to chromones, coumarins and cyclohex-2-

enone using the Ruppert–Prakash reagent, which was achieved

by blocking the carbonyl moiety of the substrates with a bulky

aluminium-centered Lewis acid with low to moderate yields

[18]. Dilman and co-workers partially overcame this problem

by using highly electrophilic alkenes bearing either Meldrum’

acids [19], or two geminal nitrile groups [20]. However, direct

1,4-trifluoromethylation to conventional α,β-unsaturated

ketones such as chalcone is very tough, presumably due to the

hardness of the CF3 anion. Recently, we reported the copper-

mediated trifluoromethylation at the benzylic position by using

shelf-stable electrophilic trifluoromethylating reagents, S-(tri-

fluoromethyl)diphenylsulfonium salts, in good to high yields

under mild conditions [21]. In this reaction, a bromide at the

benzylic position would be replaced by a CF3 anion mediated

by a copper via SET process, although the reaction mechanism

is not clear. We envisaged that the system could be applicable

to the conjugated 1,4-trifluoromethylation to simple chalcones.

During the preparation of this article, the Nicewicz group

showed a single example of conjugate trifluoromethylation of

chalcone with sodium trifluoromethanesulfinate salt in the pres-

ence of N-methyl-9-mesitylacridinium as a photoredox catalyst

resulting in a low product yield of 31% as a mixture of regioiso-

mers (C2/C3 1.1:1) [22]. We disclose herein the regioselective

1,4-addition of the CF3 group into simple conjugated acyclic

enones including chalcones using S-(trifluoromethyl)diphenyl-

sulfonium salt 3 and a copper system in 11–37% yields

(12 examples).

Results and Discussion
We initiated our investigation with the reaction of chalcone (1a)

using a series of electrophilic trifluoromethylating reagents 3

[23-26] in the presence of copper in DMF at 60 °C (Table 1),

based on previously reported conditions [21]. First, the tri-
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Table 2: Copper-mediated conjugate trifluoromethylation of α,β-unsaturated ketones 1 with 3a.a

Entry 1 Ar R 2 Yield (%)b

1 1a Ph Ph 2a 37
2 1b 4-MeC6H4 Ph 2b 20
3 1c 4-MeOC6H4 Ph 2c 11
4 1d 4-FC6H4 Ph 2d 13
5 1e 4-ClC6H4 Ph 2e 22
6 1f 2-furanyl Ph 2f 13
7 1g Ph 4-MeC6H4 2g 12
8 1h Ph 4-MeOC6H4 2h 12
9 1i Ph 4-FC6H4 2i 17
10 1j Ph 3-ClC6H4 2j 18
11 1k Ph 4-ClC6H4 2k 13
12 1l Ph Me 2l 36

aThe reaction of 1a with 3a (4.0 equiv) was carried out in the presence of Cu (6.0 equiv) at 60 °C. bIsolated yield.

fluoromethylation of 1a with S-(trifluoromethyl)diphenylsul-

fonium salt 3a was attempted, and a desired product 2a was

obtained in only 4% yield (Table 1, entry 1). Next the solvent

was screened for yield improvement. We attempted the same

reaction using NMP and DMSO, and the desired product 2a

was obtained in 6% and 11% yields (Table 1, entries 2 and 3,

respectively). Interestingly, adding water (DMF/H2O 1:1) effec-

tively improved the yield to 23% (Table 1, entry 4). Reactions

mediated by other metals, such as Ni and Zn, either gave poor

yields (Table 1, entries 5 and 6). The use of larger excesses of

S-(trifluoromethyl)diphenylsulfonium salt 3a (4.0 equiv) and

Cu (6.0 equiv) in DMF/H2O (1:1) led to an increase in the yield

of 2a (Table 1, entry 9). The best result was obtained by treating

1a at 60 °C in DMSO/H2O (1:1) in the presence of S-(trifluoro-

methyl)diphenylsulfonium salt 3a (4.0 equiv) and Cu

(6.0 equiv), leading to the isolation of 2a in 37% yield (Table 1,

entry 10). Using 4.0 equiv of Umemoto’s reagent 3b instead of

3a gave the product 2a in 27% yield (Table 1, entry 12). S-(Tri-

fluoromethyl)benzothiophenium salt 3c [24], trifluoromethyl-

sulfoxinium salt 3d [25], and hypervalent iodine(III) CF3

reagent 3e [26] did not proceed or provided only a trace amount

of the desired product 2a under the same reaction conditions

(Table 1, entries 13–15). No reaction was observed using

Ruppert–Prakash reagent in the presence of Cu under the same

conditions (Table 1, entry 16). In all the cases, the reaction was

regioselective and a trace amount of regioisomers and/or

byproducts was detected in a crude mixture analyzed by
19F NMR. Under the best conditions shown in entry 10, we

re-examined the reaction, but in the presence of TEMPO. The

product formation was inhibited by TEMPO and O-trifluoro-

methylated TEMPO was detected in 2% by 19F NMR analysis

(Table 1, entry 17).

With suitable conditions in hand, the scope of copper-mediated

conjugate trifluoromethylation of α,β-unsaturated ketones 1

with 3a was explored with a variety of substrates selected in

order to establish the generality of the process (Table 2). With

respect to the aryl ketone group, aromatic rings substituted with

either electron-donating or -withdrawing substituents, such as

methyl, methoxy, fluoro and chloro were tolerated (Table 2,

entries 2–4). A heteroaromatic, furanyl-substituted enone was

compatible with the same reaction conditions (Table 2, entry 6).

We next examined substrates differing in the nature of the

β-aryl substituents under the same reaction conditions. A series

of compounds with aromatic rings substituted with either elec-

tron-donating or -withdrawing substituents, such as methyl,

methoxy, fluoro and chloro were also acceptable. Furthermore,

the β-alkyl-substituted enone also produced the desired product

2l (Table 2, entry 12).

Based on these results, we hypothesized the reaction mecha-

nism as shown in Scheme 2. First, the conjugate trifluoro-

methylation of α,β-unsaturated ketones would be initiated by a

single-electron transfer between S-(trifluoromethyl)diphenylsul-

fonium salt 3a and copper. The intermediate 4 decomposes to

give the CF3 radical whose generation is supported by the

TEMPO inhibition experiment. Ph2S was formed and checked

by the 1H NMR spectroscopy. The resulting CF3 radical reacted
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Scheme 2: Proposed mechanism for the conjugate trifluoromethyla-
tion of α,β-unsaturated ketones by S-(trifluoromethyl)diphenylsul-
fonium salt and copper.

directly with α,β-unsaturated ketones 1 and/or through the for-

mation of CuCF3 species to provide the 1,4-adduct 2 in low to

moderate yield. Although the true reactive species including

CF3 radical and/or CuCF3 are not clear, the naked CF3 radical

should be ruled out since high regioselectivity was observed,

otherwise, a 1:1 mixture of regioisomers (C2/C3) should be

detected like in the photoredox trifluoromethylation reaction

[22].

Conclusion
We developed for the first time the copper-mediated conjugate

trifluoromethylation of simple α,β-unsaturated ketones through

the use of shelf-stable electrophilic trifluoromethylating reagent

3a under mild conditions. Although the yields are low, wide

substrate generality was observed. Getting higher yields for this

chemistry [27-29] and extension to asymmetric conjugate tri-

fluoromethylation to simple α,β-unsaturated ketones are both

our subsequent challenges and we are currently working in

these directions.

Supporting Information
Supporting Information File 1
Experimental section.
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Abstract
The CF3SN moiety is a substituent with interesting properties. However, there is no easy synthetic access to molecules bearing this

group. The trifluoromethanesulfenamide is a new reagent for the electrophilic trifluoromethylthiolation which reacts easily with

amines to obtain trifluoromethylsulfanylamines with good yields.

2354

Introduction
In past decades, fluorinated molecules have found more and

more applications in a variety of fields, especially in the design

of new compounds for medicinal chemistry or agrochemistry

[1-9]. More recently, new substituents have emerged which as-

sociate the trifluoromethyl group with heteroatoms such as

CF3O or CF3S. Because of its high hydrophobicity (Hansch

parameter πR = 1.44), the CF3S moiety is of particular interest

[10]. Compounds with this group constitute important targets

for applications in pharmaceuticals and agrochemicals [4,11-

13].

The association of a CF3 group to more than one heteroatom is

rarely described in literature. In particular, there are only a few

investigations regarding the trifluoromethylsulfanylamine

moiety (CF3SN). However, this group has found applications in

agrochemical and medicinal chemistry [14-20]. From a physico-

chemical point of view, the CF3SN group possesses a Hansch’s

hydrophobicity parameter πR = 1.50 [21]. This value, slightly

superior to the Hansch’s hydrophobicity parameter of the CF3S

group, could be of great interest in the development of bio-

logical active compounds. Yet, the common synthetic route to

these compounds use the highly toxic and gaseous CF3SCl

[16,22-35].

Results and Discussion
Several years ago, we have described an easy access to tri-

fluoromethanesulfenamides [36], starting from DAST, Ruppert

reagent, and primary amines [37]. However, even though this

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:thierry.billard@univ-lyon1.fr
http://dx.doi.org/10.3762%2Fbjoc.9.270
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Figure 1: Transamination of 1a with amines. (Isolated yields, in parentheses crude yields determined by 19F NMR with PhOCF3 as an internal stan-
dard).

strategy gave good results with primary amines, secondary

amines do not react under these conditions, thus limiting the

access to a large panel of trifluoromethylsulfanylamines. The

trifluoromethanesulfenamide 1a is an efficient reagent for the

electrophilic trifluoromethylthiolation of carbon nucleophiles

[38-44]. Therefore, this reagent should react with amines to

perform transamination reactions with secondary amines

leading to various trifluoromethylsulfanylamines 3. The reac-

tion has been optimized with phenylpiperazine (2a) (Table 1).

After preliminary deprotonation of 2a with BuLi, the trifluoro-

methanesulfenamide 1a is added. The expected product 3a is

obtained in 15 min with good yield. To improve the kinetic of

the reaction, the deprotonation and the transamination should be

performed at 0 °C (Table 1, entries 1 and 2). Longer reaction

times do not increase the yield, the reaction seems to be finished

in 15 min (Table 1, entries 2 and 3). As previously observed in

other works, the use of other bases with sodium or cesium

cations is not efficient since only Li is a Lewis acid strong

enough to activate 1a [38,44]. These optimal conditions have

been extended to selected amines 2 (Figure 1).

The reaction gives, in general, good yields with various second-

ary amines (3a–k). Because of their high volatility, some com-

pounds (3h and 3i) have not been isolated. Imines can be also

trifluoromethylthiolated in good yields (3m). Even if our first

developed method is compatible with primary amines [37], they

Table 1: Reaction of phenylpiperazine (2a) with 1a under basic condi-
tions.

Entry Base T (°C) t 3a (%)a

1 BuLi −78 15 min 65
2 BuLi 0 15 min 86
3 BuLi 0 3 h 84
4 NaH 0 15 min 0
5 Cs2CO3 80 2 h 30 0

aCrude yields determined by 19F NMR spectroscopy by using PhOCF3
as an internal standard.

can also react under these new conditions, as illustrated with the

aniline (3n).

Amino alcohols and bis-amines can also be trifluoromethylthio-

lated, with the most nucleophile atom as a target (Figure 2). In

this case, 2.1 equiv of BuLi are required and reaction times are

loner (20 h).
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Figure 2: Reaction of 1a with bis-nucleophiles. (Isolated yields, in
parentheses crude yields determined by 19F NMR with PhOCF3 as an
internal standard).

This new method was applied to synthesize a trifluoromethyl-

thio analog (3l) of the well-known tricyclic antidepressant

imipramine (Figure 3). Since the pentafluoroethyl analog 1b of

reagent 1a has also been described previously, a pentafluoro-

ethylthio analog of imipramine was synthesized (4l) (Figure 3).

In the latter case, the obtained yield was lower, certainly due

to the steric hindrance of the CF3CF2S moiety. The pharmaco-

logical properties of these new compounds are under investi-

gation.

Figure 3: Synthesis of fluoroalkylthio analogs of imipramine. (Isolated
yields, in parentheses crude yields determined by 19F NMR with
PhOCF3 as an internal standard).

Conclusion
In conclusion, the trifluoromethanesulfenamide 1a is a very

efficient reagent for the electrophilic trifluoromethylthiolation

which can also react with amines to open a new access to tri-

fluoromethylsulfanylamines. These compounds belong to a new

class of products which may exhibit interesting properties for

further applications – in particular in medicinal chemistry –

owing to the characteristics of the CF3SN moiety.

Supporting Information
Supporting Information File 1
Experimental procedure.

[http://www.beilstein-journals.org/bjoc/content/
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Abstract
Using a simple synthetic protocol, heterohexacene analogues with a quadrupolar distribution of partial charges are readily available.

In contrast to most other acenes, these compounds crystallize with a slipped-stack, brickwork-like packing which is mainly

controlled by electrostatic interactions. This type of packing offers an advantage for organic semiconductors, because it allows

more isotropic charge transport compared to the “herring bone” stacking observed for other acenes.
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Introduction
Within a very few years the first organic semiconductors have

found practical application in printed circuits for driving

e-paper displays [1,2]. Among the most critical parameters for

their application in organic field effect transistors (OFET) are

their charge carrier mobility and their solubility in non-toxic

organic solvents for processing by printing techniques [3]. High

charge carrier mobilities are a particularly critical prerequisite

for application in backplanes for OLED displays.

The highest charge carrier mobilities in organic compounds

have so far been reported for single crystals of small molecules

[4], the “classics” among them being acenes such as pentacene

[5], which act as p-type semiconductors. However, acenes in the

crystalline state tend to form slightly tilted molecular stacks

(“herring bone” pattern), which is resulting in a strong direc-

tional anisotropy for the charge carrier mobility along the

stacking direction. Charge carrier transport in organic materials,

or electron transport in general, occurs in most cases by a

hopping mechanism which is described by the Marcus theory

[6].

(1)

According to Marcus’ formula (1), the rate of electron transfer

(ket) between equal molecules is controlled by the electronic

overlap (transfer integral H) between the donating and the

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
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Figure 1: Schematic view of the different types of molecular arrangements in acene-based molecular semiconductors: "herringbone" stacking (upper
left) vs sterically induced slipped stack, "brick-like" TIPS-pentacenes (upper right, the green spheres denote sterically demanding lateral groups) vs
electrostatically induced slipped stack concept (bottom, the different colors denote opposite partial charges on the electrostatic potential surface).

receiving orbital, which is very sensitive to intermolecular dis-

tance and relative orientation [7]. The second parameter deter-

mining the charge transfer rate is the reorganization energy (λ),

required to accommodate the newly charged or discharged

molecule within the crystal lattice. Charge carrier mobility can

be optimized by minimizing the reorganization energy and by

maximizing the transfer integral. Low reorganization energies

are generally realized very well by the higher acenes, due to

their wide charge delocalization und their small differences in

geometry between the neutral species and the charged radical.

However, the stacked crystal structure found in acenes in

general results in an extremely one-dimensional directionality

of charge transport within the single stacks with its inherent

vulnerability towards even minor structural defects. Thus, the

experimentally observed charge carrier mobilities, e.g., in

pentacene based OFETs, remain far below the theoretically

predicted limit of several tens of cm2·V−1s−1 [8]. In order to

overcome this obstacle, it would be ideal to have acene-like

organic semiconductors which pack in the crystal not in one-

dimensional stacks but in a brickwork-like pattern with two-

dimensional overlap. This has been very efficiently realized by

Anthony et al. for pentacene derivatives by attaching sterically

demanding trialkylsilylacetylene moieties to the central ring,

forcing the crystal into a brick-like arrangement (Figure 1) [9].

However, the price to pay for this optimized morphology is the

presence of bulky silyl groups which do not electronically

contribute to the charge transport.

For this reason we set out to execute an alternative concept to

achieve a brick-like, slipped stacking in planar, acene-based

organic semiconductors. In contrast to Anthony’s approach of

steric interference with the formation of one-dimensional

stacks, our approach is based on “sculpting” the electrostatic

potential surface of the semiconductor molecule in a way that

cofacial stacking leads to electrostatic repulsion which can be

converted into attraction by sliding the π-systems against each

other by about half a molecular length. The advantage of this

concept is not only a brick-like 2D structure, but also suppos-

edly a tighter packing with smaller interplanar distances due to

the strong electrostatic interactions. A similar effect has been

demonstrated by Watson et al. [10] with bipolar, partially

fluorinated aromatic compounds, which form closely packed 1D

stacks through self-complementary structure of their electro-

static potential surface.

Chemically, the electrostatic potential surface can be modelled

very efficiently with partially fluorinated arenes, without

expanding the geometry too much. Arene–perfluoroarene inter-

actions are well known to stabilize molecular crystals [11-13]

through multipolar electrostatic interactions, and there are a few

examples for their use in organic electronics [10,14]. Another

point to consider are the HOMO and LUMO energy levels,

which have to be consistent with the work function of electrode

materials used in OFETs – typically gold with a work function

of around −5.4 eV. Taking this into account, the semifluorinated

tetraoxatetrahydrohexacene 1 was selected as synthetic target

for our concept study, with a predicted [15] HOMO energy of

−5.64 eV and LUMO of −1.29 eV (Figure 2).

Results and Discussion
Synthesis and structural characterization
The synthesis of model compound 1 is extremely simple: octa-

fluoronaphthalene (2) [16-18] is reacted with catechol in the



Beilstein J. Org. Chem. 2013, 9, 2367–2373.

2369

Figure 2: Target compound 1 and its calculated electrostatic potential surface. The colors denote a range of partial charges between −0.033 e (red) to
+0.023 e (blue) [15].

Scheme 1: Syntheses of the substitution products 1 and 3: a) Catechol, K2CO3, THF; 60 °C, 4 h (12%). b) Catechol, K2CO3, DMEU; 90 °C, 18 h
(44%).

presence of potassium carbonate (Scheme 1). Under relatively

mild conditions (THF, 60 °C, 4 h) only the mono-substitution

product 3 is formed, whereas at a higher temperature (DMEU,

90 °C, 18 h) the target compound 1 is furnished in moderate

yield. The solubility of 1 in all common organic solvents was

found to be extremely poor and impeded the purification as well

as the analytical characterization. Attempts to purify the ma-

terial by sublimation resulted only in its decomposition.

It is well known, that octafluoronaphthalene (2) reacts quite

selectively towards nucleophilic attack [16-18]. Under mild

reaction conditions normally the fluorine atom at the 2-position

is replaced first, followed by the fluorine atom at the 7-position.

If the temperature is raised, the fluorine atoms at the 3- and the

6-positions are substituted next. This selectivity can be

explained by an analysis of the partial charge distribution in 2

[15]. The carbon atoms at the 2-, 3-, 6- and 7-positions carry

positive partial charges of +0.508 e, whereas the peri-carbons

are much less positive with only +0.276 e. This renders the

peri-position less susceptible to the charge-controlled attack by

hard nucleophiles.

In spite of the extremely poor solubility of 1 in all usual organic

solvents, small crystals suitable for X-ray structure analysis

were obtained by very slow room temperature crystallization

from THF. The quality of the crystals was borderline poor, but

it was possible to gather data for a sufficiently accurate picture

of the packing pattern of the compound (Figure 3).

The packing of 1 shows two dominant features: one is the

slipped-stack motif of the arenes with an average interplanar

distance of 363 pm. The slippage is not exactly half a period as

intended, but slightly more. However, it clearly reflects the

quadrupolar pattern of charge distribution on the surface of 1.

The other feature are laterally interlocking sheets with close

contacts between electropositive hydrogen and electronegative

fluorine (H···F 260.6 pm) and oxygen (H···O 279.1 pm). In

contrast to most other acenes, such as hexacene [19], the stacks

are only very slightly tilted around their long axis (only ca. 5.2°

relative to the sheet plane) (Figure 4).

The reason why 1 does not display the acene-typical herring

bone arrangement appears to be the distribution of the electro-

static potentials dominating the packing completely. However, a

drawback of the electrostatically controlled crystal packing is

the very poor solubility of 1.

Theoretical study on electronic properties
In order to explore the potential utility of 1 and its analogues as

an organic semiconductor, the transfer integrals [20,21] for hole

and electron transfer between the four closest pairs of mole-

cules were calculated (Figure 5).

The analysis shows that particularly the hole transfer proceeds

predominantly through the π-faces (mainly pair A), limiting the

charge carrier transport to the π-stacked "brick wall". For elec-

tron transport the pair D allows additional charge transfer
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Figure 3: The crystal structure of 1 is characterized by brick wall-like stacks (left), which are arranged in sheets (right). Within the sheets the mole-
cules are nearly parallel, slightly tilted along their long axis by ca. 5.2° (bottom).

Figure 4: The electrostatic factors determining the packing of 1. The laterally interlinked sheets are stabilized by dipolar H···O and H···F bridges. The
inter-plane arrangement is dominated by the complementary quadrupolar, partial charge distribution on the surface of 1.
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Figure 5: The four closest pairs A–D in the crystal structure of 1. The corresponding transfer integrals for hole (H+) and electron tranport (H−) are as
follows: A: H+ = 36 meV, H− = 33 meV; B: H+ = 0 meV, H− = 24 meV; C: H+ = 1 meV, H− = 3 meV; D: H+ = 3 meV, H− = 20 meV [15].

Figure 6: Geometries of HOMO (−5.64 eV, left) and LUMO (−1.29 eV, right) of 1 [15].

between adjoining "walls". This difference between hole and

electron transfer can be explained by the geometries of the

HOMO and LUMO orbitals (Figure 6) and their different

modes of overlap in the arrangements A–D. Whereas the

HOMO is all over the aromatic part of 1, the LUMO is more

contracted to the central naphthalene unit, but extends also to

the four fluorine substituents. This is probably the reason for the

significant lateral electron mobility between the adjoining

"brick walls" in contrast to the hole mobility which is limited to

one contact (A) with particularly strong π–π overlap.

In conclusion, 1 can be considered predominantly as a highly

anisotropic 1D conductor for holes, but as a quite isotropic 3D

conductor for electrons.

Conclusion
The fluorinated tetraoxatetrahydrohexacene derivative 1 was

synthesized in an extremely simple, one-step procedure from

octafluoronaphthalene and catechol. Due to the quadrupolar

distribution of partial charges, the compound does not crystal-

lize with the herring bone packing typical for other acenes. It

forms a brickwork-like assembly of the aromatic units, which is

laterally integrated into a structure of interlocked sheets, stabi-

lized by spatial and electrostatic H∙∙∙F and H∙∙∙O contacts. The

calculation of transfer integrals based on the crystal structure

indicates that in spite of the brickwall-structure, due to a slight

asymmetry of the “layering”, the hole conductivity is rather

anisotropic (1D), whereas the electron conductivity is three-

dimensional (3D). Although the control of the crystal packing

by “sculpting” the electrostatic potential surface is demon-

strated impressively, also the drawback of the concept becomes

visible: the same intermolecular electrostatic forces which shape

and stabilize the crystal packing cause extremely poor solu-

bility and processability.

Experimental
General remarks: Reagents and solvents were obtained

commercially and used as supplied. 1H and 19F NMR spectra
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were collected using a Bruker Avance 400 spectrometer.
1H NMR chemical shifts were referenced to the solvent signal.

GC–MS experiments were performed on an Agilent 7890A

system equipped with a 7000A Triple Quad detector. Melting

points were determined by differential scanning calorimetry

(DSC) performed on a Universal V4.5A (TA Instruments) at a

heating/cooling rate of 20 K∙min−1. The temperature was cali-

brated with indium. The measurements were performed under a

nitrogen atmosphere. X-ray diffraction measurements were

carried out with a SuperNova (Agilent) diffractometer.

Synthesis of 6,7,8,9,10,11-hexafluorobenzo[b]oxanthrene (3):

A solution of octafluoronaphthalene (2, 340 mg, 1.2 mmol) in

THF (10 mL) was added dropwise to the suspension of cate-

chol (0.26 g, 2.4 mmol) and potassium carbonate (410 mg,

2.9 mmol) in THF (30 mL) at 60 °C. After complete addition,

the reaction mixture was stirred at 60 °C for another 4 hours.

The reaction mixture was allowed to cool down to room

temperature and filtrated. The solid residue was washed repeat-

edly with THF, and the filtrate was evaporated to dryness in

vacuo. The remaining crude product was purified by recrystal-

lization from isopropanol/THF (2:3) solvent mixture. After

drying in vacuo for 18 hours the product was obtained as

colourless crystalline solid. Yield: 46 mg (12%) of colorless

crystals, mp 258 °C. 1H NMR (400.1 MHz, THF-d8) δ

7.15–7.06 (m, 4H); 19F NMR (376.4 MHz, THF-d8) δ −148.23

to −148.39 (m, 4JFF = 61 Hz, 2F), −148.80 to −149.01 (m, 4JFF

= 61 Hz, 3JFF = 15 Hz, 2F), −159.61 to −159.65 (m, 3JFF = 15

Hz, 2F); MS (HPLC–APLI) m/z (%): 342 [M]+ (100); HRMS

(ASAP–MS, 100–500 °C, C22H8O4F4): calcd 412.0358798;

found, 412.03517; Single crystals for the X-ray structure

analysis were obtained by slow crystallization from THF.

Crystal structure data for 1 (C22H8F4O4): crystal size 0.0909 ×

0.045 × 0.0297 mm, triclinic, P−1, a = 6.0570(9) Å, b =

7.6382(12) Å, c = 8.829(3) Å, α = 94.98(2)°, β = 97.72(2)°, γ =

101.372(13)°, V = 394.11(16) Å3, Z = 1, ρcalcd = 1.737 g·cm−1,

R(F) = 5.94% for 754 observed independent reflections (5.09° ≤

2θ ≤ 50.36°). Crystallographic data for the structure reported in

this paper have been deposited at the Cambridge Crystallo-

graphic Data Centre as supplementary publication No. CCDC-

947860. Copies of the data can be obtained free of charge on

applicat ion to CCDC, 12 Union Road,  Cambridge

CB2 1EZ,  UK (fax:  (+44)  1223-336-033;  e-mai l :

deposit@ccdc.cam.ac.uk; http://www.ccdc.cam.ac.uk/).

Synthesis of 6,7,14,15-tetrafluorooxanthreno[2,3-b]oxan-

threne (1): A solution of octafluoronaphthalene (2, 340 mg,

1.2 mmol) in 1,3-dimethylimidazolidinone (DMEU, 5 mL) was

added dropwise to the suspension of catechol (0.26 g,

2.4 mmol) and potassium carbonate (630 mg, 4.3 mmol) in

DMEU (15 mL) at 90 °C. The reaction mixture was stirred at 90

°C for 18 hours. After completion of the reaction, the reaction

mixture was cooled down to room temperature and poured into

a mixture of ice and water. The precipitated crude product was

filtrated and purified by recrystallization from benzonitrile.

After drying in vacuo for 18 hours the product was obtained as

white crystalline solid. Yield: 190 mg (44%) of colorless crys-

tals, mp 302 °C. The solubility in THF-d8 and other suitable

solvents was not sufficient for obtaining meaningful solution

NMR spectra. MS (HPLC-APLI) m/z (%): 412 [M]+ (100).
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Abstract
Functionalized 3-trifluoromethyl-2-isoxazolines and 3-trifluoromethylisoxazoles were easily prepared from trifluoromethyl

aldoxime 2 under mild conditions by using DIB as oxidant. Theoretical studies of the reactivity of trifluoroacetonitrile oxide 4

toward olefins and alkynes were carried out. The 3-trifluoromethyl-2-isoxazolines were ring-opened with NaBH4 and NiCl2 to yield

the corresponding trifluoromethylated γ-amino alcohols.

2387

Introduction
2-Isoxazolines are five-membered heterocyclic compounds that

have been widely applied in medicinal and organic chemistry.

This nucleus is frequently found in natural products [1-4],

bioactive molecules [5,6] (Figure 1) and can be used as bioiso-

steric transformations of amide bonds in order to provide meta-

bolically stable and more active derivatives [7-11]. Moreover,

2-isoxazolines can be cleaved under various conditions to

supply a variety of organic functionalities including γ-amino

alcohols [12], β-amino acids [13], β-hydroxy ketones [14,15]

and β-hydroxy nitriles [14,15].

Fluorinated compounds play a central role in different branches

of chemistry [16]. The incorporation of a fluorine atom into

bioactive molecules causes remarkable changes of their

physicochemical properties, which allows the development of

substances with improved pharmacological characteristics.

Some examples are the synthesis of modified amino acids and

peptides, carbohydrates, natural products and the development

of more selective enzyme inhibitors [17-21]. Another powerful

area, yet a somewhat less utilised role for fluorine is as a tag for
19F NMR that offers several analytical advantages including

speed, sensitivity and selectivity [22,23]. Fluorinated molecules

have served as valuable 19F NMR probes in high-throughput

screening, drug metabolism and protein binding experiments as

well as in assessing gene expression [24].

Nevertheless, the preparation of 3-trifluoromethyl-2-isoxazo-

lines 1 has not been extensively studied so far. In the literature

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:Benoit.crousse@u-psud.fr
http://dx.doi.org/10.3762%2Fbjoc.9.275
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Figure 1: Example of bioactive molecules bearing the 2-isoxazoline nucleus.

Scheme 1: Synthesis of 3-trifluoromethyl-2-isoxazolines.

only a few examples of the preparation of these derivatives

through a multistep procedure are described (Scheme 1) [25].

Initially, trifluoromethyl aldoxime 2 is halogenated to give a

volatile trifluoroacetohydroxymoyl chloride or bromide 3,

which is usually isolated in low yields. Reaction of intermedi-

ate 3 with a base provides trifluoroacetonitrile oxide 4, which

can be reacted with olefins (such as styrene, allyl derivatives,

etc.) through a 1,3-dipolar cycloaddition to give the desired

product. Therefore, the development of a straightforward and

mild general procedure to access these valuable derivatives

remains of great importance. In the present work, we describe a

simple and efficient metal-free protocol for the oxidation of tri-

fluoromethyl aldoxime 2 into trifluoroacetonitrile oxide 4 and a

one-pot synthesis of 1 through in situ cyclization of 4 with

different dipolarophiles (Scheme 1).

Results and Discussion
Initially, another procedure for the preparation of the trifluo-

roacetaldehyde oxime 2 was developed. In a previous work

[25], 2 was obtained as an etherate complex from the reaction

between 2,2,2-trifluoroethane-1,1-diol (TFAL) and hydroxyl-

amine hydrochloride. In our work, reaction of TFAL and an

aqueous solution of hydroxylamine (50 wt %) yielded the

desired product, which was isolated as a complex of two mole-

cules of aldoxime with one molecule of water after distillation

in 70–80% yield (Scheme 2).

Scheme 2: Synthesis of aldoxime 2.

In the recent literature, different conditions have been devel-

oped for the direct oxidation of aldoximes [26-31]. Recently,

commercially available reagents have been employed under
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Figure 2: Dimerization and isomerization products from nitrile oxides.

metal-free conditions. A group [27] reported that the hyperva-

lent iodine reagents (diacetoxyiodo)benzene (DIB) and

phenyliodine bis(trifluoroacetate) (PIFA) could successfully

promote the oxidation of aldoximes to the corresponding nitrile

oxide. Those reagents exhibit potent oxidizing properties,

comparable to heavy-metal reagents, but with several advan-

tages such as low toxicity, high availability and the possibility

to be utilized under mild conditions [32]. Then, we decided to

verify their applicability in the oxidation of 2 despite the pres-

ence of water. We first screened different oxidative reagents

and conditions for the oxidation step and allylbenzene (5a) was

chosen as dipolarophile. Our studies for this process are

summarized in Table 1.

Table 1: Effect of different conditions on the reaction between trifluoro-
methyl aldoxime 2 and allylbenzene (5a).

entry reaction conditions time isolated yield (%)

1 DIB, TEA, MeOH 2 h complex mixture
2 DIB, HFIP 2 h complex mixture
3 DIB, CH2Cl2 overnight 55
4 PIFA, CH2Cl2 overnight 16

When DIB was used with triethylamine (TEA) and methanol as

solvent, the formation of a complex mixture was observed

(Table 1, entry 1). This is probably due to the nucleophilic addi-

tion of methanol to the highly electrophilic trifluoroacetonitrile

oxide. The utilization of the less nucleophilic alcohol hexafluo-

roisopropanol (HFIP) [33,34] led to the formation of a complex

mixture (Table 1, entry 2). The oxidation of 2 with PIFA in

CH2Cl2 afforded the product in only 16% yield (Table 1, entry

4). Better results were obtained by employing DIB in CH2Cl2 as

solvent, after which the product could be isolated in an accept-

able yield (55%, Table 1, entry 3). [Bis(acetoxy)iodo]benzene

(DIB) is a weaker oxidant than PIFA. When the oxidation is

carried out with DIB, weak acetic acid instead of strong trifluo-

roacetic acid is liberated, and the decomposition of the oxazoli-

nes is avoided.

Faced with the moderate yield of 1a, we followed the reaction

by using 19F NMR. The measurement of the crude mixture with
19F NMR revealed the presence of a side product and despite

the total consumption of the aldoxime, a small amount of allyl-

benzene remained. It is known that nitrile oxides can dimerize

or isomerize to yield different products, such as furoxans,

isocyanates, 1,2,4-oxadiazoles and 1,4,2,5-dioxadiazines

(Figure 2).

We thus postulated that a competition between the cycloaddi-

tion reaction and the dimerization or isomerization pathways

could occur. Aiming to confirm our hypothesis we carried out

the reaction without the presence of allylbenzene. After 12 h, 2

was completely consumed with the exclusive formation of the

previously observed side product. However, attempts to isolate

this product failed due to its high volatility. It was therefore

co-distilled with CH2Cl2 and the resulted solution was analyzed

by 19F NMR coupled and decoupled with proton,
19F,19F-COSY and 19F,19F-NOESY (see Supporting Informa-

tion File 1). Data confirmed the formation of bis(trifluoro-

methyl)furoxan 6 (Figure 3) already synthesized by Middleton

[35].

Figure 3: Dimerization of 4 yielding bis(trifluoromethyl)furoxan 6.

Considering that the best results were reached utilizing DIB and

CH2Cl2 as solvent, these conditions were selected for further

optimizations. After several investigations, we could verify that

employing two equivalents of aldoxime 2 and two equivalents

of DIB led to complete conversion of the starting olefin. The

product could be isolated in good yield (76%, see below in

Table 2, entry 1). We can note here that water complexed with 2

did not alter the reaction rate.

Having optimized reagents and conditions, the scope of the

reaction was explored with regard to the substrates (Table 2).

As observed in the earliest works [11], the cycloaddition of 4
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Table 2: Synthesis of 3-trifluoromethyl-2-isoxazolines and isoxazoles by reaction between aldoxime 2 and olefins or alkynes in the presence of DIB.

entry substrate product isolated yield (%)

1
5a

1a

76

2
5b

1b

90

3
5c

1c

91

4

5d 1d

64

5

5e 1e

51

6

5f 1f

56

7
5g

1g

82

8

5h
1h

74

9

5i 1i

24

with terminal olefins led to the corresponding 3-trifluoro-

methyl-5-substituted-2-isoxazoline 1 with complete regioselec-

tivity. No trace of the regioisomer 3-trifluoromethyl-4-substi-

tuted-2-isoxazoline could be detected even when yields of

cycloadducts were low. From functionalized olefins such as

NH–Cbz and NH–Boc allylamines the desired product could be

isolated in excellent yields (90% and 91%, respectively,

Table 2, entries 2 and 3). Interestingly, the protecting groups

were not cleaved, which indicated that reaction conditions are

very mild. With allyltrimethylsilane oxazoline 1g was obtained

in good yield (82%). From ester and acid derivatives of

undecen, isoxazolines were obtained in good yields too (64%
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Table 2: Synthesis of 3-trifluoromethyl-2-isoxazolines and isoxazoles by reaction between aldoxime 2 and olefins or alkynes in the presence of DIB.
(continued)

10
5j

1j

20

11
5k

1k

traces

12
5l 1l

53

13
5m 1m

50

14

5n 1n

traces

and 51%, respectively, Table 2, entries 4 and 5). With para-

bromostyrene isoxazoline 1f was obtained in 56% yield. On the

other hand, a good yield was reached for disubstituted olefin 5h

(Table 2, entry 8). However a complete lack of reactivity was

observed for the reaction with the electron-poor olefins 5i, 5j

and 5k (Table 2, entries 9–11). The reaction was also carried

out with alkynes, providing 3-trifluoromethyl-5-substituted-

isoxazoles. Moderate yields were obtained for the reaction with

phenylacetylene (5l) and trimethylsilylacetylene (5m, Table 2,

entries 12 and 13). However, the electron poor alkyne 5n was

unreactive towards trifluoroacetonitrile oxide 4.

1,3-Dipolar cycloaddition reactions have been studied from the

theoretical standpoint since the 1970’s onwards [36,37] with an

ever-increasing accuracy as computational methods evolved

[38]. Assuming that the above-mentioned transformations occur

via a concerted mechanism, we decided to perform electronic

structure calculations at the B3LYP/6-31G* level in order to

further understand the reactivity of the different unsaturated

compounds studied in this work against trifluoroacetonitrile

oxide 4 (See Supporting Information File 1) [39-43]. Upon

energy minimization, a structure with a geometry close to

linearity was found for trifluoroacetonitrile oxide (Figure 4),

which is consistent with earlier findings [44].

Comparison of the energy gaps between the frontier molecular

orbital levels of the nitrile oxide and those of the alkene part-

ners (Figure 5) suggest that type-III cycloaddition reactions

(where the dipole reacts via its LUMO and the dipolarophile via

Figure 4: Depiction of the geometry (left column) and isodensity
surface of the reacting frontier molecular orbitals (FMO) at 50% proba-
bility (right column) of trifluoroacetonitrile oxide 4 (top row) and
protected aminoalkene 5c (bottom row) calculated at the B3LYP/6-
31G* level.

its HOMO) take place for every combination of reactants

reported herein [45].

In this scenario, with the same dipole, the reactivity is expected

to increase with the HOMO energy level of the dipolarophile. A

simple scatter plot of yield versus the latter variable confirms

and illustrates this trend (Figure 6), which can be interpreted the

following way: when the gap between the LUMO energy level

of the nitrile oxide and the HOMO energy level of the alkene

becomes too high (relatively to 7.139 eV, which is the energy

difference for the self-cycloaddition process), the dimerization

pathway is favored and the yield of isoxazole drops.
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Table 4: Ring opening reaction of 3-trifluoromethyl-2-isoxazolines 1a and 1b.

entry substrate product isolated yield (%) dr

1

1a 7a

50 40:60

2

1b 7b

52 40:60

Figure 5: FMO energy levels of dipole 4 and dipolarophiles 5a and 5k
calculated at the B3LYP/6-31G* level. Continuous and dotted lines
indicate the favored (ΔE = 5.407 eV for 5a and 6.673 eV for 5k) and
the disfavored (ΔE = 8.178 eV for 5a and 7.955 eV for 5k) molecular
orbital interactions, respectively.

Figure 6: Yields of the cycloaddition reaction plotted against the
HOMO energy levels of the dipolarophile partner among 5a–c,f–n.

With only a single regioisomer being isolated, we also consid-

ered the coefficients (Table 3) and shapes (Figure 4) of frontier

molecular orbitals. This data is compatible with the observed

regioselectivity [37]. Steric factors can also exert notable influ-

ence, but they would guide regioselectivity in the same direc-

tion.

Table 3: FMO coefficients of the 1,3-dipole 4 and representative dipo-
larophiles (atomic orbital is indicated in parentheses).

coefficients

reactant Ca Cb

5c 0.180 (2py) 0.133 (2px)
5g 0.321 (2pz) 0.246 (2pz)
4a 0.434 (2py) 0.299 (2py)

aColumns Ca and Cb contain coefficients for C and O.

In a subsequent step, we decided to preliminarily study the ring

opening reaction of the 3-trifluoromethyl-2-isoxazolines in

order to prepare the corresponding trifluoromethylated γ-amino

alcohols. The major and almost the only route to synthesize

these amino alcohols is the reduction of β-aminocarbonyl com-

pounds prepared from Mannich-type reactions [46-48]. The ring

opening of 2-methyl-3-trifluoromethylisoxazolines by utilizing

H2 and Raney-Ni as catalysts was described by Tanaka and

co-workers [49]. However, this methodology is restricted to the

synthesis of N-methylated amino alcohols. Instead we investi-

gated the reduction and the ring opening of 3-trifluoromethyl-2-

isoxazolines 1a and 1b in the presence of NaBH4 and NiCl2 as

additives [50]. Under these conditions, a total conversion of the

starting material was observed by 19F NMR, and products 7a

and 7b were obtained in moderate yields. However the

diastereoisomeric excess was very poor (10% de). The results

are reported in Table 4.
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Conclusion
In conclusion, we have developed a simple, mild and efficient

one-step procedure for the synthesis of functionalized 3-tri-

fluoromethyl-2-isoxazolines and 3-trifluoromethyl-2-isoxa-

zoles from trifluoromethyl aldoxime 2 by utilizing DIB as

oxidant. The applicability of the 3-trifluoromethyl-2-isoxazo-

lines to supply different fluorinated building blocks was demon-

strated by the easy ring opening of these intermediates with

NaBH4 and NiCl2, yielding the corresponding trifluoro-

methylated γ-amino alcohol.

Supporting Information
Supporting Information File 1
General methods, synthetic procedure, spectroscopic data,
1H NMR, 13C NMR and 19F NMR of compounds of 2,

1a-1j, 1l-1n, 7a, 7b, 6 and computational results.
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Abstract
The trifluoromethylation of aryl iodides catalyzed by copper(I) salt with trifluoromethylzinc reagent prepared in situ from trifluo-

romethyl iodide and Zn dust was accomplished. The catalytic reactions proceeded under mild reaction conditions, providing the

corresponding aromatic trifluoromethylated products in moderate to high yields. The advantage of this method is that additives such

as metal fluoride (MF), which are indispensable to activate silyl groups for transmetallation in the corresponding reactions

catalyzed by copper salt by using the Ruppert–Prakash reagents (CF3SiR3), are not required.

2404

Introduction
Organo-fluorine compounds have received considerable atten-

tion in the fields of biomedical chemistry, agrochemistry, and

organic material science due to their unique chemical, bio-

logical, and physical properties [1-6]. Particularly, trifluoro-

methylated compounds can be widely employed as one of the

most effective analogues of bioactive compounds, because the

trifluoromethyl group enhances the metabolic stability,

lipophilicity, and bioavailability of these compounds [7]. As a

result, trifluoromethylated compounds have been efficiently

synthesized by both building-block methods which employ tri-

fluoromethylated substrates and direct methods which employ

trifluoromethyl reagents [7-9]. However, a nucleophilic tri-

fluoromethylation by trifluoromethyl organometallic reagents

such as lithium and magnesium, which are widely utilized in

non-fluorine organic synthesis, cannot be used. These trifluo-

romethyl metal reagents are generally too unstable to prepare

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:mikami.k.ab@m.titech.ac.jp
http://dx.doi.org/10.3762%2Fbjoc.9.277
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Table 1: Copper-catalyzed trifluoromethylation of aryl iodide 1a.

entry solvent Cu cat. (X, Y) T % yield (2a/3a)a

1 toluene CuI 10, 20 50 n.r.
2 THF CuI 10, 20 50 n.r.
3 CH3CN CuI 10, 20 50 1/1
4 DMSO CuI 10, 20 50 2/0
5 NMP CuI 10, 20 50 n.r.
6 DMF CuI 10, 20 50 44/8
7 DMPU CuI 10, 20 50 70/9
8 DMPU CuI 10, 10 50 93/7
9 DMPU CuI 10, 10 rt 61/2

10 DMPU CuI 10, 10 40 67/5
11 DMPU CuI 10, 10 65 77/10
12 DMPU CuCl 10, 10 50 92/8
13 DMPU CuTC 10, 10 50 92/6
14 DMPU CuI 2, 2 50 95/2

aYields were determined by 19F NMR analysis by using benzotrifluoride as an internal standard.

even at low temperature because of facile α-fluoro elimination

generating the singlet difluoromethylene (:CF2) [10]. In

contrast,  trifluoromethylsilyl counterparts, so-called

Ruppert–Prakash reagents (CF3SiR3), are highly stable, but

reactive in the presence of fluoride, and hence the most versa-

tile nucleophilic trifluoromethyl reagents [11,12]. The trifluo-

romethylzinc reagent (Zn(CF3)Br·2DMF), a stable solid, can

also be used for the trifluoromethylation of aryl iodides, while

stoichiometric amounts of copper(I) bromide are required to

afford the more reactive trifluoromethyl copper (CuCF3)

species by transmetallation [13,14]. However, these reagents are

generally prepared from trifluoromethyl bromide (CF3Br),

whose production is now prohibited because of the ozone

depleting effect [15]. On the other hand, the trifluo-

romethylzinc reagent (Zn(CF3)I) formed in situ from trifluo-

romethyl iodide (CF3I) as an alternative trifluoromethyl source

is utilized for trifluoromethylation reactions [10,16]. The

preparation of the reagent followed by the reactions, however,

requires ultrasonic irradiation and thus lacks reproducibility

[16]. Therefore, the direct and reproducible preparation of the

trifluoromethylzinc reagent and its application to trifluoro-

methylation reactions pose a particular challenge. Recently,

Daugulis and co-workers reported the trifluoromethylation of

aryl iodide catalyzed by copper(I) chloride with Zn(CF3)2

prepared in situ from TMP2Zn and fluoroform (CHF3), but only

one substrate was investigated to provide the trifluoro-

methylated product only in a moderate yield [17]. As described

above, much of the area of catalytic trifluoromethylations with

trifluoromethylzinc reagent has not been explored yet,

compared to the area of catalytic trifluoromethylations with the

Ruppert–Prakash reagents [7,11,12,18-21]. Herein, we report

the trifluoromethylations of aryl iodides catalyzed by copper(I)

salt with trifluoromethylzinc reagent prepared in situ from CF3I

and Zu dust. The trifluoromethylated aromatic products are

privileged skeletal key compounds in pharmaceutical science as

shown in Mefloquine (Lariam®), Fluoxetine (Prozac®),

Leflunomide (Arava®), Celecoxib (Celebrex®), Bicalutamide

(Casodex®), Aprepitant (Emend®), and Nilutamide (Nilan-

dron®).

Results and Discussion
The preparation of the trifluoromethylzinc reagent Zn(CF3)I

was initially examined in the context of the in situ Cu-catalyzed

trifluoromethylation of aryl iodide 1 under various conditions.

The results of the reaction are summarized in Table 1. After

Zn(CF3)I was prepared in situ by the treatment of CF3I (ca.

5 equiv) with Zn dust (2 equiv) [22] in various solvents at room

temperature for 2 hours, the reactions were explored by adding

a catalytic amount of copper(I) salt and 1,10-phenanthroline

(phen) [18-21] followed by aryl iodide 1a. In this catalytic
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Table 2: Effect of ligands in copper-catalyzed trifluoromethylation.

entry ligand (X, Y) % yield (2a/3a)a

1 TMEDA 10, 10 89/3
2 DMEDA 10, 10 83/3
3 bipy 10, 10 86/9
4 phen 10, 10 93/7
5 phen 2, 2 95/2 (78/1)b

6 – 2, 0 97/3 (68/1)b

7 – 0, 0 n.r.
8 phen 0, 2 n.r.

aYields were determined by 19F NMR analysis by using benzotrifluoride as an internal standard. bValues in parentheses are yields obtained with a
reaction time of 2 hours.

system, solvents showed significant effects on the preparation

and catalytic reactivity of Zn(CF3)I. No reaction was observed

in less polar solvents such as toluene (Table 1, entry 1). Even in

THF, CH3CN, DMSO, and NMP, the desired product 2a was

barely or not at all obtained (Table 1, entries 2–5). Formation of

Zn(CF3)I and reaction in DMF were found to proceed only with

44% yield (Table 1, entry 6). Replacement of DMF with DMPU

provided the trifluoromethylated product 2a in 70% yield, along

with the undesired pentafluoroethylated product 3a in 9% yield

(Table 1, entry 7).

The product 3a should be derived from CuCF2CF3 generated by

an insertion of difluoromethylene (:CF2) decomposed from

CuCF3 into CuCF3 [23]. Decreasing the loading of phen, the

yield of product 2a was further increased to exceed the level of

90% yield (Table 1, entry 8). The reaction was promoted even

under the milder reaction conditions at room temperature (61%

yield), but the highest yield was obtained at 50 °C (Table 1,

entry 8 vs entries 9–11). A further change from CuI to CuCl and

CuTC led to comparable results (Table 1, entries 12 and 13).

With only a 2 mol % loading of both CuI and phen ligand, the

yield of 2a was further increased to a higher level (95% yield)

along with an increased selectivity with only 2% yield of 3a

(Table 1, entry 14).

The ligand effect was further investigated in DMPU at 50 °C

and phen was preferable to other diamine ligands (Table 2,

entries 1–3 vs entry 4). Surprisingly, even in the absence of

phen, it was found that the reaction smoothly proceeded to give

a comparably high yield of product 2a (Table 2, entry 6). The

reaction with a shorter reaction time of 2 hours indicated that

the phen ligand slightly accelerated the reaction by the coordi-

nation to CuCF3 species, when compared to the reactions

performed without the ligand (Table 2, entry 5 (78% yield) vs

entry 6 (68% yield)). In the absence of CuI, no coupling prod-

uct was obtained even in the presence of phen (Table 2, entries

7 and 8).

With the reaction conditions established in DMPU at 50 °C in

the presence of a catalytic amount of CuI and phen, the scope

and limitation of this method were evaluated. The results are

shown in Figure 1. The use of the electron-deficient aryl iodides

1b–f bearing nitrile, nitro, formyl, and trifluoromethyl groups

led to the corresponding products 2b–f in moderate to high

yields. The reactions of heteroaryl iodides 1g–i were also

catalyzed to provide the corresponding products 2g–i in good to

excellent yields. In the case of 1h, the formation of a CF3 group

occurred only at the position of iodide, and bromide remained

intact during the course of reaction. It was found that an
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Figure 1: Copper-catalyzed trifluoromethylation of various aryl iodides. Yields were determined by 19F NMR analysis by using benzotrifluoride as an
internal standard. Values in parentheses are yields obtained under the reaction conditions without phen. Conditions: CF3I (2.5 × X equiv) and Zn dust
(X equiv) in DMPU, then CuI (Y mol %), phen (Y mol %) and 1 (1 equiv) at 50 °C for t hours. aX = 4, Y = 2, t = 48. bX = 2, Y = 10, t = 24. cIsolated
yields: 2c, 70%; 2h, 90%.

Scheme 1: Observation of CuCF3 species in 19F NMR spectrum. aEquivalents based on Zn(CF3)I. bYields based on CuI.

increase of the yield in the presence of the phen ligand depends

on the particular substrate, while the yields were within the

same range except for 2b and 2d. Unfortunately, aryl iodide 1j

bearing the electron-donating methoxy substituent extremely

decreased the reactivity, even when increasing the catalytic

amounts of CuI and phen.

In order to gain an insight into each step of the catalytic tri-

fluoromethylation with a trifluoromethylzinc reagent, a
19F NMR analysis in DMF and DMPU was performed

(Scheme 1). At the initial stage, Zn(CF3)I which readily causes

a Schlenk equilibrium with Zn(CF3)2 and ZnI2 [14,24] was

prepared in situ from CF3I and Zn dust in 60–80% yields in

both solvents. The addition of CuI (0.2 equiv) to a DMPU solu-

tion of Zn(CF3)I led to the transmetallation of the CF3 group

from zinc to copper even at room temperature. Two singlet

peaks of the cuprate species, [Cu(CF3)I]− (−29.7 ppm) and

[Cu(CF3)2]− (−31.9 ppm) were observed in 12% and 1% yields,

respectively [23,25,26]. By replacing DMPU with DMF as a

solvent, the transmetallation was found to be less efficient than

in DMPU. Moreover, the inactive copper species [Cu(CF3)4] −

(−34.8 ppm) [27] was obtained. The neutral CuCF3 species

(−26.3 ppm), which formed by the direct cupration of fluoro-

form in DMF [28] and was active even with aryl iodides

bearing electron-donating substituents such as 1j [28-30], was

not observed in both solvents. Thus, the addition of aryl iodide

1a led to the formation of the trifluoromethyl coupling product

2a (−59.8 ppm) even in the absence of phen, involving the

consumption of the cuprates [Cu(CF3)I] − and [Cu(CF3)2] −.

The use of DMF as a solvent led to a gradual increase of the
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peak assigned as inactive [Cu(CF3)4] − during the course of the

reaction.

The mechanism of the coupling reaction can thus be visualized

by the following catalytic cycle (Scheme 2). At the first step,

the transmetallation of the CF3 group to CuI from Zn(CF3)I or

Zn(CF3)2 affords the active cuprate species, [Cu(CF3)X]− (X =

I, CF3). Subsequently, the oxidative addition to the cuprate of

aryl iodide 1, and the reductive elimination gives the desired

cross-coupling product 2 together with the formation of ZnI2.

Scheme 2: Proposed mechanism of copper-catalyzed trifluoromethyla-
tion.

Conclusion
In summary, we succeeded in the aromatic trifluoromethylation

catalyzed by copper(I) salt with a trifluoromethylzinc reagent

prepared in situ from trifluoromethyl iodide and Zn dust in

DMPU. The catalytic reaction proceeded to provide moderate to

high yields and a high selectivity of the trifluoromethylated

product under mild reaction conditions. The advantage of this

catalytic reaction is that additives such as metal fluoride (MF),

which are indispensable to activate silyl substituents for the

transmetallation in the corresponding catalytic reactions by

using the Ruppert–Prakash reagents, are not necessary. Addi-

tionally, with some substrates, the reaction conditions without a

ligand led to higher yields than reaction conditions with a ligand

such as 1,10-phenanthroline. Further studies on highly efficient

trifluoromethylation and difluoromethylation reactions with

trifluoromethylzinc reagents are under way.

Experimental
Typical procedure for copper-catalyzed
trifluoromethylation of aryl iodide
To the suspension of zinc powder (without activation, 65.4 mg,

1.0 mmol, Aldrich 99.995% purity) in DMPU (0.5 mL), trifluo-

romethyl iodide (ca. 2.5 mmol, sufficiently dissolved in the

solution) was added at room temperature under argon atmos-

phere. After the solution was stirred for 2 h at room tempera-

ture, CuI (1.9 mg, 0.01 mmol, 2 mol %), 1.10-phenanthroline

(1.8 mg, 0.01 mmol, 2 mol %), and then aryl iodide 1a

(138.0 mg, 0.5 mmol) were added. The reaction mixture was

stirred at 50 °C for 24 h. After cooling to room temperature, the

yield of product 2a was determined by 19F NMR analysis by

using benzotrifluoride (BTF) as an internal standard. Except for

2c, all trifluoromethylated products 2 exhibited the same 1H,
13C, and 19F NMR spectra as reported before [14,17,29,31-36].

2,4-Bis(trifluoromethyl)benzonitrile (2c)
To the suspension of zinc powder (without activation, 65.4 mg,

1.0 mmol, Aldrich 99.995 % purity) in DMPU (0.5 mL), trifluo-

romethyl iodide (ca. 2.5 mmol, sufficiently dissolved in the

solution) was added at room temperature under argon atmos-

phere. The solution was stirred for 2 h, and CuI (9.5 mg,

0.05 mmol, 10 mol %) and 4-iodo-2-(trifluoromethyl)benzoni-

trile (1c, 148.5 mg, 0.5 mmol) were added. The reaction mix-

ture was stirred at 50 °C for 24 h. The reaction mixture was

quenched with H2O (5 mL), and then Et2O (5 mL) was added.

After filtration over celite, the organic layer was separated, and

the aqueous layer was extracted with Et2O (5 mL × 3). The

combined organic layer was washed with brine (10 mL), dried

over Na2SO4, and evaporated. The resulting crude product was

purified by silica gel column chromatography (pentane/Et2O

9:1) to give the product 2c (83 mg, 70% yield) as a colorless

liquid. 1H NMR (300 MHz, CDCl3) δ 8.06 (s, 1H), 8.03 (d, J =

8.2 Hz, 1H), 7.98 (d, J = 8.2 Hz, 1H); 13C NMR (400 MHz,

CDCl3) δ 135.5, 135.0 (q, JCF = 34.4 Hz), 134.0 (q, JCF = 33.5

Hz), 129.3 (q, JCF = 3.6 Hz), 124.1–123.9 (m), 122.3 (q, JCF =

271.9 Hz), 121.6 (q, JCF = 272.7 Hz), 114.1, 113.9; 19F NMR

(282 MHz, CDCl3)  δ  −62.2 (s,  3F),  −63.6 (s,  3F);

HRMS–ESITOF (m/z): [M − H]− calcd for C9H2F6N, 238.0091;

found, 238.0086; FTIR (neat, cm−1) 2238, 1344, 1146, 1279,

1082.

Observation of trifluoromethylcopper species
in 19F NMR spectrum
To the suspension of zinc powder (without activation, 32.7 mg,

0.5 mmol, Aldrich 99.995% purity) in DMF or DMPU

(0.75 mL), trifluoromethyl iodide (ca. 1.25 mmol, 2.5 equiv,

sufficiently dissolved to the solution) was added at room

temperature under argon atmosphere. After the solution was

stirred for 2 h at room temperature, the remaining trifluo-

romethyl iodide was removed by bubbling argon through the

solution for 15 min. To the solution was added CuI (19.0 mg,

0.1 mmol) at room temperature. After the reaction mixture was

stirred for 5 min, the generation of cuprate species was moni-

tored by 19F NMR analysis by using benzotrifluoride (10 μL,

0.0814 mmol) as an internal standard and sealed capillary filled

with benzene-d6 for signal lock under argon atmosphere at

room temperature.
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Abstract
A reaction between (E)-trimethyl(3,3,3-trifluoroprop-1-en-1-yl)silane (1) and arylaldehydes 2 was triggered by fluoride anions to

afford aryl 3,3,3-trifluoropropyl ketones 3 in moderate to good yield. A mechanistic study of this reaction indicated that it occurred

via an allyl alkoxide (4). A subsequent 1,3-proton shift of the benzylic proton of 4 forms 3. This reaction involves oxidative 3,3,3-

trifluoropropylation of an arylaldehyde to afford 4,4,4-trifluoro-1-arylbutan-1-one.

2417

Introduction
Trifluoromethyl groups are an essential motif in pharmaceut-

icals, agricultural chemicals, and functional materials because

trifluoromethylation of such chemicals often significantly

improves their performance [1-6]. To date, the trifluoromethyla-

tion of carbonyl compounds [7-10] and aryl halides [11-13] has

been extensively explored. On the other hand, the 2,2,2-trifluo-

roethylation and the 3,3,3-trifluoropropylation, which elongate

the product by two and three carbon atoms, respectively, have

not been explored yet. 2-Bromo-3,3,3-trifluoropropene [14-26]

and 1,1,1,3,3-pentafluoropropane [27,28] have been used in

place of (3,3,3-trifluoropropynyl)lithium, which can add to car-

bonyl compounds and couple with aryl halides through a zinc

intermediate. For the 3,3,3-trifluoropropenyl synthon Yamazaki

et al. reported the use of 2-(trifluoromethyl)-1-(phenyl-

sulfenyl)vinyltrimethylsilane for the addition to aldehydes in

the presence of fluoride anion [29]. Recently, Prakash et al. [30]

reported the synthesis of β-trifluoromethylstyrenes through a

Heck coupling reaction of aryl iodides with 1-iodo-3,3,3-trifluo-

ropropane, allowing a direct introduction of 3,3,3-trifluoro-

propenyl groups to aromatic rings. Approximately at the same

time, our research group demonstrated that (E)-trimethyl(3,3,3-

trifluoroprop-1-en-1-yl)silane (1) effectively participated in a

Hiyama cross-coupling reaction with aryl iodide to construct

β-trifluoromethylstyrenes in good to excellent yield [31,32]. In

the course of this study, we found that the reaction of 1 with

benzaldehyde in the presence of fluoride anions afforded an

allyl alcohol, which spontaneously isomerized to phenyl 3,3,3-

trifluoropropyl ketone (3a). This reaction involves a one-pot

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:aando@pharm.setsunan.ac.jp
http://dx.doi.org/10.3762%2Fbjoc.9.279
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Table 1: Reaction of 1 with benzaldehyde in the presence of fluoride anions.a

entry F anion (equiv)b 1 (equiv)b solvent temp (°C) time (h) yield (%)c,d

3a 4a

1 TiF4 (2) 2 THF 60 24 – –
2 CuF2 (1)/dppp (2) 2 DMF 80 26 – –
3 CsF (2) 1.5 DMA 55 24 15 16
4 CsF (2) 1.5 THF 55 24 – –
5 CsF (2) 2 DMA 80 4 53 –
6 CsF (2) 2 DMA 100 4 47 –
7 CsF (2) 2 DMF 80 1 49 10
8 CsF (4) 2 DMF 80 1 52 (43) 27
9 CsF (6) 2 DMF 80 1 38 5

aThe reaction was carried out with 2a (0.2 mmol) and a solvent (2.0 mL). bThe value in parentheses indicates equiv with respect to benzaldehyde (0.2
mmol). cNMR yields, which were calculated by integration of the 19F NMR signals of 3a and 4a relative to that of the internal standard of 1,4-bis(triflu-
oromethyl)benzene. dThe value in parentheses indicates isolated yield (%).

synthesis of aryl 3,3,3-trifluoropropyl ketones from the corres-

ponding arylaldehyde, representing the oxidative 3,3,3-propeny-

lation of the arylaldehyde. Here, we report our study of this

unusual reaction.

Results and Discussion
At the outset of our study, we attempted selective C–Si bond

dissociation of 1 with several fluoride anion sources. The subse-

quently generated carbanion was trapped with benzaldehyde to

generate 4,4,4-trifluoromethylallyl alcohol 4 (Table 1). We

found that this reaction did not take place when either TiF4 in

THF or CuF2/dppp in DMF was used (Table 1, entries 1 and 2).

However, the reaction proceeded when two equivalents of CsF

to arylaldehyde 2 were used in DMA at a temperature of 55 °C,

affording 3a and 4a in 15% and 16% yield, respectively

(Table 1, entry 3). In contrast, the reaction did not proceed in

THF (Table 1, entry 4). The yield increased as the temperature

was raised to 80 °C, but a further increase to 100 °C did not

improve the yield of the reaction (Table 1, entries 5 and 6).

Changing the solvent to DMF considerably shortened the reac-

tion time. The added amount of CsF also influenced this reac-

tion. The reaction conducted with four equivalents of CsF

afforded 3a and 4a in 52% and 27% yield, respectively

(Table 1, entry 8). However, a further increase of the amount of

CsF did not improve the reaction yield (Table 1, entry 9). We

thus determined that the conditions used in entry 8 of Table 1

were optimal. We explored the scope and limitation of this reac-

tion by using these optimal conditions.

A variety of arylaldehydes participated in the reaction to give

products in moderate to good yields (Table 2). The reactions

with benzaldehyde derivatives with an electron-withdrawing

group, such as chloro-, bromo-, fluoro- or trifluoromethyl, at the

para-position proceeded to give 3b–e in moderate to good

yields (Table 2, entries 1 to 4). The substitution with other elec-

tron-withdrawing groups such as methoxycarbonyl and cyano

decreased the yield of the product, 3f and 3g were obtained in

38% and 46% yield, respectively (Table 2, entries 5 and 6). In

contrast, the substitution of benzaldehyde with an electron-

donating group slowed down the reaction substantially.

p-Methyl and p-methoxybenzaldehydes gave 3h and 3i in 26%

and 17% yield, respectively (Table 2, entries 7 and 8). meta-

Substitution of benzaldehyde with a methoxy group gave 3j in

58% yield (Table 2, entry 9). These results are in accordance

with the Hammett equation. ortho-Substitution of substrates

decreased the yield of the products substantially, probably

because of the steric hindrance introduced by the substituent

(Table 2, entries 10 and 11). While the reaction could be

applied to polycyclic and heterocyclic compounds, 3m and 3n

were only obtained in low yield (Table 2, entries 12 and 13). An

aliphatic aldehyde did not participate in the reaction (Table 2,

entry 14).

During the course of this study, it became obvious that the reac-

tion gave allyl alcohol 4 first, and then subsequent transforma-

tion of 4 into 3 occurred during the reaction process. Recently,

both Cahard et al. [33,34] and Qing et al. [35] independently
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Table 2: Investigation of reaction scope with optimal conditions.a

entry Ar–CHO 3 yield (%)b 4 yield (%)b

1 p-Cl-C6H4 3b 72 4b 8
2 p-Br-C6H4 3c 79 4c 6
3 p-F-C6H4 3d 55 4d 4
4 p-CF3-C6H4 3e 59 4e 6
5 p-CH3OC(O)-C6H4 3f 38 4f 6
6 p-CN-C6H4 3g 46 4g 10
7 p-CH3-C6H4 3h 26 4h 8
8 p-CH3O-C6H4 3i 17 4i 16
9 m-CH3O-C6H4 3j 58 4j 10

10 o-CH3O-C6H4 3k 12 4k 35
11 o-Cl-C6H4 3l 16 4l 16
12 2-naphthyl 3m 41 4m 5
13 3-pyridyl 3n 31 4n 12
14 C6H5(CH2)2 3o – 3o –

aReactions were carried out with 1 (0.4 mmol), 2 (0.2 mmol) and CsF (0.8 mmol) in DMF (2.0 mL) at 80 °C. bNMR yields, which were calculated by
integration of the 19F NMR signals 3 and 4 relative to that of the internal standard of 1,4-bis(trifluoromethyl)benzene.

Scheme 1: Experiments to elucidate the reaction mechanism.

reported that the isomerization of a 4,4,4-trifluoromethylallyl

alcohol substructure was promoted by a ruthenium catalyst to

form a 3,3,3-trifluoropropylcarbonyl unit. We hypothesized that

the formation of 3 would be promoted by inter- or intramolec-

ular migration of the benzylic proton of 4 in the basic medium.

To confirm the hypothesis, we conducted the reaction by using

benzaldehyde-d to clarify whether or not proton migration was

involved in the reaction sequence. When benzaldehyde-d was

treated with 1 and CsF in DMF at 80 °C, the reaction gave a

product in which deuterium was inserted on the α- and

β-carbons of the carbonyl group with rates of 22% and 53%,

respectively (Scheme 1, (1)). This result suggests that deuterium

on the β-carbon should be incorporated by a 1,3-proton shift. In

contrast, deuterium on the α-carbon should be inserted when the

enolate intermediate, which is generated during the reaction,

intermolecularly extracted the benzylic deuterium of 4. To

further investigate the reaction mechanism, 4a was exposed to

basic conditions to observe whether or not the isomerization of

4a to 3a would occur. Indeed, the treatment of 4a with a stoi-

chiometric amount of DBU resulted in an almost quantitative

conversion to 3a (Scheme 1, (2)).

This suggests that the reaction provides 4 first. 4 subsequently

isomerizes to form 3, which is an oxidative 3,3,3-trifluoro-

propylation of the arylaldehyde. These results allowed us to

propose the reaction mechanism shown in Scheme 2, which

includes the isomerization of 5 to 6 in the formation of 3. To

support our proposed mechanism, a computational calculation

was performed with Gaussian 03W at the B3LYP/6-31+G*

level of theory to confirm that key intermediate 7 was involved

in the isomerization process. The calculation indicated that

intermediate 5 generated in the first step of the reaction was
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Scheme 2: The proposed reaction mechanism.

slightly more stable (0.417 kcal/mol) than 7. The slight energy

difference between 5 and 7 indicates the viability of 7 in the

reaction medium. The generation of 7 would facilitate the

isomerization of 5 to 6.

Conclusion
We reacted 1 with benzaldehyde in the presence of CsF to

provide 3. We demonstrated that 4 was generated in the first

step of the reaction, and then subsequently isomerized to 3

under basic conditions. This sequential reaction involves an

oxidative 3,3,3-trifluoropropylation of the arylaldehyde to form

a 3,3,3-trifluoropropylcarbonyl unit. A further refinement of the

reaction conditions to enhance the compatibility of the reaction

with substrates such as aliphatic aldehydes is in progress in our

group.
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Abstract
Activation of the C–F bond of benzylic fluorides was achieved using 1,1,1-tris(hydroxymethyl)propane (2) as a hydrogen bond-

donating agent. Investigations demonstrated that hydrogen bond-donating solvents are promoting the activation and hydrogen bond-

accepting ones are hindering it. However, the reaction is best run under highly concentrated conditions, where solvents cannot inter-

fere with the interaction between the organofluorine compound and the triol. Various benzylic fluorides react with secondary

amines or anilines to form benzylic amines in good yields.

2451

Introduction
The discovery of mild methods for the activation of C–F bonds

is of high importance both from a fundamental point of view as

well as for potential practical applications [1]. Specifically for

aliphatic monofluorides, a number of transition metal-catalyzed

methods [1-9] and transition-metal-free methodologies [1,10-

12] have been developed. In continuation with our interest in

the activation of C–F bonds [13-16], we have recently reported

that it was possible to enable the use of fluoride as a leaving

group in nucleophilic substitution reactions of activated alkyl

fluorides through hydrogen bonding [17]. Particularly, water

was used as the hydrogen bond donor and co-solvent. DFT

calculations show that activation proceeds through stabilization

of the transition-state structure by, amongst other things,

hydrogen bonds between the fluorine atom and the water mole-

cules, and not simple transition-state electrostatic stabilization

by the solvent even though a mixture of polar solvent (iPrOH/

H2O in a 1:1 ratio) is used (Figure 1).

For its activating role in our system, water appeared to work

mostly as a triad of spatially and geometrically well-defined

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:jean-francois.paquin@chm.ulaval.ca
http://dx.doi.org/10.3762%2Fbjoc.9.283
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Figure 1: SN2 reaction of activated alkyl fluorides and calculated transition state for the reaction of morpholine with benzyl fluoride with three mole-
cules of water.

hydrogen bond-donating moieties. We therefore wondered

about what would happen if these three moieties (water mole-

cules) were covalently linked together in the form of a triol,

which could help the three O–H functionalities to position

themselves strategically around the three lone pairs of fluorine,

which acts as a hydrogen bond acceptor [18-21] (Figure 2).

Revoking the need to have five molecules (substrate, nucleo-

phile and three water molecules) in a precise geometry could

also enable a faster reaction with less activating agent, which

means we could potentially use the triol as an additive rather

than a solvent. Altogether, this strategy would represent a

unique metal-free and unprecedented small-molecule-mediated

activation of C–F bonds.

Figure 2: Proposed activation of C–F bonds mediated by a triol.

Herein, we report the feasibility of this concept for the amina-

tion of benzylic fluorides, activated alkyl fluorides [22], using

1,1,1-tris(hydroxymethyl)propane as the triol. Furthermore, op-

timization of the reaction conditions have revealed that the reac-

tion was best run under highly concentrated conditions [23].

Results and Discussion
Our initial investigations were performed using 4-phenylbenzyl

fluoride (1) [24] as the substrate and morpholine (3 equiv) as

the nucleophile at 60 °C for 24 h. Commercially available 1,1,1-

tris(hydroxymethyl)propane (2) was selected as the triol and

was used in a slight excess (1.1 equiv) [25] relative to the sub-

strate. Solvent screening was completed with and without added

triol 2 in order to establish its effect on the reactivity and results

are reported in Table 1. In water or alcoholic solvent without

added triol, low to moderate conversions were observed

(12–26%). This was expected since these are all hydrogen

bond-donor solvents [17,26]. A low but quantifiable increase in

conversion is observed when 2 is added to these reactions, with

the best result (35%) being obtained in water (Table 1, entries

1–3). While the effect of the triol seems minimal, it is possible

in these cases that 2, being both a hydrogen bond donor and

acceptor, is engaged in a hydrogen bond network with the

solvent, thus limiting its availability for the benzylic fluoride.

Interestingly, switching to solvents with better acceptor than

donor properties impeded the reaction [26]. Hence, the use of

toluene (Table 1, entry 4), EtOAc (Table 1, entry 5), THF

(Table 1, entry 6) and DMF (Table 1, entry 7) provided at best

traces of the desired benzylic amine 3. We speculate that the

ability of the solvent to interact more strongly with the triol than

would the substrate results in no reaction. Finally, "inert"

solvents [26,27] such as hexane (Table 1, entry 8) and CH2Cl2

(Table 1, entry 9) were investigated. In both cases, little reac-

tion was observed without 2, and moderate conversions were

obtained with 2. In this instance, the solvent is unable to interact

with either the triol or the substrate and the enhanced reactivity

in the presence of the triol clearly demonstrates its activating

role in this transformation. At this point, since solvents seemed

more prone to hinder than help the reaction, we conducted an

experiment without any solvent (Table 1, entry 10). Gratify-

ingly, a 54% conversion was obtained in the presence of 2,

while no conversion at all could be observed without the acti-

vating agent. It is important to mention for this entry that even

if morpholine is the only liquid component at room temperature,

a homogeneous solution is generated around 60 °C by the

fusion of 1,1,1-tris(hydroxymethyl)propane (melting point

56–58 °C).

Starting from our solvent-free conditions, which were providing

the better results, we envisioned that further optimization was

possible to improve the yield (Table 2). First, temperature had

an important impact on conversion. Indeed, going from 60 °C

(Table 2, entry 1) to 100 °C (Table 2, entry 3) smoothly effected

a full conversion. It was also possible to reduce the amount of

morpholine used from 3 equiv (Table 2, entry 3) to 2 equiv

(Table 2, entry 5) without any impact on the conversion.

However, lower amounts (Table 2, entries 6 and 7) resulted in

decreased conversions. While a reasonable explanation for the

requirement of excess amine would be its role in capturing the

HF released during the reaction, control experiments did not



Beilstein J. Org. Chem. 2013, 9, 2451–2456.

2453

Table 1: Initial screening.

entry solvent conversion (%)a

with 2 without 2

1 H2O 35 26
2 EtOH 29 26
3 iPrOH 16 12
4 toluene < 3 < 3
5 AcOEt < 3 < 3
6 THF < 3 < 3
7 DMF < 3 < 3
8 hexane 21 < 3
9 CH2Cl2 26 < 3
10 – 54 < 3

aDetermined by 1H NMR analysis of the crude reaction mixture.

Table 2: Fine-tuning.

entry temperature morpholine (equiv) conversion (%)a

1 60 3 54
2 80 3 90
3 100 3 > 97
4 100 2.5 > 97
5 100 2 > 97 (86)b

6 100 1.5 91
7 100 1 70
8c 100 1 71
9d 100 1 57
10e 100 1 41

aDetermined by 1H NMR analysis of the crude reaction mixture. bIsolated yield. cEt3N (1 equiv) was also added. dK3PO4 (1 equiv) was also added.
eK2CO3 (1 equiv) was also added.

support this proposal. For instance, running the reaction

with 1 equiv of morpholine in the presence of 1 equiv of

Et3N provided the same conversion (Table 2, entry 8) while

using inorganic bases (1 equiv of either K3PO4 or K2CO3) gave

lower conversions (Table 2, entries 9 and 10). The reasons for

such observations are unclear at present. Nonetheless, condi-

tions presented in entry 5 were chosen for evaluation of the

scope.
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Table 3: Substrate scope.

entry benzyl fluoride R1R2NH product yield (%)a

1

1 3

86 (97)b

2 1

7

79

3 1

8

83

4 1

9

77c

5

4 10

72

6 4

11

64

7 4

12

56

8

5 13

86

As shown in Table 3, reactivity is not limited to benzylic fluo-

ride 1 and morpholine. A range of secondary amines can be

used, as cyclic (Table 3, entries 1, 2, 5, 6, 8 and 11), acylic

(Table 3, entries 3, 4, 9 and 10) and aromatic (Table 3, entry 7)

N-nucleophiles all provide good isolated yields. In the case of

N-methylaminoethanol, complete selectivity was observed for

N-benzylation (Table 3, entries 4 and 10). The reaction also

tolerates simple electronic variations on the benzylic fluoride,

as the 4-phenyl group can be exchanged for a 4-bromo (Table 3,

entries 5–7), 4-tert-butyl (Table 3, entries 8–10) or 3-methoxy

group (Table 3, entry 11) with only minor impact on the conver-

sion. Overall, conversion into the desired product was superior

to 90% for all entries, and only the purification step proved

detrimental to the isolated yields. This is further demonstrated

by the reaction run at a greater scale which facilitated the purifi-

cation and resulted in a higher isolated yield (Table 3, entry 1).
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Table 3: Substrate scope. (continued)

9 5

14

76

10 5

15

86c

11

6 16

63

aIsolated yield for reaction on 0.16 mmol scale. bIsolated yield for reaction on 0.81 mmol scale. cNo product of O-benzylation could be detected by
1H NMR on the crude reaction mixture.

Reactions of secondary benzylic fluorides were unfortunately

untractable, and primary aliphatic amines (i.e. n-butylamine)

generated a mixture of inseparable mono- and dibenzylation

products (see Supporting Information File 1 for details).

Conclusion
In summary, we have described that according to our previous

proposed mechanism for the hydrogen bond-promoted C–F

bond activation [17], simultaneous coordination of the three

lone pairs of fluorine by a triol (e.g. 2) permits the nucleophilic

substitution of benzylic fluorides by amines under neutral and

solvent-free conditions. To further support this hypothesis,

solvent properties concerning their hydrogen bond acidity or

basicity correlate well with the experimental evidence of re-

activity. Investigations concerning the reaction mechanism and

precise role of the three hydroxy groups of 2 for the reaction are

currently underway in our laboratory.

Supporting Information
Supporting Information File 1
General methods, synthetic procedures, 1H NMR spectra

for known compounds and full characterization of all new

compounds.

[http://www.beilstein-journals.org/bjoc/content/

supplementary/1860-5397-9-283-S1.pdf]
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Abstract
The cross-coupling reactions of 2,2-difluoro-1-iodoethenyl tosylate (2) with 2 equiv of boronic acids in the presence of catalytic

amounts of Pd(OAc)2 and Na2CO3 afforded the mono-coupled products 3 and 5 in high yields. The use of 4 equiv of boronic acids

in the presence of catalytic amount of Pd(PPh3)2Cl2 and Na2CO3 in this reaction resulted in the formation of symmetrical

di-coupled products 4 in high yields. Unsymmetrical di-coupled products 4 were obtained in high yields from the reactions of 3

with 2 equiv of boronic acids in the presence of catalytic amounts of Pd(OAc)2 and Na2CO3.
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Introduction
The synthesis of 2,2-disubstituted-1,1-difluoroethenes have

received much attention to synthetic organofluorine chemists in

recent years because of their unique chemical reactivities

toward nucleophiles to produce monofluorinated organic com-

pounds [1-4], and their biological activity, such as mechanism-

based enzyme inhibitors, in the area of medicinal chemistry

[5-8]. The 1,1-difluoroethenylidene functionality in these com-

pounds is also known to act as a bioisostere for the carbonyl

group of many biologically active compounds [9-12]. Although

numerous methods for the preparation of 2,2-disubstituted-1,1-

difluoroethenes have been reported in the previous literature

[13-22], a consecutive cross-coupling reaction of a proper

precursor such as a 1,1-difluoroethenylidene species bearing a

metal functional group, a halogen substituent or a tosylate group

at the vinyl carbon will provide a concise and efficient method

for the synthesis of 2,2-disubstituted-1,1-difluoroethenes.

Burton et al. reported a straightforward method for the prepar-

ation of 1,1-diaryl-2,2-difluoroethenes from the consecutive

cross-coupling reaction of the 2,2-difluoro-1-bromoethenylzinc

reagent with aryl iodides, followed by arylboronic acids [17].

Recently, we also prepared 2,2-difluoro-1-tributylstan-

nylethenyl tosylate and (2,2-difluoroethenyl-idene)bis(tributyl-

stannane) which were utilized in the palladium-catalyzed

consecutive cross-coupling reactions with electrophilic aryl

iodides or nucleophilic arylstannane reagents to afford the

corresponding 1,1-diaryl-2,2-difluoroethenes [20,21]. However,

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
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Table 1: Optimization of the cross-coupling reaction of 2 with phenylboronic acid.

Entry Pd catalyst X (equiv) Y (mol %) Base Yield (%)a

3a 4a

1 Pd(OAc)2 1 5 Cs2CO3 21 10
2 Pd(OAc)2 2 5 Cs2CO3 38 19
3 Pd(OAc)2 3 5 Cs2CO3 18 40
4 Pd(OAc)2 2 10 Cs2CO3 30 24
5 Pd(OAc)2 2 5 K2CO3 56 16
6 Pd(OAc)2 2 5 K3PO4 54 17
7 Pd(OAc)2 2 5 Na2CO3 92 –b

8 Pd(PPh3)2Cl2 2 5 Na2CO3 78 6
9 Pd(CH3CN)2Cl2 2 5 Na2CO3 55 13

aIsolated yield. bA trace amount of 4a was obtained.

these previous reagents still have some drawbacks such as the

existence of the toxic tributylstannyl group, thermal instability

of ethenylzinc reagents and the use of at least one nucleophilic

reactive site for the coupling partner. In contrast to these

reagents, the 1,1-difluoroethenylidene species bearing both an

electrophilic halogen substituent and a tosylate group at the

vinyl carbon have not been studied in the cross-coupling reac-

tion with stable and less toxic nucleophilic metal reagents such

as aryl- and alkenylboronic acids. Herein, we report a prepar-

ation of 2,2-difluoro-1-iodoethenyl tosylate and its cross-

coupling reactions with aryl- and alkenylboronic acids to give

the corresponding 1,1-difluoroalkenes.

Results and Discussion
Although the chemistry of the 2,2-difluoroethenylidene species

as a building block has been well established in recent years,

2,2-difluoro-1-iodoethenyl tosylate (2) was not previously

prepared. However, we easily synthesized the starting material

2 from the reaction of 2,2,2-trifluoroethyl tosylate (1) with

2 equiv of LDA in THF at −78 °C, followed by treatment with

1 equiv of iodine (Scheme 1).

First, we attempted the consecutive palladium-catalyzed cross-

coupling reaction of 2 with different arylboronic acids to afford

unsymmetrical 1,1-diaryl-2,2-difluoroethenes. Since the use of

a proper base in the Suzuki–Miyaura reaction is an important

factor to increase the yield of coupled product, we screened

bases to get the optimized reaction conditions. When 2 was

Scheme 1: Preparation of 2,2-difluoro-1-iodoethenyl tosylate (2).

reacted with 1 equiv of phenylboronic acid in the presence of

5 mol % of Pd(OAc)2 and Cs2CO3 (2 equiv) in methanol at

room temperature for 15 h, mono- and di-coupled products 3a

and 4a were obtained in 21% and 10% yields, respectively,

along with a small amount of the self-coupled product (less than

5%) and reduced product. The use of 2 equiv of phenylboronic

acid in the same reaction increased the yield of 3a (38%) and 4a

(19%). However, the use of high molecular amounts of Pd cata-

lyst did not improve the yield of 3. The same reaction was

performed with K2CO3 instead of Cs2CO3 as a base to give 3a

and 4a in 56% and 16% yields. The use of K3PO4 in this reac-

tion provided similar results. Finally, the optimized reaction

condition was achieved by using Na2CO3 as a base, in which

only mono-coupled product 3a was obtained in 92% yield along

with the self-coupled product derived from the excess boronic

acid. When the reaction was performed in the presence of 5%

Pd(PPh3)2Cl2 or Pd(CH3CN)2Cl2 instead of Pd(OAc)2,

di-coupled product 4a was always formed in 6–13% yield. Opti-

mization of the cross-coupling reaction of 2 with phenyl-

boronic acid is summarized in Table 1.
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Table 2: Preparation of 2,2-difluoro-1-arylethenyl tosylate 3.

Compound R t (h) Yield (%)a

3a H 15 92
3b p-F 15 81
3c p-Cl 14 84
3d p-CH3 14 79
3e p-OCH3 14 65
3f p-CF3 15 85
3g m-F 16 72
3h m-Cl 16 76
3i m-CH3 16 82
3j m-OCH3 18 74
3k m-CF3 18 80
3l o-CH3 18 65

3m o-OCH3 18 61
3n o-Cl 18 68

aIsolated yield.

After the successful coupling reaction of 2 with phenylboronic

acid under the optimized reaction conditions, the same reaction

was performed with other arylboronic acids bearing a proton,

fluoro, chloro, methyl, methoxy and trifluoromethyl on the

ortho-, meta- or para-position of the benzene ring. Reactions

were successful with both electron-donating and electron-with-

drawing arylboronic acids to produce the corresponding 2,2-

difluoro-1-arylethenyl tosylates 3 in excellent isolated yields.

Especially, the coupling reactions with arylboronic acids having

an electron-donating group at the ortho-position of the benzene

ring also provided the corresponding coupled products 3l–n in

good yields. The cross-coupling reactions of 2 with arylboronic

acids are summarized in Table 2.

Direct diarylation reactions of 2 with arylboronic acids were

also performed because di-coupled product 4a was formed in a

mono-arylation reaction (Table 1) and also a recent work

showed a successful cross-coupling reaction of nonfluorinated

enol tosylates with a variety of arylboronic acids [23]. We

attempted a direct diarylation reaction of 2 with phenylboronic

acid to establish the optimized reaction conditions. Initial reac-

tion of 2 with 3 equiv of phenylboronic acid in the presence of

5 mol % of Pd(OAc)2 and 2 equiv of Na2CO3 in MeOH at room

temperature for 22 h afforded the di-coupled product 4a in 30%

yield. The yield of 4a was increased to 39% using 4 equiv of

phenylboronic acid in this reaction. When the reaction was

performed with K2CO3 or K3PO4 as a base under the same

reaction conditions, the desired product 4a was obtained in up

to 49–52% yield. The use of more soluble Cs2CO3 resulted in

the formation of 4a in 61% yield. Increasing the reaction

temperature did not improve the of yield of 4a. We also exam-

ined the effect of the palladium catalyst in this reaction. There-

fore, the same reaction was performed in the presence of

5 mol % of Pd(PPh3)2Cl2 instead of Pd(OAc)2, in which 4a was

obtained in 75% yield. Other palladium catalysts such as

Pd(CH3CN)2Cl2 did not cause to improve the yield of 4a. Opti-

mization of the di-coupling reaction of 2 with phenylboronic

acid is summarized in Table 3.

Diarylation reactions of 2 with arylboronic acids substituted by

fluoro, chloro, methyl, methoxy, nitro and trifluoromethyl

substituent at the meta- or para-position of the benzene ring

proceeded well under the optimized reaction conditions to give

the corresponding symmetrical di-coupled products 4b–k in

51–86% yield. However, coupling reactions with arylboronic

acids having a substituent such as chloro, methyl or a methoxy

group at the ortho-position of the benzene ring to produce the

di-coupled products 4l–n were unsuccessful. This result prob-

ably indicates that the coupling process could be affected by

steric hindrance in the second coupling reaction step. The

di-coupling reactions of 2 with arylboronic acids are summa-

rized in Table 4.
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Table 3: Optimization of the di-coupling reaction of 2 with phenylboronic acid.

Entry Pd catalyst X (equiv) Base T (°C) Yield (%)a

1 Pd(OAc)2 3 Na2CO3 rt 30
2 Pd(OAc)2 4 Na2CO3 rt 39
3 Pd(OAc)2 4 K2CO3 rt 52
4 Pd(OAc)2 4 K3PO4 rt 49
5 Pd(OAc)2 4 Cs2CO3 rt 61
6 Pd(OAc)2 4 Cs2CO3 50 58
7 Pd(PPh3)2Cl2 4 Cs2CO3 rt 75
8 Pd(CH3CN)2Cl2 4 Cs2CO3 rt 21

aIsolated yield of 4a.

Table 4: Preparation of symmetrical 1,1-diaryl-2,2-difluoroethenes 4.

Compound No R Yield (%)a

4a H 75
4b p-F 83
4c p-Cl 86
4d p-CH3 74
4e p-OCH3 60
4f p-NO2 73
4g m-F 58
4h m-Cl 51
4i m-CH3 56
4j m-OCH3 53
4k m-CF3 60
4l o-CH3 –b

4m o-OCH3 –b

4n o-Cl –b

aIsolated yield. bA trace amount of product was obtained.

Unsymmetrical 1,1-diaryl-2,2-difluoroethenes can be prepared

from the coupling reaction of mono-coupled tosylates 3 with

arylboronic acids under similar reaction conditions. Therefore,

the cross-coupling reaction of 3a with 2 equiv of p-chloro-

phenylboronic acid in the presence of 5 mol % Pd(PPh3)2Cl2

and 2 equiv of Cs2CO3 in MeOH at room temperature for 12 h

afforded 1,1-diaryl-2,2-difluoroethene 4o in 89% yield. The

similar reactions of 3a with arylboronic acids having a
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Table 5: Preparation of unsymmetrical 1,1-diaryl-2,2-difluoroethenes 4.

Compound No R R’ T (h) Yield (%)a

4o H p-Cl 12 89
4p H p-F 12 90
4q H p-CH3 12 81
4r H p-OCH3 14 79
4s H p-CF3 18 82
4t H m-Cl 12 81
4u H m-CH3 14 77
4v H m-CF3 14 75
4w p-Cl m-CH3 12 79
4x m-CF3 p-CH3 12 70

aIsolated yield.

Table 6: The cross-coupling reactions of 2 with alkenylboronic acids.

Compound No. R Yield (%)a

5a Ph 85
5b CH3(CH2)5 81

aIsolated yield.

substituent such as fluoro, methyl, methoxy, and trifluoro-

methyl at the meta- or para-position of the benzene ring also

provided the corresponding 1,1-diaryl-2,2-difluoroethenes 4p–v

in 75–90% yields. The coupling reaction between 3c and

m-methylphenylboronic acid also resulted in the formation of

4w in 79% yield. Similarly, 3k having an electron-withdrawing

group on the benzene ring was also reacted with p-methyl-

phenylboronic acid to yield 4x in 70% yield. Table 5 summa-

rizes the results of the coupling reactions of 3 with several aryl-

boronic acids to give unsymmetrical 1,1-diaryl-2,2-difluoro-

ethenes.

The successful cross-coupling reaction of 2 with arylboronic

acids prompted us to examine similar coupling reactions with

alkenylboronic acids. The same reaction conditions of the

mono-coupling reaction of 2 with arylboronic acid was applied

to the alkenylation of 2. Therefore, the cross-coupling reaction

of 2 with trans-2-phenylethenylboronic acid in the presence of

5 mol % of Pd(OAc)2 and 2 equiv of Na2CO3 in MeOH at room

temperature for 15 h provided the cross-coupled product 5a in

85% yield. The similar reaction of 2 with trans-oct-1-enyl-

boronic acid afforded the cross-coupled product 5b in 81%

yield. The cross-coupling reactions of 2 with alkenylboronic

acids are summarized in Table 6.

Conclusion
In summary, we have successfully developed the consecutive

cross-coupling reactions of 2,2-difluoro-1-iodoethenyl tosylate
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(2) with arylboronic or alkenylboronic acids in the presence of a

suitable Pd catalyst and a base to afford 2,2-diaryl-1,1-difluoro-

ethenes. The developed method provides synthetically useful

advantages such as a straightforward procedure to give symmet-

rical and unsymmetrical 2,2-diaryl-1,1-difluoroethenes and the

use of a less toxic reagent such as boronic acid.

Supporting Information
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Abstract
In the last few years, transition metal-mediated reactions have joined the toolbox of chemists working in the field of fluorination for

Life-Science oriented research. The successful execution of transition metal-catalyzed carbon–fluorine bond formation has become

a landmark achievement in fluorine chemistry. This rapidly growing research field has been the subject of some excellent reviews.

Our approach focuses exclusively on transition metal-catalyzed reactions that allow the introduction of –CFH2, –CF2H, –CnF2n+1

and –SCF3 groups onto sp² carbon atoms. Transformations are discussed according to the reaction-type and the metal employed.

The review will not extend to conventional non-transition metal methods to these fluorinated groups.

2476

Review
Introduction
The incorporation of fluorine or fluorinated moieties into

organic compounds plays a key role in Life-Science oriented

research as often-profound changes of the physico-chemical and

biological properties can be observed [1-6]. As a consequence,

organofluorine chemistry has become an integral part of phar-

maceutical [6-16] and agrochemical research [16-20]. About

20% of all pharmaceuticals and roughly 40% of agrochemicals

are fluorinated. Perfluoroalkyl substituents are particularly

interesting as they often lead to a significant increase in

lipophilicity and thus bioavailability albeit with a modified

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:frederic.leroux@unistra.fr
http://www.syncat.org
http://dx.doi.org/10.3762%2Fbjoc.9.287
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Scheme 1: Pd-catalyzed monofluoromethylation of pinacol phenylboronate [44].

stability. Therefore, it is of continual interest to develop new,

environmentally benign methods for the introduction of these

groups into target molecules. Recent years have witnessed

exciting developments in mild catalytic fluorination techniques.

In  contras t  to  carbon–carbon,  carbon–oxygen and

carbon–nitrogen bond formations, catalytic carbon–fluorine

bond formation remained an unsolved challenge, mainly due to

the high electronegativity of fluorine, its hydration and thus

reduced nucleophilicity [21]. The importance of this devel-

oping research field is reflected by the various review articles

which have been published dealing with transition metal medi-

ated or catalyzed fluorination [22-24], difluoromethylation [24],

and trifluoromethylation reactions [22-28].

The present review focuses on fundamental achievements in the

field of transition metal-catalyzed mono-, di- and trifluoro-

methylation as well as trifluoromethylthiolation of sp² carbon

atoms. We present the different developments according to the

reaction-type and the nature of the transition metal.

1 Catalytic monofluoromethylation
Monofluoromethylated aromatics find application in various

pharmaceutical [29-32] and agrochemical products [18].

Although numerous methods for the catalytic introduction of a

trifluoromethyl group onto aryl moieties have been reported in

the literature [27,33-41], the incorporation of partially fluori-

nated methyl groups is still underdeveloped [42,43]. In most

cases transition metals have to be employed in stoichiometric

amounts.

1.1 Palladium catalysis
The first monofluoromethylation was reported by M. Suzuki

(Scheme 1) [44]. Fluoromethyl iodide was reacted with pinacol

phenylboronate (40 equiv) affording the coupling product in

low yield (47%).

The Pd-catalyzed α-arylation of α-fluorocarbonyl compounds

affording various quaternary α-aryl-α-fluorocarbonyl deriva-

tives has been reported by J. F. Hartwig [45], J. M. Shreeve [46]

and further investigated and generalized to both open-chain and

cyclic α-fluoroketones by F. L. Qing [47,48]. However, further

decarbonylation to the monofluoromethyl group proved diffi-

cult.

1.2 Copper catalysis
Recently a copper-catalyzed monofluoromethylation was

described by J. Hu. Aryl iodides were submitted to a

Cu-catalyzed (CuTC = copper thiophene-2-carboxylate) deben-

zoylative fluoroalkylation with 2-PySO2CHFCOR followed by

desulfonylation (Scheme 2) [49]. It has been shown that the

(2-pyridyl)sulfonyl moiety is important for the Cu-catalysis.

2 Catalytic difluoromethylation
The synthesis of difluoromethylated aromatics attracted consid-

erable interest in recent years due to their potential pharmaco-

logical and agrochemical activity [42,50-56].

2.1 Copper catalysis
In contrast to widely used stoichiometric copper-mediated

trifluoromethylations and the recent results of the Cu-catalyzed

reaction described above, that of difluoromethylation has been

more slowly developed. This is probably due to the lack of

thermal stability of CuCHF2 [42]. To the best of our knowledge,

the direct cross-coupling of CuCHF2 with aromatic halides has

not been reported. H. Amii reported on the reaction of aryl

iodides with α-silyldifluoroacetates in the presence of a catalytic

amount of CuI (Scheme 3). The corresponding aryldifluoroac-

etates have been obtained in moderate to good yields and

afforded, after subsequent hydrolysis of the aryldifluoroac-

etates and KF-promoted decarboxylation, a variety of difluo-

romethyl aromatics [57].

Unlike previous protocols where an excess of copper is

required, this approach presents some advantages such as: (i)

stability and availability of the required 2-silyl-2,2-difluoroac-

etates from trifluoroacetates or chlorodifluoroacetates [58-60];

(ii) high functional group tolerance as the reactions proceed

smoothly under mild conditions; and (iii) the reaction being

catalytic in copper.

J. Hu described the Lewis acid (CuF2·2H2O) catalyzed vinylic

C–CHF2 bond formation of α,β-unsaturated carboxylic acids

through decarboxylative fluoroalkylation (Table 1) [61]. A wide
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Scheme 2: Cu-catalyzed monofluoromethylation with 2-PySO2CHFCOR followed by desulfonylation [49].

Scheme 3: Cu-catalyzed difluoromethylation with α-silyldifluoroacetates [57].

range of α,β-unsaturated carboxylic acids afforded the corres-

ponding difluoromethylated alkenes in high yields and with

excellent E/Z selectivity.

The putative mechanism for this copper-catalyzed decarboxy-

lative fluoro-alkylation involves the iodine–oxygen bond

cleavage of Togni's reagent in presence of the copper catalyst to

produce a highly electrophilic species (intermediate A). Then,

the acrylate derivative coordinates to the iodonium salt A

leading to intermediate B with generation of hydrogen fluoride,

followed by an intramolecular reaction between the double

bond and the iodonium ion to provide intermediate C. The pres-

ence of HF in the reaction medium promotes the decarboxyla-

tion step in intermediate C, and subsequent reductive elimina-

tion leads to the formation of the thermodynamically stable

E-alkene. Finally, protonation of intermediate E regenerates the

copper catalyst, thus allowing the catalytic turnover (Figure 1).

2.2 Iron catalysis
Similarly to the work of J. Hu and colleagues using copper

catalysis, the group of Z.-Q. Liu reported on the decarboxy-

lative difluoromethylation of α,β-unsaturated carboxylic acids.

However, the latter used iron(II) sulfate as catalyst and zinc

bis(difluoromethanesulfinate) as the fluoroalkyl transfer
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Table 1: Cu-catalyzed C–CHF2 bond formation of α,β-unsaturated carboxylic acids through decarboxylative fluoroalkylation [61].

Compound Yield (%) Compound Yield (%) Compound Yield (%)

70 88

86

90 87

91

86 87

86

82 76

60

60 90

84

84 73

70

reagent. A handful of β-difluoromethylstyrenes were obtained

in moderate yields and with complete diastereoselectivity

(Scheme 4) [62].

3 Catalytic perfluoroalkylation
The transition metal mediated trifluoromethylation of aromatic

compounds has been extensively reviewed in recent years by
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Table 1: Cu-catalyzed C–CHF2 bond formation of α,β-unsaturated carboxylic acids through decarboxylative fluoroalkylation [61]. (continued)

65 63

Figure 1: Mechanism of the Cu-catalyzed C–CHF2 bond formation of α,β-unsaturated carboxylic acids through decarboxylative fluoroalkylation [61].

several authors [23-28,63,64]. Nevertheless, aromatic trifluo-

romethylations catalytic in metal are still rare. This section

reviews recent advances in this area and classifies the reactions

according to metal type and reaction mechanism. One can iden-

tify two major approaches, trifluoromethylation via cross-

coupling reactions or the more recent C–H functionalization.

3.1 Palladium catalysis
3.1.1 Trifluoromethylation of Csp2–X bonds (X = halogen or

sulfonate) by means of a nucleophilic CF3-source. The first

Pd-catalyzed aromatic trifluoromethylation of aryl chlorides

with a nucleophilic source of CF3 has been reported in 2010 by

S. L. Buchwald et al. (Table 2) [38]. An excess of expensive

(trifluoromethyl)triethylsilane (TESCF3) in combination with

potassium fluoride was used to provide the expected trifluoro-

methylated arenes in good yields, and a variety of functional

groups is tolerated under the mild conditions of the process. The

reaction with aryl bromides or triflates is less efficient. The

success of this Pd-catalyzed trifluoromethylation is due to

highly hindered phosphorus ligands like BrettPhos, which facil-

itate the reductive elimination step. However, the phosphine

was changed for the less bulky ligand RuPhos for the reaction

with ortho-substituted aryl chlorides. The authors presume a

Pd(0)/Pd(II) catalytic cycle, which is supported by preliminary

mechanistic studies.

In 2011, B. S. Samant and G. W. Kabalka developed improved

conditions for the trifluoromethylation of aryl halides by

carrying out the reaction in sodium dodecyl sulfate (SDS) and

toluene, and by using TMSCF3 as a cheaper trifluoro-
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Scheme 4: Fe-catalyzed decarboxylative difluoromethylation of cinnamic acids [62].

Table 2: Pd-catalyzed trifluoromethylation of aryl and heteroaryl chlorides [38].

Compound Conditions Yield (%) Compound Conditions Yield (%)

A 80 A 83

A 85 A 72

A 94 A 70

A 82 A 90
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Table 2: Pd-catalyzed trifluoromethylation of aryl and heteroaryl chlorides [38]. (continued)

A 76 A 84

B 72 B 87

B 72 B 88

B 84 B 84

C 90 C 77

C 87 C 78

Table 3: Pd-catalyzed trifluoromethylation of bromoaromatic compounds in micellar conditions [65].

Compound Yield (%) Compound Yield (%) Compound Yield (%)

77 70 74

68 71 70

72 80

methylating agent [65]. The reverse micelles appear to prevent

the decomposition of TMSCF3 and provide an effective reac-

tion site for oxidative addition of Ar–X and the Pd(0) catalyst,

increasing the yields and allowing the use of aryl bromides as

starting materials (Table 3). Free alcohols and amines are

compatible with the reaction conditions, which was not the case

with S. L. Buchwald’s methodology.

For the metal-catalyzed perfluoroalkylation of sp2 carbons,

vinyl sulfonates represent valuable alternative coupling part-
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Table 4: Pd-catalyzed trifluoromethylation of vinyl sulfonates [66].

Compound X = Yield (%) Compound X = Yield (%)

OTf 83 OTf 81

OTf 62 OTf 53

OTf 84 OTf 75a

OTf 74a OTf 40

OTf 36a OTf 71a

ONf 73a ONf 80a

ONf 51

a[(allyl)PdCl]2 was used instead of Pd(dba)2.

ners to vinyl halides, given that they can be prepared in a

straightforward manner from readily available alcoholic precur-

sors. In 2011, the group of S. L. Buchwald described a catalytic

system to convert cyclic vinyl triflates or nonaflates to their tri-

fluoromethylated equivalents (Table 4) [66]. Ruppert’s reagent

was used as the CF3
– precursor in a combination with potas-

sium fluoride as an activator for the reaction with vinyl triflates,

while TESCF3 and rubidium fluoride gave better results for

nonaflate electrophiles. Otherwise, the scope is actually limited

to six-membered vinyl sulfonates, and moderate yields were

obtained with 2-alkyl substituted cyclohexenyl substrates.

3.1.2 Trifluoromethylation by means of C–H activation and

an electrophilic CF3-source. In 2010, J.-Q. Yu and coworkers

reported on the first Pd-catalyzed trifluoromethylation at C–H

positions in aromatic compounds (Table 5) [67]. Pd(OAc)2

(10 mol %) was used as the catalyst, and Umemoto’s sulfonium

tetrafluoroborate salt as the CF3 source rather than its triflate
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Table 5: Pd-catalyzed C–H trifluoromethylation employing Umemoto’s sulfonium tetrafluoroborate salt [67].

Product Yield (%)a Product Yield (%)a

86 0c

82 88

2-Me
3-Me
4-Me

84
83
83

75c

2-OMe
3-OMe
4-OMe

78
54b

68
58c

2-Cl
3-Cl
4-Cl

55c

75c

72c
62c

78b 53c

87b 74

88

aYields for isolated compounds. b15 mol % of Pd(OAc)2 were used. c20 mol % of Pd(OAc)2 were used.

analogue. Trifluoroacetic acid and copper(II) acetate as addi-

tives proved essential for achieving high yields of the desired

trifluoromethylated arenes. 2-Arylpyridines, but also other aryl-

substituted heteroarenes were successfully trifluoromethylated

with complete regioselectivity in the position ortho to the

aryl–heteroaryl bond, with moderate to high yields in most

cases. Obviously, the heteroaryl group served as a directing

group in this transformation. Interestingly, all isomers of
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Scheme 5: Preliminary experiments for investigation of the mechanism of the C–H trifluoromethylation of N-arylbenzamides [68].

2-tolylpyridine were trifluoromethylated with highest yields;

while in the case of chloro or methoxy groups, the efficiency of

the reaction was dependent on the position of the substituent

relative to the heteroaryl group. Notably, the chloro-substituted

substrates required higher catalyst loadings for sufficient

conversion. The authors also note that keto, ester and nitro

substituents led to poor yields. The mechanism of this transfor-

mation and the role of the additives have not been elucidated

yet.

The group of J.-Q. Yu further studied this reaction by adapting

it to secondary N-arylbenzamides as more versatile substrates

than arylpyridines [68]. In comparison with the previous reac-

tion conditions, two equivalents of Cu(OAc)2 had to be used

instead of one, and N-methylformamide as an additive appeared

essential. On the other hand, the counteranion of sulfonium in

Umemoto’s reagent had no influence on the reaction. Variously

substituted arenes underwent trifluoromethylation with

moderate to excellent yields (Table 6). Interestingly, bromo-,

chloro- or ester-substituted substrates were also converted,

allowing further derivatization. As a preliminary investigation

on the mechanism of the reaction, the authors prepared an

analogue of the palladacyclic intermediate supposed to be

involved in the first stages of the catalytic cycle and submitted

it to the reaction conditions, in the presence or not of the amide

additive and of Cu(OAc)2 (Scheme 5). These results confirmed

the indispensable involvement of these additives in the mecha-

nism.

A complementary study by Z.-J. Shi and coworkers investi-

gated the trifluoromethylation of acetanilides also using palla-

dium(II) and copper(II) acetates as catalyst and additive respect-

ively, with Umemoto’s reagent [69]. Pivalic acid (vs TFA in the

case of J.-Q. Yu et al.) as an additive gave the best results.

Diversely functionalized substrates were converted to the

corresponding benzotrifluorides with up to 83% yield (Table 7).

Striking features of the reaction were the ability to use alkoxy-

carbonyl-, benzoyl, acetyl- and acetoxy-substituted acetanilides,

and, above all, halogenated arenes including fluoro-, chloro-,

bromo- and iodoacetanilides, rendering further functionaliza-

tion possible. However, the presence of a methoxy or trifluo-

romethoxy group meta to the directing group shuts down the

reaction completely. Other directing groups were investigated.

When hydrogen was replaced by methyl on nitrogen in the

starting acetanilide, no reaction occurred; on the other hand,

N-pivaloyl- and N-benzoylanilines were trifluoromethylated,

albeit with lower yields than acetanilide. From the study of

kinetic isotope effects in several experiments as well as of a

Pd-insertion complex similarly to the work of J.-Q. Yu et al.,

the authors proposed a Pd(II)/Pd(IV) catalytic cycle starting

with C–H activation of the substrate followed by oxidation of

the complex with Umemoto’s reagent and completed by reduc-

tive elimination of the desired benzotrifluoride (Figure 2).

3.1.3 Perfluoroalkylation by means of C–H activation and a

perfluoroalkyl radical-source. In contrast to the studies

described above, the group of M. S. Sanford has developed a

Pd-catalyzed perfluoroalkylation of arenes in the absence of

directing groups [70]. Perfluoroalkyl iodides were used as the

source of the fluorinated alkyl group. Under the optimized reac-

tion conditions, a mixture of the iodide, 5 mol % Pd2dba3,

20 mol % BINAP, cesium carbonate (2 equiv) and the arene

(large excess) were heated under air in the absence of a cosol-

vent (Table 8). Benzene, naphthalene and several disubstituted

benzenes were successfully transformed with 39–99% NMR

yields and 27–76% isolated yields (relative to the starting per-
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Table 6: Extension of Yu’s C–H trifluoromethylation to N-arylbenzamides [68].

Product Yield (%)a Product Yield (%)a

79 77

2-Me
3-Me
4-Me

84
94
53

55

3-OMe
4-OMe

89
56 32b

3-F
4-F

56
61 71

2-Cl
3-Cl
4-Cl

41
81
40

72

82 75

67

aYields for isolated compounds. b2 equiv of Umemoto’s reagent were used for 48 h. #Indicates the initial CF3 substituent present in the substrate.

fluoroalkyl iodide). N-Methylpyrrole was also perfluoroalky-

lated in high yield. The reaction proved very selective in several

aspects, since 1,2- and 1,3-disubstituted benzenes were all pref-

erentially functionalized at the 4-position; aryl C–H positions

were perfluoroalkylated but not benzylic positions; and only the

2-position in N-methylpyrrole was functionalized. A tentative

mechanism was proposed, based on the literature on each of the

assumed steps of the catalytic cycle (Figure 3). After oxidative
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Table 7: Shi’s C–H trifluoromethylation of acetanilides [69].

Product Yield (%)a Product Yield (%)a

69 R3 = Me
R3 = Et

64
83

2-Me
3-Me
4-Me

51
47
63

72

3-Ph
4-Ph

66
46 41

F
Cl
Br
I

71
72
66
48

56

F
Cl
Br

52
53
63

0

0 41

Trace 42

77

aYields for isolated compounds. b2 equiv of Umemoto’s reagent were used for 48 h. #Indicates the initial CF3 substituent present in the substrate.

addition of the perfluoroalkyl iodide onto palladium(0), the

iodide ligand is replaced by aryl by C–H activation, and a re-

ductive elimination of the desired product liberates the palla-

dium catalyst. Experiments carried out by the authors were

inconsistent with an alternative purely free radical pathway, but

could not rule out caged and/or “Pd-associated” radical inter-

mediates.

Another study by Y. H. Budnikova et al. described the electro-

chemical perfluoroalkylation of 2-phenylpyridine in the pres-

ence of palladium(II) catalysts (10 mol %) and starting either

from 6H-perfluorohexyl bromide or perfluoroheptanoic acid

[71]. Interestingly, the latter reagent provided the highest yields,

and the reaction appeared to proceed through an intermediate

biaryl perfluoroalkylcarboxylate, which extrudes CO2 to yield
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Figure 2: Plausible catalytic cycle proposed by Z.-J. Shi et al. for the trifluoromethylation of acetanilides [69].

Table 8: Sanford’s Pd-catalyzed perfluoroalkylation at a C–H position of (hetero)arenes in the absence of directing groups [70].

Product
(isomer ratio) Temp., Time NMR (and isolated)

yields (%)
Product

(isomer ratio) Temp., Time NMR (and isolated)
yields (%)

(---)

100 °C, 15 h 26a

(>20:1)

100 °C, 15 h 76 (54)

(---)

80 °C, 15 h 81a

(2.2:1:0)

60 °C, 24 h 77 (55)

(---)

80 °C, 15 h 79 (60)

(---)

60 °C, 24 h 52 (52)

(>20:1)

80 °C, 15 h 79 (76)

(>20:1)

100 °C, 15 h 39 (27)

(17:1:2)

100 °C, 15 h 99 (69)

(4.0:1)

100 °C, 15 h 76 (34)

(---)

100 °C, 15 h 84 (59)

(>20:1)

40 °C, 15 h 99 (70)
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Table 8: Sanford’s Pd-catalyzed perfluoroalkylation at a C–H position of (hetero)arenes in the absence of directing groups [70]. (continued)

(11:1:1)

80 °C, 15 h 80(69)

aGC yield (%).

Table 9: Pd-catalyzed electrochemical perfluoroalkylation of 2-phenylpyridine [71].

Perfluoroalkyl source Pd(II) catalyst
Pd(OAc)2 Yield (%) Pd2(o-C6H4Py)2(OAc)2 Yield (%)

H(CF2)6Br 10 30

C6F13CO2H

≤18

81

Figure 3: Plausible catalytic cycle proposed by M. S. Sanford et al. for
the perfluoroalkylation of simple arenes using perfluoroalkyl iodides
[70].

the desired product (Table 9). As underlined by the authors, the

electrocatalytic reactions proceed under mild conditions at

potentials that clearly generate high oxidation state metals.

3.1.4 Trifluoromethylation by means of presumed C–H acti-

vation and a nucleophilic CF3-source. A single study on

palladium-catalyzed trifluoromethylation of sp2-C–H bonds was

reported by G. Liu and coworkers [72]. It described the intro-

duction of a CF3 group at the 2-position of indoles using palla-

dium acetate as a catalyst and the Ruppert–Prakash reagent

TMSCF3. A screening of reaction conditions showed that

cesium fluoride proved the best base. PhI(OAc)2 was the

preferred oxidant over other hypervalent iodine compounds or

sources of F+ or CF3
+; additionally, the presence of a bis(oxazo-

line) as a ligand was beneficial to the reaction, as well as that of

TEMPO to prevent trifluoromethylation of the benzene ring as a

side reaction. With these optimized reaction conditions, a series

of indoles was successfully trifluoromethylated (Table 10). The

nature of the substituent on nitrogen had a strong influence on

yields. Alkyl or alkyl-derived groups as well as phenyl gave

moderate to good results, but N-tosyl or N–H gave almost no

desired product, if any. Indoles bearing substituents at the 2 or 3
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Table 10: Pd-catalyzed trifluoromethylation of sp2-C–H bonds of indoles employing TMSCF3 [72].

Product Yield (%)a Product Yield (%)a

Me
Et
Bn

n-Bu
Ph

SEMb

Ts
H

83
72
62
63
50
57
<5
0

Me
OMe

Cl
Br
Ec

60
56
67
70
51

Cy
c-C5H9

iPr
(CH2)2OMe
CH2CHE2

c

Ec

75
71
61
70
66
33

60

Me
Ph

65
66 39

aIsolated yields. bSEM = TMS(CH2)2OCH2. cE = CO2Me.

positions were suitable substrates for respective 3- or 2-func-

tionalization, although an ester group in position 3 led to a

lower yield; a “naked” indole ring could be trifluoromethylated

in a 39% yield. Electron-donating or -withdrawing groups on

the benzo moiety were tolerated, and in particular, the presence

of a halogen atom in position 5 gave yields almost as high as in

the case of the unsubstituted analogue. By comparing the activi-

ties in the case of substrates bearing electron-donating and

-releasing groups at the 5-position, and considering the regiose-

lective 3-functionalization of N-methylindole, the authors

proposed the following catalytic cycle: 1) electrophilic pallada-

tion of indole, 2) oxidation of the resulting Pd(II) species by the

combination of the hypervalent iodine reagent and TMSCF3 to

give a CF3-Pd(IV) intermediate, and 3) reductive elimination

leading to the desired trifluoromethylindole.

3.2 Copper catalysis
3.2.1 Trifluoromethylation of Csp2–X bonds (X = halogen)

by means of a nucleophilic CF3-source. In 2009, H. Amii et

al. reported on the first general copper-catalyzed trifluoro-

methylation of aryl iodides with TESCF3 in presence of potas-

sium fluoride [33]. After activation of the fluoroalkylsilane by

the fluoride, the trifluoromethyl anion is generated and leads to

the formation of the CF3Cu species. Then, σ-bond metathesis

between Ar–I and CF3–Cu yields trifluoromethylated arenes

with regeneration of CuI. To perform the reaction catalytically,

the use of a diamine ligand was necessary to enhance the elec-

tron density at the metal center, thus increasing the rate of

σ-bond metathesis. In this way, the copper catalyst is regener-

ated faster and avoids in situ decomposition of the CF3
−

species. Heteroaromatic iodides and iodobenzenes bearing elec-

tron-withdrawing groups participated smoothly in cross-

coupling reactions with good yields (Table 11).

Later, modified conditions were proposed by Z. Q. Weng et al.

where N,N’-dimethylethylenediamine (DMEDA) and AgF were

used instead of 1,10-phenanthroline and KF respectively [73].

In addition to activating the silyl group of the trifluoro-
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Table 11: The first Cu-catalyzed trifluoromethylation of aryl iodides [33].

Compound Yield (%)a Compound Yield (%)a Compound Yield (%)a

90 90 80

89 63 44

69 99 63

aNMR yield calculated by 19F NMR by using 2,2,2-trifluoroethanol as an internal standard.

Figure 4: Postulated reaction pathway for the Ag/Cu-catalyzed trifluoromethylation of aryl iodides by Z. Q. Weng et al. [73].

methylating agent, the silver salt also acts as a stabilizer for the

CF3
− species and prevents its self-decomposition (Figure 4). As

a result, the more economical TMSCF3 can be employed, and

good yields were observed for both electron-rich and electron-

poor aryl iodides in this cooperative silver-assisted copper-

catalyzed trifluoromethylation (Table 12).

Even if the pioneering work of H. Amii and Z. Q. Weng

resulted in the development of reliable and robust catalytic

systems, they suffer from the lack of accessibility to inexpen-

sive, stable and easy-to-handle reagents that could be used as

convenient CF3 sources for nucleophilic trifluoromethylations.

The group of L. J. Gooßen et al. was the first to propose a new

crystalline, air-stable (trifluoromethyl)trimethoxyborate as an

alternative to Ruppert’s reagent [74]. This innovative reagent is

readily accessible by reaction of TMSCF3 with B(OMe)3 and

KF in THF, and allows the conversion of a broad scope of aryl

iodides in high yields without the need for basic additives

(Table 13).

Hemiaminals of trifluoroacetaldehyde are also considered to be

convenient sources of trifluoromethyl anion [75]. H. Amii et al.

reported on the use of an O-silylated hemiaminal as a cross-

coupling partner for aromatic trifluoromethylation with a

copper iodide/1,10-phenanthroline catalytic system [76]. Com-

pound B was prepared from commercially available hemiacetal

of fluoral and morpholine, following the procedure described by

B. R. Langlois et al. [77] Moderate to good yields were

observed when the reaction was carried out in diglyme with

cesium fluoride as a base (Table 14).

More recently, compounds derived from trifluoroacetic acid

appeared to be a cheap and readily available nucleophilic tri-

fluoromethyl source after decarboxylation at high temperature

in the presence of stoichiometric amounts of copper salts

[78,79]. In 2011, Y. M. Li et al. showed that the Cu-catalyzed

C–CF3 bond formation of iodoarenes could be achieved by

using a sodium salt of trifluoroacetic acid as the source of CF3
−

[80]. Ag2O was chosen as an additive to promote the decar-
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Table 12: Cooperative effect of silver for the copper-catalyzed trifluoromethylation of aryl iodides [73].

Compound Yield (%) Compound Yield (%) Compound Yield (%)

75b 89 98b

64 73 59

47 66 61

76b

aNMR yield calculated by 19F NMR by using hexafluorobenzene as an internal standard. bIsolated yield.

Table 13: Cu-catalyzed trifluoromethylation of (hetero)aryl iodides with (trifluoromethyl)trimethoxyborate [74].

Compound Yield (%) Compound Yield (%) Compound Yield (%)

77 83 91

74 92 70

59 91 97

81 95 76



Beilstein J. Org. Chem. 2013, 9, 2476–2536.

2493

Table 13: Cu-catalyzed trifluoromethylation of (hetero)aryl iodides with (trifluoromethyl)trimethoxyborate [74]. (continued)

93 75 81

82 85 84

96 95 96

52 84

Table 14: Cu-catalyzed trifluoromethylation of (hetero)aryl iodides with O-silylated hemiaminal of fluoral [76].

Compound Yield (%)a Compound Yield (%)a Compound Yield (%)a

77 90 47

93 60 97

53 53 40

57 44 97

95 75

aNMR yield calculated by 19F NMR by using trifluoromethoxybenzene as an internal standard.

boxylation, and to accelerate the reductive elimination step by

precipitation of AgI. To circumvent the use of moisture-sensi-

tive sodium trifluoroacetate, M. Beller et al. employed a combi-

nation of methyl trifluoroacetate (MTFA) and cesium fluoride

to generate the trifluoroacetate anion which decarboxylated

under the reaction conditions (Figure 5). In most cases, the
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Figure 5: Postulated reaction mechanism for Cu-catalyzed trifluoromethylation reaction using MTFA as trifluoromethylating agent [81].

Table 15: Cu-catalyzed trifluoromethylation of (hetero)aryl iodides and aryl bromides with methyl trifluoroacetate [81].

Compound X = Yield (%)a Compound X = Yield (%)a

I 84 I 93

Br 60b,c Br 61b,d

I 84 I 88

Br 65b,d 47

Br 62b,c I 78

I 84b,d I 69

I 66 I 92

I 91 I 80

Br 50b Br 95c

aNMR yield calculated by GC using tetradecane as an internal standard, b20 mol % of 1,10-phenanthroline were added, cCsF replaced by CsTFA,
dCsF replaced by CsCl.

system does not necessitate the use of amine ligands excepted

when aryl bromides are used instead of aryl iodides [81]. Aryl

and heteroaryl products were formed in good to excellent yields

with a good functional group tolerance (Table 15).

3.2.2 Trifluoromethylation of Csp2–H bonds by means of an

electrophilic CF3-source. In this section, the studies that are

highlighted are distinguished by the nature of the substrates that

are submitted to trifluoromethylation; indeed, all of them used
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Table 16: Sodeoka’s trifluoromethylation of indoles with Togni’s hypervalent iodine reagent [82].

Product Isolated yield (%)
(Time)

Yield based on recovered starting
material (%)

Me
CO2Me

79 (6 h)
28 (24 h)

95
58

OMe
Br

72 (18 h)
74 (24 h)

88
90

CO2Me
NHBoc
NHAc

72 (24 h)
68 (24 h)
79 (24 h)

79
76
93

48 (24 h) 86

Me
Bn
Ac

Boc

90 (6 h)
67 (18)
5 (24)

39 (24)

95
85
16
60

Me
Bn

58 (6 h)a
58 (6 h)

62a

76

aReaction carried out at 50 °C.

the same electrophilic CF3 source, namely Togni’s benziodox-

olone reagent.

M. Sodeoka and coworkers reported on the trifluoromethyla-

tion of indoles with Togni’s hypervalent iodine reagent in the

presence of catalytic copper(II) acetate [82]. No additives were

necessary, and this simple procedure allowed for the functional-

ization of various N–H as well as variously N-protected indoles

with almost complete selectivity for the 2-position, even in the

case of “naked” indoles (Table 16).

The same group also reported on two examples of Heck-type

copper-catalyzed trifluoromethylation of vinyl(het)arenes at the

terminal carbon [83]. The reaction actually proceeded by oxytri-

fluoromethylation of the vinyl group, followed by elimination

of the oxygen-leaving group in the presence of p-toluenesul-

fonic acid (Scheme 6).

Similarly to the Pd-catalyzed C–H trifluoromethylation of

acetanilides by Z.-J. Shi et al., a copper-catalyzed process was

developed by C. Chen and C. Xi and colleagues for the func-
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Scheme 6: Formal Heck-type trifluoromethylation of vinyl(het)arenes by M. Sodeoka et al. [83].

Table 17: Cu-catalyzed C–H functionalization of pivanilides [84].

Product Temp. (°C) Conversion (%) Isolated yield (%) (NMR yield (%))

H
Me
iPr

OMe
F
Cl
Br

CO2Eta

30
60
90
60
90
90
90

120

93
85
65
77
46
45
55
40

65 (67)
69 (70)
55 (60)
63 (67)
42 (46)
32 (42)
49 (53)
30 (35)

Hb

Cl
45

100
70b

67
40 (48)b
40 (55)

80 71 48 (57)

tionalization of pivanilides [84]. The latter methodology is

simpler and more atom-economical since it does not require

additives such as PivOH or stoichiometric metal salts as

oxidants. However, it necessitates higher catalyst loadings

(20 mol % CuCl vs 10 mol % Pd(OAc)2) to ensure acceptable

yields. Various N-aryl and N-hetarylpivalamides were success-

fully converted under a nitrogen atmosphere, with introduction

of the CF3 group predominantly ortho to the amide function

(Table 17). Unlike the Pd-catalyzed reaction, this copper-

catalyzed variant leads to a mixture of ortho-, meta- and para-
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Table 17: Cu-catalyzed C–H functionalization of pivanilides [84]. (continued)

60 60 54 (58)

100 --- 51 (---)

100 --- 86 (---)

100 --- 52 (---)

aReaction time: 36 h. bThe isomer bearing CF3 para to the amide group was also produced in 16% isolated yield.

Figure 6: Proposed catalytic cycle for the copper-catalyzed trifluoromethylation of (het)arenes in presence of a pivalamido group (C. Chen, C. Xi et
al.) [84].
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Table 18: Baudoin’s Cu-catalyzed trifluoromethylation of N,N-disubstituted (het)arylhydrazones [85].

Product Yield (%)a Product Yield (%)a

NMe2
NBn2
NPh2
NHMe

1-piperidinyl
4-morpholinyl

96
61
30
---b
88
86

82

CN
F

OH
NMe2

99
56c

65d

56

85

73 85

82 74

functionalized compounds, with ortho > para > meta as the

preferred order of selectivity in the case of simple pivanilide.

Moreover, additional experiments in the presence of TEMPO or

phenyl N-tert-butylnitrone (PBN) resulted respectively in no

reaction and observation of the adduct of the CF3 radical on

PBN by Electron Paramagnetic Resonance (EPR). These

findings suggest a radical pathway for the mechanism of

this reaction, as proposed by the authors and depicted in

Figure 6.

As demonstrated recently by D. Bouyssi, O. Baudoin and

coworkers, copper proved also able to catalyze the introduction

of a CF3 group at the “imino” C–H bond of N,N-disubstituted

(het)arylhydrazones [85]. Here again, a simple system

consisting of Togni’s reagent and 10 mol % of copper(I) chlo-

ride could trifluoromethylate substrates efficiently without any

additive nor heating, and in a short reaction time. The

substituents on the terminal nitrogen atom had a strong influ-

ence on the reaction. Two alkyl substituents on nitrogen gave

far better results than a single one; benzyl as well as phenyl

groups were tolerated, although giving lower yields. A broad

substitution pattern on the (hetero)aryl ring was compatible with

the reaction, and the “imino” C–H was selectively trifluoro-

methylated (Table 18). When carrying out the reaction in the

presence of TEMPO, the desired reaction was almost

completely shut down, while a nearly quantitative 19F NMR

yield was determined for the formation of the TEMPO-CF3

adduct, giving evidence for a radical mechanism (Figure 7).

Very recently, K. J. Szabó et al. [86] and Y. Zhang and J. Wang

et al. [87] simultaneously published their work on the trifluoro-

methylation of variously functionalized quinones. Both groups
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Table 18: Baudoin’s Cu-catalyzed trifluoromethylation of N,N-disubstituted (het)arylhydrazones [85]. (continued)

90 75

80 60e

68d

aYields for isolated compounds. bComplex crude mixture. cVolatile compound (78% NMR yield). dCuI was used as catalyst in DCM. e18 h reaction
time; additional CuCl (10 mol %) and Togni’s reagent (0.5 equiv) were added after 15 h (68% conversion) to complete the reaction.

Figure 7: Proposed catalytic cycle for the copper-catalyzed trifluoro-
methylation of N,N-disubstituted (hetero)arylhydrazones by D. Bouyssi,
O. Baudoin et al. [85].

observed the inefficiency of Umemoto’s sulfonium reagents in

this reaction, whereas Togni’s benziodoxolone reagent gave the

best results. Y. Zhang, J. Wang and coworkers used 20 mol %

of copper(I) iodide in a 1:1 t-BuOH/DCM solvent system at

55 °C with 2 equivalents of Togni’s reagent [87]. On the other

hand, K. J Szabó et al. had to use stoichiometric amounts of

copper(I) cyanide and catalytic bis(pinacolato)diboron to

achieve optimal yields, but a catalytic amount of CuCN could

also produce the desired trifluoromethylated products if stoi-

chiometric potassium or tetrabutylammonium cyanide were also

added to the reaction medium [86]. Both groups noticed that in

the presence of TEMPO as radical scavenger, the reaction was

seriously inhibited, and TEMPO-CF3 was obtained in high

yields. Y. Zhang and J. Wang et al. proposed a plausible mecha-

nism to account for this observation [87]. The mechanism is

related to those described above for pivanilides (C. Chen, C. Xi

et al.) or hydrazones (D. Bouyssi, O. Baudoin et al.) (Figure 8).

3.2.3 Perfluoroalkylation of Csp2–H bonds by means of a

CF3-radical source. Clearly Togni’s electrophilic reagent is

able to generate the CF3
• radical in the presence of catalytic

copper(I) sources. However, generation of this radical and its

use in copper-catalyzed trifluoromethylation of sp2-C–H bonds

was described much earlier by B. R. Langlois et al. [88]. In their

report, N-acetylpyrrole and a series of electron-rich benzenes

were functionalized in moderate yields by using sodium trifluo-

romethanesulfinate (Langlois’s reagent) and tert-butyl peroxide

with 10 mol % of copper(II) triflate (Table 19). The supposed

mechanism implies single electron transfers where t-BuOOH

and Cu(OTf)2 serve as oxidants (Figure 9).
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Figure 8: Proposed catalytic cycle by Y. Zhang and J. Wang et al. for the copper-catalyzed trifluoromethylation of quinones [87].

Table 19: Cu-catalyzed trifluoromethylation with Langlois’s sodium trifluoromethanesulfinate as CF3 radical source [88].

Product CH3CN/H2O ratio Isolated Yield (%) Product ratio

1:0 45 o/m/p = 4:1:6

1:0 21 ---

1:2 13 n.p. (2 isomers)

Interestingly, Langlois’s reagent was also used recently by P. S.

Baran et al. for the generation of the CF3
• radical and trifluoro-

methylation of heteroaromatic compounds [89]. Although

copper(II) sulfate (10 mol %) led to improved yields, trifluoro-

methylation was found to proceed in the absence of added

metallic catalysts, and it is believed that traces only of metals
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Table 19: Cu-catalyzed trifluoromethylation with Langlois’s sodium trifluoromethanesulfinate as CF3 radical source [88]. (continued)

1:2 52 o/m/p = 4:1:2

1:0 29 4-CF3/3-CF3 = 3:1

1:0 90a 2-CF3/6-CF3/2,6-(-CF3)2/4,6-(-CF3)2
= 23:58:4:2.5

n.p. 35 ---

aReaction carried out under N2. n.p. = not precized by the authors.

Figure 9: Mechanistic rationale for the trifluoromethylation of arenes in presence of Langlois’s reagent and a copper catalyst (B. R. Langlois et al.)
[88].

present in the CF3 source are sufficient to initiate the reaction

(Scheme 7).

Finally, F. Minisci et al. showed that catalytic amounts of

Cu(II) salts could improve the yields in the perfluoroalkylation

of arenes by perfluoroalkyl iodides in the presence of benzoyl

peroxide (Scheme 8). The copper salts are believed to speed up

the process by superimposing a redox chain to the radical chain

[90].

3.2.4 Trifluoromethylation of Csp2–H bonds by means of a

nucleophilic CF3-source. To the best of our knowledge, there

is only one report in the literature by L. Chu and F.-L. Qing,

where catalytic copper was used in the trifluoromethylation of

sp2-C–H bonds by a nucleophilic CF3-releasing reagent [91]. In

this paper, heteroarenes or arenes bearing acidic sp2-C–H bonds

were trifluoromethylated by the Ruppert–Prakash reagent in

presence of catalytic copper(II), a base and an oxidant. The

reaction conditions had to be slightly customized for each class
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Scheme 7: Trifluoromethylation of 4-acetylpyridine with Langlois’s reagent by P. S. Baran et al. (* Stirring had a strong influence on the reaction effi-
ciency; see the original article for details) [89].

Scheme 8: Catalytic copper-facilitated perfluorobutylation of benzene with C4F9I and benzoyl peroxide [90].

of substrates. The methodology was first developed for

2-substituted 1,3,4-oxadiazoles (Cu(OAc)2/1,10-phenanthro-

line/t-BuONa/NaOAc/air, Table 20), then extended to

benzo[d]oxazoles, benzo[d]imidazoles, benzo[d]thiazoles,

imidazoles and polyfluorobenzenes (same system but di-tert-

butyl peroxide as oxidant instead of air, Table 21); the nature of

the copper(II) salt, the base and the oxidant had to be reassessed

for the reaction of indoles (Cu(OH)2/1,10-phenanthroline/KF/

Ag2CO3). Interestingly, the results obtained for indoles could

be directly compared to those reported by G. Liu and coworkers

for the analogous, Pd-catalyzed, TMSCF3-induced trifluoro-

methylation of the same substrates (section 3.1.4). It appears

that the Cu-based system gave generally higher yields. L. Chu

and F.-L. Qing compared stoichiometric and catalytic experi-

ments and came to the conclusion that the reaction most prob-

ably proceeded via a trifluoromethylcopper(I) species, which

would activate the C–H bond of the substrate and then be

oxidized to a copper(III) complex, finally releasing the tri-

fluoromethylated product by reductive elimination (Figure 10).

3.2.5 Trifluoromethylation of arylboron reagents with a

nucleophilic CF3-source under oxidative conditions. F.-L.

Qing reported on the first Cu-catalyzed cross-coupling of aryl-

and alkenylboronic acids with TMSCF3 under oxidative condi-

tions (Table 22) [34,92]. Although the detailed mechanism

remains to be elucidated, the authors presume that the reaction
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Table 20: Qing’s Cu-catalyzed trifluoromethylation of 1,3,4-oxadiazoles with the Ruppert–Prakash reagent [91].

Product Isolated Yield (%)

H
Me
t-Bu
OMe
CF3
NO2

CO2Me
Cl

89
83
91
87
72
43
81
83

85

Table 21: Extension of Qing’s Cu-catalyzed trifluoromethylation to benzo[d]oxazoles, benzo[d]imidazoles, benzo[d]thiazoles, imidazoles and polyfluo-
robenzenes [91].

Product Yield (%)a Product Yield (%)a

Me
Ph
Br
Cl

72
88 (95b)

58
75

30b

Me
(CH2)2CH=CH2

57b

32b

H
OMe
CF3

81
83
69

74b F
4-MeO-C6H4

93c

63b

aIsolated yields, unless otherwise noted. bSome starting material was also recovered. c 19F NMR yield using an internal standard.
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Table 22: Cu-catalyzed cross-coupling of (hetero)aryl- and alkenylboronic acids with TMSCF3 under oxidative conditions [92].

Compound Yield (%) Compound Yield (%)

58 81

74 65

78 49

72 56

Figure 10: F.-L. Qing et al.’s proposed mechanism for the copper-
catalyzed trifluoromethylation of (hetero)arenes with the
Ruppert–Prakash reagent [91].

proceeds via generation of CuCF3 followed by transmetallation

with the arylboronic acid. The diamine stabilizes the CuCF3

species. This facilitates the oxidation to Cu(II) or Cu(III)

species which undergo facile reductive elimination.

3.2.6 Trifluoromethylation of arylboron reagents with an

electrophilic CF3-source. L. Liu found that the copper-

catalyzed trifluoromethylation of aryl, heteroaryl, and vinyl-

boronic acids with Umemoto's trifluoromethyl dibenzosulfo-

nium salt can be performed under mild conditions and with

tolerance towards a variety of functional groups (Table 23) [93].

Q. Shen reported on the copper-catalyzed trifluoromethylation

of aryl- and alkenylboronic acids employing Togni's hyperva-

lent iodine reagent. The reaction proceeds in good to excellent

yields affording a wide range of trifluoromethylated products

(Table 24) [94].

A similar approach has been reported by K.-W. Huang and Z.

Weng employing organotrifluoroborates under base free condi-

tions (Table 25) [95].

3.2.7 Radical trifluoromethylation of arylboron reagents. In

contrast to previous approaches where relatively expensive

trifluoromethylsilanes are required such as Ruppert–Prakash

reagent (TMSCF3) or TESCF3 to generate a CF3-nucleophile,

and S-(trifluoromethyl)thiophenium salts or Togni’s reagent to

generate a CF3
+-electrophile, an alternative approach has

recently been reported, by different groups, where highly reac-

tive CF3 radicals are generated.

M. S. Sanford has developed a mild and general approach for

the Cu-catalyzed/Ru-photocatalyzed trifluoromethylation and

perfluoroalkylation of arylboronic acids [96]. The ruthenium-

bipyridyl complex plays a double role in this reaction, namely

the generation of the CF3 radical, and the oxidation of Cu(I) to

Cu(II) under photoexcitation. Both products then combine to

afford a Cu(III)CF3 species, which undergoes transmetallation

with the arylboronic acid. Finally, reductive elimination from
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Table 23: Cu-catalyzed trifluoromethylation of aryl, heteroaryl, and vinyl boronic acids with Umemoto's trifluoromethyl dibenzosulfonium salt [93].

Compound Yield (%) Compound Yield (%) Compound Yield (%)

70 39 65

60 30 65

57 52 57

70 78 50

40 59 62

64 54 51

65 46

Table 24: Cu-catalyzed trifluoromethylation of aryl- and alkenylboronic acids employing Togni's hypervalent iodine reagent [94].

Compound Yield (%) Compound Yield (%) Compound Yield (%)

80 53 90
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Table 24: Cu-catalyzed trifluoromethylation of aryl- and alkenylboronic acids employing Togni's hypervalent iodine reagent [94]. (continued)

85 90 90

90 95 90

70 85 50

75 55 70

76 73 80

Table 25: Cu-catalyzed trifluoromethylation of organotrifluoroborates with Togni's hypervalent iodine reagent [95].

Compound Yield (%) Compound Yield (%) Compound Yield (%)

95 91 60

92 89 94

69 50 39

42 72 82

65 81 65

51 50 70
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Table 25: Cu-catalyzed trifluoromethylation of organotrifluoroborates with Togni's hypervalent iodine reagent [95]. (continued)

65

Figure 11: Mechanism of the Cu-catalyzed/Ru-photocatalyzed trifluoromethylation and perfluoroalkylation of arylboronic acids [96].

Table 26: Sanford’s Cu-catalyzed/Ru-photocatalyzed trifluoromethylation and perfluoroalkylation of (hetero)arylboronic acids [96].

Compound Yield (%) Compound Yield (%) Compound Yield (%)

70 70 84

72 64 65

64 93 42

Cu(III)(aryl)(CF3) affords the desired aryl-CF3 product

(Figure 11 and Table 26).

M. Beller et al. investigated the copper-catalyzed trifluoro-

methylation of aryl and vinyl boronic acids with in situ gener-

ated CF3-radicals using NaSO2CF3 (Table 27 and Table 28)

[97]. The CF3 radical is generated from the reaction of TBHP

(t-BuOOH) with NaSO2CF3. Transmetallation of the aryl-

boronic acid with the Cu(II) species gives an aryl copper(II)

complex. Combination of the CF3 radical with this complex
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Table 26: Sanford’s Cu-catalyzed/Ru-photocatalyzed trifluoromethylation and perfluoroalkylation of (hetero)arylboronic acids [96]. (continued)

39 64 63

68 68 64

64 66 67

48 56 54

80

Table 27: Cu-catalyzed trifluoromethylation of (hetero)arylboronic acids [97].

Compound Yield (%) Compound Yield (%) Compound Yield (%)

74 66 61

73 69 47

39 68 53

60 57 58

58 41 39

63 34
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Table 28: Cu-catalyzed trifluoromethylation of vinylboronic acids [97].

Compound Yield (%) Compound Yield (%) Compound Yield (%)

60 65 67

56 70 70

66

Figure 12: Proposed mechanism for the Cu-catalyzed trifluoromethylation of aryl- and vinyl boronic acids with NaSO2CF3 [97].

affords the arylcopper(III)CF3 intermediate (Figure 12, Path A).

Reductive elimination then gives the trifluoromethylated prod-

uct and a Cu(I) complex which is re-oxidized to the active

Cu(II) catalyst. The authors postulate also a second mechanism

in which CF3 radicals react with the Cu(II) catalyst to give the

aryl copper(III) complex. This is followed by transmetallation

with the aryl- or vinylboronic acid affording the same inter-

mediate proposed in Path A (Figure 12, Path B).

3.2.8 Trifluoromethylation of α,β-unsaturated carboxylic

acids. Carboxylic acids have often been reported as convenient

reactants for metal-catalyzed decarboxylative cross-coupling

reactions. The methodology developed by J. Hu et al. for the

difluoromethylation of α,β-unsaturated carboxylic acids (section

2.1) has also been applied for the introduction of a CF3 moiety

[61]. Togni’s reagent was used as the electrophilic source of

CF3 and reacted with 4 equivalents of the (E)-vinylcarboxylic
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Table 29: Cu-catalyzed C–CF3 bond formation on α,β-unsaturated carboxylic acids through decarboxylative fluoroalkylation [61].

Compound Yield (%) Compound Yield (%) Compound Yield (%)

42 74 66

60 70 60

62 52 44

60 52

Table 30: Cu-catalyzed decarboxylative trifluoromethylation of α,β-unsaturated carboxylic acids with sodium trifluoromethanesulfinate [62].

Compound Yield (%) Compound Yield (%) Compound Yield (%)

80 78 59

acid in the presence of a Lewis acid catalyst (CuF2·2H2O).

Moderate to good yields were obtained for the transformation,

but a slight erosion of the configuration of the double bond was

observed in some cases (Table 29). The choice of the electro-

philic trifluoromethylating agent seems to be crucial as no reac-

tion was observed with Umemoto’s reagent.

Recently, Z.-Q. Liu et al. reported on a direct formation of

C–CF3 bonds by using Langlois’s reagent as a stable and inex-

pensive electrophilic trifluoromethyl radical source to access tri-

fluoromethyl-substituted alkenes [62]. Cinnamic acids were

reacted with sodium trifluoromethanesulfinate and a catalytic

amount of copper(II) sulfate in the presence of tert-butyl

hydroperoxide (TBHP) as the radical initiator. The reaction was

achieved with α,β-unsaturated carboxylic acids bearing elec-

tron-donating groups, as well as with heteroarene substituted

acrylic acids, and the desired products were isolated in modest

to good yields (Table 30). Steric effects do not appear to have

an influence on the outcome of the reaction.

The radical CF3
• is generated by the reaction of TBHP with

NaSO2CF3 and the catalytic source of Cu(II). The Cu(I)
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Table 30: Cu-catalyzed decarboxylative trifluoromethylation of α,β-unsaturated carboxylic acids with sodium trifluoromethanesulfinate [62].
(continued)

79 60 56

52 64 65

82 48 68

72 78 80

42 46 42

Figure 13: Possible mechanism for the Cu-catalyzed decarboxylative trifluoromethylation of cinnamic acids [62].

reduced from the former step reacts with the cinnamic acid in

the presence of TBHP to afford a cupric cinnamate, which then

undergoes the addition of the trifluoromethyl radical to the

double bond. The CF3-substituted alkene is finally obtained

after elimination of carbon dioxide and Cu(I) (Figure 13).

3.3 Catalysis by other metals than Pd and Cu
3.3.1 Ru-catalyzed perfluoroalkylation of Csp2–H bonds.

More than two decades ago, the group of N. Kamigata pursued

extensive investigations on the perfluoroalkylation of alkenes,

aromatics and heteroaromatics catalyzed by Ru(II)Cl2(PPh3)3

[98-104]. In the course of their initial studies [98,100] aimed at

the perfluoroalkylchlorination of terminal alkenes, they noticed

that the corresponding 1-perfluoroalkyl-subsituted alkenes were

sometimes obtained along with the desired addition products

(Scheme 9).

Afterwards, N. Kamigata et al. applied this system to arenes

[99] and heteroarenes (furans, pyrroles and thiophenes) [102-

104] and gave a full account of this work (Scheme 9) [101].

Monosubstituted benzenes gave mixtures of the ortho-, meta-

and para-isomers. The reaction was much more regioselective
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Scheme 9: Ruthenium-catalyzed perfluoroalkylation of alkenes and (hetero)arenes with perfluoroalkylsulfonyl chlorides (N. Kamigata et al.) (Rf = CF3,
C6F13) [101].

Figure 14: N. Kamigata et al.’s proposed mechanism for the Ru-catalyzed perfluoroalkylation of alkenes and (hetero)arenes with perfluoroalkylsul-
fonyl chlorides [100].

in the case of thiophenes, where 2-perfluoroalkylated products

were obtained, as long as at least one of the positions α to sulfur

was unsubstituted; otherwise β-functionalization occurred. The

same comment is applicable to pyrroles bearing a small group

on nitrogen, which gave the 2-perfluoroalkylated compound as

the major product. For instance, N-TMS-pyrrole afforded a

global yield of 78% of the 2-functionalized product as a mix-

ture of the silylated and hydrolized compounds. On the other

hand, the reaction of N-triisopropylsilylpyrrole favoured the

3-perfluoroalkylated product over its 2-isomer, due to the steric

bulk of the TIPS group. Considering the mechanism of these

reactions, the authors propose a radical pathway, and more

specifically a pathway where the radicals “lie in the coordina-

tion sphere of the metal”. Indeed, the present radicals led to less

side-reactions – in particular, oligomerization in the case of

alkenes as substrates –, which shows that they exhibit

“restricted reactivity” in comparison with “that of free radicals

initiated by peroxides or diazo compounds and by photoirradia-

tion” (Figure 14) [100].

Much later, another Ru-catalysis-based methodology for the

introduction of CF3 groups at C–H positions of arenes and

heteroarenes was developed by D. W. C. MacMillan [105].

Again, trifluoromethanesulfonyl chloride was used as the CF3
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Table 31: Ru-catalyzed photoredox trifluoromethylation of (hetero)arenes with trifluoromethanesulfonyl chloride [105].

Producta Yield (%)b
(isomer ratio) Producta Yield (%)b

(isomer ratio)

R1,R2 = H
R1,R2 = Me,H
R1,R2 = Boc,H
R1,R2 = H,CF3

88
94
78
91

H
Me

87
80

5-Me
3-Me

82
76 (3:1)c 70

84 R = H; 2-CF3
R = Ac; 3-CF3

72 (4:1)d
81 (3:1)e

R1,R2,R3 = Me,H,Me
R1,R2,R3 = Me3

R1,R2,R3 = H,H,OMe
R1,R2,R3 = H,Me,OMe

73
81

78 (3:1)f
78

R1,R2,R3 = H,H,OMe
R1,R2,R3 = Me,H,Me
R1,R2,R3 = H,Me,Me
R1,R2,R3 = H,Cl,Cl

82
78
94
70

R1,R2,R3 = iPr,Me,OH
R1,R2,R3 = SMe,Me,H

R1,R2,R3 = (OMe)3

85
72
86

74

87 90

88

H
NHBoc
OMe
SMe

74
80 (3:1)g
84 (2:1)g
73 (2:1)g

R1,R2 = H,Me
R1,R2 = Br,H
R1,R2 = H,H

70
75 (4:1)
77 (2:1)h

radical source. The difference with the work of N. Kamigata et

al. is that the reaction takes place under photoredox catalysis,

allowing much milder reaction conditions (23 °C for D. W. C.

MacMillan et al. vs 120 °C for N. Kamigata et al.). Higher

yields were obtained, especially in the case of pyrroles (2-Rf-

pyrrole: 88% yield for D. W. C. MacMillan et al. (CF3) vs 0%

for N. Kamigata et al. (C6F13); 2-Rf-N-Me-pyrrole: 94% yield

(CF3) vs 18% (C6F13)). A wide range of substrates was func-

tionalized (Table 31). Interestingly, the late-stage trifluoro-

methylation of pharmaceutically relevant molecules was also
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Table 31: Ru-catalyzed photoredox trifluoromethylation of (hetero)arenes with trifluoromethanesulfonyl chloride [105]. (continued)

72 (2:1) 92 (5:1)i

74 (2:1)j

R1,R2 = Me2
R1,R2 = (OMe)2

R1,R2 = TMS,OMe
R1,R2 = Me,OMe
R1,R2 = t-Bu,Me

77
85
76

85 (4:1)
78 (5:1)

aThe major isomer is represented. bIsolated yields of the mixtures of isomers, except for volatile compounds (19F NMR yields). cMinor isomer: 3-Me-5-
CF3-thiophene. dMinor isomer: 3-CF3-indole. eMinor isomer: N-acetyl-2-CF3-indole. fMinor isomer: 2-OMe-5-CF3-pyridine. gMinor isomer: para-substi-
tuted product. hMinor isomer: 1,3-Me2-2-CF3-benzene. iMinor isomer: 1,2-(OMe)2-5-Me-3-CF3-benzene. jMinor isomer: 4,6-disubstituted isomer.

Figure 15: Proposed mechanism for the Ru-catalyzed photoredox trifluoromethylation of (hetero)arenes with trifluoromethanesulfonyl chloride [105].

carried out and proved successful (Figure 16). The mechanism

of the reaction was similar to that proposed by N. Kamigata et

al. (Figure 15).

A complementary study was published by E. J. Cho et al. in

2012 [106]. Here, terminal and internal alkene C–H bonds were

trifluoromethylated under photoredox Ru-catalysis, using tri-

fluoromethyl iodide instead of trifluoromethanesulfonyl chlo-

ride (Table 32). Interestingly, arenes were unreactive under the

reaction conditions. The catalyst loading was very low (0.1 mol

%) and the reactions proceeded at room temperature, giving

generally high yields of the trifluoromethylalkenes. Two

equivalents of DBU as an additive were optimal, since this

reagent is assumed to behave both as a reductant and as a base

in the proposed mechanism of the reaction. Thus, the Ru(I)/

R(II) catalytic cycle is different from the mechanism proposed

by D. W. C. MacMillan and coworkers (Ru(II)/Ru(III) cycle,

Figure 17).

The same group also applied this methodology to the trifluoro-

methylation of indoles and a couple of other heteroarenes, under

closely related conditions. Trifluoromethyl iodide, catalytic

Ru(II)(bpy)3Cl2 and TMEDA, as the base, were used with

acetonitrile as the solvent (Table 33). Electron-deficient

heteroarenes and unactivated arenes were unreactive. The

mechanism is analogous to the one depicted for alkenes [106].

Last but not least, a completely different strategy used by S.

Blechert et al. involved the cross-metathesis of terminal olefins

with perfluoroalkylethylenes [108]. Thus, the reaction does

not proceed through the direct introduction of CnF2n+1
+,

CnF2n+1
• or CnF2n+1

−, but of a perfluoralkylmethylene

(Scheme 10).

3.3.2 Ir-catalyzed perfluoroalkylation of Csp2–H bonds. As

a preamble, it should be noted that D. W. C. MacMillan and E.

J. Cho tested iridium complexes along with the ruthenium



Beilstein J. Org. Chem. 2013, 9, 2476–2536.

2515

Figure 16: Late-stage trifluoromethylation of pharmaceutically relevant molecules with trifluoromethanesulfonyl chloride by photoredox Ru-catalysis
(D. W. C. MacMillan et al.) (The position of the CF3 group in the other isomers produced is marked with # or an arrow) [105].

Table 32: Photoredox Ru-catalyzed trifluoromethylation of terminal and internal alkene C–H bonds with trifluoromethyl iodide [106].

Product Yield (%)a Product Yield (%)a

95 90

H
C(O)-n-hept

Bz
C(O)NMe2

TBDMS
Ts

80
80
93
80
89
90

51

H
Me

78
81 80b

analogues in the photoredox catalytic reactions discussed in

section 3.3.1. Although also active, the iridium catalysts showed

lower selectivity and are more expensive [105-107].

A different strategy was simultaneously reported by the groups

of J. F. Hartwig and Q. Shen [35,37]. The approach consists of

a one-pot, two-stage reaction, with Ir-catalyzed borylation of an
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Table 32: Photoredox Ru-catalyzed trifluoromethylation of terminal and internal alkene C–H bonds with trifluoromethyl iodide [106]. (continued)

n-hept
4-Br-C6H4
4-Cl-C6H4

85
83
79

55c

84d

aIsolated yields, unless otherwise noted. bDiastereomer ratio 1.4:1. c 19F NMR yield. d17:1 ratio with the allyl-CF3 isomer.

Figure 17: Proposed mechanism for the trifluoromethylation of alkenes with trifluoromethyl iodide under Ru-based photoredox catalysis (E. J. Cho et
al.) [106].

Table 33: Trifluoromethylation of indoles with trifluoromethyl iodide under Ru-based photoredox catalysis [107].

Product Yield (%)a Product Yield (%)a

90 95d

94 71
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Table 33: Trifluoromethylation of indoles with trifluoromethyl iodide under Ru-based photoredox catalysis [107]. (continued)

81 80

95 (1.5:1)b 92

86 (1.3:1)c 92d

aIsolated yields unless otherwise noted. bAs a 1.5:1 mixture with the 3-CF3 isomer; the major isomer is represented. cAs a 1.3:1 mixture with the
2-CF3 isomer; the major isomer is represented. d 19F NMR yield.

Scheme 10: Formal perfluoroakylation of terminal alkenes by Ru-catalyzed cross-metathesis with perfluoroalkylethylenes (S. Blechert et al.) [108].

aromatic sp2-C–H bond, followed by a copper-mediated or

-catalyzed perfluoroalkylation of the resulting arylboronic ester

intermediate. Since the work by J. F. Hartwig et al. uses stoi-

chiometric amounts of ex situ-prepared Cu-Rf reagents, we will

focus on the study by Q. Shen et al. – although, once again,

both are closely related. In the latter, catalytic copper(II) thio-

phene carboxylate was used in the second stage in the presence

of 1,10-phenanthroline as a ligand; Togni’s reagent served as

the CF3-source (Table 34). The interest of this reaction resides

in the fact that the Ir-catalyzed borylation with bis(pinaco-

lato)diboron is highly influenced by the steric bulk of the arene,

and therefore leads to regioselective functionalization of the

substrate. Arenes and heteroarenes, variously substituted, could

undergo the reaction, including natural product related or com-

plex small molecules (Figure 18) [37].

3.3.3 Ni-catalyzed perfluoroalkylation of Csp2–H bonds.

Two early reports by Y.-Z. Huang et al. described Ni-catalyzed

perfluoroalkylation of anilines, benzene, furan, thiophene and

pyrrole using ω-chloroperfluoroalkyl iodides [109,110].

Notably, the reaction was rather selective: only ortho- or para-

functionalized anilines were obtained (the ratio of which

depended on the solvent), and 5-membered heterocycles all

yielded the α-perfluoroalkylated products (Table 35).

This selectivity differs from the one observed by N. Kamigata

et al. in the case of ruthenium catalysts, where isomeric

mixtures of α- and β-functionalized pyrroles were produced

[101,104].

In 2001, Q.-Y. Chen and coworkers also reported a nickel-

catalyzed methodology, with perfluoroalkyl chlorides as perflu-

oroalkylating reagents and in the presence of stoichiometric

amounts of zinc(0) [111]. Here also, pyrrole led to a completely

regioselective α-functionalization; N,N-dimethylaniline only

gave the para-substitued product, whereas it led to a mixture of

ortho- and para-perfluoroalkylated compounds with the system
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Table 34: Ir-catalyzed borylation / Cu-catalyzed perfluoroalkylation of the resulting arylboronic ester intermediate [37].

Product Yield (%)a Product Yield (%)a

Me
CF3
Cl

90
75
75

CO2Et
OTIPS

CN

80
50
70

87 70

90 Me
CO2-t-Bu

65b

50

O
S

72
75 67b

aIsolated yields. b1 mol % of the iridium complex and 2 mol % of the dtbipy ligand were used.

of Huang et al.; 4-aminoanisole yielded only the compound

functionalized in the ortho-position with regard to the amino

group (Table 36). Control experiments indicated a radical

pathway for the mechanism (Figure 19).

Finally, it is noteworthy that the electrochemical metal-

catalyzed ortho-perfluoroalkylation of 2-phenylpyridine, which

we already discussed for its Pd-catalyzed variant, is also

catalyzed by nickel complexes (Scheme 11) [71]. Actually, the

nickel-based systems provided higher yields than the palladium-

based one (see section 3.1.3). Considering control voltampero-

metric experiments, a Ni(II)/Ni(III) catalytic cycle seemed to be

operating.

3.3.4 Fe-catalyzed perfluoroalkylation of Csp2–H bonds. In

this section, all the studies that we will discuss used substoi-

chiometric amounts of Fenton’s reagent (FeSO4/H2O2) for the

generation of perfluoroalkyl radicals.

Complementary work was carried out by E. Baciocchi et al.

[112] and by F. Minisci et al. [90] in the perfluoroalkylation of

pyrroles and indole and of benzene and anisole, respectively.

The reactions were efficient (less than 30 min at room tempera-

ture). Better yields and regioselectivities were obtained for

pyrrole derivatives than for benzene and anisole (Table 37 and

Table 38). Interestingly, the order of preferential functionaliza-

tion in the case of anisole here is meta ≈ para > ortho; on the
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Figure 18: One-pot Ir-catalyzed borylation/Cu-catalyzed trifluoromethylation of complex small molecules by Q. Shen et al. [37].

Table 35: Ni-catalyzed perfluoroalkylation of anilines, benzene, furan, thiophene and pyrrole using ω-chloroperfluoroalkyl iodides [109,110].

Product Yield (%)a Product Yield (%)a

o-: 40
p-: 45

n = 2
n = 4
n = 6

o-: 22; p-: 65
o-: 21; p-: 63
o-: 16; p-: 50

o-: 34
p-: 48

n = 4
n = 6

96b,c,d

91b,c,d

79
n = 4
n = 6
n = 8

95b,d,e

93b,d,f

90b,d,g
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Table 35: Ni-catalyzed perfluoroalkylation of anilines, benzene, furan, thiophene and pyrrole using ω-chloroperfluoroalkyl iodides [109,110].
(continued)

71 37b,d,h

o-: 20
p-: 30 50b,d,i

a 19F NMR yield based on the perfluoroalkyl iodide. bIsolated yield. cBenzene itself served as solvent. dNaH (2 equiv) was used as additive to trap HI.
e60 °C, 3 h. f60 °C, 5 h. g60 °C, 8 h. h80 °C, 4 h. i80 °C, 3 h.

Table 36: Ni-catalyzed methodology, with perfluoroalkyl chlorides as perfluoroalkylating reagents in the presence of stoichiometric zinc(0) [111].

Product Rf Isolated yield (%)a Isomer ratiob

n-C6F13
n-C8F17

62
71

o/m/p = 44:18:38
o/m/p = 48:20:32

n-C6F13
n-C8F17

65
60

---
---

n-C6F13
n-C8F17

56
58

---
---

(CF2)4H
n-C6F13
n-C8F17

75
78
76

---
---

(CF2)4H
n-C6F13
n-C8F17

68
70
70

---
---

aBased on the starting perfluoroalkyl chloride. bDetermined by 19F NMR.

contrary, all of the other perfluoroalkylation reactions of C–H

bonds of anisole discussed so far and those we will discuss later

[113] yielded ortho-perfluoroalkylated anisoles as the major

products. F. Minisci and coworkers also obtained similar results

when using a catalytic iron(III) salt in the presence of tert-butyl

peroxide as oxidant.
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Figure 19: Mechanistic proposal for the Ni-catalyzed perfluoroalkylation of arenes and heteroarenes with perfluoroalkyl chlorides by Q.-Y. Chen and
coworkers [111].

Scheme 11: Electrochemical Ni-catalyzed perfluoroalkylation of 2-phenylpyridine (Y. H. Budnikova et al.) [71].

Table 37: Perfluoroalkylation of pyrroles employing Fenton’s reagent [112].

Product Rf Yield (%)a Product Rf Yield (%)a

n-C4F9I 78b n-C4F9I 71

n-C4F9I
n-C3F7I
iC3F7I

55
64
73

n-C3F7I 36

n-C4F9I 73 n-C3F7I 30

aIsolated yields, unless otherwise noted. bGC yield.

T. Yamakawa et al. applied this Fenton-based generation of per-

fluoroalkyl radicals for the trifluoromethylation of uracil deriva-

tives [114] as well as of various arenes and heteroarenes

(pyridines, pyrimidines, pyrazines, quinolines, pyrroles, thio-

phenes, furans, pyrazoles, imidazoles, thiazoles, oxazoles, thia-

diazoles, triazoles) [115]. The yields were low to excellent,

depending on the substrate (Scheme 12 and Figure 20). Iron(II)

sulfate and ferrocene were used alternately as catalysts in the

presence or not of sulfuric acid, but other metals proved inac-

tive. The procedures could be adapted to larger-scale synthesis

(10 g).

3.3.5 Fe-catalyzed trifluoromethylation of arylboron

reagents. S. L. Buchwald et al. developed an iron(II)-

catalyzed trifluoromethylation of potassium vinyltrifluorobo-

rates employing Togni 's  reagent.  The products are

obtained in good yields and good to excellent E/Z ratios

(Table 39) [116].
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Table 38: Perfluoroalkylation of benzenes or anisoles employing Fenton’s reagent [90].

Product Reaction conditions Conversion of
n-C4F9I (%)a

Yield
(%)b Isomer ratio

FeSO4•7H2O (70 mol %)
35% H2O2 (3 mmol)

DMSO, rt

41.9 95.4 ---

42.2 97.6 o/m/p =
16.1:43.4:40.5

Fe(OAc)2OH (20 mol %)
t-BuOOH (2 equiv)

AcOH, 115 °C

58.1 96.1 ---

57.7 94.8 o/m/p =
15.5:42.8:41.7

aDetermined by 19F NMR. bDetermined by GC or GCMS.

Scheme 12: Fe(II)-catalyzed trifluoromethylation of arenes and heteroarenes with trifluoromethyl iodide (T. Yamakawa et al.) [114,115].

3.3.6 Ag-catalyzed fluorodecarboxylation for the synthesis

of trifluoromethylarenes. An alternative approach to access

trifluoromethyl arenes without the use of trifluoromethylating

reagents rely on an aryl CF2–F bond disconnection. A clever

example of this strategy has been described by V. Gouverneur

et al. starting from aryl difluoroacetic acids [117]. The latters
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Figure 20: Mechanistic proposal by T. Yamakawa et al. for the Fe(II)-catalyzed trifluoromethylation of arenes and heteroarenes with trifluoromethyl
iodide [114].

Table 39: Fe(II)-catalyzed trifluoromethylation of potassium vinyltrifluoroborates employing Togni's reagent [116].

Compound Yield (%) Compound Yield (%) Compound Yield (%)

70 78 75

68 70 65

65 49 74

34 66 79

can react with Selectfluor® and a catalytic amount of silver

nitrate with good functional groups tolerance including ether,

halide, ketone and amide. However, the presence of electron-

withdrawing groups on the aromatic ring significantly decreases

the yield of the transformation (Table 40). The benzylic radical

generated during the reaction is probably stabilized by the two

geminal fluorine atoms, by adopting an all planar geometry

[118].
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Table 40: Ag-catalyzed fluorodecarboxylation for the synthesis of trifluoromethylarenes [117].

Compound Yield (%) Compound Yield (%) Compound Yield (%)

86 77 66

82 86 88

51 86 49

56 83 17

49 21 24

Scheme 13: Ytterbium-catalyzed perfluoroalkylation of dihydropyran with perfluoroalkyl iodide (Y. Ding et al.) [119].

3.3.7 Miscellaneous metals in the catalyzed perfluoroalkyla-

tion of Csp2–H bonds. In 1993, Y. Ding et al. described an

ytterbium-catalyzed hydroperfluoroalkylation of alkenes with

perfluoroalkyl iodides. Among them, dihydropyran led instead

to the product of C–H perfluoroalkylation β to the oxygen atom

[119]. The reaction proceeded in the presence of Zn dust, which

was believed to serve as a reductant for the in situ generation of

Yb(II) species. The latter would then be able to transfer an elec-

tron to the perfluoroalkyl iodide and generate the corres-

ponding radical (Scheme 13).
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Table 41: TiO2-photocatalytic perfluoroalkylations of benzenes [121].

Product Yield (%)a Product Yield (%)a

51b 44c

72b 43

13b

aIsolated yields based on the starting perfluorohexyl iodide, unless otherwise noted. bHPLC yield. c6:1 isomer mixture; the major isomer is repre-
sented.

Titanium dioxide was used as heterogeneous photocatalyst in

the perfluoroalkylation of α-methylstyrene with perfluorohexyl

iodide by M. Yoshida et al. [120]. While the main product arose

from the formal perfluoroalkylation of a methyl sp3-C–H bond,

a byproduct corresponding to the functionalization of a meth-

ylene sp2-C–H bond was also obtained. The authors later

applied this methodology to the perfluoroalkylation of arene

C–H bonds (Table 41) [121]. The addition of methanol as an

additive appeared critical playing the role of “hole shuttle”, and

balancing the electron transfer to the perfluoroalkyl iodide.

In 2010, A. Togni and coworkers studied the trifluoromethyla-

tion of pyrroles, indoles, and various other heteroarenes or

arenes in the presence of zinc salts, and with Togni’s hyperva-

lent iodine reagents as the CF3-source. Yields were highly

dependent on the nature of the substrate; zinc catalysts were

even sometimes detrimental to the reaction, because they facili-

tated the competitive decomposition of the starting material

[122].

A more successful approach was later devised by the same

group [113]. With methyltrioxorhenium as a catalyst and

Togni’s benziodoxolone reagent, a wide scope of aromatic and

heteroaromatic compounds was trifluoromethylated with

modest to good yields; even ferrocene could serve as substrate

and was trifluoromethylated on one of the Cp rings. Mixtures of

isomers were obtained for unsymmetrical starting materials; for

instance, anisole and chloro- or iodobenzene gave an ortho >

para ≈ meta preferential order of substitution, while toluene,

acetophenone, N,N-dimethylaniline or nitrobenzene afforded

the para-substituted compound as the major product. The reac-

tion could be monitored by EPR, which showed an induction

period and demonstrated the involvement of radical species in

the reaction. The authors proposed a mechanism accounting for

the EPR profile of the reaction and for the results of kinetic

isotope effect experiments (Figure 21). In this mechanism,

rhenium intervenes in the initiation step. It acts as a Lewis acid

and activates the hypervalent iodine reagent, which is thus able

to accept an electron by the substrate; this leads to the forma-

tion of a caged pair (aryl cation radical/reduced Togni’s

reagent–rhenium complex), where iodine then transfers a CF3
−

anion to the aryl cation. This recent methodology has already

been applied the same year by others for the synthesis of tri-

fluoromethylated corannulenes [123].

We discussed earlier the influence of copper sulfate on the tri-

fluoromethylation of heteroarenes with Langlois’s reagent in

the presence of tert-butyl peroxide (P. S. Baran et al.) [89]. In

the same paper, the authors showed that cobalt perchlorate

could also improve the yield of the uncatalyzed reaction. Iron
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Figure 21: Mechanistic proposal by A. Togni et al. for the rhenium-catalyzed trifluoromethylation of arenes and heteroarenes with hypervalent iodine
reagents [113].

sulfate, on the other hand, gave the same yield as in the absence

of added metals.

4 Catalytic trifluoromethylthiolation
Aryl trifluoromethyl sulfides (ArSCF3) play an important role

in pharmaceutical [124] and agrochemical research [16,125].

The trifluoromethylthio group belongs to the most lipophilic

substituents as expressed by the Hansch lipophilicity parameter

(π = 1.44) [126-129] and the high electronegativity of the SCF3

group improves significantly the stability of molecules in acidic

medium. One can place this substituent next to the ever-present

CF3 and the emerging OCF3 substituent [55,56,130]. In

contrast, aryl trifluoromethyl sulfides are key intermediates for

the preparation of trifluoromethyl sulfoxides or sulfones.

Aryl trifluoromethyl sulfides can be obtained via reaction of

trifluoromethylthiolate with an electrophile like aryl halides. On

the other hand, they can also be obtained by reacting aryl

sulfides or disulfides under nucleophilic or radical conditions

with a trifluoromethylation reagent [16,55,124]. Very recently,

several elegant approaches dealing with the direct introduction

of the SCF3-moiety have been developed in this field [131-133].

4.1 Palladium catalysis
S. L. Buchwald reported on the Pd-catalyzed reaction of aryl

bromides with a trifluoromethylthiolate. Good to excellent

yields of aryl trifluoromethyl sulfides have been achieved under

mild conditions and the reaction has been extended to a wide

range of aryl- and heteroaryl bromides (Table 42) [134]. This

approach employs AgSCF3 as SCF3 source in order to circum-

vent the fact that many convenient SCF3 salts are thermally

unstable.

The drawbacks of this approach are the use of an expensive

ligand, an expensive palladium salt, a quaternary ammonium

additive, and a stoichiometric amount of an expensive silver

SCF3 derivative.

4.2 Copper catalysis
F.-L. Qing was the first to report on a copper-catalyzed

oxidat ive  t r i f luoromethyl th io la t ion of  arylboronic

acids with the Ruppert–Prakash reagent TMSCF3 and

elemental sulfur (Table 43) [135]. This protocol is quite

efficient, simple and allows for large functional group

compatibility under mild reaction conditions. Another strength

of the approach is that easily accessible starting materials

are employed in presence of a "green" inexpensive catalyst

system.

The putative mechanism is based on the formation of a Cu(I)

disulfide complex generated in situ, which reacts with aryl-

boronic acids and TMSCF3 according to two possible pathways
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Table 42: Pd-catalyzed reaction of aryl bromides with trifluoromethylthiolate [134].

Compound Yield (%) Compound Yield (%) Compound Yield (%)

98 98 97

97 96 93

96 99 83

91 98 97

94 81 93

96 98 96

98

A and B (Figure 22) leading to the intermediate complex

LnCu(CF3)(SAr) or LnCu(Ar)(SCF3), respectively. Oxidation

and reductive elimination gives then the expected aryl trifluoro-

methyl thioether.

O. Daugulis reported on the copper-catalyzed trifluoromethylth-

iolation via C–H activation of 8-aminoquinoline acid amides in

presence of disulfide reagents and Cu(OAc)2 in DMSO

(Table 44) [136]. The use of inexpensive copper acetate and the
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Table 43: Cu-catalyzed oxidative trifluoromethylthiolation of aryl boronic acids with TMSCF3 and elemental sulfur [135].

Compound Yield (%) Compound Yield (%) Compound Yield (%)

82 64 91

86 84 84

90 78 67

70 89 71

61 58 66

Figure 22: Mechanism of the Cu-catalyzed oxidative trifluoromethylthiolation of arylboronic acids with TMSCF3 and elemental sulfur [135].
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Table 44: Cu-catalyzed trifluoromethylthiolation via C–H activation [136].

Compound Yield (%) Compound Yield (%)

76 67

73 70

72 63

59 70

43 59

Scheme 14: Removal of the 8-aminoquinoline auxiliary [136].

removable directing group are significant advantages of this ap-

proach. Bromide, ester, and chloride functionalities are toler-

ated and the reaction has been applied to aromatic as well as

five- and six-membered heterocyclic substrates.

The 8-aminoquinoline auxiliary can be easily removed

affording the trifluoromethylthiolated acid (Scheme 14).

L. Lu and Q. Shen reported on the use of an electrophilic triflu-

oromethylthio reagent based on Togni's hypervalent iodine

reagent for trifluoromethylation reactions (Table 45) [137].

Trifluoromethylthiolation of various substrates, such as

β-ketoesters, aldehydes, amides, aryl, or vinyl boronic acids, or

alkynes, have been achieved under mild conditions.

In order to avoid the preparation of trifluoromethylthiolation

reagents by trifluoromethylations of sulfides, N. Shibata studied

an approach based on the use of the easily accessible trifluo-

romethanesulfonyl (CF3SO2) unit which is stable and often

found in commonly used organic reagents such as CF3SO2Cl,
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Table 45: Cu-catalyzed trifluoromethylthiolation of boronic acids employing a hypervalent iodine reagent [137].

Compound Yield
(%) Compound Yield

(%) Compound Yield
(%)

90 92 95

89 87 64

58 87 58

65 40 75

57

Table 46: Cu-catalyzed trifluoromethylthiolation of vinylic C–H bonds with a trifluoromethanesulfonyl hypervalent iodonium ylide [138].

Compound Yield (%) Compound Yield (%)

92 89

CF3SO2Na, CF3SO3H, and (CF3SO2)2O. They designed a new

electrophilic-type trifluoromethylthiolation reagent, a trifluo-

romethanesulfonyl hypervalent iodonium ylide [138]. It is

easily synthesized in quantitative yield by the reaction of

α-trifluoromethanesulfonyl phenyl ketone and phenyliodine(III)

diacetate (PIDA).

In the presence of a catalytic amount of copper(I) chloride, this

reagent trifluoromethyltiolates a wide variety of nucleophiles

like enamines, β-keto esters and indoles allowing the C-sp2

trifluoromethylthiolation of vinylic C–H (Table 46) and

aromatic (Table 47) bonds.

The reasonable mechanism for this reaction is shown in

Figure 23. A copper carbenoid may initially be formed and

decompose to a sulfonyl carbene (Path I, Figure 23). Or, the

reagent could be activated by a copper(I) salt and generate a

zwitterionic intermediate, which eliminates iodobenzene to

form a carbene (Path II). Next, an oxirene (in equilibrium with

carbene) rearranges to sulfoxide and collapses to the true reac-



Beilstein J. Org. Chem. 2013, 9, 2476–2536.

2531

Table 46: Cu-catalyzed trifluoromethylthiolation of vinylic C–H bonds with a trifluoromethanesulfonyl hypervalent iodonium ylide [138]. (continued)

82 89

77 75

88 90

87 94

96 94

94 84

97 84

74 84

tive species, thioperoxoate. Electrophilic transfer trifluo-

romethylthiolation to the nucleophile then yields the desired

products (Path III). In presence of an amine, a trifluo-

romethylthiolated ammonium salt might be formed which is

subsequently attacked by the nucleophile yielding the final

product (Path IV).

4.3 Nickel catalysis
D. A. Vicic studied the use of the cheaper and more soluble

[NMe4][SCF3] reagent instead of AgSCF3 used by S. L. Buch-

wald in his studies [125]. However, one major constraint in the

use of this reagent is that transition metal-catalyzed reactions

have to be realized under extremely mild and anhydrous condi-

tions. This inspired this group to employ a bipyridine nickel

system as a catalyst in order to activate aryl halides at room

temperature. They could show that the nickel catalyst allows the

efficient incorporation of the SCF3 functionality into a variety

of aryl halides. Electron-rich aryl halides were better substrates

than electron-poor analogues (Table 48).

Conclusion
Over the last two years or so, organofluorine chemistry has

made an important step forward by adding transition metal

catalysis to its toolbox, to the benefit of chemists working in
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Table 47: Cu-catalyzed trifluoromethylthiolation of aromatic C–H bonds with a trifluoromethanesulfonyl hypervalent iodonium ylide [138].

Compound Yield (%) Compound Yield (%) Compound Yield (%)

83 83 6%

73 36 71

52 32 84

Figure 23: Mechanism of the Cu-catalyzed trifluoromethylthiolation of C–H bonds with a trifluoromethanesulfonyl hypervalent iodonium ylide [138].
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Table 48: Ni-catalyzed trifluoromethylthiolation of aryl halides with [NMe4][SCF3] [125].

Compound Yield (%) Compound Yield (%) Compound Yield (%)

Cl: 0
Br: 65 I: 90 I: 90

I: 45 I: 47 I: 0

I: 83 Br: 37 I: 55

Br: 64
I: 92 I: 91

pharmaceuticals, agrochemicals and material sciences or diag-

nosis. Reactions that have been unimaginable some years ago

have been the focus of researchers, many of them not necessar-

ily experts in fluorine chemistry. In particular the organo-

metallic chemistry community has contributed significantly.

Despite this exciting progress, the catalytic introduction of fluo-

rine and fluorinated groups is still in its infancy and much skill

needs to be revealed regarding mechanism, the nature and

amount of the metal employed and scale up of reactions for

industrial applications.

This "Small atom with a big ego" (title of the ACS Symposium

in San Francisco in 2000) will without any doubt continue to

have a brilliant future.
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Abstract
The reaction of hexafluorothioacetone dimer (2,2,4,4-tetrakis(trifluoromethyl)-1,3-dithiethane, 1) with vinylamides leads to the

rapid formation of [2 + 2] cycloadducts: 4-amino-2,2-bis(trifluoromethyl)thietanes. The reaction proceeds in polar solvents (DMF,

DMSO) in the absence of a catalyst at elevated temperature producing the corresponding cycloadducts in 47–86% yield. The reac-

tion of N-vinylimidazole unexpectedly led to the formation of the corresponding 1-(hexafluoroisopropyl)-3-vinyl-1,3-dihydro-2H-

imidazole-2-thione (5). The structure of this compound, along with the structures of two new thietanes was confirmed by single

crystal X-ray diffraction.

2615

Introduction
Hexafluorothioacetone (HFTA) and hexafluorothioacetone

dimer (2,2,4,4-tetrakis(trifluoromethyl)-1,3-dithiethane (1) were

shown to react with a wide variety of electron-rich olefins and

dienes, producing the corresponding cycloadducts. Reported

examples include the corresponding thietanes, derived from the

reaction of HFTA with vinyl ethers, vinyl sulfides, cyclic dienes

and styrenes [1,2], fluoride anion-catalyzed reactions of com-

pound 1 with vinyl ethers [1,3,4], vinyl sulfides [3], ketene

dimethylacetal [5], styrenes [6,7], cyclic dienes [8] and quadri-

cyclane [9]. At this point, no data for the reaction of HFTA or

HFTA dimer with vinylamines can be found in the literature,

despite the fact that (CF3)2C=C=S (which exhibits a reactivity

very similar to the reactivity of HFTA) was reported to react

with N-vinylcarbazole to give a [2 + 2] cycloadduct [10]. In this

paper we report the synthesis of 2,2-bis(trifluoromethyl)-4-

amino-substituted thietanes by a reaction of 1 with selected

vinylated amino compounds.

Results and Discussion
It was found that N-vinylamides 2a,b react with 1 in the

absence of a catalyst in polar solvents to produce the corres-

ponding thietanes 3a,b in moderate yield (Scheme 1). The reac-

tion can be carried out at either ambient or elevated tempera-

ture (see Table 1).
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Table 1: Reaction conditions, yields, melting/boiling points and MS data for compounds 3a–e and 5.

Compound Methoda Temp. (°C)/Time (h), Solvent Yield (%) Mp (°C), (bp °C/mmHg) MS (m/z)

3a A
A

25/72, DMF
25/16, DMSO

47
75c

orange oilb 253 (M+, C6H5F6NOS+)

3b A
A
B

70/14, DMF
70/16, neatd
25–50/12, DMF

48
69
56

93–94 281 (M+, C8H9F6NOS+)

3c A 70–80/2, DMF 86 81–82 293 (M+, C9H9F6NOS+)
3d A 70/24, DMF 55–86 80–81 321 (M+, C11H13F6NOS+)
3e A

B
70/2, DMF
25/16, DMF

55
60

103–103.5 375 (C17H11F6NS+)

5 A
A

25/48, DMF
70/2, DMF

50
48

40–41 (74/2) 276 (M+, C8H6F6N2S+)

aMethod A: no catalyst; method B: HFP, Sx, DMF, one-pot reaction. bPurity 98%, GC–MS, NMR. c90% by NMR. dThree molar excess of vinylamide
was used.

Scheme 1: Reaction of vinylamides 2a,b with 1.

It should be pointed out that in case of compound 2b the reac-

tion can be performed in an excess of vinylamine as the solvent.

The reaction is highly selective (NMR), leading to the exclu-

sive formation of thietanes and fluctuations in the isolated

yields of compounds 3a and 3b are connected to the isolation

protocol (see Experimental). In contrast to the corresponding

cycloadducts of vinyl ethers and HFTA (2,2-bis(trifluo-

romethyl)-4-alkoxythietanes), which are high-boiling liquids

[3], thietanes 3a and 3b are solids at room temperature. The

structure of purified 3b was established by single crystal X-ray

diffraction (Figure 1).

Figure 1: Crystal structure of 3b with thermal ellipsoids drawn at the
30% probability level.

Interestingly, the 19F and 1H NMR spectra of both compounds

3a and 3b show two sets of signals, probably being a result of

restricted rotation around the C–N bond in the amide fragment,

similar to restricted rotation of –N(CH3)2 in dimethylform-

amide. Cyclic lactames 2c,d bearing a vinyl group at the

nitrogen also undergo reaction with 1 producing the corres-

ponding thietanes 3c,d (Scheme 2).

Scheme 2: Reaction of N-vinyllactames 2c,d with 1.

It should be pointed out that in sharp contrast to compounds

3a,b, NMR spectra of 3c and 3d exhibit only one set of signals,

which might be indicative of a significantly lower rotation

barrier around the C–N bond in these two materials. The struc-

tures of both 3c and 3d were established by single crystal X-ray

diffraction. Compounds 3b and 3e were also prepared in

56–60% yield by using a one-step process in which dimer 1 was

generated by the reaction of hexafluoropropene (HFP) with

sulfur in the presence of CsF as catalyst, followed by the addi-

tion of vinyl compounds 2b or 2e without the isolation of

dimer 1.

N-vinylcarbazole (2e) was found to have the highest reactivity

towards 1. Indeed, when the mixture of 2e and 1 in DMF was

heated at 70 °C, no starting carbazole was found in the reaction
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mixture after 2 hours (NMR). This reaction led to the selective

formation of thietane 3e, isolated in 67% yield (Scheme 3). The

structure of 3e was established by single crystal X-ray diffrac-

tion (Figure 2).

Scheme 3: Reaction of N-vinylcarbazole with 1.

Figure 2: Crystal structure of 3e with thermal ellipsoids drawn at the
30% probability level. Disordered atoms are omitted for clarity.

Interestingly, the 19F and 1H NMR spectra of 3e showed only

one set of signals, despite the fact that in the corresponding

cyclopropane (prepared by the reaction of compound 3e with

PBu3), restricted rotation around the C–N bond was observed

[11].

N-vinylimidazole (4) was found to have a different reactivity

profile. The reaction of 4 with 1 (25 °C, 48 h) unexpectedly led

to the formation of thione 5 (rather than the corresponding

thietane) as a sole product (NMR, Scheme 4). Thione 5 was

isolated in 48–50% yield and its structure was established by

single crystal X-ray diffraction (Figure 3).

At elevated temperature, the reaction of 4 with 1 was signifi-

cantly faster and it was completed after 2 h at 70 °C in DMF.

On the other hand, N-vinyl-1,3,4-triazole was found to be inert

Scheme 4: Formation of thione 5 in reaction of 4 and 1.

Figure 3: Crystal structure of 5 with thermal ellipsoids drawn at the
30% probability level.

towards dimer 1 and even after prolonged heating (70 °C, 48 h,

DMF) only starting materials were observed in the reaction

mixture (NMR).

The mechanistic aspect of thione 5 formation is not clear at this

point. The formation of the corresponding thiones in the reac-

tion of 1 with N-alkylimidazoles was found to be common in

nature.

Experimental
1H NMR and 19F NMR spectra were recorded on a Bruker

DRX-500 (499.87 MHz) instrument by using CFCl3 or TMS as

an internal standard. CDCl3 was used as a lock solvent. GC and

GC–MS analyses were carried out on a HP-6890 instrument by

using an HP FFAP capillary column and either TCD (GC) or

mass-selective (GC–MS) detectors, respectively. Dry DMF

(water <100 ppm), vinylamines 2a–e and 4 (Aldrich), sulfur

(Alfa Aesar, sublimed, 99.5%, 100 mesh) and hexafluoro-

propene (DuPont) were purchased and used without further

purification. CsF (Aldrich, 99%) was dried at 100–120 °C under

dynamic vacuum and stored and handled inside of glove box.

Compound 1 (liquid, purity 93–98%) was prepared by using

modified literature procedure reported in [12] and was used

without further purification.

Due to the high ratio of sulfur to fluorine, the elemental analysis

of new materials was not attempted. The purity of all new com-

pounds established by GC and NMR spectroscopy was at least

98%.



Beilstein J. Org. Chem. 2013, 9, 2615–2619.

2618

Table 2: 1H, 19F, 13C NMR data for compounds 3a–e and 5.

Entry Compound 1H NMRa

(δ, ppm, J, Hz)
19F NMRa

(δ, ppm, J, Hz)
13C NMRa,b

(δ, ppm, J, Hz)

1 3a c Major: 3.03 (1H, m), 3.55 (1H, m), 5.82
(1H, dd, 7.8), 6.40 (1H, br.s), 8.18 (1H,
s)

Major: −73.80 (s)d Major: 38.4, 41.2, 46.6 (sept., 32.0),
123.3 (q, 278.0), 124.2 (q, 276.0), 161.3

Minor: 3.21 (1H, dd), 3.51 (1H, dd), 5.35
(1H, m), 6.39 (br. s), 8.13 (1H, d, 11.0)

Minor: −73.65 (m),
−73.59 (m)

2 3be Major: 3.13 (3H, s), 2.19 (3H, s), 3.15
(1H, m), 3.32 (1H, m), 6.67 (1H, t, 7.8)

Major: −72.73 (3F, q,
9.6), −73.78 (3F, q,
9.6)

Major: 22.51, 29.6, 34.5, 45.8 (sept.,
31.8), 47.5, 123.5 (q, 280), 124.4 (q,
284), 171.8

Minor: 2.17 (s), 3.59 (s), 5.89 (m) Minor: −72.66 (br.s),
−73.78

3 3c 2.11 (2H, sept, 7.0), 2.44 (2H, m), 3.25
(1H, dd), 3.37 (1H, dd), 3.60 (1H, m),
3.85 (1H, m), 6.16 (1H, t, 8.0)

−73.09 (3F, q, 9.6),
−73.91 (3F, q, 9.6)

17.5, 31.3, 34.5, 41.9, 45.2, 45.8 (sept,
33.1), 123.4 (q, 279), 124.5 (q, 279),
175.6

4 3d 1.68 (3H, m), 1.76 (3H, m), 2.56 (1H, t,
8.1), 3.21 (2H, m), 3.70 (2H, m), 6.63
(1H, t, 8.1)

−72.63 (3F, q, 10.3),
−73.70 (3F, q, 10.3)

23.23, 29.5, 29.6, 35.7, 37.4, 42.7, 46.0
(sept,. 31.9), 47.4, 123.4 (q, 277), 124.6
(q, 279), 176.5

5 3e 3.45 (1H, m), 4.50 (1H, m), 6.75 (1H, t),
7.33 (2H, m), 7.50 (2H, m), 7.54 (2H,
m), 7.92 (2H, m)

−70.81 (3F, q, 8.0),
−73.22 (3F, q, 8.0)

38.2, 46.9 (sept, 32.0), 48.9, 110.6 (q,
1.5), 120.6, 121.2, 123.5 (q, 281),
124.5, 126.3, 130.3

6 5 5.06 (1H, dd, 8.8, 2.0), 5.25 (1H, dd,
16.3, 2.5), 6.72 (sept, 7.1), 6.99 (1H,s),
7.06 (1H, d, 2.5), 7.50 (1H, dd 16.3, 8.8)

−69.19 (d, 7.1)

aIn CDCl3 as lock solvent. b{H}C13 NMR spectra. cTwo partially overlapped sets of signals, ratio 5:1. d19F NMR of 3a in the presence of DMF (CDCl3):
Major: −73.58 (3F, q, 10.1 Hz), −73.94 (3F, q, 10.1 Hz) ppm; minor: −73.24 (3F, q, 10.1 Hz), −73.75 (3F, q, 10.1 Hz) ppm. eTwo partially overlapped
sets of signals, ratio 3:1.

Crystallography
X-ray data for 3b, 3e and 5a were collected at −100 °C by using

a Bruker 1K CCD system equipped with a sealed tube molyb-

denum source and a graphite monochromator. The structures

were solved and refined with the Shelxtl [13] software package,

refinement by full-matrix least squares on F2, scattering factors

from Int. Tab. Vol. C Tables 4.2.6.8 and 6.1.1.4. Crystallo-

graphic data (excluding structure factors) for the structures in

this paper have been deposited with the Cambridge Crystallo-

graphic Data Centre as supplementary publication nos. CCDC

#956557-956559. Copies of the data can be obtained, free of

charge, on application to CCDC, 12 Union Road, Cambridge

CB2 1EZ, UK, (fax:  +44 1223 336033 or  e-mail :

deposi t@ccdc.cam.ac.uk) .

Reaction of 1 with 2a–e and 4 (typical
procedure)
Method A: To a solution of the corresponding vinyl compound

(0.01–0.02 mol) in 15 mL of solvent was added 0.005–0.01 mol

of dimer 1. The reaction mixture was agitated for 2–72 h at

either ambient or elevated temperature. The reaction mixture

was diluted by water (300 mL, extracted with hexane

(3 × 50 mL). Combined organic layers were washed by water

(3 × 200 mL) and dried over MgSO4. The solvent was removed

under reduced pressure and the residue was purified either by

crystallization from hexane or distillation (compound 5).

Method B: Inside a glove box a dry three-necked round-

bottomed flask was charged with 0.5–1.0 g of dry CsF. The

flask was taken out and equipped with dry-ice condenser, ther-

mocouple, gas inlet tube and 100 mL of dry DMF was added by

using a syringe, followed by the addition of 6.4 g (0.2 mol) of

sublimed sulfur. The reaction mixture was agitated for

15–20 min, while the temperature was raised up to 35–40 °C.

This process was accompanied by the development of a dark

blue–brown color of the reaction mixture. Hexafluoropropene

32 g (0.21 mol) was added as a gas to the reaction mixture, and

the temperature usually rose to 65–70 °C during the addition

and at the end all sulfur went into solution. The reaction mix-

ture was cooled to an ambient temperature followed by the ad-

dition of the corresponding N-vinyl compound, and the reaction

mixture was agitated for 12–16 h. Afterwards the mixture was

diluted with water (500 mL) and extracted with hexane

(3 × 100 mL). The combined organic layers were washed with

water (3 × 200 mL) and dried over MgSO4. The solvent was

removed under reduced pressure, and the residue was purified

either by crystallization from hexane or distillation (see Table 1

for conditions and yields and Table 2 for NMR data).

mailto:deposit@ccdc.cam.ac.uk
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Abstract
An efficient method for the copper-catalyzed trifluoromethylation of terminal alkenes with an electrophilic trifluoromethylating

reagent has been developed. The reactions proceeded smoothly to give trifluoromethylated alkenes in good to excellent yields. The

results provided a versatile approach for the construction of Cvinyl–CF3 bonds without using prefunctionalized substrates.

2635

Introduction
The incorporation of a trifluoromethyl group into pharmaceuti-

cally and agrochemically relevant molecules usually enhances

their chemical and metabolic stability, lipophilicity and binding

selectivity [1-7]. As a result, considerable effort has been

directed towards the development of efficient and versatile tri-

fluoromethylation methods [8-16]. The past few years has

witnessed the rapid advances in transition metal-promoted tri-

fluoromethylation for the construction of Caryl–CF3 bonds [17-

31]. In contrast, transition metal-mediated trifluoromethylation

to form Cvinyl–CF3 bonds has been much less explored. As

illustrated in Scheme 1, the strategies developed recently

usually require the use of prefunctionalized alkenes, which

could be classified into the following: vinylboronic acids, vinyl

borates, vinyl halides, vinyl sulfonates and vinyl carboxylic

acids (Scheme 1, reaction 1) [32-38]. Cho and co-workers

reported a radical process for the trifluoromethylation of

terminal alkenes without using prefunctionalized substrates, but

a volatile reagent was used (Scheme 1, reaction 1) [39]. Szabó

described trifluoromethyl-benzoyloxylation of alkynes to

construct Cvinyl–CF3 bonds (Scheme 2, reaction 2) [40]. As part

of our continuing interest in trifluoromethylation reactions

[25,41-45], we investigated the copper-catalyzed trifluoro-

methylation of terminal alkenes with electrophilic trifluoro-

methylating reagents (Scheme 1, reaction 3).

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:jchxiao@sioc.ac.cn
http://dx.doi.org/10.3762%2Fbjoc.9.299
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Scheme 1: Construction of the Cvinyl–CF3 bond.

Transition metal-catalyzed trifluoromethylation of terminal

alkenes has been reported by several groups. However, these

methods focused on the formation of Csp3–CF3 bonds [46-56].

In copper-catalyzed reactions with electrophilic trifluoro-

methylating reagents, it was proposed that the transformation

might proceed via a radical, electrophilic or Heck-type process

(Scheme 2) [47-50]. We reasoned that even if the reaction

involved the radical process (path A, Scheme 2), the radical

intermediate could still be oxidized to a cation because electro-

philic trifluoromethylation reagents can be considered as an

oxidant. In the presence of base, both of the cation and Heck-

type intermediates should be able to undergo hydrogen elimina-

tion to form a Cvinyl–CF3 bond. On the basis of these reports

and our hypothesis, we commenced to examine the reaction of

aromatic alkenes with electrophilic trifluoromethylation

reagents in the presence of copper and base.

Scheme 2: Proposed reaction paths for the trifluoromethylation of
alkenes.

Results and Discussion
Previously, we reported that copper powder or cuprous iodide

could promote trifluoromethylation of heteroaromatics, aryl-

boronic acids or terminal alkynes with trifluoromethyl sulfo-

nium salt I [25,44,45,57,58]. But the same trifluoromethylation

reagent (2 equiv) failed to convert 4-vinylbiphenyl to the

expected alkene in reasonable yields in acetonitrile with B1

(DBU) as the base, even though cuprous iodide gave better

results (Table 1, entries 1 and 2). In the presence of cuprous

iodide, Umemoto’s reagent (II) and Togni’s reagent (III) were

found to be more efficient in this transformation (Table 1,

entries 3 and 4). 19F NMR measurements showed that the reac-

tion system turned to be complex and low yield of the desired

product was determined when another Togni’s reagent (IV) was

used (Table 1, entry 5). Other cuprous complexes were also

studied with the use of Togni’s reagent (III) (Table 1, entries

6–10). Better result obtained with [(MeCN)4Cu]PF6 prompted

us to continue to use this copper source (Table 1, entry 10).

When B2 was used instead of B1, almost no desired product was

observed (Table 1, entry 11). That might be because B2 not only

acted as base, but also acted as strongly coordinating ligand,

which poisoned the catalyst and shut down the reaction. Other

bases (Table 1, entries 12–15), including an inorganic base

(Table 1, entry 15), failed to accelerate the desired conversion

either. The examination of the solvent effect showed that the

solvent is quite important for the reaction (Table 1, entries

16–20). When the reaction was carried out in DMF, the

expected product 2a was obtained in excellent yield (Table 1,

entry 16). The yield was decreased dramatically in DMSO

(Table 1, entry 17). Almost no reaction took place in polar

protic solvent (Table 1, entry 18) and moderate results were

achieved in less polar solvents (Table 1, entries 19 and 20).

With increasing the amount of Togni’s reagent (III) in the suit-

able solvent, DMF, the product was obtained almost in quanti-

tative yield with excellent stereoselectivity (dr >98:2) deter-

mined by 19F NMR (Table 1, entry 21). Decreasing the amount

of this reagent resulted in a lower yield (Table 1, entry 22). The
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Table 1: Trifluoromethylation of 4-vinylbiphenyl by electrophilic trifluoromethylation reagents.

Entry Cat. Base Solvent “CF3
+” Yield (%)a

1 Cu B1 CH3CN I trace
2 CuI B1 CH3CN I 30
3 CuI B1 CH3CN II 56
4 CuI B1 CH3CN III 60
5 CuI B1 CH3CN IV 30
6 CuBr B1 CH3CN III 46
7 CuCl B1 CH3CN III 36
8 CuTc B1 CH3CN III 54
9 CuOAc B1 CH3CN III 41
10 [(MeCN)4Cu]PF6 B1 CH3CN III 75
11 [(MeCN)4Cu]PF6 B2 CH3CN III trace
12 [(MeCN)4Cu]PF6 B3 CH3CN III 10
13 [(MeCN)4Cu]PF6 B4 CH3CN III trace
14 [(MeCN)4Cu]PF6 B5 CH3CN III 10
15 [(MeCN)4Cu]PF6 B6 CH3CN III 7
16 [(MeCN)4Cu]PF6 B1 DMF III 90
17 [(MeCN)4Cu]PF6 B1 DMSO III 57
18 [(MeCN)4Cu]PF6 B1 CH3OH III trace
19 [(MeCN)4Cu]PF6 B1 THF III 67
20 [(MeCN)4Cu]PF6 B1 CHCl3 III 75
21b [(MeCN)4Cu]PF6 B1 DMF III 98
22c [(MeCN)4Cu]PF6 B1 DMF III 58
23 – – DMF III 0
24 – B1 DMF III 0
25 [(MeCN)4Cu]PF6 – DMF III 10

aYields determined by 19 F NMR spectroscopy. b2.5 equiv of III was used. c1.5 equiv of III was used.

absence of catalyst or base led to no reaction or incredibly low

yield, which means both of them are crucial for the reaction

(Table 1, entries 23–25).

With the optimized reaction conditions in hand (Table 1, entry

21), we then explored the substrate scope of the Cu(I)-catalyzed

trifluoromethylation of terminal alkenes with Togni’s reagent.

As shown in Figure 1, the reaction could tolerate various func-

tional groups. It is worth mentioning that all of the products

were obtained with excellent stereoselectivity (E/Z >97/3),

determined by 19F NMR. Substrates with an electron-donating

group were converted smoothly into the desired products in
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Figure 1: Cu(I)-catalyzed trifluoromethylation of terminal alkenes with Togni’s reagent. Isolated yield are recorded.

excellent yields (2a–2f). Irrespective of the position of the

bromine substituent on the aryl ring, the reaction proceeded

very well to afford the desired products in excellent yields

(2g–2i). Stronger electron-withdrawing groups showed some

negative effect on the reaction, as exemplified by the poor

results of substrates with other halides, carbonyl or nitro groups

on the benzene ring (2j–2m). Heteroaromatic alkenes were also

investigated (2n and 2o). As previously seen, alkene 1n

endowed with an electron-rich heteroaromatic group led to a

good result (2n) and an electron-deficient substrate resulted in

low yield (2o).

With regard to the reaction mechanism, it is reasonable to

conceive a pathway involving radical species according to

previous reports [47-50]. To gain more insight into the mecha-

nism, further evidence was collected. 2,2,6,6-Tetramethyl-1-

piperidinyloxy (TEMPO), a well-known radical scavenger, was

added to the reaction of 4-vinylbiphenyl with Togni’s reagent

(III) in the presence of [(MeCN)4Cu]PF6. It was found that the

desired trifluoromethylation was completely suppressed, which

suggested that the transformation involved a radical process.

Based on the above results, we proposed the mechanism as

outlined in Scheme 3. Initially, the activation of III by Cu(I) led

to the formation of radical intermediate A. Decomposition of

this intermediate produces ((2-(2-iodophenyl)propan-2-

yl)oxy)copper(II) (C) and a CF3 radical, which is trapped by

alkenes to form the trifluoromethylated radical intermediate B.

Subsequently, the radical intermediate B is oxidized by Cu(II)

(C) to the cation intermediate D with simultaneous release of

catalyst Cu(I). In the presence of base, intermediate D readily

undergoes hydrogen elimination to give the final product.

Conclusion
In conclusion, we have described the copper-catalyzed trifluoro-

methylation of alkenes with Togni’s reagent under mild condi-

tions. The results presented here provided a versatile approach

for the construction of Cvinyl–CF3 bonds without using prefunc-

tionalized substrates. Investigations on the application of the tri-

fluoromethylation method to the synthesis of pharmaceuticals

and agrochemicals are currently underway.
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Scheme 3: Proposed mechanism for the trifluoromethylation of terminal alkenes.

Supporting Information
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Abstract
Esters of crotonic acid were brominated on a multigramme scale using a free radical procedure. A phase transfer catalysed fluorin-

ation transformed these species to the 4-fluorobut-2E-enoates reproducibly and at scale (48–53%, ca. 300 mmol). Asymmetric dihy-

droxylation reactions were then used to transform the butenoate, ultimately into all four diastereoisomers of a versatile fluorinated

C4 building block at high enantiomeric-enrichment. The (DHQ)2AQN and (DHQD)2AQN ligands described by Sharpless were the

most effective. The development and optimisation of a new and facile method for the determination of ee is also described;
19F{1H} spectra recorded in d-chloroform/diisopropyl tartrate showed distinct baseline separated signals for different enantiomers.
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Introduction
Selective fluorination can be used to make subtle but decisive

modifications of molecular properties. Sugar chemistry has

proved particularly fertile ground for studies of this type;

fluorine atoms can be used to replace hydroxy groups or

hydrogen atoms, modifying the arrays of hydrogen bond donors

and acceptors, and electron demand at the anomeric centre at

minimal steric cost. Modifications of this type are sometimes

accepted by sugar-processing enzymes such as the kinases and

transferases involved in oligosaccharide assembly, or in antibi-

otic biosynthesis. Mechanistic insights, and new routes to

hybrid natural products represent the rewards of this endeavour

[1-10].

The synthesis of fluorinated analogues of sugars can be

approached in two strategically different ways. The most

common, and often most efficient approach, identifies a sugar

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:jonathan.percy@strath.ac.uk
http://dx.doi.org/10.3762%2Fbjoc.9.301


Beilstein J. Org. Chem. 2013, 9, 2660–2668.

2661

Scheme 1: Key steps from the synthesis of 6-fluoro-D-olivose (6) from D-glucose (1).

Scheme 2: De novo asymmetric syntheses of 6-deoxy-6-fluorohexoses [13].

precursor, isolates the locus for fluorination (usually an hydroxy

group) by protecting all the other functional groups, and trans-

forms it using a nucleophilic fluorinating agent [11].

The main advantages of this approach are that pre-existing

stereogenic centres remain intact, while accurate inversion of

configuration occurs at the locus of reaction. For one of the

most common transformations, which delivers 6-deoxy-6-fluoro

sugars, the locus of reaction is not even a stereogenic centre.

The synthesis of 6-fluoro-D-olivose (6) in 23% overall yield

from optically pure D-glucose (1) by O’Hagan and Nieschalk

(Scheme 1) provides an impressive example of the approach

[12].

Isolation of the C-6 hydroxy group in 2 set the stage for mesyla-

tion, and conversion of 3 to fluoride 4 with an extremely

economical reagent. Acetal cleavage and peracetylation released

glycoside 5 which was converted to 6 via known methods. The

main disadvantages of the approach are the extensive use which

must be made of protection/deprotection chemistry, and in some

cases, the availability of the precursor sugar. Some less

common sugars are expensive and available in limited quan-

tities.

The alternative approach involves de novo stereodivergent syn-

thesis, which elaborates small fluorinated building blocks using

the reactions of modern catalytic asymmetric chemistry; this ap-

proach still has a very restricted repertoire. Few versatile

building blocks are available, particularly in supra-millimol

quantities, and other disadvantages include the need to carry an

expensive fluorinated material through many steps, and require-

ments for chromatographic separations of diastereoisomers. The

costs and benefits of the de novo approach were illustrated by

our recent asymmetric, stereodivergent route to selected

6-deoxy-6-fluorohexoses in which we transformed a fluori-

nated hexadienoate 9 into the fluorosugars 6-deoxy-6-fluoro-L-

idose, 6-fluoro-L-fucose (13, shown) and 6-deoxy-6-fluoro-D-

galactose (Scheme 2) [13].

The main challenges we faced included the synthesis of 9 and

its bromide precursor 8 in acceptable yield and purity, and the

unexpectedly low regioselectivity of AD reactions of the fluori-
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Scheme 4: Fluorobutenoate building blocks 25 and 26 prepared from crotonic acid.

nated dienoate. Methyl sorbate (7) underwent AD across the

C-4/C-5 alkenyl group exclusively, but the introduction of the

fluorine atom at C-6 lowered the selectivity (10:11) to 5:1 with

AD-mix-α and 4:1 with AD-mix-β.

Nevertheless, de novo stereodivergent approaches are conceptu-

ally important and pave the way to wider ranges of more unnat-

ural species. We decided to solve the problem of low regiose-

lectivity from the hexadienoate, and to discover a more stereo-

divergent repertoire, by attempting to develop asymmetric

chemistry based on a smaller butenoate (C4) building block, 14.

Results and Discussion
Fluorides of type 14 are uncommon in the literature (Scheme 3);

silver mediated fluorination of butenoyl bromide 15 is known

[14] delivering 16 in moderate yield but via a slow and expen-

sive reaction. Wittig reaction, following in situ reduction of

ethyl fluoroacetate (17) has been reported [15], while

Purrington [16] prepared 19 by direct fluorination of silylketene

acetal 18 with elemental fluorine.

Scheme 3: Fluorobutenoate building block 14, and related species 16
and 19 from the literature [14-16]. Figure 1: Side product 27 isolated from attempted fluorination.

We decided to explore a halogen exchange approach from

crotonic acid (20) which is commercially available cheaply, and

in high diastereoisomeric purity (>98%). Diastereomeric purity

is particularly important as the de novo syntheses must deliver

the highest enantiomeric purity possible to be competitive with

syntheses from enantiomerically pure natural products. n-Propyl

and isopropyl esters 21 and 22 were prepared (0.5 mol scale) to

moderate the volatility of intermediates, while retaining the

option of distillation as a method of purification. Bromination

was carried out using the method of Lester et al. [17], and while

it was effective at small scales, larger scale (>150 mmol) reac-

tions were violently exothermic. A modification of the reaction

order reported earlier by Gershon and coworkers solved the

problem [18]. Chlorobenzene was effective as the reaction

solvent instead of carbon tetrachloride, allowing 23 and 24 to be

isolated safely and reproducibly at scale (>300 mmol) in

moderate yield (48–53%) after Kugelrohr distillation

(Scheme 4).

Fluorination was attempted using a range of conditions. The

solvent-free reaction developed within our laboratory using

commercial TBAF and KHF2 was not sufficiently effective for

this substrate [13,19]. The yield of the product was moderate

(37%), but the purification of the product was extremely diffi-

cult due to the complex mixture of products.

Allyl alcohol 27 (Figure 1) and starting material 23 were

present and difficult to separate. During the course of this

project, TBAF·(t-BuOH)4 was reported to be more effective

than other fluoride sources. Kim and co-workers [20] reported

that the reagent was obtained as a non-hygroscopic crystalline

white solid after refluxing commercial TBAF in a mixture of

hexane and t-BuOH; importantly, they claimed that it can be

considered as a truly anhydrous source of the TBAF reagent.

We were completely unable to reproduce the reagent prepar-
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Figure 2: The ligand panel used in the asymmetric dihydroxylation studies. The bold oxygen shows the point of attachment; individual ligands are
represented by combinations of components, for example (DHQD)2 PHAL, present in AD-mix β.

Scheme 5: Typical AD procedure; see Table 1 for outcomes.

Table 1: Relationship between conditions, ligand and dihydroxylation ee.

Conditions Ligand type DHQ/α- DHQD/β-

Standard
0.4 mol % osmium, 1 mol % ligand PHAL 66% ee 72% ee
2 mol % osmium, 2 mol % ligand PHAL 80% ee 89% ee
Improved
1 mol % osmium, 5 mol % ligand PHAL 83% ee 91% ee
1 mol % osmium, 10 mol % ligand PHAL 82% ee 90% ee
1 mol % osmium, 5 mol % ligand AQN 95% ee 97% ee

ation reported in the literature; all the materials we were able to

make were extremely hygroscopic indeed, and exposure of 23

or 24 to them resulted in complete decomposition to a very

complex mixture of products. However, the phase transfer catal-

ysed procedure described by Hou and co-workers [21] which

used TBAHSO4 and KF·2H2O in refluxing acetonitrile success-

fully effected the fluorination to allyl fluorides 25 and 26 on

both small and large scales (>150 mmol). Rapid Kugelrohr dis-

tillation under reduced pressure was attempted initially but the

quality of the distilled material was unsatisfactory. Fractional

distillation through a Vigreux column at reduced pressure

yielded the desired fluorides in an acceptable level of purity

(>95% by 1H NMR) and reproducibly on a large scale (up to

~200 mmol). These outcomes represent significant practical

improvements on the published methods of preparation. The

subsequent transformations were carried out on the n-propyl

ester 25 for two reasons; firstly, the material can be made in

much higher yield, and the n-propyl ester can be cleaved under

milder conditions than the isopropyl ester in 26.

Although the commercial AD-mixes (0.4 mol % osmium/

1 mol % ligand) can transform most standard substrates

smoothly, osmium tetroxide is an electrophilic reagent [22], and

electron deficient olefins, such as unsaturated amides and esters,

react relatively slowly [23].

It was thought that the so-called “improved procedure” [24],

which uses higher ligand/oxidant loadings (1 mol % osmium/

5 mol % ligand) might be required to allow the reactions to

proceed in acceptable yields and enantioselectivities [25].

Figure 2 shows the panel of ligands used for the asymmetric

transformations. Scheme 5 shows the initial dihydroxylation

carried out on 25, and Table 1 summarises the method develop-

ment.
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Scheme 6: Conversion of enantiomerically-enriched diols to dibenzo-
ates for HPLC analysis.

The asymmetric dihydroxylation conditions were subject to

some optimization; the osmium and chiral ligand contents were

varied in the first instance. While the commercial AD-mixes

were used, we also carried out the dihydroxylations with

1 mol % osmium/5 mol % ligand, the so-called “improved

procedure”, and with 1 mol % osmium/10 mol % ligand (results

summarised in Table 1). Methyl sulfonamide which can accel-

erate hydrolysis and catalytic turnover was also added to the

reaction mixtures [26].

Yields for the dihydroxylation chemistry were variable

(44–80%); even though they are diols, these small molecules

proved volatile. Reproducible yields (>55%) could be achieved

if care was taken with solvent removal.

The “improved conditions” (1 mol % osmium, 5 mol % ligand)

were found to give results comparable (within experimental

error) to those obtained with the 2 mol % osmium/2 mol %

ligand and 1 mol % osmium/10 mol % ligand conditions,

suggesting the ee could not be indefinitely improved by

increasing the ligand or osmium concentrations. Sharpless has

reported that the (DHQ)2AQN and (DHQD)2AQN ligands

based on the anthraquinone core, (Figure 2), are superior

ligands for olefins bearing heteroatoms in the allylic position

[27].

An asymmetric dihydroxylation reaction was performed using

the improved Sharpless conditions with the newer AQN based

ligands, producing excellent ee’s for both enantiomers of the

diol, 95% for the enantiomer derived from AD-mix α, and 97%

for the enantiomer from AD-mix β (Table 1). The corres-

ponding isolated yields under these conditions were 54% and

56% respectively.

The ee's were measured after conversion of the diols to the di-

benzoates 29 upon stirring overnight with benzoic anhydride,

DMAP and polyvinylpyridine (PVP) at room temperature. The

removal of the base by filtration was facile (Scheme 6).

Genuine racemate 28c was synthesised via the Upjohn oxi-

dation (catalytic osmium tetroxide, NMO aqueous t-BuOH,

83%) of 25 to avoid ambiguity, and converted to the dibenzoate

29c (not shown, 80%) as described above.

The dibenzoates were purified by flash chromatography then

examined by chiral HPLC (Chiralcel OD, 2% iPrOH in

hexane). The separation of the enantiomers 29a and 29b was

excellent, with over 6 minutes separating the stereoisomers in

the chromatograms. Due to the robust nature of the dibenzoyla-

tion chemistry and the excellent chromatograms produced, the

derivatisation/chiral HPLC assay was used routinely.

However, direct measurement of the ee's of the fluorinated diols

28a and 28b could not be achieved by the HPLC method. The

very low absorbance of light at 235 nm resulted in unreliable

data; small peak areas were observed for the desired compound

with comparatively large peak areas for the background and

trace impurities (as judged by 1H and 13C NMR spectra).

Attempts to use RI detection in the chiral HPLC were no more

successful. A new analytical method was therefore sought

which would allow the ee’s of the diols to be measured quickly

and directly using 19F{1H} NMR, avoiding the introduction of

additional synthetic steps.

The determination of enantiomeric excesses using NMR is a

well-established technique [28]; tactics include in situ derivati-

sation [29], may rely on very specific functionality [30] or may

use expensive and/or structurally complex shift reagents [31].

The necessity of these reagents arises from the need to examine

a single peak in a high level of detail despite the often cluttered

nature of 1H (and 13C) NMR spectra, especially with large or

complex structures. NMR determination of enantiomeric purity

using chiral solvents though less well known has been described

in the literature [32] and is particularly effective when

heteroatomic NMR techniques are used [33]. For example,

α-methylbenzylamine was used to resolve the components of

the racemate of 2,2,2-trifluoro-1-phenylethanol in the 19F NMR

spectrum (ΔδF was 0.04 ppm) [34] and in another case, a chiral

liquid crystalline medium was used to resolve racemic mixtures

of fluoroalkanes very effectively [35]. When solubilised in a

chiral environment like diisopropyl L-tartrate (30, Figure 3), the

formation of diastereoisomeric solvation complexes results in

magnetic non-equivalence and hence the appearance of sepa-

rate signals for the complexes in the NMR experiment.

Recording the 19F{1H} NMR spectra will take advantage of the

high sensitivity of 19F NMR detection and optimise S/N through

the removal of splittings to protons. The NMR experiment was

performed by diluting the substrate in an NMR tube with a 1:1

w/w mixture of diisopropyl L-tartrate and CDCl3. Racemic diol
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Figure 3: Diisopropyl L-tartrate (30) used as a chiral modifier for NMR
determination of ee.

28c analysed under these conditions by 19F{1H} NMR showed

almost complete separation of the two enantiomers

(ΔδF = 0.02 ppm). However, more complete peak separation

was required before reliable integrations could be made

(Figure 4).

Figure 4: Partial 19F{1H} NMR spectra (376 MHz, L-(+)-DIPT/CDCl3,
300 K) spectra of (a) racemate 28c, (b) diol 28b and (c) 28a under
standard acquisition parameters revealing the partial enantiomer
overlap.

Alterations to the NMR acquisition parameters were made in an

effort to improve the baseline resolution and separate the peaks

fully.

Initial modifications caused a decrease in the quality of the

spectra produced, with signal broadening and a reduction in the

peak separation observed, caused by sample heating within the

probe (decoupling produces heating of the sample) at the longer

acquisition times. A set of experimental parameters that would

allow a narrowing of the sweep width (SW), but maintain short

acquisition (AQ) and relaxation times, and therefore minimise

sample heating was devised; the optimised spectra are shown in

Figure 5.

Figure 5: Partial 19F{1H} NMR (400 MHz, L-(+)-DIPT/CDCl3, 300 K)
spectra of 28b and 28a using optimised conditions: SW 40; AQ = 0.8;
O1P −230; d1 = 5; 32 or 64 scans.

The results obtained from integration of the signals for each

enantiomer matched the chiral HPLC analysis of the deriva-

tised dibenzoates closely; for example the ee’s for 28b and 28a,

from the 1 mol % osmium, 5 mol % PHAL conditions, were

82% and 91% by NMR respectively and 83% and 91% by

HPLC for the corresponding dibenzoates 29b and 29a.

The 19F{1H} NMR method uses a cheap readily available chiral

solvating agent, is rapid (2 minutes per sample) and simple to

perform. Although the technique is sacrificial in the sample, the

quantities of sample required (<2 mg) are negligible. We make

no claims for the generality of the method, but for molecules of

this type, it appears highly effective.

To make our route stereodivergent, we sought access to the two

anti diastereoisomers 35a and 35b via cyclic sulfate method-

ology (Scheme 7) [36,37].

Cyclic sulfate 32b was prepared via literature procedures

[36,37], monitoring the steps closely by 19F{1H} NMR spec-

troscopy which distinguishes all the species effectively. In 32b,

C-3 is primed for regioselective nucleophilic attack [38]. Crude

cyclic sulfate 32b was taken up in acetone, treated with solid

ammonium benzoate and allowed to stir at room temperature

overnight. Nucleophilic ring opening reactions were performed

on the crude cyclic sulfate mixtures because avoiding column

chromatography at this stage led to a vast improvement in the

overall yields. After ring opening, sulfate ester cleavage was

achieved by stirring the concentrated residue in acid (20%
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Scheme 7: Applying cyclic sulfate methodology to gain access to anti-
diastereoisomers (transformations were developed from racemic diol
28c, but are shown for diol 28b only).

H2SO4) and ether, yielding the desired monobenzoate in

moderate yield (60%) after purification. The regiochemistry of

the ring opening was revealed in the HMBC spectrum of

monobenzoate 33b. The 1H NMR signal corresponding to the

C-2 methine proton couples (3JC-H) to both carbonyl signals in

the 13C spectrum. This indicates that both carbonyl groups are

within 3 bonds of the hydrogen on C-2. However, the signal

from the hydrogen on C-3 couples to the carbonyl carbon of the

n-propyl ester only, confirming the expected regiochemistry for

structure 33b. Dibenzoate 34b was synthesised (32% overall

from 28b) directly from the crude reaction mixture (Scheme 7)

by treatment of the crude monobenzoate 33b with benzoic

anhydride in the presence of DMAP and PVP. The syn- and

anti-dibenzoates have distinct signals in the 19F NMR spectra

(δF −230.3 and −231.0 ppm respectively), allowing a very high

level of confidence that the ring-opening of the syn-cyclic

sulfates does not produce syn-dibenzoate, and that epimerisa-

tion is not competitive with ring-opening. This was further

supported by chiral HPLC analyses of the dibenzoates, which

also suggests that clean conversion occurs, without epimerisa-

tion. All four dibenzoates had distinct retention times in the

chiral HPLC chromatograms.

For the inversion of the diol stereochemistry to be synthetically

useful, a less basic synthetic equivalent for hydroxide was

required. When Mitsunobu chemistry fails, O’Doherty and

co-workers have achieved hydroxy group inversion by trifla-

tion and displacement using sodium nitrite [39]. Cyclic sulfate

32b was exposed to sodium nitrite in DMF; the mixture was

heated at reflux until completion of the reaction was confirmed

by 19F NMR. Subsequent acid cleavage of the sulfate ester

afforded the desired anti-diols in a disappointing yield (12%

overall from 28b) after purification. The low yield was attrib-

uted to the small scale of the reaction and difficulty of the work-

up caused by the presence of DMF. Unfortunately, attempts to

carry out the reaction in acetone led to complete decomposition

of the substrate.

A proof-of-concept extension sequence of the C4 building block

was sought. Cyclohexylidene protection was chosen to add bulk

and in aspiration to crystalline intermediates (Scheme 8).

After some initial failures, cyclohexylidene 36b formed effec-

tively in the presence of Lewis acid BF3·OEt2 in ethyl acetate

[40]. Ester reduction with DIBAL-H afforded alcohol 37b;

delaying purification of the products until after the reduction

step increased the overall yield from butenoate 25 to 25% over

3 steps and in excellent diastereoisomeric purity. In contrast, the

preparation of 37a with purifications at each stage delivered

37a in 3% overall yield. A one-pot oxidation/Wittig procedure

was implemented from 37a; treatment with the Dess–Martin

periodinane [41] in the presence of the stabilised ylide afforded

a 4:1 E:Z mixture of the product alkene 39a in good (74%)

yield. A second purification by column chromatography

isolated the E-alkene diastereoisomer of 39a in 37% yield

together with a mixed fraction of the E- and Z-alkenes. The

E-isomer was identified by the alkene vicinal coupling values in

the 1H NMR spectrum, and E:Z ratios were measured by inte-

gration of the distinct signals in the 19F{1H} NMR spectra.

Analysis of the pure E-alkene using the chiral 19F{1H} NMR

method revealed that the ee was unchanged from the diol 28a,

confirming epimerisation was not occurring during the subse-

quent reactions (aldehyde 38a was of particular concern).

The synthesis of alkenes 39 is particularly significant, as at this

stage the crotonic acid route overlaps with the published

syntheses of 6-deoxy-6-fluorohexoses from methyl sorbate [13].

The main benefits of the crotonic acid route are the absence of

regioisomers as the double bond is installed after the asym-

metric oxidation and the potential to deliver all of the 6-deoxy-
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Scheme 8: Protecting and chain extending the educts of asymmetric dihydroxylation.

6-fluorohexose isomers, as the cyclic sulfate chemistry can

generate the previously inaccessible anti-diol relationships,

either at C2–C3, C4–C5 or both.

Conclusion
A practical route which affords 4-fluorobut-2E-enoates repro-

ducibly and at scale (48–53%, ca. 300 mmol) has been devel-

oped, improving significantly on published methods. Catalytic

asymmetric dihydroxylation can be carried out in moderate to

good yields and in excellent ee using the AQN ligands. Chiral

HPLC was used for ee determination of the dibenzoate deriva-

tives, but a chiral 19F{1H} NMR method was developed to

determine the enantiomeric purities of the non-chromophoric

syn-diol products. Educt elaboration was achieved via cyclic

sulfate methodology, leading to the stereocomplementary anti-

diols, and via acetal protection, ester reduction and one-pot oxi-

dation/Wittig reaction, re-connecting this study to the published

route to 6-deoxy-6-fluorohexoses.

Experimental
A full range of experimental procedures and characterisation

data is presented in Supporting Information File 1.

Supporting Information
Supporting Information File 1
Experimental procedures and characterization data.

[http://www.beilstein-journals.org/bjoc/content/

supplementary/1860-5397-9-301-S1.pdf]
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Abstract
β-Lactams were diastereoselectively formed by the reaction of SF5-containing aldimines, or an SF5-containing ketimine, with

benzyloxyketene in a conrotatory ring closure process. Imine formation and cyclization were possible in spite of the acidification of

protons on the carbon bound to SF5. The reactions of the aldimines demonstrated very good 1,2-lk diastereoselectivity, however

lack of stereochemical control of the C–N ketimine geometry was reflected in the stereochemistry of the product β-lactam. Cycliza-

tion of imines with a stereogenic center bearing SF5 was reflected in the 1,2-lk,lk selectivity of the β-lactam.

2675

Introduction
The pentafluorosulfanyl (SF5) group is one of the few truly new

functional groups to be introduced to synthetic organic chem-

istry in the last 100 years [1-6]. With pseudooctahedral geom-

etry around sulfur, the SF5 group is a unique substituent for the

medicinal or pharmaceutical chemist. While the electron with-

drawing properties of the SF5 and CF3 groups are similar [7,8],

the electronegativity of the SF5 group has been suggested to be

as high as 3.65 in contrast to 3.36 for CF3 [9]. The inductive σI

and σR values for SF5, 0.55 and 0.11 [10], contrast with σI and

σR values for CF3 of 0.39 and 0.12 [11,12] illustrating the

increased inductive effect of the SF5 group relative to the CF3

group. This effect can also be seen in the calculated dipole

moments of 1,1,1-trifluoroethane and pentafluorosulfanyl-

methane of 2.589 and 3.556 Debye respectively [7,8]. When

these electronic effects are combined with an occupied volume

only slightly less than that of a tert-butyl group [3,13], the SF5

group can have unanticipated influences on the structure such as

anchoring side chain and neighboring hydroxy group conforma-

tions [14,15].

Given the unique potential of the SF5 group, the rarity of its

application in medicinal or agrochemical materials may be

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
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surprising. However, synthesis of aliphatic SF5-containing

building blocks (SF5-substituted aromatic compounds are more

accessible) [1,6], is challenging and often beset by confusing re-

activity, largely because of the very properties that make SF5 an

attractive substituent. Studies of aliphatic compounds have

lagged as a consequence, a fact that is compounded by the lack

of commercially available aliphatic SF5-containing building

blocks. Although the number of known aliphatic pentafluorosul-

fanylated compounds is constantly increasing [2], this expan-

sion has not generally been accompanied by applications of

these materials. Among aliphatic SF5-substituted compounds

α-pentafluorosulfanylated aliphatic carbonyl compounds [16],

readily prepared from the corresponding enol acetates or enol

ethers, are especially valuable as starting materials [17-22]. In

these compounds the profound steric influence of the SF5 group

[14,15] is accompanied by a dramatic increase in the acidity of

the adjacent α-proton, a phenomenon underlying the abstrac-

tion of protons by methyllithium and a number of different

ylides [16]. The reactions of α-pentafluorosulfanyl carbonyl

compounds are governed by a combination of the substantial

dipole moment and unique steric effects of the octahedral SF5

group. Aliphatic SF5-containing derivatives of biologically

active compounds are not well-known. One exception is the

inclusion of an ω-SF5-substituted amino acid incorporated at the

crucial first and fourth positions of a heptapeptide [23]. When

introduced at these positions, the SF5-substituted amino acid

had a strong propensity to direct α-helix formation of even this

short heptapeptide presumably by minimization of unfavourable

hydrophobic interactions.

Results and Discussion
The use of fluoroalkylimines to form β-lactams has proven

especially useful in synthesis [24-26] especially in the Ojima

β-lactam synthon method [27-29] used to prepare docetaxel

analogs [26]. The general utility of the familiar Staudinger reac-

tion of imines to transform readily accessible aldehydes to

β-lactams has been well reviewed [30-33], yet in spite of this

familiarity, the mechanism of this process remains a topic of

interest [34-36].

Previously, it has been shown that fluorinated imines can

undergo a manifold of reactions that are difficult to access with

fluorinated aldehydes or ketones [37-40]. While there are many

reports of the utility of trifluoroacetaldimines [41-44], there is

only a single report of the preparation of N-ethyl 3,3,3-trifluoro-

propanaldimine [45], the trifluoromethyl analog of pentafluoro-

sulfanylacetaldehyde (1a). The imine (3,3,3-trifluoro-

propanaldimine), in combination with the isomeric trifluoro-

propenamine, was not formed by the condensation of an amine

with the aldehyde but rather by addition of an amine to 3,3,3-

trifluoropropyne. The imine was described as “extremely

unstable” [45] with no selective reactions reported. In light of

this precedence the reaction of α-SF5-substituted aldehydes and

ketones with amines was particularly intriguing.

α-SF5-Substituted aldehydes and ketones
In this work the SF5-bearing aldehyde 1 was prepared by the

addition of SF5Cl to the enol ether 2 instead of the previously

described additions to enol acetates [16] (Scheme 1). In earlier

studies, it was found that the yield of SF5Cl addition to enol

acetates was highly dependent upon the purity of the enol

acetate substrate, compounds surprisingly difficult to purify.

Since vinyl acetate is the only enol acetate readily accessible for

this reaction, the commercial availability of high purity

propenyl and butenyl ethers 2b and 2c rendered these starting

materials highly attractive for the formation of SF5-bearing

aldehydes.

Scheme 1: Synthesis of 2-pentafluorosulfanylaldehydes by addition of
SF5Cl to enol ethers.

After addition of SF5Cl to 2, intermediate 3 was typically

formed as a 9:1 mixture of diastereomers. Hydrolysis of 3 was

easily followed by 19F NMR, e.g., the resonance for 3b

appeared approximately 7 ppm upfield from that of the alde-

hyde 1b. The JH,F coupling constant of 5.0 Hz contrasts with

the JFeq,Fax value of 144 Hz.

The ready availability of the α-pentafluorosulfanyl carbonyl

compounds facilitated an effort to dramatically expand the

utility of these intriguing materials by synthesis and characteri-

zation of the corresponding pentafluorosulfanylated β-lactams.

α-SF5-Substituted aldimines and ketimines
The aldehydes 1 were readily converted to the corresponding

imine 5 in dichloromethane using anhydrous magnesium sulfate

as a dehydrating agent (Scheme 2). Other desiccants, especially

inherently basic materials, such as potassium carbonate lead to

little imine formation. While the crude imine solution likely

contained unreacted amine, attempted separation by silica gel

chromatography led to extensive decomposition. The product

imine consisted of a single stereoisomer as determined by
19F NMR, tentatively assigned as the E-isomer. Similar to the

formation of 1, it was easy to follow formation of the imine by
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19F NMR with the resonance attributed to the equatorial fluo-

rines of the imine 5a (δ 68.8 ppm) appearing upfield of those

assigned to the aldehyde 1a (δ 72.4 ppm). In the case of imines

5b–d, the solution also contained between 15–20% of the puta-

tive enamine 6b–d, where, for example, the equatorial fluorine

resonances of 6b appeared at δ 65.5 ppm in contrast to those of

5b that appeared at δ 59.5 ppm. The tendency for the enamine

resonances to appear downfield of imine resonances was

confirmed by the preparation of the morpholine enamine of 1a

for which the equatorial fluorine resonance is also shifted

downfield [46]. As mentioned above, the preparation of N-ethyl

3,3,3-trifluoropropanaldimine, the Schiff base of 3,3,3-trifluoro-

propanal, was accompanied by enamine formation, likely as a

consequence of the acidity of the proton α to the trifluoro-

methyl group [45,47]. Not surprisingly, 5 was relatively reac-

tive. After careful filtration of the desiccant, the dichloro-

methane solution of the imine was used in further reactions

without purification or separation of unreacted amine or the

enamine side product.

Scheme 2: Reaction of pentafluorosulfanylaldimines with benzyloxy-
ketene.

Ketene imine cycloaddition reactions of
α-SF5-substituted aldimines and ketimines
Dropwise addition of the crude dichloromethane solution of 5 to

benzyloxyacetyl chloride and triethylamine in dichloromethane

was completed at 0 °C. The solution was then allowed to warm

to room temperature with stirring overnight. Not surprisingly,

the use of the crude solution of the imine led to the formation of

a complex mixture where the desired product β-lactam 7 was a

minor constituent. However, the yields of 7 are of product puri-

fied by silica gel chromatography and crystallization. The only

other fluorinated products observed prior to purification were

unreacted imine 5 and the tentatively designated N-acyl-

enamine 8. In the case of 7b–d the de of the 1,2-lk to 1,2-ul

products was 76%, 84% and 50% respectively. The relative

proportion of the product mixture that was comprised of

enamine 8b–d was 10%, 4% and 21% respectively.

In an effort to improve the reaction, the addition of triethyl-

amine to a solution of the acid chloride and imine 5 resulted

only in decomposition. Excess amine 4 that was present was

acylated by benzyloxyacetyl chloride to form the corres-

ponding amide.

The utility of the ketene–imine cyclization was not limited to

aldimines. The addition of SF5Br to the enol acetate of ethyl

pyruvate 9 formed ethyl pentafluorosulfanylpyruvate 11

(Scheme 3). The ketimine 12, prepared via amine condensation

with 11, was reacted as described for the aldimines 5 to form

the desired β-lactam 7e.

Scheme 3: Preparation of ethyl pentafluorosulfanylpyruvate and for-
mation of the corresponding β-lactam.

Formation of 7e was accompanied by significantly greater

decomposition of 12 and hence 7e was formed in lower overall

yields. In contrast to the stereoselective formation of 7b–d, the

diastereoselectivity of the Staudinger reactions as determined

by 19F NMR was dramatically reduced for 7e to a de of 14%, a

value consistent with the Z/E ratio for 12 of 0.7. While the

isolated yields of purified 7b–e are especially modest, the reac-

tion conditions have not been optimized. But the significance of

these findings lies not only in the difference in reactivity in

comparison with trifluoropropanaldimine but also in the rela-

tive diastereoselectivity of the ketene–imine cycloaddition reac-

tion in comparison with the other reactions of SF5-bearing alde-

hydes [16].
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Structural characterization of SF5-containing
β-lactams
Isolated as a single diastereomer, the relative stereochemistry of

7a, the product of the Staudinger reaction of 5a, is shown in

Figure 1. The cis relative stereochemistry of β-lactam is consis-

tent with 1,2-lk conrotatory ring closure of the E-imine 5a as

would be predicted for a reaction with the Bose–Evans ketene

formed from benzyloxyacetyl chloride [30]. The low yield of

β-lactam product is better understood when the reactivity of the

intermediate pentafluorosulfanylated imine and the subse-

quently formed iminium ion are considered. The SF5 group

increases the acidity of the α-proton of the imine 5 and of the

iminium ion intermediate B formed on the initial nucleophilic

attack of the imine on the ketene as illustrated in Scheme 4. The

ring closure step requires bond formation between the iminium

ion carbon and the enolate carbon B to be particularly facile for

the stereoselectivity of the process to be preserved. The ring

closure process must compete successfully with loss of the

acidic proton from B to form 8 [16]. Another indication of the

rapidity of ring closure is the failure to detect the 1,2-ul product.

The absence of 1,2-ul product is consistent with retardation the

rate of E/Z imine isomerization by the electron withdrawing

pentafluorosulfanyl group [35]. In the reaction of 12, the E/Z

ratio of the imine was reflected very well in the 1,2-diastereo-

meric excess of the product β-lactam 7e .

Figure 1: The 1,2-lk stereochemistry of 7a as determined by single
crystal X-ray diffraction. Thermal ellipsoids are set at 50% probability.

The ketene–imine condensation of 7c is influenced by the pres-

ence of the pentafluorosulfanyl group at a stereogenic center.

The 1,2-lk,lk (Si,Si-S) (or (Re,Re-R)) stereochemistry of 7c

(Figure 2) suggests the profound dipole associated with the

introduction of the SF5 group may influence the diastereoselect-

ivity of ring closure. The initial approach of the ketene (A in

Scheme 4) appears to be influenced by avoidance of unfavor-

able interaction of the ketene with the sterically demanding SF5

Scheme 4: Influence of the SF5 group on the initial attack of the
ketene on the imine nitrogen (A) and on the sense of conrotatory ring
closure (B).

group. Previously it was found in single crystal X-ray diffrac-

tion studies that the pentafluorosulfanyl group [48] is

predictably orthogonal to a carbonyl group as shown in A.

Cornforth control of the ring closure step of the zwitterion (B in

Scheme 4) where the SF5 would be antiperiplanar to the

iminium ion would lead to the observed diastereoselectivity

(Scheme 1). This finding is consistent with dipolar effects being

most important in reactions with highly charged transition states

such as B.

Figure 2: The stereochemistry of 7c, 1,2-lk,lk (Si, Si-S), as deter-
mined by single crystal X-ray diffraction studies. Thermal ellipsoids are
set at 50% probability. (a) Complete structure of 7c. (b) PMP
protecting group hidden for clarity.

In both structures, consistent with the opposing dipole geom-

etry of the Cornforth transition state, the N–C–C–S torsional

angles remain near 170° (169° and 167° for 7a and 7c respect-

ively).

The 1,2-lk,ul ring closure product may be formed in the reac-

tion of 5c with benzyloxyketene and simply remain undetected,

but it is clear that the control of diastereofacial selectivity in the

formation of the principal β-lactam is strongly under the control

of the SF5 group.
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Conclusion
Low molecular weight pentafluorosulfanylated aldehydes 1

were prepared by addition of SF5Cl to enol ethers and the

subsequent acidic hydrolysis of 3. Formation of Schiff base 5 is

problematic but, in contrast to the reactions of the analogous tri-

fluoromethyl compounds, does successfully proceed. Even with

a manifold of possible side reactions, β-lactam formation by the

ketene–imine cycloaddition reaction of 5 occurs, albeit in very

modest yields. The 1,2-lk stereochemistry of the β-lactam 7 was

consistent with rapid cyclization and a failure of the imines 5 to

isomerize. The presence of a pentafluorosulfanylated stere-

ogenic carbon as in 5c, apparently also influences the 2,3-lk

stereochemistry. Optimization of β-lactam synthesis will require

a better understanding of the nature of the competing, undesir-

able reactions and enable utilization of this unique construct in

further synthetic transformations. The product β-lactams are a

useful entrée to the diastereoselective synthesis of pentafluoro-

sulfanyl β-amino acids and suggest a path to the preparation of

more extensively functionalized SF5-containing β-lactams.
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Abstract
Propargylic difluorides 1 were used as starting substrates in a combination of cross-enyne metathesis and Diels–Alder reactions.

Thus, the reaction of 1 with ethylene in the presence of 2nd generation Hoveyda–Grubbs catalyst generates a diene moiety which in

situ reacts with a wide variety of dienophiles giving rise to a small family of new fluorinated carbo- and heterocyclic derivatives in

moderate to good yields. This is a complementary protocol to the one previously described by our research group, which involved

the use of 1,7-octadiene as an internal source of ethylene.
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Introduction
In recent years the number of applications of olefin metathesis

as a mild and competitive synthetic method for the creation of

carbon–carbon bonds has exponentially increased, due to the

availability of well-defined catalysts [1-3]. Particularly, enyne

metathesis (EYM) is a powerful synthetic tool for generating

1,3-dienes by redistributing unsaturated functionalities between

an alkene and an alkyne moiety via vinylalkylidene intermedi-

ates [4-6]. This is an atom economical process since it is an

addition reaction and non-olefin byproducts are formed.

Furthermore, a sequential use of EYM and Diels–Alder reac-

tions generates highly functionalized carbo- and heterocyclic

frameworks [7-11].

The intramolecular version of this process, the ring closing

enyne metathesis (RCEYM) reaction, has found wide applica-

tion, and several examples can be found in the literature

[12,13]. However, the intermolecular version, i.e. the cross-

enyne metathesis (CEYM) reaction, has been much less

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:santos.fustero@uv.es
mailto:carlos.pozo@uv.es
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exploited probably due to its inherent problems of selectivity,

which results in the formation of a mixture of E- and Z-isomers

[14]. The discovery of the beneficial effect of ethylene has

changed this tendency allowing the straightforward preparation

of 1,3-dienes [15,16]. Thus, during the ethylene gas promoted

CEYM reaction, ethylene does not incorporate into the product

but intercepts the secondary metathesis pathways avoiding the

formation of secondary products during the process [17,18].

Among organic fluorine compounds, propargylic fluorides

constitute a relevant class of fluorinated building blocks. The

transformational diversity of the alkynyl group converts them

into versatile synthetic intermediates. Additionally, propargylic

fluorides are prevalent motifs in life sciences, such as medic-

inal chemistry or crop protection. In this context, the prepar-

ation of monofluorinated propargylic compounds has been the

subject of intense research, and efficient methodologies to

access these derivatives have been devised [19,20]. However,

the analogues bearing the gem-difluoro moiety next to unsatu-

rated bonds have not received comparable attention, probably

due to the limited availability of the starting materials. In this

context, the recent introduction of difluoropropargyl bromide as

fluorinated building block gave access to a wide variety of gem-

difluoro-containing alkyne derivatives [21,22]. Recently, we

have employed these fluorinated triple bond scaffolds in

several types of cyclization reactions for the preparation of

different difluoropropargylamides and ketones, having been

subjected to intramolecular hydroaminations [23], cascade

RCEYM–Diels–Alder reactions [24], [2 + 2 + 2] cycloaddi-

tions and gold-mediated dimerization reactions [25].

Although the CEYM reaction has been found to be very fruitful

for the preparation of 1,3-dienes, this protocol has remained

almost unexplored for propargyl fluorides [26]. In this context,

we have recently established a tandem multicomponent protocol

CEYM–Diels–Alder reaction of several difluoropropargylic

derivatives [27,28] mediated by 1,7-octadiene as an internal

source of ethylene [29]. Following our ongoing interest in the

use of these fluorinated building blocks, we decided to evaluate

the CEYM reaction of several difluoropropargylamides and

ketones in combination with a Diels–Alder reaction under

Mori´s conditions, in order to compare this protocol with the

aforementioned one (Scheme 1).

Results and Discussion
In order to prove the efficiency of ethylene-mediated cross-

enyne metathesis on our fluorinated alkynes, substrate 1a was

chosen as a model substrate. As expected, when a toluene solu-

t ion of alkyne 1a  and 5 mol % of 2nd  generation

Hoveyda–Grubbs catalyst I was heated under ethylene atmos-

phere (1 atm) for 2 h, the clean formation of diene 2a was

Scheme 1: Sequential CEYM–Diels–Alder reaction.

observed. This newly formed diene was isolated in 70% yield

and it reacted smoothly with 4-phenyl-3H-1,2,4-triazole-

3,5(4H)-dione as dienophile at room temperature to afford, after

chromatographic purification, the corresponding Diels–Alder

adduct 3a in 60% yield (Scheme 2). It was interesting to find

that this sequence can be performed as a one-pot procedure.

Thus, when the formation of the diene intermediate 2a was

completed (determined by TLC), the dienophile was added to

the reaction mixture and was allowed to react for two addition-

al hours. Flash chromatography of the crude product afforded

the desired tandem derivative 3a in 60% overall yield

(Scheme 2).

Next, the one-pot protocol was extended to other starting difluo-

ropropargylic alkynes and dienophiles, affording a new family

of carbo- and heterocyclic derivatives in moderate to good

yields (Table 1).

A wide variety of nucleophiles is compatible with the one-pot

protocol (Table 1, method A, entries 1–6). Ethyl fumarate gave

the desired product 3b in 55% yield (Table 1, method A, entry

2). It is interesting to point out that diethyl acetylenedicarboxy-

late (DEAD) afforded adduct 3c in 51% yield, and no aromati-

zation was observed during the process (Table 1, method A,

entry 3). When maleic anhydride was used as dienophile, the

corresponding diacid 3f, arising from the anhydride ring

opening under the reaction conditions, was observed as the

major product (Table 1, method A, entries 6 and 9). With chiral

starting material 1b, in all cases a 1:1 mixture of diastereoiso-

mers was obtained which could not be separated. This indicates

that the chiral information is not close enough to the reacting
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Scheme 2: One-pot CM–Diels–Alder reaction with fluorinated alkyne 1a.

Table 1: Preparation of compounds 3 by one-pot CEYM–Diels–Alder reaction of substrates 1 (method A).

entry 1 R1 dienophile product % yield
method Aa

(time, h)

% yield
method Bb

(time, h)

1 1a Bn–NH

3a

60 (2 h)c –

2 1a Bn–NH

3b

55 (8 h) 70 (20 h)

3 1a Bn–NH

3c

51 (6 h) 55 (6 h)

4 1a Bn–NH

3d

50 (4 h) 63 (24 h)
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Table 1: Preparation of compounds 3 by one-pot CEYM–Diels–Alder reaction of substrates 1 (method A). (continued)

5 1a Bn–NH

3e

47 (24 h) 50 (24 h)

6 1a Bn–NH

3f

85 (120 h)c –

7 1b (R)-Ph(Me)–CHNH
3g
+

3g’

87 (4 h)d 73 (24 h)d

8 1b (R)-Ph(Me)–CHNH
3h
+

3h’

74 (2 h)d 70 (10 h)d

9 1b (R)-Ph(Me)–CHNH
3i
+

3i’

74 (20 h)c,d –
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Table 1: Preparation of compounds 3 by one-pot CEYM–Diels–Alder reaction of substrates 1 (method A). (continued)

10 1b (R)-Ph(Me)–CHNH

3j

63 (10 h) 60 (24 h)

11 1c PropylNH

3k

40 (5 h) –

12 1d Ph

3l

48 (4 h) 55 (15 h)

13 1d Ph

3m

28 (8 h) –

14 1d Ph

3n

58 (12 h) 70 (17 h)

15 1e Cy

3o

54 (12 h) –

aMethod A: One-pot protocol with Mori´s conditions. The formation of the corresponding diene 2 with ethylene was complete after 2 h at 90 °C for all
substrates. bMethod B: Tandem multicomponent protocol mediated by 1,7-octadiene [29]. cWhen maleic anhydride or 4-phenyl-3H-1,2,4-triazole-
3,5(4H)-dione were used as dienophiles, the Diels–Alder reaction was performed at rt. With maleic anhydride final products were isolated as the
corresponding diacid derivatives. dIn all cases, adducts were obtained as an inseparable 1:1 mixture of diastereoisomers.

centre (Table 1, method A, entries 7–10). Finally, fluorinated

ketones could also be used as substrates for the sequential

process (Table 1, method A, entries 12–15) and again with

alkynes as dienophiles, no aromatization of the final products

was detected (Table 1, method A, entry 12).

The yields that appear in Table 1 in the last column (method B)

represent the reaction performed under the tandem-multicompo-

nent conditions mediated by 1,7-octadiene (Scheme 1). In

general, yields are comparable using either methodology, indi-

cating that they are applicable for the synthesis of new carbo-

and heterocyclic derivatives bearing a gem-difluoro moiety in

an efficient manner. However, at this point it is important to

mention that when the 1,7-octadiene protocol was applied using

maleic anhydride or 4-phenyl-3H-1,2,4-triazole-3,5(4H)-dione

as dienophiles (Table 1, method B, entries 1, 6 and 9), a com-

plex mixture was obtained. This is probably due to the fact that

under those thermal conditions, it is not possible to use these

types of dienophiles since they decompose while being heated.

The sequential generation of the dienic intermediate 2 and the

Diels–Alder reaction allow performing the second step at rt,

avoiding these problems. Thus, although a tandem-multicompo-
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nent protocol is more desirable, the use of the one-pot protocol

expand the utility and scope of this methodology, since milder

conditions can be employed in the cyclization step.

Conclusion
In conclusion, a tandem one-pot enyne-cross metathesis-

Diels–Alder reaction of difluoropropargylic alkynes with a

variety of dienophiles has been described. The process took

place in moderate to good yields, giving rise to a new family of

fluorinated carbo- and heterocyclic derivatives in a very simple

manner. In comparison with the tandem multicomponent

protocol, the one-pot sequence is a complementary method-

ology, since although comparable yields of the final adducts can

be obtained, this methodology is compatible with a greater

variety of dienophiles.

Experimental
General experimental methods. Reactions were carried out

under argon atmosphere unless otherwise indicated. The

solvents were purified prior to use: THF, diethyl ether and

toluene were dis t i l led from sodium/benzophenone;

dichloromethane and acetonitrile were distilled from calcium

hydride. The reactions were monitored with the aid of thin-layer

chromatography (TLC) on 0.25 mm precoated silica gel plates.

Visualization was carried out with UV light and aqueous ceric

ammonium molybdate solution or potassium permanganate

stain. Flash column chromatography was performed with

the indicated solvents on silica gel 60 (particle size

0.040–0.063 mm). 1H and 13C NMR spectra were recorded on

300 or 400 MHz spectrometers. Chemical shifts are given in

ppm (δ), with reference to the residual proton resonances of the

solvents. Coupling constants (J) are given in Hertz (Hz). The

letters m, s, d, t, and q stand for multiplet, singlet, doublet,

triplet and quartet, respectively. The letters br indicate that the

signal is broad. Starting fluorinated amides 1 [23-25] and com-

pounds 3b,c,e,g,h,j,l,n [29] were previously described.

General procedure for the one-pot process. Ethylene was

bubbled through a solution of catalyst I (5 mol %) in dry

toluene (2.4 mL) for 3 minutes at room temperature in a sealed

tube. Substrate 1 (0.12–0.25 mmol) was added next and it was

heated at 90 °C for 2 hours. Once the intermediate diene was

formed (by TLC), it was cooled to room temperature and the

corresponding dienophile was added. The reaction mixture was

stirred at temperatures and times given in Table 1. Finally, after

removal of solvents, the reaction mixture was purified by flash

chromatography in hexanes/ethyl acetate (3:1).

N-Benzyl-2,2-difluoro-3-methylenepent-4-enamide (2a).

Following the procedure described above and before adding the

dienophile, the crude mixture was subjected to flash chromatog-

raphy affording 41 mg of 2a (70% yield) as a yellow oil starting

from 52 mg of 1a. 1H NMR (CDCl3, 300 MHz) δ 4.52 (d, J =

5.8 Hz, 2H), 5.25 (d, J = 11.3 Hz, 1H), 5.52 (d, J = 17.9 Hz,

1H), 5.64 (d, J = 15.9 Hz, 2H), 6.32 (dd, J1 = 11.3 Hz, J2 = 17.7

Hz, 1H), 6.65 (br s, 1H), 7.26–7.39 (m, 5H); 13C NMR (CDCl3,

300 MHz) δ 43.61, 114.40 (t, 1JCF = 253.2 Hz), 118.17, 119.33

(t, 3JCF = 8.6 Hz), 127.81, 127.93, 128.84, 131.02 (t, 3JCF = 2.3

Hz), 136.75, 138.82 (t, 2JCF = 22.3 Hz), 163.23 (t, 2JCF = 29.9

Hz); 19F NMR (CDCl3, 282 MHz) δ −105.57 (s, 2F); HRMS:

[M + 1]+ calcd for C13H14F2NO, 238.1038; found, 238.1042.

N-Benzyl-2-(1,3-dioxo-2-phenyl-2,3,5,8-tetrahydro-1H-

[1,2,4]triazolo[1,2a]pyridazin-6-yl)-2,2-difluoroacetamide

(3a). Following the general procedure described above, 61 mg

of 3a (60% yield) were obtained as a white solid starting from

52 mg of 1a. mp = 148–150 °C; 1H NMR (CDCl3, 300 MHz) δ

4.26–4.29 (m, 2H), 4.34 (s, 2H), 4.5 (d, J = 5.7 Hz, 2H), 6.46

(m, 1H), 6.86 (br s, 1H), 7.16–7.53 (m, 10H); 13C NMR

(CDCl3, 300 MHz) δ 41.8 (t, 3JCF = 4 Hz), 43.1, 43.8, 113.3 (t,
1JCF = 253.8 Hz), 123.7 (t, 3JCF = 8.7 Hz), 125.4, 126.8 (t, 2JCF

= 25.2 Hz), 127.9, 128.2, 128.4, 129.0, 129.2, 130.8, 136.3,

152.3, 152.4, 162.2 (t, 2JCF = 29.9 Hz); 19F NMR (CDCl3, 282

MHz) δ −106.9 (s, 2F); HRMS: [M]+ calcd for C21H18F2N4O3,

412.1347; found, 412.1344.

Diethyl 4-(2-(benzylamino)-1,1-difluoro-2-oxoethyl)cyclo-

hex-4-ene-1,2-dicarboxylate (3b). Following the general

procedure described above, 30 mg (55% yield) of 3b were

obtained as a white solid starting from 26 mg of 1a.

Diethyl 4-(2-(benzylamino)-1,1-difluoro-2-oxoethyl)cyclo-

hexa-1,4-diene-1,2-dicarboxylate (3c). Following the general

procedure described above, 52 mg (51% yield) of 3c were

obtained as a dark brown oil starting from 52 mg of 1a.

N-Benzyl-2-(1,3-dioxo-2-phenyl-2,3,3a,4,7,7a-hexahydro-

1H-isoindol-5-yl)-2,2-difluoroacetamide (3d). Following the

general procedure described above, 25 mg of 3d (50% yield)

were obtained as a dark brown oil starting from 26 mg of 1a. 1H

NMR (CDCl3, 300 MHz) δ 2.32–2.47 (m, 2H), 2.82–2.93 (m,

2H), 3.27–3.38 (m, 2H), 4.46 (d, J = 5.7 Hz, 2H), 6.49–6.55 (m,

1H), 6.68 (br s, 1H), 7.27–7.47 (m, 10H); 13C NMR (CDCl3,

300 MHz) δ 22.8, 23.9, 38.7, 39.1, 43.7, 114.2 (t, 1JCF = 251.0

Hz), 126.5, 127.9, 128.0, 128.7, 128.9, 129.1, 129.9 (t, 3JCF =

8.9 Hz), 131.8, 131.9 (t, 2JCF = 24.4 Hz), 136.6, 162.8 (t, 2JCF =

30.1 Hz), 177.7, 178.1; 19F NMR (CDCl3, 282 MHz) δ −106.5

(d, JFF = 258.1 Hz, 1F), −108.7 (d, JFF = 258.4 Hz, 1F); HRMS:

[M]+ calcd for C23H20F2N2O3, 410.1442; found, 410.1445.

N-Benzyl-2-(9,10-dioxo-1,4,4a,9,9a,10-hexahydroanthracen-

2-yl)-2,2-difluoroacetamide (3e). Following the general proce-
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dure described above, 24 mg of 3e (47% yield) were obtained as

a dark brown oil starting from 26 mg of 1a.

4-[2-(Benzylamino)-1,1-difluoro-2-oxoethyl]cyclohex-4-ene-

1,2-dicarboxylic acid (3f). Following the general procedure

described above, 71 mg of 3f (85% yield) were obtained as a

dark brown oil starting from 52 mg of 1a. 1H NMR (CDCl3,

300 MHz) δ 2.46–2.52 (m, 2H), 2.68–2.75 (m, 2H), 3.07 (m,

1H), 3.17 (m, 1H), 4.47 (d, J = 5.7 Hz, 2H), 6.21 (s, 1H),

6.80–6.84 (m, J = 5.4 Hz, 1H), 7.25–7.37 (m, 5H), 7.77 (br s,

2H); 13C NMR (CDCl3, 300 MHz) δ 23.1, 25.0, 38.5, 38.9,

43.6, 114.8 (t, 1JCF = 251.1 Hz), 127.8, 127.9, 128.8, 136.6,

163.6 (t, 2JCF = 30.6 Hz), 178.3, 178.5; 19F NMR (CDCl3, 282

MHz) δ −117.0 (d, JFF = 258.9 Hz, 1F), −118.0 (d, JFF = 258.7

Hz, 1F); HRMS: [M + Na]+ calcd for C17H17F2NO5, 376.0972;

found, 376.0969.

Diethyl 4-(1,1-difluoro-2-oxo-2-[(R)-1-phenylethyl-

amino)ethyl]cyclohex-4-ene-1,2-dicarboxylate (3g + 3g’).

Following the general procedure described above, 41 mg (87%

yield) of a inseparable mixture of 3g and 3g’ were obtained as a

dark brown oil starting from 25 mg of 1b.

2-(1,3-Dioxo-2-phenyl-2,3,3a,4,7,7a-hexahydro-1H-isoindol-

5-yl)-2,2-dif luoro-N-[(R)-1-phenylethyl]acetamide

(3h + 3h’). Following the general procedure described above,

34 mg (74% yield) of a inseparable mixture of 3h and

3h’ were obtained as a dark brown solid starting from 25 mg of

1b.

4-[1,1-dif luoro-2-oxo-2-((R)-1-phenylethylamino)-

ethyl]cyclohexa-4-ene-1,2-dicarboxylate (3i + 3i’). Following

the general procedure described above, 24.3 mg of an insepa-

rable mixture of 3i and 3i’ were obtained as a dark brown oil

starting from 25 mg of 1b. 1H NMR (CDCl3, 300 MHz) δ1.53

(dd, J = 6.9 Hz, J = 4.8 Hz, 3H), 2.46–2.51 (m, 2H), 2.67–2.74

(m, 2H), 3.02–3.07 (m, 1H), 3.15–3.17 (m, 1H), 5.08–5.17 (m,

1H), 6.17 (d, J = 13.5 Hz, 1H), 6.63–6.68 (br m, 1H), 7.28–7.38

(m, 5H); 13C NMR (CDCl3, 300 MHz) δ 21.2, 23.4, 25.2, 49.2,

114.7 (t, 1JCF = 255.0 Hz), 126.1, 127.7, 128.7, 141.7, 162.5 (t,
2JCF = 30.7 Hz), 177.6, 177.9; 19F NMR (CDCl3, 282 MHz) δ

−106.6 (d, JFF = 258.9 Hz, 1F), −106.8 (d, JFF = 256.4Hz, 1F),

−107.8 (d, JFF = 255.6 Hz, 1F), −107.9 (d, JFF = 257.5 Hz, 1F);

HRMS: [M + Na]+ calcd for C18H19F2NO5, 390.1129; found,

390.1133.

(R)-Diethyl 4-[1,1-difluoro-2-oxo-2-(1-phenylethyl-

amino)ethyl]cyclohexa-1,4-diene-1,2-dicarboxylate (3j).

Following the general procedure described above, 59.5 mg

(63% yield) of 3j were obtained as a dark brown oil starting

from 50 mg of 1b [29].

Diethyl 4-[1,1-difluoro-2-oxo-2-(propylamino)ethyl]cyclo-

hex-4-ene-1,2-dicarboxylate (3k). Following the general

procedure described above, 27 mg of 3k (40% yield) were

obtained as a dark brown oil starting from 30 mg of 1c. 1H

NMR (CDCl3, 300 MHz) δ 0.93 (t, J = 7.5 Hz, 3H), 1.23 (t, J =

6.9 Hz, 3H), 1.24 (t, J = 7.2 Hz, 3H), 1.57 (m, 2H), 2.22–2.37

(m, 2H), 2.50–2.62 (m, 2H), 2.86 (m, 2H), 3.27 (q, J = 6.0 Hz,

2H), 4.13 (q, J = 6.9 Hz, 4H), 6.18–6.20 (br m, 1H); 13C NMR

(300 MHz) δ 11.2, 14.0, 22.4, 25.0 (t, 4JCF = 2.3 Hz), 27.3,

40.4, 40.6, 41.2, 60.8, 60.9, 114.7 (t, 1JCF = 250.9 Hz), 127.6 (t,
3JCF = 8.6 Hz), 129.0 (t, 2JCF = 24.1 Hz), 163.2 (t, 2JCF = 30.2

Hz), 173.7, 173,9; 19F NMR (CDCl3, 282 MHz) δ −106.8 (d,

JFF = 257.8 Hz, 1F), −107.9 (d, JFF = 258.4 Hz, 1F); HRMS:

[M + 1]+ calcd for C17H26F2NO5, 362.1774; found, 362.1779.

Diethyl 4-(1,1-difluoro-2-oxo-2-phenylethyl)cyclohexa-1,4-

diene-1,2-dicarboxylate (3l). Following the general pro-

cedures described above, 20 mg (48% yield) of 3l were

obtained as a dark brown oil starting from 20 mg of 1d.

5-(1,1-Difluoro-2-oxo-2-phenylethyl)-2-phenyl-3a,4,7,7a-

tetrahydro-1H-isoindole-1,3(2H)-dione (3m). Following the

general procedure described above, 15 mg of 3m (28% yield)

were obtained as a dark brown oil starting from 25 mg of 1d.
1H NMR (CDCl3, 300 MHz) δ 2.26–2.41 (m, 2H), 2.73–2.84

(m, 2H), 3.18–3.30 (m, 2H), 6.33–6.38 (m, 1H), 7.09–7.14 (m,

3H), 7.23–7.35 (m, 5H), 7.47–7.52 (m, 1H), 7.91–7.94 (m, 2H);
13C NMR (CDCl3, 300 MHz) δ 23.2 (t, 3JCF = 2.6 Hz), 23.8,

38.8, 39.0, 116.2 (t, 1JCF = 253.0 Hz), 126.4, 128.6, 128.7,

129.1, 129.7 (t, 3JCF = 8.9 Hz), 130.2 (t, 4JCF = 3.0 Hz), 131.8,

133.2 (t, 2JCF = 23.9 Hz), 134.4, 177.7, 178.2, 188.3 (t, 2JCF =

32.1 Hz); 19F NMR (CDCl3, 282 MHz) δ −112.367 (d, JFF =

284.6 Hz, 1F), −111.2 (d, JFF = 284.4 Hz, 1F); HRMS: [M +

1]+ calcd for C22H18F2NO3, 382.1255; found, 382.1258.

Die thy l  4 - [1 ,1 -d i f luoro -2 -oxo -2 - (pheny lamino) -

ethyl]cyclohex-4-ene-1,2-dicarboxylate (3n). Following the

general procedure described above, 24.5 mg (58% yield) of 3n

were obtained as a yellow oil starting from 20 mg of 1d.

Diethyl 4-(2-cyclohexyl-1,1-difluoro-2-oxoethyl)cyclohexa-

1,4-diene-1,2-dicarboxylate (3o). Following the general proce-

dure described above, 28 mg of 3o (54% yield) were obtained

as a dark oil starting from 25 mg of 1e. 1H NMR (CDCl3, 300

MHz) δ 1.11–1.41 (m, 5H), 1.63–1.84 (m, 5H), 2.30–2.46 (m,

5H), 2.71–2.92 (m, 3H), 3.26–3.36 (m, 2H), 6.37–6.41 (m, 1H),

7.25–7.29 (m, 2H), 7.35–7.49 (m, 3H); 13C NMR (300 MHz) δ

30.0 (t, 4JCF = 2.7 Hz), 23.8, 25.3, 25.4, 28.3, 38.7, 45.1, 115.1

(t, 1JCF = 253.7 Hz), 126.4, 128.6, 129.1, 129.5 (t, 3JCF = 9.1

Hz), 132.2 (t, 2JCF = 24.2 Hz), 177.7, 178.2, 202.7 (t, 2JCF =

31.7 Hz); 19F NMR (CDCl3, 282 MHz) δ −109.9 (d, JFF =



Beilstein J. Org. Chem. 2013, 9, 2688–2695.

2695

276.7 Hz, 1F), −106.0 (d, JFF = 276.7 Hz, 1F); HRMS: [M]+

calcd for C22H23F2NO3, 387.1646; found, 387.1656.

Acknowledgements
We would like to thank MICINN (CTQ2010-19774) of Spain

and Generalitat Valenciana (PROMETEO/2010/061) for their

financial support. P.B. and J.M. express their thanks to the

University of Valencia for a predoctoral fellowship.

References
1. Vougioukalakis, G. C.; Grubbs, R. H. Chem. Rev. 2010, 110, 1746.

doi:10.1021/cr9002424
2. Lozano-Vila, A. M.; Monsaert, S.; Bajek, A.; Verpoort, F. Chem. Rev.

2010, 110, 4865. doi:10.1021/cr900346r
3. Samojłowicz, C.; Bieniek, M.; Grela, K. Chem. Rev. 2009, 109, 3708.

doi:10.1021/cr800524f
4. Spandl, R. J.; Rudyk, H.; Spring, D. R. Chem. Commun. 2008, 3001.

doi:10.1039/b807278g
5. Diver, S. T.; Giessert, A. J. Chem. Rev. 2004, 104, 1317.

doi:10.1021/cr020009e
6. Poulsen, C. S.; Madsen, R. Synthesis 2003, 1.

doi:10.1055/s-2003-36243
7. Li, J.; Lee, D. Eur. J. Org. Chem. 2011, 4269.

doi:10.1002/ejoc.201100438
8. O'Leary-Steele, C.; Pedersen, P. J.; James, T.; Lanyon-Hogg, T.;

Leach, S.; Hayes, J.; Nelson, A. Chem.–Eur. J. 2010, 16, 9563.
doi:10.1002/chem.201000707

9. Subrahmanyam, A. V.; Palanichamy, K.; Kaliappan, K. P.
Chem.–Eur. J. 2010, 16, 8545. doi:10.1002/chem.201000482

10. Kotha, S.; Meshram, M.; Tiwari, A. Chem. Soc. Rev. 2009, 38, 2065.
doi:10.1039/b810094m

11. Rosillo, M.; Domínguez, G.; Casarubios, L.; Amador, U.;
Pérez-Castells, J. J. Org. Chem. 2004, 69, 2084.
doi:10.1021/jo0356311

12. Villar, H.; Frings, M.; Bolm, C. Chem. Soc. Rev. 2007, 36, 55.
doi:10.1039/b508899m

13. Maifeld, S. V.; Lee, D. Chem.–Eur. J. 2005, 11, 6118.
doi:10.1002/chem.200500407

14. Stragies, R.; Schuster, M.; Blechert, S. Angew. Chem., Int. Ed. Engl.
1997, 36, 2518. doi:10.1002/anie.199725181
The first example of CEYM was reported in early 1997.

15. Kinoshita, A.; Sakakibara, N.; Mori, M. J. Am. Chem. Soc. 1997, 119,
12388. doi:10.1021/ja973134u

16. Kinoshita, A.; Sakakibara, N.; Mori, M. Tetrahedron 1999, 55, 8155.
doi:10.1016/S0040-4020(99)00297-5

17. Grotevendt, A. G. D.; Lummiss, J. A. M.; Mastronardi, M. L.;
Fogg, D. E. J. Am. Chem. Soc. 2011, 133, 15918.
doi:10.1021/ja207388v

18. Lloyd-Jones, G. C.; Margue, R. G.; de Vries, J. G.
Angew. Chem., Int. Ed. 2005, 44, 7442. doi:10.1002/anie.200502243

19. Pacheco, M. C.; Purser, S.; Gouverneur, V. Chem. Rev. 2008, 108,
1943. doi:10.1021/cr068410e

20. Prakesch, M.; Grée, D.; Grée, R. Acc. Chem. Res. 2002, 35, 175.
doi:10.1021/ar010055l

21. Xu, B.; Mae, M.; Hong, J. A.; Li, Y.; Hammond, G. B. Synthesis 2006,
803. doi:10.1055/s-2006-926334

22. Hammond, G. B. J. Fluorine Chem. 2006, 127, 476.
doi:10.1016/j.jfluchem.2005.12.024

23. Fustero, S.; Fernández, B.; Bello, P.; del Pozo, C.; Arimitsu, S.;
Hammond, G. B. Org. Lett. 2007, 9, 4251. doi:10.1021/ol701811z

24. Arimitsu, S.; Fernández, B.; del Pozo, C.; Fustero, S.; Hammond, G. B.
J. Org. Chem. 2008, 73, 2656. doi:10.1021/jo7025965

25. Fustero, S.; Bello, P.; Fernández, B.; del Pozo, C.; Hammond, G. B.
J. Org. Chem. 2009, 74, 7690. doi:10.1021/jo9013436

26. Pujari, S. A.; Kaliappan, K. P.; Valleix, A.; Grée, D.; Grée, R. Synlett
2008, 2503. doi:10.1055/s-2008-1078179
As far as we know, only one example of CEYM involving fluorinated
alkynes have been reported.

27. Qing, F.-L.; Zheng, F. Synlett 2011, 1052. doi:10.1055/s-0030-1259947
See for a recent review that highlights the importance of gem-difluoro
moiety-containing derivatives.

28. Fustero, S.; Sanz-Cervera, J.-F.; Aceña, J. L.; Sánchez-Roselló, M.
Synlett 2009, 525. doi:10.1055/s-0028-1087806

29. Fustero, S.; Bello, P.; Miró, J.; Simón, A.; del Pozo, C. Chem.–Eur. J.
2012, 18, 10991. doi:10.1002/chem.201200835

License and Terms
This is an Open Access article under the terms of the

Creative Commons Attribution License

(http://creativecommons.org/licenses/by/2.0), which

permits unrestricted use, distribution, and reproduction in

any medium, provided the original work is properly cited.

The license is subject to the Beilstein Journal of Organic

Chemistry terms and conditions:

(http://www.beilstein-journals.org/bjoc)

The definitive version of this article is the electronic one

which can be found at:

doi:10.3762/bjoc.9.305

http://dx.doi.org/10.1021%2Fcr9002424
http://dx.doi.org/10.1021%2Fcr900346r
http://dx.doi.org/10.1021%2Fcr800524f
http://dx.doi.org/10.1039%2Fb807278g
http://dx.doi.org/10.1021%2Fcr020009e
http://dx.doi.org/10.1055%2Fs-2003-36243
http://dx.doi.org/10.1002%2Fejoc.201100438
http://dx.doi.org/10.1002%2Fchem.201000707
http://dx.doi.org/10.1002%2Fchem.201000482
http://dx.doi.org/10.1039%2Fb810094m
http://dx.doi.org/10.1021%2Fjo0356311
http://dx.doi.org/10.1039%2Fb508899m
http://dx.doi.org/10.1002%2Fchem.200500407
http://dx.doi.org/10.1002%2Fanie.199725181
http://dx.doi.org/10.1021%2Fja973134u
http://dx.doi.org/10.1016%2FS0040-4020%2899%2900297-5
http://dx.doi.org/10.1021%2Fja207388v
http://dx.doi.org/10.1002%2Fanie.200502243
http://dx.doi.org/10.1021%2Fcr068410e
http://dx.doi.org/10.1021%2Far010055l
http://dx.doi.org/10.1055%2Fs-2006-926334
http://dx.doi.org/10.1016%2Fj.jfluchem.2005.12.024
http://dx.doi.org/10.1021%2Fol701811z
http://dx.doi.org/10.1021%2Fjo7025965
http://dx.doi.org/10.1021%2Fjo9013436
http://dx.doi.org/10.1055%2Fs-2008-1078179
http://dx.doi.org/10.1055%2Fs-0030-1259947
http://dx.doi.org/10.1055%2Fs-0028-1087806
http://dx.doi.org/10.1002%2Fchem.201200835
http://creativecommons.org/licenses/by/2.0
http://www.beilstein-journals.org/bjoc
http://dx.doi.org/10.3762%2Fbjoc.9.305


2696

Stereoselectively fluorinated N-heterocycles:
a brief survey

Xiang-Guo Hu and Luke Hunter*

Review Open Access

Address:
School of Chemistry, The University of New South Wales, Sydney
NSW 2052, Australia

Email:
Luke Hunter* - l.hunter@unsw.edu.au

* Corresponding author

Keywords:
conformation; fluorine; N-heterocycles; iminosugars; medicinal
chemistry; organo-fluorine

Beilstein J. Org. Chem. 2013, 9, 2696–2708.
doi:10.3762/bjoc.9.306

Received: 16 September 2013
Accepted: 04 November 2013
Published: 29 November 2013

This article is part of the Thematic Series "Organo-fluorine chemistry III".

Guest Editor: D. O'Hagan

© 2013 Hu and Hunter; licensee Beilstein-Institut.
License and terms: see end of document.

Abstract
The stereoselective incorporation of fluorine atoms into N-heterocycles can lead to dramatic changes in the molecules’ physical and

chemical properties. These changes can be rationally exploited for the benefit of diverse fields such as medicinal chemistry and

organocatalysis. This brief review will examine some of the effects that fluorine substitution can have in N-heterocycles, including

changes to the molecules’ stability, their conformational behaviour, their hydrogen bonding ability, and their basicity. Finally, some

methods for the synthesis of stereoselectively fluorinated N-heterocycles will also be reviewed.
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Review
1. Introduction
A cursory inspection of the medicinal chemistry literature will

reveal two obvious themes in the structures of current drug

candidates: the ubiquity of nitrogen heterocycles, and the popu-

larity of organofluorine moieties. Therefore, it seems natural

that a combination of these two features will offer rich possibili-

ties in the future of drug development. To date, the introduction

of fluorine into medicinal entities [1,2] has mostly taken the

form of aryl fluorination [3,4] or trifluoromethylation [5,6], and

fascinating developments in synthetic methodology of this type

are continuing to occur [7-9]. However, with the advent of

stereoselective fluorination methods [10,11] it seems clear that

the subset of stereoselectively fluorinated N-heterocycles [12]

offers particularly rich possibilities. We therefore felt that it

would be worthwhile to examine in a brief review some of the

unique features of this emerging class of molecules.

We have not attempted to cover this topic comprehensively;

rather, in the following pages we aim to provide selected exam-

ples of the ways that fluorine can influence N-heterocycles’

stability and their conformational behaviour; we will see that

fluorine can be used as a tool to probe the importance of

hydrogen bonding in bioactive molecules; and we will observe

how fluorine can affect the basicity of N-heterocycles. Finally,

we will survey some of the various ways in which stereoselec-

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:l.hunter@unsw.edu.au
http://dx.doi.org/10.3762%2Fbjoc.9.306
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Scheme 1: Fluorination makes β-lactam derivatives more reactive towards lipase-catalysed methanolysis.

Figure 1: Fluorination alters the reactivity of aziridines.

tively fluorinated N-heterocycles can be synthesised. Through-

out, it will become clear that medicinal chemistry is not the only

field that stands to benefit from a deeper understanding of these

fascinating molecules: for example, attractive prospects are also

clear in the field of organocatalysis [13].

2. Fluorination can influence N-heterocycles’
stability and reactivity
If a highly-polarised C–F bond is incorporated into a nitrogen

heterocycle, it can be expected to have a dramatic influence on

the molecules’ physical and chemical properties [14]. The influ-

ence that fluorine can have on chemical reactivity is illustrated

by considering the smallest N-heterocycles, the aziridines.

Aziridines (1, Figure 1) are generally very stable, in marked

contrast with their oxygenated counterparts, the epoxides.

However, if one or two fluorine atoms are attached to the aziri-

dine backbone, the resulting molecule is much more suscep-

tible to hydrolysis. De Kimpe and co-workers have investigated

the reactivity of mono- and difluoroaziridines 2 and 3 (Figure 1)

[15,16]. As well as the enhanced reactivity that 2 and 3 both

show towards nucleophilic ring opening, there is an additional

subtlety regarding the regioselectivity. While ab initio calcula-

tions predict that both 2 and 3 should favour nucleophilic ring

opening at C3 [17], preliminary experiments showed that the

mono- and difluorinated aziridines actually behave differently

in the presence of nucleophiles, with monofluorinated aziridines

2 experiencing C2 attack and the difluorinated counterparts 3

favouring C3 attack.

Fluorination has also been shown to influence reactivity in four-

membered N-heterocycles (Scheme 1). Kanerva and co-workers

Figure 2: The ring pucker in azetidine derivatives can be influenced by
a C–F…N+ charge–dipole interaction.

[18] investigated a series of β-lactam derivatives (4a–c) in a

lipase-catalysed methanolysis process. While the non-fluori-

nated derivative 4a was found to be unreactive under the reac-

tion conditions specified, successive introduction of one or two

fluorine atoms (4b and 4c) led to a marked increase in reactiv-

ity. The enantioselectivity of this approach is also worthy of

note, and will be discussed further in a later section of this

review.

Now that our survey of N-heterocycles has reached ring sizes of

four atoms or larger, another important consideration emerges:

fluorine can affect the molecules’ conformational behaviour

[19]. To illustrate this point a series of examples are presented

below, drawing from heterocycles with ring sizes of up to eight

atoms.

3. Fluorination can influence the conforma-
tions of N-heterocycles
3.1 Four-membered rings
O’Hagan and co-workers observed an interesting conformation-

al effect in a computational study of fluorinated azetidine

derivatives (Figure 2) [20]. The neutral molecule 6 was calcu-

lated to prefer a ring pucker which placed the fluorine atom far

away from the neutral nitrogen atom (N–C–C–F dihedral

angle = 137.2°). However, the story changed markedly with the

charged derivative 7: in this case, the ring pucker inverted and

the fluorine atom more closely approached the charged nitrogen

atom (N+–C–C–F dihedral angle = 100.0°). This contrast was

explained by invoking a favourable interaction between the C–F
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Figure 4: Proline 11 readily undergoes a ring-flip process, but (4R)-fluoroproline 12 is more rigid because of hyperconjugation (σCH → σ*CF).

Figure 3: Fluorination ridifies the pyrrolidine rings of ligand 10, with
several consequences for its G-quadruplex DNA binding properties.

dipole and the charged N+ atom, and the magnitude of this

charge–dipole effect is revealed by comparison with the non-

fluorinated control molecule 8 in which the ring pucker is less

pronounced (N–C–C–H dihedral angle = 102.3°). It transpires

that this C–F…N+ interaction is a general effect which has also

been observed in larger N-heterocycles, as discussed below.

3.2 Five-membered rings
The C–F…N+ interaction can have a more dramatic impact on

the conformations of pyrrolidines, since they are inherently

more flexible than azetidines [21]. For example, O’Hagan and

co-workers investigated the pyrrolidine-containing molecules 9

and 10 (Figure 3) as ligands of G-quadruplex DNA [22]. The

non-fluorinated ligand 9 had some conformational disorder

because the pyrrolidine rings were able to interconvert between

exo and endo puckers. In contrast, the pyrrolidine rings of fluo-

rinated ligand 10 were more rigid, with the fluorine atoms

preferring to occupy an axial position consistent with a

favourable C–F…N+ interaction (worth approximately

5.0 kcal/mol). This led to a number of changes to the DNA

binding mode of 10, including a rotation of the entire pyrrol-

idine ring by 180° relative to that of 9, and several different

H-bonding contacts with the DNA as a result.

In contrast with the strong charge–dipole effect evident in pyr-

rolidine 10 (Figure 3), another more subtle interaction is

observed in neutral fluorinated pyrrolidines. For example,

Raines and co-workers found that (4R)-fluoroproline 12 adopts

a Cγ-exo ring pucker (Figure 4), in contrast with natural proline

11 which has a more flexible pyrrolidine ring [23]. The in-

creased rigidity of 12 was explained by a stabilising hypercon-

jugation phenomenon (Figure 4), in which an appropriately-

aligned σCH orbital is able to donate electron density into the

vacant σ*CF antibonding orbital. This stabilising interaction is

only possible if the C–F and C–N bonds are aligned gauche to

one another, and is analogous to the well-known fluorine

gauche effect [24]. The importance of the rigid Cγ-exo ring

pucker of 12 was demonstrated in spectacular fashion: Raines

and co-workers showed that the thermal stability of collagen

was increased when 12 was incorporated in place of collagen’s

naturally-present (4R)-hydroxyproline residues [25].

This hyperconjugation effect has also been exploited in the

context of organocatalysis. Fluorination of proline itself, as well

as related N-heterocycles, has been shown to increase enantio-

selectivity in certain organocatalytic processes [13]. For

example, Alexakis and co-workers found that the non-fluori-

nated catalyst 13 (Scheme 2) catalysed an alkylation reaction

(15→17) with only moderate enantioselectivity [26]. This was

ascribed to the flexibility of the pyrrolidine moiety in the

enamine intermediate 16. In contrast, the fluorinated catalyst 14

has a relatively strong (1.5 kcal/mol) preference for an endo

pucker, stabilised by hyperconjugation, and this increased

ridigity was credited with a dramatic improvement in the

enantioselectivity.

3.3 Six-membered rings
The conformational analysis of six-membered rings is a corner-

stone in physical chemistry. Substituted saturated six-membered

compounds usually adopt a chair conformation with substitu-

ents preferring the equatorial positions. However, in 1993

Lankin and Snyder [27] observed that fluoropiperidine 18 pref-

erentially adopted a conformation in which the fluorine

substituent resides in the axial position (Figure 5). This study

was then extended to include piperidines 19 and 20, and in each

case the axial conformers are preferred by a substantial

~5.0 kcal/mol over the equatorial conformers (not shown)

[28,29]. This pioneering work constituted the original discovery

of the C–F…N+ interaction which has already been discussed
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Scheme 2: Hyperconjugation rigidifies the ring pucker of a fluorinated organocatalyst 14, leading to higher enantioselectivity.

above in the context of azetidines and pyrrolidines. Interest-

ingly, Lankin and Snyder were also able to rule out hydrogen

bonding as the source of the axial preference, since the N,N-

dimethyl analogue 20 exhibited a similar effect.

Figure 5: Fluorinated piperidines prefer the axial conformation, due to
stabilising C–F…N+ interactions.

3.4 Seven-membered rings
Seven-membered rings exhibit much more complex conforma-

tional behaviour than six-membered rings. Hence, it is perhaps

unsurprising that a twenty year gap separated the pioneering

work of Lankin and Snyder (Figure 5) from the first analysis of

fluorinated seven-membered N-heterocycles. Liu and

co-workers [30] have recently explored the conformational

behaviour of the substituted azepanes 21–23 (Figure 6), and

observed that the rigidifying power of a fluorine substituent is

strongly dependent on the other groups present. The non-fluori-

nated azepane 21 was found to exhibit extensive conformation-

al disorder, and this was attributed to competing preferences for

the OBn/N3 substituents to adopt pseudoequatorial positions

and for the azide group to align gauche to the ring nitrogen. The

situation was not greatly changed upon introduction of a (6S)-

fluorine atom (compound 22): in this case, no single con-

formation of 22 was able to satisfy a C–F…N+ gauche align-

ment as well as the two conformational preferences described

for 21. In contrast however, introduction of a (6R)-fluorine

atom (compound 23) greatly rigidified the ring system, to the

extent that a single conformer of 23 dominated in solution. This

work highlights the subtleties that can arise when fluorine

atoms are incorporated into highly flexible molecules with pre-

existing substituents.

Figure 6: Fluorination can rigidify a substituted azepane, but only if it
acts in synergy with the other substituents: azepanes 21 and 22 are
disordered, while azepane 23 has one dominant geometry in solution.

Figure 7: The eight-membered N-heterocycle 24 prefers an axial
orientation of the fluorine substituent, giving two C–F…N+ interactions.

3.5 Eight-membered rings
The eight-membered ring is the largest stereoselectively

fluorinated N-heterocycle that has been investigated to date

[20]. O’Hagan and co-workers investigated the structure 24

(Figure 7), and calculated that the axial conformation of 24

should be strongly preferred over the equatorial conformation

(9.2 kcal/mol) because of two stabilising C–F…N+ interactions.

An X-ray structure of 24 was also obtained (Figure 7), and it

revealed a geometry consistent with the calculated minimum-

energy structure, with no evidence of disorder.
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Figure 8: Some iminosugars are “privileged structures” that serve as valuable drug leads.

Figure 9: Fluorinated iminosugar analogues 32–34 illuminate the binding interactions of the α-glycosidase inhibitor 28.

So far in this review, we have primarily been considering fluo-

rine as a replacement for hydrogen in N-heterocycles. However

a new vista opens up if we consider fluorine as a replacement

for the hydroxy group in bioactive molecules.

4. Fluorine can serve as a tool to probe the
importance of hydrogen bonding
The replacement of a hydroxy group in a bioactive molecule

with a fluorine atom can cause the loss of hydrogen bond donor

ability, which may have profound effects on the ligand–receptor

interaction. The study of fluorinated iminosugars serves as a

good platform to discuss this issue.

Naturally occurring iminosugars, also referred as polyhydroxy-

lated alkaloids or azasugars, are sugar mimics in which a

nitrogen atom replaces the ring oxygen of the corresponding

monosaccharide (Figure 8) [31-36]. Iminosugars can competi-

tively bind to glycosidase enzymes because of their structural

resemblance to the terminal sugar moiety of natural substrates,

or to the activated intermediate of hydrolysis (i.e. the oxocarbe-

nium ion). As a consequence, iminosugars show great promise

for the treatment of a variety of diseases including diabetes,

viral infection, bacterial infection, and lysosomal storage

disorders [37].

Fluorinated analogues of several of these privileged structures

have been prepared, in order to probe the importance of

hydrogen bonding in these systems [38-43]. For example,

1-deoxynojirimycin (28) is the C1-deoxy product of nojiri-

mycin, the first iminosugar isolated from Nature. Iminosugar 28

is a potent inhibitor of yeast α-glycosidase (Figure 9), and the

fluorinated analogues 32–34 suggest that the C2 and C4

hydroxy groups of 28 act as H-bond donors when binding to the

enzyme, while the C6 hydroxy of 28 does not [44,45].

Miglitol (30, Figure 10) is an orally-available drug used for the

treatment of type II diabetes. It was first marketed by Merck in

1996. The biological activity of the fluorinated analogues 35–37

(Figure 10) suggest that the C6 hydroxy group of 30 acts as a

hydrogen bond donor in its binding to yeast α-glycosidase,

while the C2' and C2 hydroxy groups of 30 do not [46,47]. The

fluorinated analogue 37 is particularly worthy of note, since this

compound is five times more potent than the existing drug 30,

and exhibits no toxicity in human cells.
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Figure 10: Fluorinated miglitol analogues, and their inhibitory activity towards yeast α-glycosidase.

Table 1: Fluorination improves the bioavailability of 3-piperidinylindole derivatives 38–40 by reducing the basicity of the secondary amine.

38 39 40

pKaH 10.4 8.5 ~8.5a

5-HT2A affinity 0.99 nM 0.43 nM 0.06 nM
Bioavailability “Poor” 18% 80%

aNot measured, but assumed to be similar to 39.

However, a word of warning: in the fluorinated iminosugar

examples discussed above (Figure 9 and Figure 10) the inhibi-

tion data must be interpreted with some caution, because

another effect could be in operation. As well as changing the

molecules’ hydrogen bonding properties, fluorination can also

affect the basicity of the amine group. This latter effect can be

rationally exploited, for example to improve the bioavailability

of a drug molecule; this concept is explored in the next section.

5. Fluorination alters the basicity of N-hetero-
cycles
The 3-piperidinylindole derivative 38 (Table 1) binds to the

human 5-HT2A serotonin receptor, and was identified as a

promising antipsychotic drug lead [48]. However, the bioavail-

ability of 38 was poor, and this was attributed to the basicity of

the secondary amine group which made the molecule positively

charged at physiological pH and hence unable to traverse bio-

logical membranes. This problem was overcome by intro-

ducing a fluorine atom onto the piperidine ring (39): the basicity

of the secondary amine was thereby reduced by nearly two

orders of magnitude, and this led to a marked improvement in

bioavailability. Incidentally, it is also worthy of note that the

bioavailability (and 5-HT2A binding affinity) could be further

improved by the introduction of a second fluorine atom, this

time onto the indole moiety (40); this further improvement in

bioavailability was attributed to blockage of the metabolic de-

gradation of 38 and 39 which commenced with hydroxylation

of the indole moiety.

In the next example, we return to the world of iminosugars.

Isofagomine (31, Figure 11) is an inhibitor of the β-glucosidase

from sweet almond, and it is thought to exert its inhibitory

activity by mimicking the oxocarbenium intermediate of glyco-

side cleavage [49]. Several analogues of 31 have been investi-

gated (41–44, Figure 11) [50-52], and on first inspection it is

difficult to rationalise the observed trends in biological activity.

One possible explanation for the dramatically improved activity

of e.g. 43 over 42 is to invoke the “polar hydrophobic” nature of

the fluorine substituent [53,54]. But another important factor is

the basicity of the amine group [55]. To best mimic the oxocar-

benium ion, the iminosugars 31 and 41–44 (Figure 11) must

bear a positive charge, and since the pKaH values vary consider-

ably amongst the different derivatives, it follows that each

derivative has a different “optimal” pH for maximal inhibitory

potency. This explains why the Ki values in Figure 11 do not

seem to follow a clear trend: the quoted Ki values were all

measured at the same pH, whereas it would be more revealing

to consider the Ki of each molecule at its “optimal” pH. This is
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Figure 12: Late stage deoxyfluorination in the synthesis of multifunctional N-heterocycles.

a very interesting situation, because it opens up the possibility

of developing drugs that are selective for particular pH

environments.

Figure 11: Analogues of isofagomine (31) have different pKaH values,
and therefore exhibit maximal β-glucosidase inhibition at different pH
values.

We have now seen that fluorination can affect N-heterocycles’

stability, their conformational behaviour, their hydrogen

bonding ability, and their basicity. It is hopefully clear to the

reader that these effects have already led to several benefits in

fields such as medicinal chemistry and organocatalysis. If these

concepts are to be continued to be exploited in the future, then

robust methods must be available for the synthesis of new fluo-

rinated N-heterocycles. Hence, in the final section of this review

we will examine some of the stereoselective synthetic methods

that have been developed in recent years.

6. There are many ways to synthesise
stereoselectively fluorinated N-heterocycles
6.1 Deoxyfluorination
Because of the ease of synthesis of enantiomerically pure alco-

hols, and the ever-increasing availability of deoxyfluorination

reagents [10], the deoxyfluorination of N-protected alcohols is

the most obvious strategy for synthesising fluorinated N-hetero-

cycles (Scheme 3). Deoxyfluorination methods have already

been extensively reviewed [8], and of course they are not

limited in scope to N-heterocyclic systems, so we will not

attempt to comprehensively cover this topic here. Instead, we

will focus on two recent developments in deoxyfluorination

methods that are particularly relevant to N-heterocyclic targets.

Scheme 3: General strategy for the synthesis of fluorinated N-hetero-
cycles via deoxyfluorination.

Late stage deoxyfluorination is an attractive method for synthe-

sising multifunctional fluorinated N-heterocycles, but mild and

selective reagents are required if this is to be successfully

achieved. One such reagent, PhenoFluor (45, Figure 12), was

originally developed by Ritter and co-workers for the direct

fluorination of phenols [56]. Recent work showed that 45 can

also be used to effect late-stage fluorination of hydroxy groups

within complex molecular architectures. For example, 45 can

react selectively with primary and allylic alcohols in the pres-

ence of secondary and tertiary alcohols, and the reaction will

also tolerate the presence of carbonyl groups [57]. Some

N-heterocyclic targets that have been synthesised in one step

using 45 as the deoxyfluorination reagent are highlighted in

Figure 12.

A unique complication sometimes arises when deoxyfluorina-

tion is attempted in N-heterocyclic systems: side reactions can

occur, bought about by neighbouring group participation

(Scheme 4) [58]. Such processes can lead to rearrangement, and

this outcome has been rationally exploited to synthesise fluori-

nated five- [59], six- [60] and seven-membered [61] N-hetero-

cycles that may have been otherwise difficult to access (e.g.

48→49, Scheme 4). Alternatively, neighbouring group partici-

pation sometimes results in an unexpected pattern of substitu-
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Scheme 4: During the deoxyfluorination of N-heterocycles, neighbouring group participation can sometimes lead to rearrangement (48→49) or substi-
tution with retention (50→51).

tion with retention (e.g. 50→51, Scheme 4); in the latter

example, note that the ring nitrogen does not directly engage in

the anchimeric process [62].

6.2 The fluorinated building block approach
An alternative to the strategy of deoxyfluorination (section 6.1)

is to synthesise fluorinated N-heterocycles starting from fluo-

rine-containing organic building blocks. Such an approach

benefits from the wide variety, and frequently the low cost, of

today’s commercially available organofluorine molecules

[63,64].

For example, the fluorinated aziridines 2 and 3 presented earlier

(Figure 1) were synthesised through a building block approach.

De Kimpe and co-workers [15,16] developed a strategy to syn-

thesise such targets via cyclization of β-fluoro-β-chloroamines

(54, Scheme 5), which in turn are derived from the readily-

available fluoroacetate derivatives 52.

Percy and co-workers’ synthesis of a difluorinated analogue of

calystegine B (63, Scheme 6) is a more elaborate example of the

strategy of using a readily available fluorinated starting ma-

terial for the synthesis of a complex target [65]. Percy’s

approach commenced with protected trifluoroethanol 55

(Scheme 6), and the multistep route to 63 featured a [2,3]-

Wittig rearrangement, a diastereoselective epoxidation, and a

microwave assisted transannular epoxide opening reaction. It is

also noteworthy that the starting material 55 contains an extra-

neous fluorine atom which is deleted during the synthetic

sequence; this approach takes advantage of the often low cost

and ready availability of perfluorinated building blocks.

Scheme 5: A building block approach for the synthesis of fluorinated
aziridines 2 and 3.

It should be noted, however, that access to enantiopure targets is

not straightforward via the building block approach. Such

targets may be better obtained through diastereoselective or

enantioselective fluorination methods, and examples of these

types of approaches are examined in the following sections.

6.3 Diastereoselective fluorocyclisation
The use of fluorocyclisation processes for the production of

heterocycles and carbocycles has attracted considerable atten-

tion in recent years. Such processes have the advantage of

forming multiple bonds in one pot [66]. Electrophilic fluorocy-

clisation involving the intrinsic nucleophilicity of nitrogen can

be a powerful tool to synthesise stereoselectively fluorinated

N-heterocycles. This concept was exemplified by Shibata
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Scheme 6: Building block approach for the synthesis of a difluorinated analogue of calystegine B (63).

Scheme 7: Synthesis of fluorinated analogues of brevianamide E (65) and gypsetin (68) via electrophilic fluorocyclisation.

and co-workers [67], who in 2001 reported an elegant and effi-

cient method for synthesising fluorinated analogues of the

natural product brevianamide E [68] (65, Scheme 7). This syn-

thesis was remarkable for its rapid generation of molecular

complexity, which is a defining feature of the fluorocyclisation

approach. Even more spectacular was the extension of

this methodology to create analogues of the natural product

gypsetin [69,70] (68) via a double fluorocyclisation sequence

(Scheme 7). The one drawback of this approach was its disap-

pointing lack of diastereoselectivity, which presumably arose

because nonselective fluoroquaternisation of the indole moiety

preceded the cyclisation event.

6.4 Enantioselective fluorocyclisation
The lack of diastereoselectivity seen in Scheme 7 is attributable

to the fluorination event preceding the cyclisation event, and

this is a significant issue which inhibits the further develop-

ment of diastereoselective processes. However, this issue does

not preclude the development of enantioselective variants,

provided the initial fluorination event can be controlled [11].
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Scheme 8: Organocatalysed enantioselective fluorocyclisation.

Gouverneur and co-workers recently reported the first enantio-

selective electrophilic fluorocyclisation (Scheme 8) [71].

Their substrates (e.g. 69) were indole derivatives bearing a

pendant nitrogen nucleophile, and the source of chirality was a

substoichiometric quantity of the cinchona alkaloid derivative

(DHQ)2PHAL (70). This method was shown to work very

well with several different pendant nucleophiles, but the

N-acetamido nucleophile was found to be optimal, giving the

corresponding product 71 in an impressive 92% ee. Elucidating

the mechanism of chiral induction in this type of process is not

straightforward, but preliminary experiments showed that asso-

ciative complexation between the substrate 69 and the alkaloid

catalyst 70 may account for the observed enantioselectivity.

6.5 Radical reactions
Examples of direct fluorination of C–H bonds with fluorine-

containing radicals are rare in the literature, especially if stereo-

selective versions of such reactions are sought. However, this

transformation can be a very effective and concise method for

synthesising fluorinated N-heterocycles. For example, L-cis-3-

fluoroazetidine-2-carboxylic acid (73) was synthesised in one

step from the corresponding amino acid 72 by photofluorina-

tion with fluoroxytrifluoromethane as the source of the fluorine

radical, in 53% yield [72] (Scheme 9).

Radical reactions can also be used to generate gem-difluori-

nated N-heterocycles. For example, Hu and Li [73] employed

the versatile reagent 74 (Scheme 10) in their synthesis of the

chiral 3,3-difluoropyrrolidine derivative 78. Reagent 74 can act

as either a CF2 anion equivalent or a CF2 radical equivalent

(Scheme 10, inset), and in Hu’s synthesis this reagent fulfils

both functions at different stages: thus, the target 78 is achieved

Scheme 9: Synthesis of 3-fluoroazetidine 73 via radical fluorination.

from N-(tert-butylsulfinyl)imine 75 through a nucleophilic

addition/radical cyclisation sequence. The selectivity during

the radical cyclisation (77→78) can be explained by the Beck-

with–Houk transition-state model [74,75]. The 3,3-difluoropyr-

rolidine moiety (e.g. 78) is found in a variety of enzyme inhibi-

tors such as thrombin inhibitors and cathepsin inhibitors, and so

this synthetic methodology (Scheme 10) is likely to have valu-

able future applications in medicinal chemistry.

6.6 Chemoenzymatic synthesis
Enzyme catalysis was presented earlier (Scheme 1) as a strategy

for synthesising fluorinated β-lactams (4) [18]. At that time, we

were interested in the effect that the fluorine substituents had on

the reactivity of the β-lactam derivatives. However this work

now merits further attention, because it also illustrates a strategy

for achieving stereoselectivity in C–F bond formation. The

racemic β-lactam 4b was synthesised as a single diastereoiso-

mer from the Schiff base 79 (Scheme 11), by a Reformatsky

addition followed by spontaneous cyclisation; removal of the

amine protecting group under oxidative conditions then

furnished rac-4b, the substrate for enzymatic resolution. Using

an immobilized lipase enzyme as the catalyst (and under

slightly different conditions from those described in Scheme 1),
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Scheme 10: Synthesis of 3,3-difluoropyrrolidine 78 via a radical cyclisation.

Scheme 11: Chemoenzymatic synthesis of fluorinated β-lactam 4b.

one enantiomer of the racemic β-lactam 4b was completely

transformed into the ester 5b, while the other enantiomer of

β-lactam 4b remained intact. The net result was that a fluori-

nated stereocentre was rapidly constructed, with defined

absolute configuration, within a nitrogen heterocycle.

Conclusion
When the concept of selective fluorination is applied in the

context of N-heterocycles, the resulting molecules have a

variety of unique properties. In this brief review, we have exam-

ined some of these features, including the effects on stability,

conformation, hydrogen bonding ability and basicity, and we

have also surveyed some of the synthetic methods that are

currently available for the production of such molecules.

Throughout, we have seen that the unique properties of stereo-

selectively fluorinated N-heterocycles have led to a variety of

valuable applications of these molecules, particularly in the

field of medicinal chemistry.

What does the future hold? It is interesting to note that the

molecules described in this review all comprise ring sizes of

three to eight atoms; in contrast, macrocyclic structures have

been little explored to date. It will be fascinating to learn

whether similar effects operate in much larger ring sizes, for

example in fluorinated analogues of cyclic peptides [76-78].

More generally however, it seems safe to predict that the unique

properties of stereoselectively fluorinated N-heterocycles will

ensure that their importance and utility continue to grow in the

future.
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Abstract
Organo-fluorine compounds are the substances of considerable interest in various industrial fields due to their unique physical and

chemical properties. Despite increased demand in wide fields of science, synthesis of fluoro-organic compounds is still often faced

with problems such as the difficulties in handling of fluorinating reagents and in controlling of chemical reactions. Recently, flow

microreactor synthesis has emerged as a new methodology for producing chemical substances with high efficiency. This review

outlines the successful examples of synthesis and reactions of fluorine-containing molecules by the use of flow microreactor

systems to overcome long-standing problems in fluorine chemistry.
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Review
Fluorine is a key element in the development of materials and

biologically active agents. The introduction of fluorine atoms

into organic molecules often exerts influences upon physical,

chemical, and biological properties [1-8]. Although the fluorine

atom is larger than the hydrogen atom, the replacement of

hydrogen by fluorine leads to the smallest steric perturbation

available to us. In pharmaceuticals, fluorine is often introduced

to increase lipophilicity, bioavailability, and metabolic stability;

these unique properties are otherwise difficult to obtain. At

present, nearly 15% of medicines and 20% of agrochemicals on

the market contain fluorine atoms [6,9,10].

Despite increased demands in wide fields of science, synthesis

of fluoro-organic compounds is still often faced with problems

such as the difficulty in handling of fluorinating reagents and in

controlling of chemical reactions. Furthermore, low stability of

fluorine-containing intermediates and low selectivity (chemo-,

regio-, and/or stereo-) of the reactions have disturbed the
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progress of synthesis of fluorochemicals. New methodologies

that can cure the weak points in synthesizing fluoro-organic

compounds would open up a new perspective for fluorine

chemistry.

Meanwhile, flow microreactor synthesis, the use of microflu-

idic devices, has emerged as a new method for producing chem-

ical substances with high efficiency [11-13]. Now, the introduc-

tion of continuous-flow synthesis technique to laboratory syn-

thesis represents a highly useful and increasingly popular

method in organic chemistry [14-17]. Flow microreactor

systems serve as an effective method for precise control of

chemical reactions. Not only operational safety, but also

extremely fast mixing, efficient heat transfer, and precise resi-

dence time control by virtue of the characteristic features of

microstructures are responsible for their effectiveness. In par-

ticular, brilliant works of the generation and reactions of reac-

tive intermediates that cannot be done in batch reactors have

been developed by means of ‘space integration methodology’,

where a sequence of reactions is conducted in one flow by

adding the reagents at different places in continuous-flow syn-

thesis [18-25].

This review deals with the successful examples on synthesis

and reactions of fluorine-containing molecules by the use of

flow microreactor systems. Useful applications using flow

microreactor technology to overcome long-standing problems in

synthetic organofluorine chemistry are showcased.

Reactions using hazardous fluorinating
reagents
Direct fluorination employing elemental fluorine (F2) is one of

the most straightforward methods to make fluorine-containing

molecules with high atom economy. However, handling F2

needs special care and there are a lot of practical difficulties

associated with direct fluorination. Elemental fluorine is a

poisonous pale yellow gas at room temperature (bp −188 °C).

Reactions of organic substances with elemental fluorine are

typically strongly exothermic and extremely fast, frequently

explosive. So it is difficult to control direct fluorination reac-

tions with F2 gas in conventional batch reactors. In 1999, the

pioneering work using flow microreactor technology for direct

fluorination was reported by Chambers and Spink (Scheme 1)

[26]. Utilizing the flow microreactor system, selective fluorin-

ation reactions were accomplished. For instance, fluorination of

β-dicarbonyl compounds proceeds with high efficiency,

whereas the use of conventional macrobatch systems suffered

from low conversion [27,28]. Since then, direct fluorination

processes using flow microreactor systems have been studied

extensively [29-36]. The reactions of arenes with F2 gas cause

not only substitution (aromatic fluorination) but also side reac-

tions such as fluorine-addition, polymerization and so on due to

the high reactivity of F2 gas [37-40]. Direct fluorination of

aromatics in microreactor system took place cleanly [36].

Scheme 1: Direct fluorination using microreactor systems.

As another splendid example for safe handling of hazardous

fluorinating reagents, the flow microreactor synthesis using

diethylaminosulfur trifluoride (Et2NSF3, abbreviated as DAST)

was demonstrated. DAST is a commercially available liquid

reagent that is utilized for the conversion of alcohols and car-

bonyl compounds into the corresponding fluoro derivatives. In

spite of the effectiveness and convenience for nucleophilic fluo-

rination, DAST is volatile and quite moisture sensitive, and

readily undergoes disproportionation to SF4 and explosive

(Et2N)2SF2 when heating at over 90 °C [41-43]. Therefore,

special care is required in handling a large quantity of DAST

concerning the danger of the explosion under heating condi-

tions. To solve these technical issues, the use of DAST in a

continuous-flow reactor employing inert plastic flow tubes

provided flexibility, scale-up production, and improved safety

of operation. Using flow chemistry, the conversion of alcohols

to fluorides was achieved by Seeberger and Ley, independently

(Scheme 2) [44-47]. Usually, gem-difluorination of ketones by

DAST is known to be less efficient because it needs heating

and/or long reaction time to complete the fluorination [48,49].

Nevertheless by the use of a flow microreactor device, isatin

underwent gem-difluorination to give the corresponding difluo-

ride in 73% yield (residence time in the reactor: within 1 h).

Reactions that can be well-controlled and
accelerated using flow microreactor systems
The success of continuous flow chemistry in organic synthesis

has enlarged rapidly last decade. There have been numerous

examples using flow microreactors with improvement of chem-

ical conversions and selectivities compared to conventional

batch equipments. There are several beneficial effects using of
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Scheme 3: Flow microreactor synthesis of fluorinated epoxides.

Scheme 4: Highly controlled isomerization of gem-difluoroalkenes.

Scheme 2: Use of DAST in continuous-flow reactors.

flow microreactor systems; for instance, extremely fast mixing

ability attributed to shortened diffusion path length, and highly

efficient heat transfer ability based on large surface-area-to-

volume ratio. In some cases, product selectively can be

enhanced dramatically by the use of continuous flow microre-

actor devices. Daikin Industries, Ltd. developed the flow

microreactor synthesis of fluorinated epoxides. In the first step

(radical addition of perfluoroalkyl iodides to unsaturated alco-

hols), there is a problem concerning the violent exothermic

reaction induced by decomposition of AIBN [50]. Furthermore,

in the second step (intramolecular nucleophilic substitution of

β-iodoalcohols to afford epoxides), efficient mixing technique is

required for biphasic aqueous–organic systems. To resolve all

the troublesome issues, flow microreactor provided improved

reaction control over traditional batch reactors; high-yield syn-

thesis of fluorinated epoxides was achieved (Scheme 3).

Kitazume et al. demonstrated the benefit of flow microreactors

for a highly stereoselective synthesis of difluoromethylated

alkenes [51]. They succeeded in perfect control of rapid base-

catalyzed isomerization to give (E)-ethyl 3-difluoromethyl-

propenates (Scheme 4). Due to the benefit of temperature

control in flow microreactor, further isomerization affording B

was restricted.
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Scheme 5: Flow system for catalytic aromatic fluorination.

Scheme 6: Continuous-flow reactor for electrophilic aromatic fluorination.

The Pd-catalyzed fluorination of aryl triflates with fluoride was

developed by Buchwald and co-workers in 2009 [52]. Both

electron-rich and -poor aryl triflates underwent Pd-catalyzed

aromatic fluorination. As a fluoride source, they used CsF,

which is an expensive reagent. They found that the use of a

large excesses of CsF shortened reaction times for catalytic

aromatic fluorination. Furthermore, efficient mixing becomes

difficult when dealing with large quantities of insoluble CsF.

They invented a packed-bed flow reactor, which allowed for

easy handling of large quantities of insoluble CsF with efficient

mixing (Scheme 5) [53].

As an alternative method for aromatic fluorination, Yoshida and

Nagaki reported the reactions of aryllithiums with electrophilic

fluorinating agents such as NFSI and N-fluorosultam

(Scheme 6) [54]. The present flow microreactor method showed

a high level of functional group compatibility; a wide repertoire

of aryl fluorides possessing electron-withdrawing, electron-

donating, and sterically hindered functional groups were

obtained in good yields. This is an important feature of 'late-

stage fluorination methodology' for efficient drug screening.

[18F] is a fluorine radioisotope which acts as an important

source of positrons. In the medical imaging modality, [18F]FDG

is radiopharmaceutically used for positron emission tomog-

raphy (PET). However, due to the short radioactivity elimina-

tion half-life of [18F] (t1/2 = 110 min), protocols for rapid and

selective synthesis of [18F]-labeled compounds have been

required. In addition, on-site and on-demand chemical produc-

tion of PET agents with automation and ease of in-line purifica-

tion is suitable for hospital use. To date, continuous flow

microreactor technology has shown potential for synthesis of

[18F]-radiolabeled molecular imaging probes such as [18F]FDG,

[18F]fallypride, [18F]annexin, and so on, which were made by

nucleophilic substitution reactions using [18F]-fluoride ion

(Scheme 7) [55-67].
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Scheme 8: Flow microreactor synthesis of dipeptides.

Scheme 9: Flow synthesis involving SNAr reactions.

Scheme 7: Examples of [18F]-radiolabeled molecular imaging probes.

For not only fluorination/fluoroalkylation, but also for defluori-

nation, flow microreactor synthesis is quite effective. Defluori-

nation involving a nucleophilic addition–elimination mecha-

nism is a fundamental reaction in organic synthesis. Acid fluo-

rides are known to be more stable to hydrolysis than acid chlo-

rides under acidic or neutral conditions; on the other hand, they

react with nucleophiles vigorously under basic conditions.

Amino acid fluorides serve as one of the most efficient reagents

for peptide bond formation. Seeberger and co-workers demon-

strated the use of a silicon-based microreactor for the effective

synthesis of peptides (Scheme 8) [68]. The condensation reac-

tion completed in only 3 min at 90 °C to afford the dipeptide in

high yield. Under the conditions at higher temperatures and/or

leaving in prolonged contact with the reagents, decreasing the

chemical yield of the desired dipeptide and increasing the

amount of the tripeptide were observed. Using a flow microre-

actor system, precise residence-time control avoided the forma-

tion of undesired tripeptide byproduct.

Nucleophilic aromatic substitution (SNAr) chemistry

contributes to creating useful materials. In 2005, Comer and

Organ reported SNAr reactions of 2-fluoronitrobenzene using a

flow microreactor system with microwave irradiation

(Scheme 9) [69]. Toward making compound-libraries,

Schwalbe explored a flow microreactor system for sequential

transformation towards fluoroquinolone antibiotics such as

ciprofloxacin via both inter- and intramolecular SNAr reactions

(Scheme 10) [70]. Starting from the acylation reaction of (N-di-

methylamino)acrylate with 2,4,5-trifluorobenzoic acid chloride,

followed by two kinds of library diversification involving 1)
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Scheme 10: Flow synthesis of fluoroquinolone antibiotics.

Scheme 11: Highly controlled formation of PFPMgBr.

Michael addition of a set of primary amines and the subsequent

nucleophilic ring closure to give the difluoroquinolone system,

2) intermolecular nucleophilic aromatic substitution with

various amines and hydrolysis of ester moieties to afford a

number of ciprofloxacin analogues in good overall yields with

high purity.

Reactions in which a reactive intermediate
easily decomposes in batch reactors
As aforementioned, the benefits of flow microreactor synthesis

are 1) accurate control of reaction time, temperature, and pres-

sure, 2) efficient mixing, 3) improved product selectivity (yield

and purity), 4) rapid removal of heat of reaction for increased

process safety, 5) ease of scale-up from lab to plant scale, and

so on.

The reaction times are governed by the residence times

(concerning path lengths and flow rates) inside flow microre-

actor which allow the generation and reactions of reactive inter-

mediates before decomposition. By virtue of these character-

istic features, the residence time control in flow microreactors

makes the generation of highly reactive species possible,

including their reactions on a preparative scale within a second

or less.

Pentafluorophenylmagnesium bromide (PFPMgBr) is industri-

ally produced by means of the halogen–metal exchange reac-

tion of ethylmagnesium bromide and bromopentafluorobenzene

[71]. However, this process is a highly exothermic reaction, and

therefore, the use of a slow addition technique is required to

avoid rapid increase in temperature. The flow reactor systems

with micromixer and microheat exchangers show efficacy of

forming PFPMgBr (Scheme 11) [72]. In the well-controlled for-

mation of PFPMgBr and the subsequent protonation, contin-

uous running of the pilot plant-scale flow microreactor gave

pentafluorobenzene (PFB) in 92% yield (14.7 kg).
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Scheme 12: Selective flow synthesis of photochromic diarylethenes.

Molecular switches based on photochromic diarylethenes are

one of the most promising electronic materials [73]. In particu-

lar, a number of 1,2-bis(heteroaryl)-substituted perfluorocy-

clopentenes have been synthesized for use as photosensitive

components of photochromic recording media for optical

memory. For the synthesis of 1,2-diarylperfluorocyclopentenes,

octafluorocyclopentene undergoes very quick reaction with

nucleophiles because of the extremely high electrophilicity of

the double bond [74]. The nucleophilic substitutions take place

in a stepwise manner via an addition–elimination pathway.

However, it is difficult to synthesize unsymmetrical diaryl-

ethenes with conventional macro batch systems because of

contamination of the symmetrical diarylethenes (two identical

nucleophiles are incorporated at the same time). Integrated flow

microreactor synthesis of photochromic diarylethenes was

found to be effective; the generation of heteroaryllithiums and

the subsequent nucleophilic addition/elimination with octafluo-

rocyclopentene were successfully achieved (Scheme 12) [75].

As a significant progress, the selective synthesis of unsymmet-

rical diarylethenes was accomplished by stepwise introduction

of different heteroaryl nucleophiles into octafluorocyclopen-

tene with highly controlled manner [76].

The installation of perfluoroalkyl moieties into organic mole-

cules can substantially changes the electronic properties of the

parent organic compounds, and improves lipophilicity leading

to enhanced solubility in fatty tissue and more efficient trans-

port in the body. Nucleophilic introduction of perfluoroalkyl

(RF) groups are one of the most effective and general methods

for the synthesis of perfluoroalkylated compounds [77].

Perfluoroalkyllithiums, which are usually prepared by

halogen–lithium exchange reactions of perfluoroalkyl halides

with alkyllithiums are useful for nucleophilic perfluoroalkyla-

tion [78], however they readily undergo β-elimination to form

perfluoroalkenes [79]. Flow microreactor systems were proved

to be effective for generation and reactions of RFLi avoiding the

β-elimination [80]. In the case of benzaldehyde as an elec-

trophile, the reactions could be conducted at 0 °C, although

much lower temperatures such as −78 °C are required to avoid

the decomposition of perfluoroalkyllithium intermediates in

batch processes (Scheme 13). However, the use of highly reac-

tive electrophiles such as trimethylsilyl triflate and chlorotri-

butylstannane gave rise to very low yields of the desired prod-

ucts, because the reactions of MeLi with such electrophiles are

faster than those with perfluoroalkyl halides. In such cases, the

generation of RFLi and the reactions with electrophiles should

be separated to give the desired RFSiMe3 and RFSnBu3 in high

yields. To solve the issue, the use of the integrated flow

microreactor system was effective; well-controlled generation

of highly reactive RFLi intermediates in the absence of active

electrophiles and transfer of RFLi into the next step were

accomplished by taking short residence times in the reactors

before they decomposed (Scheme 14).

Conclusion
The illustrious achievements have been made in developing

organic reactions by the use of flow microreactor devices. Fluo-

rinated organic compounds have been gaining a significant

importance in wide field of science and technology, and there

have been the associated growing need for new and more effi-

cient synthetic methods. As highlighted here, each of these

elegant flow microreactor syntheses surely supplies the innova-

tive methods for the synthesis of organo-fluorine compounds.

For the future, continuous flow microreactor chemistry will

make a breakthrough in developing new chemical production

with highly efficiency and unexploited fluorinated intermedi-

ates by the ingenious strategy, and will afford fluorine-

containing useful materials.
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Scheme 13: Flow microreactor system for perfluoroalkylation by generation of perfluoroalkyllithiums in the presence of electrophiles.

Scheme 14: Integrated flow microreactor system for perfluoroalkylation by generation of perfluoroalkyllithiums in the absence of electrophiles.
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Abstract
Fluorination often confers a range of advantages in modulating the conformation and reactivity of small molecule organocatalysts.

By strategically introducing fluorine substituents, as part of a β-fluoroamine motif, in a triazolium pre-catalyst, it was possible to

modulate the behaviour of the corresponding N-heterocyclic carbene (NHC) with minimal steric alterations to the catalyst core. In

this study, the effect of hydrogen to fluorine substitution was evaluated as part of a molecular editing study. X-ray crystallographic

analyses of a number of derivatives are presented and the conformations are discussed. Upon deprotonation, the fluorinated

triazolium salts generate catalytically active N-heterocyclic carbenes, which can then participate in the enantioselective Steglich

rearrangement of oxazolyl carbonates to C-carboxyazlactones (e.r. up to 87.0:13.0).

2812

Introduction
Molecular editing using fluorine is a powerful strategy to modu-

late the conformation and reactivity of small molecule

organocatalysts [1-3]. The negligible steric penalty associated

with H→F substitution, together with the polarised nature and

stability of aliphatic C–F bonds, render this unit attractive from

the perspective of molecular design [4]. The low-lying anti-

bonding orbital (σC–F*) can interact with an array of vicinal

substituents ranging from non-bonding electron pairs, such as in

the case of the fluorine anomeric effect [5], to electron rich

sigma bonds (σ→σ*). The stereoelectronic gauche effect in 1,2-

difluoroethane is the most prominent example (1; Figure 1)

[6-9]. The counterintuitive preference of vicinal fluorine

substituents to adopt a gauche preference (ΦF–C–C–F ≈ 60°) can

be rationalised by invoking two stabilising hyperconjugative

interactions (σC–H→σC–F*). This conformational preference is

conserved in numerous systems in which one of the fluorine

atoms has been substituted by another electron withdrawing

group (X(δ+); X(δ+)–Cα–Cβ–Fδ−). Often this modification leads

to the introduction of a stabilising electrostatic component, thus

enhancing the interaction: this is exemplified by the pioneering

work of O’Hagan and co-workers [10-12].

In recent years, this laboratory has strategically employed the

aforementioned effects in the design of functional small mole-

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:ryan.gilmour@uni-muenster.de
http://dx.doi.org/10.3762%2Fbjoc.9.316
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Figure 2: Target triazolium salts 5–10 for this study. The synclinal-endo conformation of 5 is shown [18]. Only the synclinal-exo arrangement of 6 and
7 is shown [22].

Figure 1: Exploring the effect of fluorine incorporation in triazolium
pre-catalysts (2) for the enantioselective Steglich rearrangement of
oxazolyl carbonates to the respective C-carboxyazlactones (3→4).

cules [13-22], often for application in organocatalysis [1].

Common to these studies has been the strategic incorporation of

a fluoro substituent vicinal to a catalytically active amino group.

Subsequent generation of a (partial) positive charge at nitrogen

generates the requisite X–Cα–Cβ–Fδ− system (X = N+), thus

providing a facile approach to controlling rotation around this

bond (ΦXCCF ≈ 60°). In this study, the influence of fluorination

on catalyst behaviour is extended to the study of triazolium salts

such as 2, which can be converted to the respective N-hetero-

cyclic carbenes (NHCs) by simple deprotonation.

Given the importance of NHCs in modern organic synthesis

[23-28] it was envisaged that these systems would be intriguing

candidates for investigation. Moreover, structural information

gleaned from the triazolium salt pre-catalysts regarding con-

formation [18,22], assist in rationalising the behaviour of the

NHCs generated in situ.

Herein, the synthesis and catalytic efficiency of a series of fluo-

rinated, bicyclic triazolium salts 2 is disclosed. The effect of

molecular editing by hydrogen to fluorine substitution is evalu-

ated in the NHC-catalysed, enantioselective Steglich rearrange-

ment of oxazolyl carbonates 3 to C-carboxyazlactones 4 [29],

recently reported by Smith and co-workers [30-36].

Fluorination sites were selected based on their proximity to the

ring junction nitrogen of the triazolium system (Figure 2).

Consequently, two distinct β-fluoroamine sub-classes may be

generated. The first site positions the β-fluorine atom on a

freely rotatable (sp3–sp3) exo cyclic group (5, 6 and 7),

conceivably allowing for both synclinal-exo and synclinal-endo

conformations to be populated: this is consistent with the

recently reported fluorine–NHC gauche effect [22]. The second

fluorination site embeds the β-fluoroamine within the bicycle

framework of the triazolium salt, thus restricting con-

formational freedom (e.g. 8). This later scenario was inspired by

the elegant work of Rovis and co-workers, which demonstrated

that backbone fluorination of bicyclic NHCs improves enantio-

selectivity in Stetter reactions of heterocyclic aldehydes with

nitroalkenes [37-40]. Finally, one hybrid system was prepared

containing both β-fluoroamine classes (7). The trifluoro-

methylated triazolium salt 9 and the non-fluorinated equivalent

10 served as electronic and steric control catalysts for this

study.

Results and Discussion
Pre-catalyst synthesis
The synthesis of a novel series of fluorinated triazolium salts

(7–10) is described, following our previous studies concerning
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Scheme 1: Synthesis of the difluorinated triazolium salt 7 starting from commercially available N-Boc-trans-4-hydroxy-L-proline methyl ester (11).

the preparation of triazolium salts 5 and 6 [18,22]. The route to

target 7 began by treating N-Boc-trans-4-hydroxy-L-proline

methyl ester (11) with diethylaminosulfur trifluoride (DAST) in

CH2Cl2 to install the first fluoro substituent (12) with clean

configurational inversion (88%, Scheme 1).

Oxidation of the pyrrolidine to the corresponding lactam 13

using a Ru(III)/NaIO4 system proceeded smoothly, followed by

TFA-mediated Boc deprotection to yield 14 (75%, 2 steps).

Reduction of the methyl ester to the primary alcohol (15, 18%),

and subsequent protection as the TBDMS ether delivered the

cyclisation substrate 16 in good yield (92%). A three step, one

pot sequence consisting of methylation, treatment with phenyl-

hydrazine and subsequent cyclisation furnished the triazolium

salt 17 in 76% yield (3 steps). Finally, DAST-mediated

TBDMS deprotection/deoxyfluorination completed the syn-

thetic sequence to give 7 in 45% yield.

Synthesis of the monofluorinated pre-catalyst 8 (Scheme 2)

commenced with an Appel reaction of alcohol 15 to prepare the

primary bromide 18. Owing to the potentially labile nature of

the primary bromide, this material was used without further

purification in the next step. Reduction (H2, Pd/C) furnished the

lactam 19 (21% over 2 steps) in preparation for the cyclisation

sequence. As previously described, successive treatment with

the Meerwein salt, phenylhydrazine and methyl orthoformate

yielded the target triazolium salt 8 in 61% over 3 steps.

Scheme 2: Synthesis of the monofluorinated triazolium salt 8.

The pre-catalysts 9 and 10 required for control experiments

were prepared by an analogous reaction sequence (Scheme 3).

Commercially available (S)-(+)-(trifluoromethyl)pyrrolidine 20

was protected (21, quantitative), oxidised to the corresponding

lactam (22, 38% over 2 steps) and processed to the target

triazolium salt 9 (46%, 3 steps). The non-fluorinated catalyst 10

(Scheme 3; lower) was prepared in a short synthesis starting

from the primary bromide 23 [22]. Hydrogenolysis (24, 67%)

[41] and subsequent conversion to the triazolium salt completed

the short synthesis (52% over 3 steps).
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Figure 3: X-ray crystal structures of triazolium salts 5·BF4
−, 6·BF4

− and 7·BF4
− [42]. The tetrafluoroborate counterions have been omitted for clarity.

Scheme 3: Synthesis of the trifluoromethylated and non-fluorinated
pre-catalysts 9 and 10 for control studies.

X-Ray structural analysis of 5, 6 and 7
The X-ray crystal structures of triazolium salts 5, 6 and 7 were

then compared to examine the conformation of the β-fluo-

roamine motifs that were the major motivation for this study

(Figure 3) [42]. In previous analyses of (S)-2-(fluorodiphenyl-

methyl)pyrrolidine derivatives, the synclinal-endo con-

formation was almost exclusively observed in the solid state

[13,15,16,18,21,22]. This was also found to be the case in

triazolium salt 5 (ΦNCCF −54.0°), with the diphenylfluo-

romethyl group adopting a quasi-equatorial orientation, presum-

ably to minimise non-bonding interactions as a consequence of

the sterically demanding phenyl groups.

Deletion of these Ph units from the exocyclic group (6) resulted

in a switch to the synclinal-exo conformation (ΦNCCF +67.9°),

with the monofluoromethyl group occupying a quasi-axial

orientation. Interestingly, this synclinal-endo → synclinal-exo

switch is also observed in the corresponding pyrrolidino

systems [13,21]. The hybrid structure 7 containing both β-fluo-

roamine types again showed the synclinal-exo arrangement

(ΦNCCF +63.65°) as expected, although the fluorine group on

the ring system did little to alter the conformation when

compared with 5 and 6.

Having completed the synthesis of the fluorinated triazolium

salts (5–10) for this study, their effectiveness in catalysing the

Steglich rearrangement of an oxazolyl carbonate derivative (25)
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Table 1: Optimisation studies using triazolium salt 6.a,b

Entry Solvent Base Conc. (mol·L−1) Loading (mol %) T (°C) Conversion (%)b e.r.b

1 toluene KHMDS 0.19 10 rt >99 80.5:19.5
2 CH2Cl2 KHMDS 0.19 10 rt 89 59.0:41.0
3 CDCl3 KHMDS 0.19 10 rt 39 70.0:30.0
4 THF KHMDS 0.19 10 rt <1 —
5 Et2O KHMDS 0.19 10 rt >99 74.0:26.0
6 1,4-dioxane KHMDS 0.19 10 rt 95 74.5:25.5
7 n-hexane KHMDS 0.19 10 rt 38 79.0:21.0
8 PhCl KHMDS 0.19 10 rt 65 71.5:28.5
9 toluene DBU 0.19 10 rt 67 79.5:20.5
10 toluene KOt-Bu 0.19 10 rt 14 78.5:21.5
11 toluene KHMDS (solid) 0.19 10 rt 66 79.0:21.0
12 toluene Cs2CO3 0.19 10 rt >99 80.5:19.5
13 toluene KHMDS 0.02 10 rt 97 80.5:19.5
14 toluene KHMDS 0.50 10 rt >99 79.0:21.0
15 toluene KHMDS 0.19 30 rt >99 66.5:33.5
16 toluene KHMDS 0.19 5 rt 63 80.5:19.5
17 toluene KHMDS 0.19 1 rt <1 —
18 toluene Cs2CO3 0.02 10 rt 92 81.0:19.0
19 toluene Cs2CO3 0.50 10 rt 99 80.0:20.0
20 toluene Cs2CO3 0.19 30 rt 99 80.0:20.0
21 toluene Cs2CO3 0.19 5 rt 96 80.0:20.0

aRepresentative reaction protocol: To a suspension of 6 in the appropriate solvent was added the base indicated. The mixture was then stirred for
15 min before a solution of 25 (20.0 mg, 76.0 µmol) in toluene was added. The mixture was stirred for a further 18 h, after which time the solution was
concentrated in vacuo and filtered over a plug of silica gel (CH2Cl2 as eluent). The resulting solution was then concentrated in vacuo. bThe conver-
sion and enantiomeric ratio of the product were determined by HPLC on an Agilent 1260 series system using a reprocil chiral-OM 4.6 mm column.
Percent conversion was determined by integration of the starting material and product peaks, correcting for response factors.

to the corresponding C-carboxyazlactone 26 was investigated

(Table 1). For this initial study, the monofluorinated triazolium

salt 6 was arbitrarily chosen (10 mol %), with toluene being

used as the reaction medium and KHMDS as the base [30].

Gratifyingly, complete conversion was observed after 18 h and

with good levels of enantioselectivity (e.r. 80.5:19.5). Variation

in the choice of solvent proved detrimental to both the conver-

sion and enantioselectivity (Table 1, entries 2–8). Chlorinated

solvents such as CH2Cl2 and CDCl3 (Table 1, entries 2 and 3)

led to losses in enantioselectivity, whilst THF completely

suppressed the reaction (Table 1, entry 4, <1% conversion).

Intriguingly, switching from THF to Et2O (Table 1, entry 5)

resulted in full conversion and gave appreciable enantio-

selectivity (e.r. 74.0:26.0). This behaviour was also preserved

with 1,4-dioxane as solvent (e.r. 74.5:25.5, Table 1, entry 6).

Hexane gave comparable levels of enantioinduction but with a

marked decrease in conversion (38%, Table 1, entry 7).

Employing chlorobenzene did not improve conversion, or the

enantiomeric ratio of the products (Table 1, entry 8). Having

identified toluene as the solvent of choice, attention was turned

to exploring the effect of the base. It was noted that neither

DBU (Table 1, entry 9) nor KOt-Bu (Table 1, entry 10) led to

higher levels of enantioselectivity. A control reaction using

solid KHMDS, rather than the commercial 0.5 M solution in

toluene, revealed a lower conversion but did not alter the enan-

tiomeric ratio (Table 1, entry 11). However, a commensurate

performance was noted with Cs2CO3 (Table 1, entry 12, >99%,

e.r. 80.5:19.5). Alterations in reaction concentration had little

influence on the selectivity (Table 1, entries 13 and 14, 0.02 or

0.5 mol·L−1, e.r. 80.5:19.5 and 79.0:21.0, respectively).

However, catalyst loading did dramatically alter the selectivity

outcome (Table 1, entries 15–17). Given that similar enantio-

selectivities were recorded in reactions using Cs2CO3 (cf.

KHMDS), an analogous set of reactions were run for complete-
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Table 2: A catalyst molecular editing study.a,b

Entry Catalyst Base Conversion (%)b e.r.b

1
2

5

Cs2CO3
KHMDS

83
0

54.5:45.5c

n.d.

3
4

6

Cs2CO3
KHMDS

99
99

80.5:19.5
80.5:19.5

5
6

7

Cs2CO3
KHMDS

99
14

87.0:13.0
86.0:14.0

7
8

8

Cs2CO3
KHMDS

97
54

77.5:22.5
76.0:24.0

9
10

9

Cs2CO3
KHMDS

0
0

n.d.
n.d.

11
12

10

Cs2CO3
KHMDS

98
81

62.5:37.5
62.5:37.5

aRepresentative reaction protocol: A suspension of the catalyst (7.6 µmol) in toluene (200 µL) was treated with Cs2CO3 (2.5 mg, 7.6 µmol) and stirred
for 15 min. A solution of 25 (20.0 mg, 76.0 µmol) in toluene (200 µL) was then added. The mixture was stirred for a further 18 h, after which time the
solution was concentrated in vacuo and filtered over a plug of silica gel (CH2Cl2 as eluent). The resulting solution was then concentrated in vacuo.
bThe conversion and enantiomeric ratio of the product were determined by HPLC on an Agilent 1260 series system using a reprocil chiral-OM 4.6 mm
column. Percent conversion was determined by integration of the starting material and product peaks, correcting for response factors. cReversal in the
sense of enantioselectivity.

ness (Table 1, entries 18–21). Again, reactions using Cs2CO3

were not sensitive to changes in concentration (Table 1, entries

18 and 19), but in contrast to reactions employing KHMDS,

altering the catalyst loading did not result in an erosion of the

enantioselectivity (Table 1, entries 20 and 21, e.r. 80.0:20.0).

Having evaluated a series of parameters for the catalytic

Steglich rearrangement using catalyst 6, efforts were then

focussed on a logical process of molecular editing to clarify the

effect of H→F substitution (Table 2). Once again, toluene was

employed as solvent, and reactions were run at rt for 18 h at a
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concentration of 0.19 M. Due to the similar enantioselectivities

observed when using KHMDS and Cs2CO3 (Table 1), it was

deemed prudent to perform the study using both bases indepen-

dently. Initially, the bulky diphenylfluoromethyl-containing

triazolium salt 5 was subjected to the optimised conditions. It

was envisaged that one of the phenyl rings might assist in the

facial discrimination of the activated electrophile, as a conse-

quence of the fluorine gauche effect (ΦNCCF −54.0°, Figure 3).

However, the product C-carboxyazlactone 26 was isolated

essentially in racemic form (Table 2, entry 1, e.r. 54.5:45.5).

Despite the modest selectivity, the sense of induction was

inverted relative to what had been previously observed. Puzz-

lingly, reactions in the presence of KHMDS did not yield any of

the desired product (Table 2, entry 2). As previously estab-

lished, deletion of the phenyl rings resulted in a marked

improvement with both the conversion and enantioselectivity

reaching useful values (99%, e.r. 80.5:19.5, Table 2, entries 3

and 4). As had been reported by Rovis et al. for certain Stetter

reactions [37-40], fluorination of the bicycle framework (7)

augmented the catalyst performance (Table 2, entries 5 and 6).

In the presence of Cs2CO3 almost quantitative conversion was

noted together with the highest enantioselectivities of the study

(up to e.r. 87.0:13.0). Again, a significant loss in conversion

was observed in reactions performed with KHMDS (Table 2,

entry 6, 14%). Deletion of the fluorine substituent on the exo

cyclic group (8) resulted in a notable drop in the enantiomeric

ratio (77.5:22.5, Table 2, entry 7), with reactions containing

KHMDS reaching only 54% conversion. Finally, in the control

reaction with the trifluoromethyl-containing triazolium salt 9,

no conversion was observed irrespective of the base employed

(Table 2, entries 9 and 10). Deletion of both fluorine atoms

from the catalyst core (10) was accompanied by a drop in

enantioselectivity (e.r. 62.5:37.5), although the reactions did not

display the same sensitivity to changes in base (Table 2, entries

11 and 12).

Conclusion
In conclusion, the ability of fluorine to modulate the catalytic

performance of N-heterocyclic carbenes in the Steglich

rearrangement of oxazolyl carbonates has been demonstrated. A

focussed molecular editing study (Figure 4) has revealed that

the introduction of a single fluorine atom on the exocyclic unit

leads to enhanced enantioselectivities (6 versus 10, e.r.

80.5:19.5 versus 62.5:37.5). Further augmentation can be

achieved by introduction of a second fluorine substituent on the

catalyst core (7; e.r. 87.0:13.0, 99% conversion). However, the

reinforcing role of these two fluorine substituents in orches-

trating enantioinduction requires clarification and will be the

subject of future investigations. What is apparent is that fluo-

rine incorporation can confer significant advantages in

(organo)catalyst optimisation and design.

Figure 4: An overview of the molecular editing approach to catalyst
development.

Experimental
Full experimental data is provided in Supporting Information

File 1.

Supporting Information
Supporting Information File 1
Experimental part.

[http://www.beilstein-journals.org/bjoc/content/

supplementary/1860-5397-9-316-S1.pdf]
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Abstract
A Cu-mediated trifluoromethylation of benzyl, allyl and propargyl methanesulfonates with TMSCF3 was developed for the first

time. This method offers a convenient and economical approach to various trifluoroethyl-containing compounds.
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Introduction
Fluorinated organic molecules are extremely important in agro-

chemicals, pharmaceuticals and materials [1-6]. In recent years,

(trifluoroethyl)arenes have drawn increasing attention in medic-

inal chemistry and related fields [7-9]. Different methods have

been developed for the synthesis of (trifluoroethyl)arenes, such

as Cl–F exchange of the trichloroethyl derivatives [10], reduc-

tion of the (trifluoroethyl)aryl derivatives [11] and addition of

2,2-difluorostyrene derivatives [12]. Compared to these

methods, the direct transition metal-mediated trifluoroethyla-

tion of arylboronic acids [13,14] (Scheme 1a) and trifluoro-

methylation of benzyl halides [15-21] (Scheme 1b) are more

convenient. Especially trifluoromethylations of benzyl bro-

mides with a [CuCF3] species, which are generated from

different precursors, are generally employed to afford various

(trifluoroethyl)arenes. Although these methods are proven effi-

cient, it is still highly desirable to develop new protocols from

economic consideration. In continuation of our research on tran-

sition metal-mediated trifluoromethylation [22-27], we report

here the first example of Cu-mediated trifluoromethylation of

benzyl methanesulfonates (Scheme 1c).

Results and Discussion
We initiated our investigation by reacting benzyl methanesul-

fonate 1a with TMSCF3 (2.0 equiv) in the presence of KF

(2.0 equiv) and CuI (0.2 equiv) in DMF (2.0 mL) at 60 °C

under Ar atmosphere. However, only 17% yield of the desired

product 2a was observed in this case (Table 1, entry 1). The

yield was improved to 31% when the reaction was carried out in

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:flq@mail.sioc.ac.cn
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Table 1: Optimization of the reaction conditions.a

entry CuX (equiv) ligand solvent yield of 2a (%)b

1c CuI (0.2) – DMF 17
2c CuI (0.2) phen DMF 31
3d CuI (0.2) phen DMF 32
4 CuI (0.2) phen DMF 49
5 CuBr (0.2) phen DMF 40
6 CuCl (0.2) phen DMF trace
7e CuTc (0.2) phen DMF trace
8 CuOAc phen DMF trace
9 CuI (1.1) – DMF 68
10 CuI (1.5) – DMF 66
11 CuI (1.0) – DMF 62
12 CuI (1.1) – DMSO 38
13 CuI (1.1) – HMPA 9
14 CuI (1.1) – DMF/HMPA (1:1) 76

aReaction conditions: 1a (0.2 mmol), ligand (0.2 mmol), TMSCF3 (0.4 mmol), KF (0.4 mmol), DMF (0.5 mL), 60 °C, under Ar atmosphere. bYield was
determined by 19F NMR using benzotrifluoride as an internal standard. c2.0 mL of DMF. d1.0 mL of DMF. eCuTc is copper(I) thiophene-2-carboxylate.

Scheme 1: Transition metal-mediated methods for the preparation of
(trifluoroethyl)arenes.

the presence of 1,10-phenanthroline (phen) (Table 1, entry 2).

Increasing the substrate concentration (from 0.1 M to 0.4 M)

could further improve the product yield to 49% (Table 1, entries

3 and 4). Other copper salts such as CuBr, CuCl, CuTc and

CuOAc, were next screened, but none of them was better than

CuI (Table 1, entries 5–8). Interestingly, when the benzyl

methanesulfonate reacted with [CuCF3] generated in situ from

TMSCF3 and a stoichiometric amount of CuI (1.1 equiv)

without phen, the desired product 2a was formed in 68% yield

(Table 1, entry 9). Decreasing or increasing the amount of CuI

resulted in a lower yield (Table 1, entries 10 and 11). The

solvent was next screened and, to our delight, the highest yield

of the product was achieved when using DMF/HMPA (1:1) as

the mixed solvent (Table 1, entry 14).

With the optimal conditions in hand, we next examined the sub-

strate scope of the Cu-mediated trifluoromethylation of benzyl

methanesulfonates with TMSCF3 (Scheme 2). This method

tolerates various functional groups. A wide range of benzyl

methanesulfonates bearing electron-withdrawing groups, such

as nitro (1f), cyano (1g), trifluoromethyl (1h) and ester (1i), as

well as electron-donating groups such as phenyl (1b), smoothly

underwent the transformation, affording the desired products in

moderate to good yield. Importantly, both chloro (1d) and bro-

mo (1e) substituents are also compatible with this method. It is

particularly noteworthy that the reaction can be scaled up effi-

ciently. 2a and 2c were successfully prepared on 10 mmol scale,

indicating the good reliability of the process.

The present reaction could also be expanded to the trifluoro-

methylation of allylic methanesulfonates (Scheme 3). Treat-

ment of the substrate 1k under the standard reaction conditions

afforded the linear trifluoromethylated product 2k in 78% yield

with a trace amount of Z isomer. Interesting, the reactions with

the allylic methanesulfonates 1l and 1m gave the same regiose-

lectivity and stereoselectivity with good yields. These observa-

tions indicate that a π-allyl/Cuш complex might be involved in

the Csp3–CF3 bond formation, but the detailed mechanism

remains to be elucidated.
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Scheme 2: Cu-mediated trifluoromethylation of benzyl methanesulfonates. Reaction conditions: 1 (2.0 mmol), CuI (2.2 mmol), TMSCF3 (4.0 mmol),
KF (4.0 mmol), DMF/HMPA (1:1, 5.0 mL), 60 °C, under Ar atmosphere; Isolated yield. aIsolated yield after distillation on 10.0 mmol scale.

Scheme 3: Cu-Mediated trifluoromethylation of allyl methanesul-
fonates.

We were next interested in the trifluoromethylation of propargyl

methanesulfonate derivates. Both aliphatic and aryl-substituted

linear propargyl methanesulfonates under standard reaction

conditions afforded the corresponding trifluoromethylated

propargylic products in moderate yields (Scheme 4a). However,

the reaction of the branched substrates under identical condi-

tions gave the trifluoromethylated allenylic products in good to

excellent yields, without any trifluoromethylated propargylic

products (Scheme 4b). Thus, this reaction provides an efficient

protocol for the synthesis of allenylic-CF3 derivatives, which

are useful building blocks for pharmaceuticals [28,29].

Conclusion
In summary, we have developed an efficient copper-mediated

trifluoromethylation of benzyl methanesulfonates at the

benzylic position under mild conditions. The reaction can be

Scheme 4: Cu-Mediated trifluoromethylation of propargyl methanesul-
fonates.

easily scaled up and allows for the efficient synthesis of a series

of (trifluoroethyl)arenes with excellent functional group

compatibility. Furthermore, the method could also be extended

to the trifluoromethylation of allyl and progargyl methanesul-

fonates, affording the corresponding allylic-, progargylic- and

allenylic-CF3 derivatives.

Experimental
General procedure for the Cu-mediated trifluoromethyla-

tion of benzyl methanesulfonates: CuI (2.2 mmol) and KF

(4.0 mmol) were added into a Schlenk tube equipped with a

magnetic stirring bar under Ar atmosphere. DMF (5.0 mL) and

Me3SiCF3 (2.0 equiv) were added. After stirring for 20 minutes,

the mixture was heated to 60 °C and then benzyl methanesul-

fonate (2.0 mmol) was added under N2 atmosphere. The reac-

tion mixture was kept at 60 °C for 4 hours and then cooled to
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room temperature. The resulting mixture was diluted with

diethyl ether, washed with water and brine, dried over sodium

sulfate, and concentrated. The crude products were purified by

column chromatography on silica gel to give the products.

Supporting Information
Supporting Information File 1
Experimental details, characterization data of all products

and copies of NMR spectra.

[http://www.beilstein-journals.org/bjoc/content/

supplementary/1860-5397-9-322-S1.pdf]
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Abstract
The synthesis of 5-nitro-1-(trifluoromethyl)-3H-1λ3,2-benziodaoxol-3-one (3), a hypervalent-iodine-based electrophilic trifluoro-

methylating reagent, is described. Whereas considerations based on cyclic voltammetry and X-ray structural properties would

predict an inferior reactivity when compared to the non-nitrated derivative 2, 19F NMR kinetic studies showed that this new deriva-

tive is almost one order of magnitude more reactive. Furthermore, differential scanning calorimetry measurements indicated that, in

addition, it is also safer to handle.

1

Introduction
Since the advent of the hypervalent-iodine-based electrophilic

trifluoromethylation reagents 1 and 2 in 2006 they have found

widespread application in organic synthesis (Figure 1) [1-4].

Recently, increasing interest has been directed towards the

photocatalytic one-electron reduction of these compounds in

order to generate the highly electrophilic trifluoromethyl radical

[5-7].

For example, Gouverneur et al. have highlighted the regioselec-

tive allylic trifluoromethylation employing reagent 2,

[Ru(bpy)3]Cl2 and allylsilanes as substrates [7]. In this context,

Figure 1: Electrophilic trifluoromethylating agents 1 and 2.

also extensive electrochemical characterizations of various elec-

trophilic trifluoromethylating agents are now available [8].

These studies reported cathodic peak potentials versus the

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
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Scheme 1: Synthesis of 5-nitro-1-(trifluoromethyl)-3H-1λ3,2-benziodaoxol-3-one (3).

Ag/Ag+ pair of −1.82 V and −1.10 V for 1 and 2, respectively.

Therefore, we contemplated the possibility of enhancing the re-

activity of reagent 2 by rendering its scaffold less electron-rich.

This was to be achieved through the introduction of a strongly

electron-withdrawing substituent in para-position to the iodine

atom, potentially also leading to a more positive standard reduc-

tion potential. Therefore, based on a recent report by Togo et al.

[9], the nitration of the reagent scaffold to afford the new

derivative 5-nitro-1-(trifluoromethyl)-3H-1λ3,2-benziodaoxol-

3-one (3) was taken into consideration.

Results and Discussion
The direct nitration of 2-iodobenzoic acid (4) has been reported

before and was carried out on a 10 gram scale in a mixture of

HNO3 and H2SO4 at 135 °C (Scheme 1) [10]. Reductive work-

up using an aqueous acidic solution of potassium iodide

furnished the desired product 5 in 11–46% yield (29% average

yield of four experiments). Subsequent oxidation was centered

on an improved synthesis of reagent 2 employing trichloroiso-

cyanuric acid (TCICA) as cheap, stoichiometric oxidant, as

recently reported from our laboratory [11]. Although com-

pound 5 was readily converted to 6 in hot MeCN with TCICA

in 90% yield an alternative protocol was found advantageous in

terms of overall reaction time, solvent consumption and time

required to dry the product. Consequently, treatment of 5 in a

mixture of DCM/t-BuOH 9:1 at 0 °C with t-BuOCl under exclu-

sion of light led to the immediate precipitation of 1-chloro-5-

nitro-3H-1λ3,2,benziodaoxol-3-one (6) in 81–93% yield (89%

average yield of five experiments). This step was routinely

carried out on a 3 gram scale in less than 5 minutes. Finally,

introduction of the trifluoromethyl group was achieved by stir-

ring 6 and anhydrous KF in hot MeCN, followed by treatment

with Ruppert–Prakash reagent (TMSCF3) at 0 °C yielding

10–35% of the desired product 3 as a pale yellow solid. Unfor-

tunately, a slightly more economic route employing KOAc

instead of KF was not feasible. Additionally, the purity of the

product obtained was dependent on the grade of KF that was

used. Therefore, spray-dried KF (99%) was further flame-dried

under high vacuum immediately before use.

Figure 2: UV–vis spectra of reagents 2 (green) and 3 (blue) in
DMSO/H2O 1:1.

Inspection of the 13C NMR chemical shift of the quaternary

phenyl carbon attached to iodine (CAr-I) in 5 and comparison to

literature data available for 2-iodobenzoic acid (4) indeed

confirmed the installation of an electron-poor center [12].

Hence, in the parent acid 4 CAr-I gives rise to a signal at

94.1 ppm and in 5 the corresponding carbon atom is deshielded

by 9.6 ppm and observed at 103.7 ppm. The same observation

holds true for 6 and its unmodified analogue 7 (104.0 ppm

versus 94.1 ppm, Δδ = 9.9 ppm) as well as for 3 and 2

(121.8 ppm versus 114.8, Δδ = 7 ppm). Furthermore, this com-

parison highlights that the replacement of the chlorine atom by

the CF3 group to a certain degree compensates the electronic

effects imposed by the NO2 group as indicated by the lessened

extent of deshielding. Nitration also had a distinct effect on the

electronic spectrum of the final reagent. Solutions of 2 and 3 in

DMSO/H2O 1:1 were studied at concentrations of 9.7 × 10−5 M

and 9.1 × 10−5 M, respectively. A graphic representation of the

molar absorptivity ε vs. the corresponding wavelengths is

presented in Figure 2. Parent reagent 2 features an absorbance

maximum at λmax = 237 nm (ε = 4.3 × 103 M−1 cm−1) and two
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resolved sidebands at 272 nm (ε = 1.1 × 103 M−1 cm−1) and

280 nm (ε = 1.0 × 103 M−1 cm−1), respectively. In contrast, the

nitrated product 3 exhibits a maximum λmax = 236 nm

(ε = 8.9 × 103 M−1 cm−1) and features a broad sideband ranging

from 260 nm (ε = 8.0 × 103 M−1 cm−1) up to 350 nm, hence

accounting for its pale yellow coloration. Generally, these

observations are in line with data reported on the analogous pair

of iodobenzene and 1-iodo-4-nitrobenzene [13,14]. However,

whereas the broad sideband in 1-iodo-4-nitrobenzene is usually

observed around 300 nm, a strong hypsochromic shift of

roughly 40 nm is observed for 3. This can be explained by the

installation of the hypervalent bond and the presence of the

strongly electron-withdrawing CF3 group, as also indicated by

the carbon chemical shift analysis.

Compounds 6 and 3 were also characterized by means of X-ray

crystallography. Due to the very poor solubility of 6 in most

common solvents, suitable single crystals for solid-state

analysis were grown from a saturated solution in hot MeCN that

was slowly cooled to −20 °C. Similarly, suitable crystals of

reagent 3 were obtained from a boiling solution in bromoben-

zene. Whereas 6 crystallizes in plain sheets, 3 forms zig-zag-

shaped layers. ORTEP representations of compounds 6 and 3

are given in Figure 3. Selected bond lengths and angles of 6, 3

and the parent compounds 7, 2 are summarized in Table 1.

Figure 3: ORTEP representation of X-ray structures 6 and 3. Thermal
ellipsoids set to 30% probability. Hydrogen atoms omitted for clarity.

Table 1: Selected bond lengths and angles for compounds 2, 3, 6, 7.

Entry I–X [Å]
X = Cl, CF3

I–O1 [Å] O1–I–X [°]
X = Cl, CF3

7a 2.461(1) 2.091(3) 171.96(8)
6 2.4409(11) 2.148(3) 170.52(8)
2b 2.219(4) 2.283(2) 170.49(12)
3 2.200(6) 2.306(4) 169.01(17)

aReference [15]. bReference [1].

Both structures are stabilized by intermolecular hydrogen bonds

(NO2···H–Ar) [16] and by short intermolecular I–O2 contacts,

as typical for this class of compounds (see Supporting Informa-

tion File 1). These structural findings also account for the slow

dissolution kinetics observed.

Generally, the introduction of the NO2 functionality is asso-

ciated with a shortening of the I–X bond (Δ = 0.0201 Å for

X = Cl; Δ = 0.019 Å for X = CF3) and concomitant elongation

of the I–O1 bond (Δ = 0.057 Å for X = Cl; Δ = 0.023 Å for X =

CF3). Furthermore, the O1–I–X angles are comparable for all

four structures being 1 to 1.5° smaller for the nitro-substituted

compounds. When comparing the same unit I–X within the

analogous compounds 2 and 3, a shorter bond would intuitively

correspond to a stronger bond. Therefore, based on simple

geometrical parameters, reagent 3 was expected to be slightly

less reactive compared to 2, meaning that reductive cleavage of

the I–CF3 bond should display a higher activation barrier.

Recently, differential scanning calorimetry (DSC) measure-

ments for reagent 2 and its precursors were published indi-

cating a decomposition energy of 159 kJ/mol (502 J/g) for 2

[17]. Furthermore, a Koenen test suggested explosiveness.

Consequently in light of these results, DSC measurements of 2

and 3 were carried out in order to assess the thermal stability of

the new derivative. These measurements were performed in

punctured Al2O3 pans with a heating rate of 10 K/min. For

reagent 2, a decomposition energy of 138 kJ/mol (438 J/g,

slightly lower than reported) with a maximum heat flow of

3.7 kW/mol (11.9 W/g) was found. Intriguingly, compound 3

features a significantly lower decomposition energy of only

99 kJ/mol (273 J/g) and a maximum heat flow of 2.2 kW/mol

(6.2 W/g), therefore indicating that it should be safer to handle

than parent compound 2 (Figure 4). The higher temperature of

decomposition of 25 °C for 3, as measured by the difference of

the corresponding temperatures at peak heat flow, is believed to

directly result from the additional stabilization of 3 by intermol-

ecular H-bonding (vide supra).

Additionally, in order to test the initial hypothesis that nitration

may lead to a more positive reduction potential, cyclic voltam-

metry (CV) measurements were carried out. These experiments

were conducted under an atmosphere of nitrogen in anhydrous

MeCN with Bu4NBF4 (0.1 M) as supporting electrolyte. A plat-

inum working electrode and a Ag/Ag+ (0.1 M AgBF4 in MeCN)

reference electrode were employed with a scan rate of 0.1 V/s.

Analysis of the resulting cyclic voltammogram of a 1 mM solu-

tion of 3 revealed three quasi-reversible processes with cathodic

peak potentials (Epc) of −1.2, −1.7 and −1.8 V, respectively

(Figure 5). Subsequently, through addition of methyl 2-iodo-5-

nitrobenzoate (1 mM), the first wave could be unambiguously
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Figure 4: DSC traces obtained for 2 (green) and 3 (blue).

identified as the reduction of the hypervalent bond. Therefore,

the more negative waves most likely correspond to the reduc-

tion of the nitro group and/or further reduction of iodine as

reported in CV studies carried out on bis(acetoxy)iodobenzene

[18].

Figure 5: Cyclic voltammetry of 3 (1 mM, black) and of a mixture of 3
(1 mM) and methyl 2-iodo-5-nitrobenzoate (1 mM, green) in anhy-
drous MeCN + 0.1 M Bu4NBF4, platinum electrode, scan rate =
0.1 V/s.

For the first wave Epc1 = −1.17 and Epa1 = −0.97 were deter-

mined, indicating a standard reduction potential E0
1/2 = −1.1 V

vs the Ag/Ag+ pair. These values are comparable to the ones

Figure 6: Sample kinetic traces for the decomposition of 2 (green) and
3 (blue) to 4 and 5, respectively, upon reaction with p-TsOH in MeCN.
Solid lines represent the average decay (kdecomp) based on 6 indi-
vidual measurements and dashed lines are decays based on
kdecomp ± σ.

reported for reagent 2 (Epc = −1.1 V vs Ag/Ag+, scan rate

0.2 V/s, MeCN) [8]. Therefore, nitration did not influence the

standard reduction potential significantly and 3 should behave

in a comparable manner as 2. These electrochemical findings

are in line with the expectations of reactivity based on the X-ray

structural considerations.

Finally, the decomposition kinetics of both reagents in a model

system were studied providing insights into their relative reac-

tivities. To this end, the reaction of 2 and 3 with p-toluenesul-

fonic acid monohydrate to 4 and 5, respectively, was monitored

in MeCN by means of 19F NMR spectroscopy (Figure 6). Limi-

tations arose from the poor solubility of 3 (1 mg in 0.25 mL

MeCN) and, in the case of 2, from line broadening resulting

after the addition of the substrate, hence necessitating recording

of 6 kinetic traces per reagent. Reagent 3 exhibits an exponen-

tial decay whereas the concentration of 2, on the same time

scale, decreases linearly. Therefore, rate data for 3 were

obtained by curve fitting according to an exponential rate law

and the method of initial rates was applied to reagent 2. Subse-

quently, the initial rates were transformed to the corresponding

first-order rate constants under the assumption that for both
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reagents the same mechanism of decay is operational. Indeed,

the data imply that 3 (kdecomp = 4.43 ± 2.15 × 10−3 s−1) is less

stable under the reaction conditions chosen and decays almost

one order of magnitude faster than reagent 2 (kdecomp =

5.46 ± 2.23 × 10−4 s−1).

Conclusion
In conclusion, the new derivative 3 having an additional nitro

functionality as compared to reagent 2 was successfully

prepared and characterized. The resulting electronic modifica-

tion was studied by analyzing carbon chemical shifts, UV–vis

spectra and cyclic voltammetry. Whereas the first two methods

clearly indicated the installation of an electron-poor center adja-

cent to iodine, cyclic voltammetry delivered a standard reduc-

tion potential comparable to the one of 2. Notably, differential

scanning calorimetric measurements indicate that the new

reagent is thermally more stable. In presence of a proton source,

however, increased lability of 3 was noted such that it decayed

almost one order of magnitude faster than 2 under similar

conditions. Therefore, the incorporation of an electron-with-

drawing group into the reagent scaffold leads to an enhanced

thermal stability that is paralleled by increased lability of the

I–CF3 bond under acidic conditions. However, the major draw-

back of the new modification is its low solubility, a problem

that is currently being addressed in our group.

Experimental
2-Iodo-5-nitrobenzoic acid (5): During this preparation up to

25 mmol I2 are formed. Therefore, the synthesis has to be

conducted in a well-ventilated fume cupboard. Prepared

according to literature procedure [10]. 2-Iodobenzoic acid (4,

10 g, 40.3 mmol, 1 equiv) was added to a mixture of HNO3

(35 mL, 65%) and H2SO4 (85 mL, 95%). The solution was

heated to 135 °C and stirred for 1 h. Subsequently, the resulting

brown slurry was poured onto ice and the grey precipitate was

filtered off and washed with copious amounts of water. Then,

the filtrate was suspended in water (100 mL), heated to 100 °C

and treated with a solution of KI (8.5 g, 51.2 mmol, 1.3 equiv)

and H2SO4 (5 drops) in water (10 mL) over the course of 1 h.

Finally, the brown suspension was filtered hot and washed with

water to afford the pure product (5 g, 42%) as a brown solid. If

impure product is obtained, boiling with water followed by hot

filtration can be applied. Mp 195–198 °C; 1H NMR (300 MHz,

DMSO-d6) δ 8.40 (d, J = 2.7 Hz, 1H), 8.29 (d, J = 8.6 Hz, 1H),

8.01 (dd, J = 8.6, 2.7 Hz, 1H), 4.00 (s, 1H); 13C NMR (75 MHz,

DMSO-d6) δ 166.5 (CO2), 147.3 (CNO2), 142.4 (CH ortho to

CI), 138.2 (CCO2), 126.1 (CH para to CCO2), 124.1 (CH ortho

to CCO2), 103.7 (CI).

1-Chloro-5-nitro-3H-1λ3,2-benziodaoxol-3-one (6): To a

solution of 2-iodo-5-nitrobenzoic acid (5, 1 g, 3.4 mmol,

1 equiv) in DCM/t-BuOH 9:1 (12 mL) at 0 °C t-BuOCl

(0.42 mL, 3.7 mmol, 1.1 equiv) was added in one portion,

taking care to shield this reagent from light. Stirring was

continued for 20 min, the suspension was filtered and the

filtrate washed with DCM to afford pure product (0.95 g, 86%)

as a yellow solid. X-ray quality crystals were obtained by

recrystallization from boiling MeCN. Mp 225 °C (dec); 1H

NMR (400 MHz, DMSO-d6) δ 8.38 (d, J = 2.1 Hz, 1H), 8.26 (d,

J = 8.6 Hz, 1H), 7.99 (dd, J = 8.5, 2.2 Hz, 1H); 13C NMR (101

MHz, DMSO-d6) δ 166.3 (CO2), 147.3 (CNO2), 142.5 (CH

ortho to CI), 137.9 (CCO2), 126.2 (CH para to CCO2), 124.2

(CH ortho to CCO2), 104.1 (CI); HRMS–EI (m/z): [M]+ calcd

for C7H3ClINO4, 326.8795; found, 326.8775; Anal. calcd for

C7H3ClINO4: C, 25.68; H, 0.92; N, 4.28; found: C, 25.42; H,

1.02; N, 4.28.

5-Nitro-1-(trifluoromethyl)-3H-1λ3,2-benziodaoxol-3-one

(3): Spray-dried KF (0.61 g, 10.3 mmol, 3 equiv) was flame-

dried under high vacuum, then suspended with 1-chloro-5-nitro-

3H-1λ3,2-benziodaoxol-3-one (6, 1 g, 3.1 mmol, 1 equiv) in dry

MeCN (125 mL) under argon and stirred at 75 °C for 3.5 h,

leading to the precipitation of a white solid. The suspension was

cooled to 0 °C, TMSCF3 (0.55 mL, 3.7 mmol, 1.2 equiv) was

added and stirring continued for 2 h. The reaction mixture was

filtered through a Celite pad. Subsequently, the organic layer

was washed with brine (50% sat), dried over Na2SO4, and

concentrated under reduced pressure to turbidity. Filtration and

washing with MeCN afforded the pure product (0.35 g, 32%) as

a pale yellow solid. If impure product is obtained, recrystalliza-

tion form MeCN may be applied. X-ray quality crystals were

obtained by recrystallization from boiling bromobenzene. Mp

163 °C (dec); 1H NMR (300 MHz, DMSO-d6) δ 8.68 (d, J = 2.6

Hz, 1H), 8.64 (dd, J = 8.9, 2.7 Hz, 1H), 8.08 (d, J = 8.8 Hz,

1H); 13C NMR (75 MHz, DMSO-d6) δ 164.2 (CO2), 149.9

(CNO2), 134.8 (CCO2), 130.0 (q, JCF = 3.7 Hz, CH ortho to

CI), 129.3 (CH para to CCO2), 125.7 (CH ortho to CCO2),

121.8 (CI), 106.6 (q, JCF = 383.0 Hz, CF3); 19F NMR (282

MHz, DMSO-d6) δ −32.6; HRMS–EI (m/z): [M + H]+ calcd for

C8H3F3INNaO4, 383.8951; found, 383.8961; Anal calcd for

C8H3F3INO4: C, 26.62; H, 0.84; N, 3.88; found: C, 26.67; H,

0.93; N, 4.08.

Supporting Information
Supporting Information File 1
Experimental details, crystallographic data (selected

intermolecular bond lengths) as well as a description of the
19F NMR monitoring experiments and data analysis.
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Abstract
The syntheses of palmitic acids and a nonadecane are reported with CF2 groups located 1,3 or 1,4 to each other along the aliphatic

chain. Specifically 8,8,10,10- and 8,8,11,11-tetrafluorohexadecanoic acids (6b and 6c) are prepared as well as the singly modified

analogue 8,8-difluorohexadecanoic acid (6a). Also 8,8,11,11-tetrafluorononadecane (27) is prepared as a pure hydrocarbon

containing a 1,4-di-CF2 motif. The modified palmitic acids are characterized by differential scanning calorimetry (DSC) to deter-

mine melting points and phase behaviour relative to palmitic acid (62.5 °C). It emerges that 6c, with the CF2 groups placed 1,4- to

each other, has a significantly higher melting point (89.9 °C) when compared to the other analogues and palmitic acid itself. It is a

crystalline compound and the structure reveals an extended anti-zig-zag chain. Similarly 8,8,11,11-tetrafluorononadecane (27)

adopts an extended anti-zig-zag structure. This is rationalized by dipolar relaxation between the two CF2 groups placed 1,4 to each

other in the extended anti-zig-zag chain and suggests a design modification for long chain aliphatics which can introduce con-

formational stability.
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Introduction
The selective replacement of hydrogen by fluorine is widely

practised in bio-organic and medicinal chemistry [1-4]. It is

generally perceived that fluorine exerts only a moderate steric

influence relative to hydrogen in organic compounds, but that

the electronegativity of fluorine can have significant electronic

influences [5]. The difluoromethylene (CF2) functionality has

received considerably less attention as a functional group for

modifying the properties of organic molecules, relative to –F

and –CF3 groups. However we have recently become interested

in the CF2 group, and in particular have noticed that the replace-
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Figure 1: The CF2 group in 1c accelerates RCM reactions relative to CHF (1d) and CH2 (1e) and with a similar rate to classical or Thorpe–Ingold
substituents such as the ketal 1a and dicarboxylate ester 1b [8].

Figure 2: X-ray structures of a) 1,1,4,4- (3) b) 1,1,7,7- (4) and c) 1,1,6,6- (5) tetrafluorocyclododecanes. The CF2 groups locate at the corners, even
for 5 which gives rise to a distorted ring conformation [6,7].

ment of the two hydrogen atoms of a methylene by two fluo-

rine atoms leads to widening of the C–CF2–C angle (~118°) and

a narrowing of the F–C–F angle (104°) relative to tetrahederal

geometry [6,7]. This deviation of classical sp3, towards sp2

hybridisation, imparts certain properties to the CF2 group in that

it can accommodate angle strain. For example CF2 compounds

display an apparent Thorpe–Ingold effect relative to CH2 in ring

closing metathesis reactions (RCM) to cycloheptene [8]. Com-

parison of the rates of reaction with different substituents at the

C-5 position of the diene precursors 1a–d, revealed that the CF2

substituent in 1c was as effective as the dicarboxylate 1a or

ketal 1b in promoting RCM (Figure 1). This is attributed to

C–CF2–C angle widening, which absorbs angle strain in the

resultant cycloheptene 2c.

In another study we have prepared cyclododecanes 3–5 with

regiospecific placement of two CF2 groups around the ring [6]

(Figure 2). X-ray structures reveal that the CF2 groups only ever

occupy corner locations. This is a result of several factors

including C–CF2–C angle widening, which relaxes 1,4-torsional

strain across corner positions, lengthening the contact distance

between those H(1)···H(4) interactions relative to those with

CH2 at the corner. Also if the CF2 locates at an edge this would

require that a C–F bond project into the middle of the ring. The

larger steric influence of the fluorine, projecting into the tightly

packed arrangement of endo orientated hydrogen atoms, raises

the energy of such conformations. For cyclododecane, placing

the CF2 groups 1,4 (3) or 1,7 (4) to each other, stabilizes the

[3.3.3.3] square like conformation of the ring. However if the



Beilstein J. Org. Chem. 2014, 10, 18–25.

20

Scheme 1: Synthesis route to 8,8-difluorohexadecanoic acid (6a).

CF2 groups are placed 1,6 to each other as in 5, this introduces

considerable distortion of the ring conformation as shown in

Figure 2, because the CF2 avoids an edge location, which would

place a fluorine atom endo and unfavourably into the centre of

the ring.

As part of an on-going interest in the behaviour and influence of

the CF2 group we have now explored the effect of locating two

CF2 groups along an extended aliphatic chain. Long chain fatty

acids present tractable model systems as they are solid ma-

terials and their physical properties are well described [9]. In

this study we selected the three palmitic acid analogues 6a–c

shown in Figure 3, as targets for synthesis and comparative

analysis.

Figure 3: Synthesis targets: Palmitic acid analogues 6a–c.

Palmitic acid 6a containing a single CF2 group at C-8 was

prepared as a control compound. The location for CF2 substitu-

tion in the middle of the aliphatic chain was selected as it is

sufficiently remote from the carboxylic acid head group to have

any electronic influence. Two additional analogues 6b and 6c

were prepared, each with two CF2 groups, located 1,3 and 1,4

from each other respectively. These targets were designed to

explore the significance on properties and chain stability of

co-locating the CF2 groups at different distances from each

other.

Results and Discussion
Synthesis of the palmitic acids 6a–c
As a general strategy palmitic acids 6a–c were prepared by aryl

oxidation of long chain pentadecabenzenes [10,11]. The intro-

duction of the CF2 groups was carried out by treatment of the

appropriate precursor ketone with diethylaminosulfur trifluo-

ride (DAST) [12,13]. The synthesis of palmitic acid 6a is illus-

trated in Scheme 1. At the outset aldehyde 8 was condensed

with the acetylide of 1-octyne to afford propargylic alcohol 9,

an alcohol which was readily oxidized to ketone 10. Treatment

with DAST afforded difluoromethyleneacetylene 11 in good

yield. The fluorination of propargylic ketones, to generate diflu-

oromethyleneacetylenes, is methodology developed by Grée et

al. [14-18] and it proved to be very reliable in our hands. An

efficient hydrogenation generated the C-8 substituted difluo-

romethylenepentadecabenzene 12. Finally biphasic ruthenium

tetroxide-catalyzed aryl oxidation gave the palmitic acid 6a in

24% overall yield as illustrated in Scheme 1 [10,11].

For palmitic acid 6b, it was required to introduce the CF2

groups 1,3 to each other. This was achieved by sequential

preparation of appropriate precursor ketones as illustrated in

Scheme 2. For the first CF2 group ketone 14 was treated with

DAST. Conversion to the CF2 group occurred in modest (45%)

yield. Generally aliphatic ketones are less efficiently converted
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Scheme 2: The synthesis of palmitic acid analogues 6b and 6c.

to CF2 groups with DAST in comparison to propargylic

ketones. Progression of the resultant CF2 containing olefin 15

by epoxidation, chain extension and then oxidation, to ketone

18, generated the second fluorination substrate of the synthesis.

DAST treatment gave pentadecabenzene 19, which was again

oxidised by RuO3 to the corresponding palmitic acid 6b.
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Figure 4: DSC traces for the three palmitic acid analogues 6a–c.

Palmitic acid 6c was prepared again relying on the method-

ology developed by Grée et al. [14-17] for introduction of the

CF2 groups. Thus treatment of ketone 21 with DAST resulted in

an efficient conversion to difluoromethyleneacetylene 22. This

terminal acetylene is amenable to acetylide formation on treat-

ment with BuLi [19,20] and condensation with hexaldehyde

gave propargylic alcohol 23. The lithium methylenedifluo-

roacetylide (RCF2C≡CLi) reaction to form a C–C bond,

provides a particularly useful synthon to access this 1,4-di-CF2

motif. Oxidation and then treatment of the resultant ketone 24,

with DAST generated the tetrafluoroacetylene 25. Complete

hydrogenation of the triple bond proved efficient and the resul-

tant tetrafluoropentadecabenzene 26 was readily oxidized to

palmitic acid 6c as illustrated in Scheme 2. This completed the

syntheses of the palmitic acid analogues 6a–c.

Differential scanning calorimetry (DSC) data was then

measured for all three of the palmitic acid samples 6a–c over a

temperature range of −150 to 400 °C. In this way accurate

melting point values were obtained. The melting point of C-8

difluorinated palmitic acid 6a (62.9 °C) was very similar to the

natural palmitic acid (62.5 °C), Thus a single CF2 substitution,

certainly at this location, has very little influence on the melting

point. For palmitic acid 6b, with the two CF2-groups placed 1,3

to each other, the melting point (69 °C) is also similar to

palmitic acid, but the phase behaviour is more complex as evi-

denced by the broad DSC profiles. This palmitic acid 6b was

amorphous in nature and was not a crystalline solid, unlike the

other two analogues 6a and 6c which formed crystals

(Figure 4).

The tetrafluorinated palmitic acid 6c, with the CF2 groups

located 1,4 from each other displays a sharp and significantly

higher melting point (89.9 °C) than the other two palmitic acids

6a and 6b.

Palmitic acids 6a and 6c were crystalline solids and single

crystal X-ray diffraction data were obtained for these com-

pounds. As described above analogue 6b was amorphous in

nature and despite considerable effort a single crystal could not

be obtained for 6b. The resultant structures for 6a and 6c are

shown in Figure 5 and Figure 6 respectively. In each case two
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Figure 5: The X-ray crystal structures of 8,8-difluorohexadecanoic acid (6a).

Figure 6: The X-ray structure of 8,8,11,11-tetrafluorohexadecanoic acid (6c).

molecules as they appear within the unit cell are presented in

the image, allowing a view from above and to the side of the

extended chain. The closest CF···HC contacts are 2.88 Å in 6a

and 2.85 Å in 6c, much longer than any meaningful organic

fluorine hydrogen bond [21]. The C–CF2–C angle in 6a

(Figure 5) is 117° and as expected, wider than the other

C–CH2–C angles which are typically ~112.5°. For 6c (Figure 6)

the C–CF2–C angles are 115.6° (at C-8) and 116.3° (at C-11)

also consistently wider that the aliphatic C–CH2–C angles. The

significantly higher melting point and good crystallinity of 6c

can be attributed to the relative orientation of the two CF2

groups. They are pointing perfectly anti-parallel to each other

such that their dipoles cancel out in the extended anti-zig-zag

chain conformation. We are currently exploring if this is a

special situation whereby CF2 groups positioned 1,4 from each

other can add conformational stability to aliphatic chains in

other systems.

It occurred to us that the interactions of the carboxylate groups

in palmitic acid 6c, may be dictating overall stability and con-

formation of the alkyl chain in the solid state. Thus it appeared

appropriate to prepare a true hydrocarbon chain to further

investigate the conformational preference of the 1,4-di-CF2

motif. Accordingly we selected to prepare tetrafluorononade-

cane 27. This is a long chain hydrocarbon with the 1,4-di-CF2

motif placed centrally. The synthetic route to 27 is illustrated in

Scheme 3. The strategy for incorporating the two CF2 groups

followed that used for the preparation of palmitic acid 6c. In

this case propargylic ketone 30 was treated with DAST to

generate difluoroacetylene 31. The resultant acetylene could

then be deprotonated for conjugation to aldehyde 32. Oxidation

and then fluorination of ketone 34 with DAST, introduced the

second CF2 group and generated tetrafluoroacetylene 35.

Finally hydrogenation of the central acetylene group gave the

saturated tetrafluorononadecane 27. This compound proved to
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Scheme 3: Synthesis route to the tetrafluorinated alkane 27.

Figure 7: The X-ray structure of 8,8,11,11-tetrafluorononadecane (27).

be a crystalline solid (mp 35–37 °C) with a melting point very

similar to nonadecane (32–35 °C). A suitable crystal was

subject to X-ray structure analysis and the resultant structure is

shown in Figure 7. It is clear that the alkyl chain of 27 is

extended in a similar conformation to that found in palmitic

acid 6c and we conclude that this is the preferred conformation

of this motif in a hydrocarbon chain.

Conclusion
In conclusion, we have synthesised three palmitic acid

analogues 6a–c carrying regiospecifically located CF2 groups.

The tetrafluorononadecane 27 was also prepared as an example

of a true hydrocarbon. Relatively efficient synthesis protocols

were devised for placing the CF2 groups 1,3 and 1,4 to each

other. The CF2 groups of 6b, 6c and 27 were introduced

sequentially from appropriate precursor ketones, using DAST.

In particular, the methodology of Grée et al., enabled the effi-

cient introduction of CF2 groups from propargylic ketones in

the syntheses of 6a, 6c and 27. A useful C–C bond forming

reaction involved a lithium methylenedifluoroacetylide

(RCF2C≡CLi) condensation with an aldehyde, offers an effi-

cient strategy for the preparation of the 1,4-di-CF2 motif after

suitable functional group manipulations.

The non-crystalline nature of 6b presumably arises due to chain

disorder from linear 1,3-repulsions between the fluorines, so the

preferred conformation of this motif could not be determined in

this study. The melting point of palmitic acid 6c (89.9 °C) was
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Figure 8: Conformational interconversion of 1,4-di-CF2 motif.

notable in that it was significantly higher than that of the two

other analogues 6a and 6b, and also of palmitic acid itself. The

solid state structure of 6c and 27 show that the 1,4-di-CF2 motif

prefers an anti-zig-zag conformation. We attribute this prefer-

ence to intramolecular dipole–dipole relaxation which is

maximised in the extended anti-zig-zag chain conformation

(Figure 8). Also repulsive through space 1,4-F···F interactions

will be disfavoured if the chain undergoes gauche con-

formational disorder. These contributing factors suggest that the

1,4-di-CF2 motif (R–CF2CH2CH2CF2–R) will be useful for

adding conformational stability to aliphatic chains.
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Abstract
In a previous study it was shown that the enantioselective α-fluorination of racemic α-chloroaldehydes with a chiral organocatalyst

yielded the corresponding α-chloro-α-fluoroaldehydes with high enantioselectivity. It was also revealed that kinetic resolution of

the starting aldehydes was involved in this asymmetric fluorination. This paper describes the determination of the absolute stereo-

chemistry of a resulting α-chloro-α-fluoroaldehyde. Some information about the substrate scope and a possible reaction mechanism

are also described which shed more light on the nature of this asymmetric fluorination reaction.

323

Introduction
Fluorinated organic molecules are of considerable interest in

pharmaceutical and agricultural chemistry owing to the unique

properties of the fluorine atom [1,2]. These compounds, espe-

cially with one or more fluorinated stereogenic center(s), are

fascinating building blocks for new drug candidates. Organocat-

alytic α-fluorination of aldehydes is known to be an efficient

strategy for the enantioselective construction of fluorinated

chiral carbon centers [3-6]; however, very few successful

studies have been published on the fluorination of α-branched

aldehydes [7]. During the course of our study on the enantiose-

lective construction of such fluorinated stereogenic centers, we

developed a method for the enantioselective synthesis of

α-chloro-α-fluoroaldehydes via the organocatalytic α-fluorin-

ation of α-alkyl-α-chloroaldehydes, a type of α-branched alde-

hyde, mediated by the Jørgensen–Hayashi catalyst 1 [8]. The

reaction yielded the desired α-chloro-α-fluoroaldehydes with

high enantioselectivity when the starting aldehyde was used in

excess over N-fluorobenzenesulfonimide (NFSI) in the reaction.

However, when an excess NFSI with respect to the starting

aldehyde was used, poor asymmetric induction was observed. In

this paper, we describe the determination of the absolute stereo-

chemistry of a resulting α-chloro-α-fluoroaldehyde using this

methodology and discuss the possible reaction mechanism that

involves kinetic resolution.
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Scheme 1: Organocatalytic enantioselective fluorination of α-chloroaldehyde 2a [8].

Scheme 2: Determination of absolute configuration of α-chloro-α-fluoro-β-keto ester 6 by X-ray analysis [9].

Results and Discussion
In our previous study [8], enantioselective fluorination of

racemic 2-chloro-3-phenylpropanal (2a) was carried out with

3 equiv of NFSI in the presence of organocatalyst (S)-1 to yield

the corresponding α-chloro-α-fluoroaldehyde 3a in good

conversion. Isolation of the product and determination of enan-

tiomeric purity were performed after reduction to primary

alcohol 4a because 3a was unstable to silica gel chromatog-

raphy. The reaction afforded 4a with high enantioselectivity

along with the monochloro alcohol 5a, whose enantiomeric

purity was determined to be 37% ee (Scheme 1) [8]. These

results suggested that kinetic resolution of the starting alde-

hydes was involved in this asymmetric fluorination.

To collect further information on the reaction mechanism, we

sought to determine the absolute configuration of 4a. Recently,

we reported the enantioselective synthesis of α-chloro-α-fluoro-

β-keto esters via the sequential chlorination–fluorination of

β-keto esters with the Cu(II) complex of SPYMOX [9], a spiro

chiral oxazoline ligand developed by our research group [9-12].

In that study, we succeeded in determining the absolute stereo-

chemistry of the α-chloro-α-fluoro-β-keto ester 6 by the X-ray

crystallographic analysis of its derivative 7 (Scheme 2). Here,

our aim was to transform chlorofluoro ester 6 to 4a in order to

compare its optical rotation with that of 4a derived from 2a in

the presence of catalyst (S)-1. As shown in Scheme 3, β-keto

ester 6 was converted via the Barton–McCombie deoxygena-

tion [13] into a simple ester 10, which was then reduced to the

primary alcohol 4a by treatment with LiAlH4. Comparison of

the optical rotations and retention times on chiral HPLC clearly

showed that the asymmetric fluorination of 2a catalyzed by

(S)-1 yielded 4a having the R configuration (Scheme 1).

An investigation of the substrate scope of the organocatalytic

fluorination of α-chloroaldehydes was performed as shown in

Table 1. The reaction of 2a with 3 equiv of NFSI yielded 4a in

87% ee along with monochloro alcohol 5a in 37% ee (Table 1,

entry 2) as described above. On the other hand, the reaction

with 2 equiv of NFSI against to 2a showed poor enantio-

selectivity (31% ee, Table 1, entry 1). We also examined the

reaction with 2 equiv of 2a based on NFSI. The reaction yielded

4a in 75% ee (lower ee than that in Table 1, entry 2), and the

enantiomeric purity of the recovered 5a was increased to

52% ee (Table 1, entry 3). Similar trends were observed in the

fluorination with some other substrates 2b–2g (Table 1, entries

4–14). These results strongly suggested that the high asym-
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Scheme 3: Transformation of α-chloro-α-fluoro-β-keto ester 6 to chlorofluoro alcohol 4a.

Table 1: Enantioselective fluorination of α-chloroaldehydes.a

entry R 2:NFSI t (h) % yield of 4b % ee of 4c % ee of 5c,d

1e Bn (2a) 1:2 11 78 31 (R) –
2e,f Bn 3:1 6 98 87 (R) 37 (S)
3 Bn 2:1 6 96 75 (R) 52 (S)
4 n-Hex (2b) 1:2 11 82 31 –
5e,f n-Hex 3:1 10 97 80 35 (S)
6 n-Hex 2:1 19 92 68 49 (S)
7 –(CH2)3OCH2OCH3 (2c) 1:2 19 83 23 –
8f –(CH2)3OCH2OCH3 3:1 10 90 78 33 (S)
9f –(CH2)3CO2Et (2d) 3:1 4 90 80 20
10g c-Hex (2e) 1:2 48 88 42 –
11g c-Hex 3:1 24 92 96 15
12 Ph (2f) 1:2 12 61 72 –
13e,f Ph 3:1 10 82 90 5
14e,g t-Bu (2g) 3:1 30 87 99 29

aReactions were carried out in t-BuOMe with 15 mol % of (S)-1 unless otherwise noted. bIsolated yield based on 2 or NFSI. cDetermined by chiral
HPLC or GC analysis. dMonochloro alcohol 5 was recovered in nearly quantitative yield. eSimilar result was reported in Ref. [8]. f10 mol % of (S)-1
was used. gReaction was carried out with 30 mol % of (S)-1 at 30 °C.

metric induction in this fluorination requires not only control of

enantiofacial selection during electrophilic fluorination of the

enamine intermediates, but also a high level of kinetic resolu-

tion of the starting aldehydes.

From these results, we proposed a reaction mechanism for the

fluorination of α-chloroaldehydes, as shown in Scheme 4. Cata-

lyst (S)-1 reacts with (R)-2a to form iminium intermediate I,

which undergoes deprotonation from the side opposite to the

bulky substituent X (X = CAr2OTMS) of the pyrrolidine ring to

afford enamine intermediate (Z)-11 (path A). Then, NFSI

attacks (Z)-11 from the side opposite to X to yield (R)-3a.

Although deprotonation may also occur from the same side as X

to give (E)-11 (path B), the reaction through path B is consid-
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Scheme 4: Proposed reaction mechanism.

ered to be very slow because the steric repulsion between the

counter anion (OH–) and X would prevent deprotonation.

Further, the resulting (E)-11 would be a thermodynamically

unfavorable product because of steric repulsion between the

methylene group on the pyrrolidine ring and the benzyl

substituent on 2a. Alternatively, (S)-2a reacts with (S)-1 to form

iminium intermediate II, which also undergoes deprotonation to

form (E)- or (Z)-11. In these cases, deprotonation from the side

opposite to X (path C) is considered to be slow because the

resulting (E)-11 is a thermodynamically unfavorable form, as

described above, and deprotonation from the same side as X

(path D) is also slow because of steric repulsion between the

counter anion (OH–) and X. Thus, it is difficult to control the

geometry of enamine intermediate 11 when starting from (S)-

2a, and hence, the enantioselectivity of the fluorination is

significantly decreased because the fluorination occurs from the

side opposite to X, regardless of the geometry of 11. For these

reasons, high enantioselectivity was observed when 2a was

employed in excess in the reaction, whereas an excess of NFSI

led to poor asymmetric induction. In the former reaction, the

major enantiomer of the recovered 5a was the S-form (Table 1,

entries 2 and 3). This result also supports the proposed mecha-

nism.

To test the proposed reaction mechanism, we carried out the

fluorination of enantioenriched 2a (61% ee, R favored) with

2 equiv of NFSI in the presence of each enantiomer of catalyst

1. As expected from the mechanism, good enantioselectivity

was observed when (S)-1 was employed in the reaction,

whereas the reaction proceeded more slowly to yield 4a with

poor enantioselectivity in the presence of (R)-1 (Scheme 5).

Finally, we were curious to know whether a similar kinetic

resolution would be observed in the fluorination of α,α-dialkyl-

aldehydes. We examined the fluorination of racemic α,α-

dialkylaldehyde 12 in the presence of catalyst 1 (Scheme 6).
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Scheme 5: Fluorination of the enantiomers of 2a.

Scheme 6: Enantioselective fluorination of α-branched aldehyde 12.

The reaction with 3 equiv of rac-12 based on NFSI afforded the

corresponding product 13 in higher enantioselectivity than that

obtained in the reaction with 2 equiv of NFSI, along with

27% ee of 14; however the enantiomeric excess of 13 was not

sufficiently high (47% ee). These results suggested that the

reaction proceeded by a similar mechanism as shown in

Scheme 4.

Conclusion
In conclusion, we succeeded in the highly enantioselective fluo-

rination of α-chloroaldehydes to afford α-chloro-α-fluoroalde-

hydes mediated by chiral organocatalyst 1. It was revealed that

kinetic resolution of the racemic α-chloroaldehydes occurred

during this fluorination reaction, which played an important role

in the asymmetric induction.

Experimental
Experiments involving moisture- and/or air-sensitive com-

pounds were performed in oven-dried flasks under an atmos-

phere of dry argon. All reactions were magnetically stirred and

monitored by thin-layer chromatography (TLC) using pre-

coated silica gel plates with F254 indicator. Visualization was

accomplished with UV light (254 nm), or phosphomolybdic

acid, potassium permanganate, or anisaldehyde staining.

Column chromatography was performed over silica gel

(40–100 μm). 1H, 13C, and 19F NMR spectra were acquired on

a JEOL JNM-ECX500 spectrometer. Chemical shift values (δ)

are reported in ppm (1H: δ 0.00 for tetramethylsilane; 19F: δ

0.00 for trichlorofluoromethane; 13C: δ 77.0 for residual chloro-

form). IR spectra were measured on a JASCO FT/IR-230 spec-

trometer. Elemental analysis was performed with a Yanaco

CHN CORDER MT-6. High-performance liquid chromatog-

raphy (HPLC) analyses were performed with a JASCO

PU-1586 with a UV-1575 UV–vis detector using a chiral

column. GC analysis was performed with a Shimadzu model

2014 instrument. Optical rotations were measured on a JASCO

P-1030 polarimeter.

α-Chloro aldehydes 2 were prepared with N-chlorosuccinimide

in the presence of organocatalyst according to the procedure

reported by Jørgensen [14] and were distilled before use.

Racemic forms were synthesized with DL-proline catalyst, and

optically active 2a was synthesized with L-prolinamide catayst,

whose enantiopurity was slightly decreased during the distilla-

tion.

We confirmed that the optical purity of fluorinated products 4

did not change even after chromatographic purification using
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achiral silica gel and subsequent solvent evaporation. Therefore,

we concluded that the enantiomers did not undergo self-dispro-

portionation during the purification process [15-19].

Transformation of 6 to (R)-4a
Compound 8 was synthesized from 6 (94% de) according to the

procedure reported in [9]. A flame-dried flask under argon was

charged with 8 (anti/syn = 10:1, 0.35 mmol) and 1,2-

dichloroethane (2 mL). 1,1 ′-Thiocarbonyldiimidazole

(0.6 mmol) was added to this solution, and the mixture was

stirred for 16 h at ambient temperature. The mixture was

quenched by adding saturated aqueous NaHCO3 and extracted

with CH2Cl2. The organic layer was dried over Na2SO4 and

concentrated under reduced pressure. The crude mixture was

purified by silica gel column chromatography (1:1 hexane/

Et2O) to give 9 in 98% yield (anti/syn = 10:1).

9: 1H NMR (400 MHz, CDCl3) δ 8.33 (s, 1H), 7.83–7.72 (m,

6H), 7.06 (s, 1H), 6.74 (d, J = 21.6 Hz, 1H), 4.87 (td, J = 10.8,

4.4 Hz, 1H), 2.01–1.94 (m, 1H), 1.74–1.56 (m, 4H), 1.55–1.36

(m, 2H), 1.18–0.96 (m, 2H), 0.92 (d, J = 6.4 Hz, 3H), 0.74 (d, J

= 7.2 Hz, 3H), 0.52 (d, J = 7.2 Hz, 3H); 13C NMR (100 MHz,

CDCl3) δ 180.6, 163.6 (d, J = 29.4 Hz), 137.1, 131.4, 130.3,

129.9, 129.8, 128.8, 128.6, 117.8, 103.3 (d, J = 262.8 Hz), 84.5

(d, J = 19.8 Hz), 78.8, 46.8, 40.1, 33.9, 31.5, 26.2, 22.8, 22.0,

20.7, 15.2; 19F NMR (376 MHz, CDCl3) δ −132.1 (d, J = 21.4

Hz); FTIR (neat) υmax: 2955, 1762, 1464, 1395, 1288, 1212,

1102, 992, 952, 742, 475 cm−1;  anal calcd (%) for

C23H28ClFN2O3S: C, 59.15; H, 6.04; N, 6.00; found: C, 59.18;

H, 5.96; N, 6.40.

A flame-dried flask under argon was charged with 9

(0.22 mmol) and benzene (3.6 mL). Tributyltin hydride

(0.45 mmol) was added to this solution, and the mixture was

stirred for 30 min at room temperature. The solvent was

removed under reduced pressure and the crude mixture was

purified by silica gel column chromatography (5:1 hexane/

CH2Cl2) to give 10 in 42% yield.

10: 1H NMR (400 MHz, CDCl3) δ 7.35–7.25 (m, 5H), 4.74 (td,

J = 10.8, 4.4 Hz, 1H), 3.65 (d, J = 6.8 Hz, 1H), 3.59 (d, J = 3.2

Hz, 1H), 1.85–1.76 (m, 2H), 1.72–1.63 (m, 2H), 1.50–1.41 (m,

2H), 1.37–1.19 (m, 1H), 1.09–0.98 (m, 1H), 0.95–0.91 (m, 1H),

0.89 (d, J = 2.4 Hz, 3H), 0.87 (dd, J = 3.2 Hz, 3H), 0.74 (dd, J

= 7.2 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 165.3 (d, J =

27.4 Hz), 132.3, 130.7, 130.6, 128.5, 127.9, 106.1 (d, J = 257.9

Hz), 77.9, 46.8, 40.0, 34.0, 31.4, 26.1, 23.3, 22.0, 20.8, 16.1;
19F NMR (376 MHz, CDCl3) δ −116.6 (dd, J = 22.9, 19.6 Hz);

FTIR (neat) υmax: 2954, 1754, 1458, 1282, 1216, 1145, 1043,

952, 704, 624, 471 cm−1; anal calcd (%) for C19H26ClFO2: C,

66.95; H, 7.69; found: C, 67.02; H, 7.96.

A flame-dried flask under argon was charged with 10

(0.07 mmol) and Et2O (0.2 mL). LiAlH4 (0.11 mmol) was

added to this solution at −78 °C, and the mixture was stirred for

1 h at room temperature. The reaction mixture was quenched

with saturated aqueous NH4Cl and the mixture was extracted

with Et2O. The organic layer was dried over Na2SO4 and

concentrated under reduced pressure. The crude mixture was

purified by silica gel column chromatography (5:1 hexane/

EtOAc) to give (R)-4a in 74% yield, with an enantiomeric

purity of 94% ee.

4a: [α]D = −2.8 (c 1.5, CHCl3). HPLC (99:1 hexane/2-propanol;

1 mL/min; using a CHIRALPAK IC column (0.46 cm Ø ×

25 cm)): 11.4 min (major) and 11.9 min (minor). These analyt-

ical data were identical to those of 4a synthesized from 2a with

(S)-1.

General procedure for the asymmetric fluorin-
ation of α-chloroaldehydes 2
To a solution of α-chloroaldehyde 2 (1.5 mmol) in t-BuOMe

(2 mL) was added catalyst 1 (0.05 mmol) and NFSI (0.5 mmol).

The reaction mixture was stirred at room temperature for the

time given in Table 1 and then poured into MeOH/CH2Cl2 (1:4,

5 mL) at 0 °C. To this solution, NaBH4 (5 mmol) was added,

and the mixture was stirred at room temperature for 1 h. The

reaction was quenched with saturated aqueous NH4Cl, and the

mixture was extracted with Et2O. The organic layer was dried

over Na2SO4, concentrated, and chromatographed on silica gel

to give 4, along with monochloro alcohol 5.

The results of all spectroscopic analyses of compounds 4a, 4b,

4f, 4g, and 5a–5f were identical to those described in our

previous report [8] and in references [20,21]. Absolute

configuration of 5a–5c was confirmed by comparing their

optical rotation to that reported in the above-mentioned litera-

ture [20].

(R)-2-Chloro-2-fluoro-3-phenylpropan-1-ol (4a, 87% ee):
1H NMR (500 MHz, CDCl3) δ 7.35–7.30 (m, 5H), 3.88–3.71

(m, 2H), 3.46 (dd, J = 32.3, 15.0 Hz, 2H), 2.15 (br, 1H);
13C NMR (125 MHz, CDCl3) δ 133.3 (d, J = 3.8 Hz), 130.7,

128.4, 127.6, 114.8 (d, J = 247 Hz), 67.2 (d, J = 26.4 Hz), 44.6

(d, J = 21.4 Hz); 19F NMR (470 MHz, CDCl3) δ −114.2 (m);

[α]D = −2.7 (c 1.5, CHCl3). The enantiopurity was determined

by HPLC (99:1 hexane/2-propanol; 1 mL/min; using a

CHIRALPAK IC column (0.46 cm Ø × 25 cm)): 11.4 min

(major) and 11.9 min (minor).

2-Chloro-2-fluorooctan-1-ol (4b, 80% ee): 1H NMR (500

MHz, CDCl3) δ 3.91–3.78 (m, 2H), 2.14–2.05 (m, 3H),

1.59–1.54 (m, 2H), 1.37–1.29 (m, 6H), 0.90 (t, J = 7.0 Hz, 3H);
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13C NMR (125 MHz, CDCl3) δ 116.1 (d, J = 245 Hz), 68.3 (d,

J = 26.4 Hz), 38.5 (d, J = 21.3 Hz), 31.5, 28.9, 23.3 (d, J = 3.8

Hz), 22.5, 14.0; 19F NMR (470 MHz, CDCl3) δ −113.9 (br);

[α]D = +2.0 (c 0.5, CHCl3). The enantiopurity was determined

by GC (100–150 °C, 3 °C/min; using a Chiral DEX B-DM

column): 12.4 min (major) and 13.3 min (minor).

2-Chloro-2-fluoro-5-(methoxymethoxy)pentan-1-ol (4c, 78%

ee): 1H NMR (500 MHz, CDCl3) δ 4.63 (s, 2H), 3.99–3.79 (m,

2H), 3.66–3.55 (m, 2H), 3.37 (s, 3H), 2.40–2.12 (m, 3H),

2.01–1.82 (m, 2H); 13C NMR (125 MHz, CDCl3) δ 115.8 (d, J

= 245 Hz), 96.4, 68.4 (d, J = 26.4 Hz), 66.8, 55.3, 35.4 (d, J =

21.6 Hz), 23.9 (d, J = 4.8 Hz); 19F NMR (470 MHz, CDCl3) δ

−114.3 (m); [α]D
22 = +4.6 (c 0.16, CHCl3); anal calcd (%) for

C7H14ClFO3: C, 41.91; H, 7.03; Cl, 17.67; F, 9.47; O, 23.92;

found: C, 44.91; H, 7.51. The enantiopurity was determined

after conversion into the corresponding 2-naphthoate 15c.

A flame-dried flask under argon was charged with 4c

(0.10 mmol) and CH2Cl2 (1.0 mL). Triethylamine (0.20 mmol),

2-naphthoyl chloride (0.15 mmol), and 4-dimethylaminopyri-

dine (0.01 mmol) were added to this solution, and the mixture

was stirred for 2 h at 0 °C. The mixture was diluted by satu-

rated aqueous NaHCO3, and extracted with CH2Cl2. The

organic layer was dried over Na2SO4 and concentrated under

reduced pressure. The crude mixture was purified by silica gel

column chromatography (hexane/ethyl acetate 5:1) to give the

desired 2-naphthoate 15c in 82% yield.

2-Chloro-2-fluoro-5-(methoxymethoxy)pentyl 2-naphthoate

(15c, 78% ee): 1H NMR (400 MHz, CDCl3) δ 8.65 (s, 1H),

8.08 (d, J = 10.4 Hz, 1H), 7.98 (d, J = 8.4 Hz, 1H), 7.93–7.86

(m, 2H), 7.67–7.53 (m, 2H), 4.83–4.66 (m, 2H), 4.61 (s, 2H),

3.62 (t, J = 5.80 Hz, 2 H), 3.34 (s, 3H), 2.49–2.19 (m, 2H),

2.11–1.88 (m, 2H); 13C NMR (100 MHz, CDCl3) δ 165.6,

135.8, 132.4, 131.6, 129.4, 128.6, 128.4, 127.8, 126.8, 126.3,

125.2, 112.8 (d, J = 247 Hz), 96.4, 68.1 (d, J = 26.8 Hz), 66.6,

55.2, 36.2 (d, J = 22.0 Hz), 23.9 (d, J = 3.83 Hz); 19F NMR

(470 MHz, CDCl3) δ −111.7 (m); [α]D
22 = +7.5 (c 0.36,

CHCl3); anal calcd (%) for C18H20ClFO4: C, 60.93; H, 5.68;

Cl, 9.99; F, 5.35; O, 18.04; found: C, 60.95; H, 5.85. The enan-

tiopurity was determined by HPLC (50:1 hexane/2-propanol;

0.5 mL/min; using a CHIRALPAK ID column (0.46 cm Ø ×

25 cm)): 25.1 min (major) and 30.5 min (minor).

Ethyl 5-chloro-5-fluoro-6-hydroxyhexanoate (4d, 80% ee):
1H NMR (500 MHz, CDCl3) δ 4.14 (q, J = 7.3 Hz, 2H),

3.94–3.80 (m, 2H), 2.58 (s, 1H), 2.44–2.34 (m, 2H), 2.28–2.07

(m, 2H), 1.95–1.86 (m, 2H), 1.26 (t, J = 7.3 Hz, 3H); 13C NMR

(125 MHz, CDCl3) δ 173.1, 115.4 (d, J = 246.5 Hz), 68.1 (d, J

= 26.5 Hz), 60.6, 37.4 (d, J = 22.8 Hz), 33.3, 18.9 (d, J = 4.8

Hz), 14.2; 19F NMR (470 MHz, CDCl3) δ −114.0 (m); [α]D
13 =

−1.48 (c 1.1, CHCl3); anal calcd (%) for C8H14ClFO3: C,

45.19; H, 6.64; found: C, 44.65; H, 6.67. The enantiopurity was

determined after conversion into the corresponding 2-naph-

thoate 15d by a procedure similar to that employed for the syn-

thesis of 15c. The crude mixture was purified by silica gel

column chromatography (hexane/EtOAc = 10:1) to give 81%

yield of 15d.

2-Chloro-6-ethoxy-2-fluoro-6-oxohexyl 2-naphthoate (15d,

80% ee): 1H NMR (500 MHz, CDCl3) δ 8.65 (s, 1H), 8.07 (d, J

= 8.8 Hz, 1H), 7.99 (d, J = 8.0 Hz, 1H), 7.92–7.89 (m, 2H),

7.64–7.55 (m, 2H), 4.79–4.66 (m, 2H), 4.13 (q, J = 7.0 Hz, 2H),

2.48–2.38 (m, 2H), 2.37–2.17 (m, 2H), 2.09–1.95 (m, 2H), 1.24

(t, J = 7.0 Hz, 3H); 13C NMR (125 MHz, CDCl3) δ 172.7,

165.6, 135.7, 132.4, 131.6, 129.5, 128.6, 128.4, 127.8, 126.8,

126.2, 125.1, 112.5 (d, J = 247.6 Hz), 67.9 (d, J = 27.6 Hz),

60.5, 38.4 (d, J = 22.8 Hz), 33.4, 18.9 (d, J = 4.8 Hz), 14.2;
19F NMR (470 MHz, CDCl3) δ −111.8 (m); [α]D

21 = +7.1 (c

0.31, CHCl3); anal calcd (%) for C19H20ClFO4: C, 62.21; H,

5.50; found: C, 62.92; H, 6.07. The enantiopurity was deter-

mined by HPLC (50:1 hexane/2-propanol; 1.0 mL/min; using a

CHIRALPAK IB-3 column (0.46 cm Ø × 25 cm)): 19.5 min

(minor) and 24.9 min (major).

2-Chloro-2-cyclohexyl-2-fluoroethan-1-ol (4e, 96% ee):
1H NMR (500 MHz, CDCl3) δ 4.02–3.83 (m, 2H), 2.19–2.08

(m, 1H), 1.98–1.92 (m, 1H), 1.89–1.78 (m, 3H), 1.74–1.66 (m,

1H), 1.39–1.11 (m, 6H); 13C NMR (125 MHz, CDCl3) δ 119.0

(d, J = 247 Hz), 66.8 (d, J = 26.4 Hz), 44.5 (d, J = 20.4 Hz),

27.3 (d, J = 6.0 Hz), 26.1 (d, J = 3.6 Hz), 25.9, 25.7, 25.6;
19F NMR (470 MHz, CDCl3) δ −117.8 (m); [α]D

22 = −6.2 (c

0.64, CHCl3); anal calcd (%) for C8H14ClFO: C, 53.19; H,

7.81; Cl, 19.62; F, 10.52; O, 8.86; found: C, 52.52; H, 7.88. The

enantiopurity was determined after conversion into the corres-

ponding 2-naphthoate 15e by a procedure similar to that

employed for the synthesis of 15c. The crude mixture was puri-

fied by silica gel column chromatography (hexane/ethyl acetate

= 20:1) to give 81% yield of 15e.

2-Chloro-2-cyclohexyl-2-fluoroethyl 2-naphthoate (15e, 96%

ee): 1H NMR (500 MHz, CDCl3) δ 8.65 (s, 1H), 8.08 (d, J =

10.32 Hz, 1H), 7.99 (d, J = 8.41 Hz, 1H), 7.94–7.87 (m, 2H),

7.66–7.54 (m, 2 H), 4.75 (br d, J = 17.5 Hz, 1H), 4.75 (br d, J =

19.0 Hz, 1H), 2.25–2.16 (m, 1H), 2.09–2.00 (m, 1H), 1.96–1.80

(m, 3H), 1.76–1.66 (m, 1H), 1.49–1.35 (m, 1H), 1.36–1.15 (m,

4H); 13C NMR (100 MHz, CDCl3) δ 165.6, 135.7, 132.4, 131.6,

129.5, 128.6, 128.4, 127.8, 126.8, 126.5, 125.2, 116.0 (d, J =

248.2 Hz), 66.7 (d, J = 25.9 Hz), 45.4 (d, J = 20.1 Hz), 27.4 (d,

J = 5.8 Hz), 26.1 (d, J = 2.8 Hz), 25.8, 25.7, 25.6; 19F NMR

(470 MHz, CDCl3) δ −114.3 (m); [α]D
24 = −13.7 (0.36,
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CHCl3); anal calcd (%) for C19H20ClFO2: C, 68.16; H, 6.02;

Cl, 10.59; F, 5.67; O, 9.56; found: C, 68.03; H, 5.98. The enan-

tiopurity was determined by HPLC (200:1 hexane/2-propanol;

0.5 mL/min; using a CHIRALCEL OJ-H column (0.46 cm Ø ×

25 cm)): 22.5 min (major) and 25.4 min (minor).

2-Chloro-2-fluoro-2-phenylethanol (4f, 90% ee): 1H NMR

(500 MHz, CDCl3) δ 7.59–7.53 (m, 2H), 7.46–7.40 (m, 3H),

4.15–4.04 (m, 2H), 2.15 (t, J = 7.3 Hz, 1H); 13C NMR (125

MHz, CDCl3) δ 137.7 (d, J = 22.6 Hz), 129.8, 128.6, 125.3 (d, J

= 7.5 Hz), 112.9 (d, J = 247 Hz), 70.2 (d, J = 26.4 Hz);
19F NMR (470 MHz, CDCl3) δ −118.2 (t, J = 18.8 Hz); [α]D =

−76.5 (c 0.6, CHCl3). The enantiopurity was determined by

HPLC (99:1 hexane/2-propanol; 1 mL/min; using a

CHIRALPAK IC column (0.46 cm Ø × 25 cm)): 19.1 min

(major) and 21.1 min (minor).

2-Chloro-2-fluoro-3,3-dimethylbutan-1-ol (4g) and

2-Chloro-3,3-dimethylbutan-1-ol (5g): 4g and 5g were insepa-

rable by column chromatography. Therefore, isolation and

determination of their enantiopurity were performed after the

conversion into the corresponding 2-naphthoates 15g and 16g

by a procedure similar to that employed for the synthesis of 15c.

The crude mixture was purified by silica gel column chroma-

tography (hexane/CH2Cl2 = 3:1) to give 87% yield of 15g,

along with 80% yield of 16g.

2-Chloro-2-fluoro-3,3-dimethylbutyl 2-naphthoate (15g,

99% ee): 1H NMR (400 MHz, CDCl3) δ 8.68 (s, 1H), 8.12 (d, J

= 8.9 Hz, 1H), 7.98 (d, J = 8.2 Hz, 1H), 7.92–7.88 (m, 2H),

7.63–7.54 (m, 2H), 4.89–4.78 (m, 2H), 1.26 (s, 9H); 13C NMR

(125 MHz, CDCl3) δ 166.0, 135.7, 132.4, 131.6, 129.5, 128.5,

128.3, 127.8, 126.7, 126.6, 125.2, 119.1 (d, J = 251.9 Hz), 66.0

(d, J = 25.2 Hz), 40.8 (d, J = 20.4 Hz), 25.5 (d, J = 3.6 Hz);
19F NMR (470 MHz, CDCl3) δ −120.3 (m); [α]D

20 = −22.5 (c

1.4, CHCl3); anal calcd (%) for C17H18ClFO2: C, 66.13; H,

5.88; found: C, 65.88; H, 6.10. The enantiopurity was deter-

mined by HPLC (200:1 hexane/2-propanol; 1.0 mL/min; using

a CHIRALPAK IB-3 column (0.46 cm Ø × 25 cm)): 9.7 min

(minor) and 14.0 min (major).

2-Chloro-3,3-dimethylbutyl 2-naphthoate (16g, 29% ee):
1H NMR (500 MHz, CDCl3) δ 8.65 (s, 1H), 8.09 (d, J = 8.6 Hz,

1H), 7.98 (d, J = 7.6 Hz, 1H), 7.91–7.89 (m, 2H), 7.62–7.55 (m,

2H), 4.81 (dd, J = 3.1, 11.9 Hz, 1H), 4.45 (dd, J = 8.8, 11.9 Hz,

1H), 4.11 (dd, J = 3.1, 8.8 Hz, 1H), 1.16 (s, 9H); 13C NMR (125

MHz, CDCl3) δ 166.5, 135.6, 132.4, 131.3, 129.4, 128.3, 128.2,

127.7, 127.0, 126.7, 125.2, 70.1, 66.4, 35.2, 27.0; [α]D
20 =

+16.2 (c 1.3, CHCl3); anal. calcd (%) for C17H19ClO2: C,

70.22; H, 6.59; found: C, 69.92; H, 6.88. The enantiopurity was

determined by HPLC (200:1 hexane/2-propanol; 1.0 mL/min;

using a CHIRALPAK AS-H column (0.46 cm Ø × 25 cm)):

7.2 min (major) and 8.3 min (minor).

2-Fluoro-3-(4-isopropylphenyl)-2-methylpropan-1-ol (13,

47% ee) [7]: 1H NMR (500 MHz, CDCl3) δ 7.16 (s, 4H),

3.61–3.56 (m, 2H), 2.96 (br d, J = 16.5 Hz, 1H), 2.96 (br d, J =

20.5 Hz, 1H), 2.91–2.85 (m, 1H), 1.82 (br s, 1H), 1.27 (d, J =

21.8 Hz, 3H), 1.24 (d, J = 6.9 Hz, 6H); 13C NMR (125 MHz,

CDCl3) δ 147.3, 133.2 (d, J = 4.8 Hz), 130.3, 126.3, 97.4 (d, J =

170 Hz), 67.5 (d, J = 22.8 Hz), 41.9 (d, J = 22.8 Hz), 33.7, 24.0,

20.9 (d, J = 22.8); 19F NMR (470 MHz, CDCl3) δ −154.7 (m);

[α]D
25 = −7.0 (c 0.60, CHCl3); The enantiopurity was deter-

mined by HPLC (99:1 hexane/2-propanol; 1 mL/min; using a

CHIRALCEL OJ column (0.46 cm Ø × 25 cm)): 17.4 min

(major) and 21.8 min (minor).

3-(4-Isopropylphenyl)-2-methylpropan-1-ol (14, 27% ee)

[22]: 1H NMR (500 MHz, CDCl3) δ 7.15 (d, J = 8.0 Hz, 2H),

7.10 ( d, J = 8.0 Hz, 2H), 3.54 (dd, 5.0, 5.7 Hz, 1H), 3.47 (dd, J

= 4.6, 6.1 Hz, 1H), 2.88 (m, 1H), 2.71 (dd, J = 6.5, 6.9 Hz, 1H),

2.41 (dd, J = 5.3, 8.1 Hz, 1H), 1.93 (m, 1H), 1.24 (d, J = 6.9 Hz,

6H), 0.92 (d, J = 6.5 Hz, 3H); 13C NMR (125 MHz, CDCl3) δ

146.4, 137.8, 129.0, 126.3, 67.8, 39.3, 37.8, 33.7, 24.1, 16.6;

[α]D
25 = −2.3 (c 0.15, CHCl3); The enantiopurity was deter-

mined by HPLC (99:1 hexane/2-propanol; 1 mL/min; using a

CHIRALPAK IC-3 column (0.46 cm Ø × 25 cm)): 17.6 min

(minor) and 19.9 min (major).
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Abstract
Background: 1,1-Difluoroalkenes cannot only be used as valuable precursors for organic synthesis, but also act as bioisosteres for

enzyme inhibitors. Among various methods for their preparation, the carbonyl olefination with difluoromethylene phosphonium

ylide represents one of the most straightforward methods.

Results: The combination of (chlorodifluoromethyl)trimethylsilane (TMSCF2Cl) and triphenylphosphine (PPh3) can be used for

the synthesis of gem-difluoroolefins from carbonyl compounds. Comparative experiments demonstrate that TMSCF2Cl is superior

to (bromodifluoromethyl)trimethylsilane (TMSCF2Br) and (trifluoromethyl)trimethylsilane (TMSCF3) in this reaction.

Conclusion: Similar to many other Wittig-type gem-difluoroolefination reactions in the presence of PPh3, the reaction of

TMSCF2Cl with aldehydes and activated ketones is effective.

344

Introduction
The synthesis and application of selectively fluorinated organic

molecules have attracted much interest from both organic

chemists and biochemists because fluorine can endow these

molecules with unique chemical, biological and physical prop-

erties [1-3]. 1,1-Difluoroalkenes have been frequently used in

the design of potential enzyme inhibitors [4-6], since difluoro-

methylene functionality (CF2) is known to be isosteric and

isopolar to an oxygen atom [7-9], and the gem-difluorovinyl

functionality is believed to be a bioisostere for a carbonyl group

[10]. More commonly, 1,1-difluoroalkenes, which are highly

electrophilic towards many nucleophiles at the terminal

difluoromethylene carbon [11], are used as valuable precursors

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:jinbohu@sioc.ac.cn
http://dx.doi.org/10.3762%2Fbjoc.10.32
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Scheme 1: Various procedures for the generation of difluoromethylene phosphonium ylide [19-25].

of di- and trifluoromethyl compounds [10,12], monofluoro-

alkenes [13], monofluorinated heterocycles [14,15], carboxylic

acids and esters [16]. Consequently, these relevant applications

of 1,1-difluoroalkenes have led to many efforts to develop gem-

difluoroolefination methods including β-elimination of func-

tionalized difluoromethyl compounds, transition metal catal-

ysed coupling reactions with gem-difluorovinylation reagents,

and deoxygenative gem-difluoroolefination of carbonyl com-

pounds [17,18]. Among these methods, the latter one has been

studied with several named reactions, for example Wittig,

Horner–Wadsworth–Emmons, and Julia–Kocienski reactions.

In the Wittig gem-difluoroolefination, the reaction is believed to

proceed via an undetected difluoromethylene phosphonium

ylide, which can be generated in situ either by the transforma-

tion of a difluorinated phosphonium salt or by the reaction

between difluorocarbene (:CF2) and a phosphine (Scheme 1)

[19-26]. In 1964, Fuqua and co-workers first reported the diflu-

oromethylenation of aldehydes by using ClCF2CO2Na/PPh3

[19]. In 1967, Burton and Herkes suggested that the ylide inter-

mediate involved in the olefination process was more likely to

be formed by the decarboxylation of a difluorinated phospho-

nium salt rather than the combination of :CF2 and a phosphine

(Scheme 1, reaction 1) [20]. Their suggestion is based on the

accelerating effect of PPh3 on the thermal decomposition of

ClCF2CO2Na and the unsuccessful capture of :CF2 with an

alkene or alcohol during the olefination reaction [20]. Very

recently, the successful preparation of (triphenylphos-

phonio)difluoroacetate (Ph3P+CF2CO2
−) and its application in

carbonyl gem-difluoroolefination by Xiao and co-workers [21]

finally confirmed the mechanism proposed by Burton and

others [19,20]. Burton and co-workers also developed another

difluorocarbene-free approach using a 1:2 mixture of CF2Br2

and PPh3 or P(NMe2)3 to prepare the ylide intermediate

(Scheme 1, reaction 2) [22,23]. Although the difluorocarbene/

phosphine procedure for Wittig olefination has been put

forward by Fuqua et al. as early as 1964 [19], the formation of

difluoromethylene phosphonium ylide in such a way is quite

rare [24-26]. Established examples include using bis(trifluo-

romethyl)mercury (Hg(CF3)2) under the promotion of NaI

(Scheme 1, reaction 3) [24] and using methyl 2,2-difluoro-2-

(fluorosulfonyl)acetate (MDFA) under the promotion of KI

(Scheme 1, reaction 4) [25].

Our group has focused on the development and application of

new difluorocarbene reagents [27-34]. The Prakash group and

we have identified that (halodifluoromethyl)trimethylsilanes

(TMSCF2X, X = F, Cl, and Br) could serve as difluorocarbene

sources under the activation of proper halide initiators or alka-

line bases (Scheme 2) [31-34]. Recently, we have developed a

relatively environmentally benign method to prepare

TMSCF2Br, which can be used as a general carbene source for
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Scheme 2: Difluoromethylenation of alkenes and alkynes and difluoromethylation of heteroatom nucleophiles with TMSCF2X [31-34].

the difluoromethylenation of alkynes and alkenes and difluoro-

methylation of heteroatom nucleophiles [34]. In this paper, the

novel preparation of TMSCF2Cl from TMSCF2Br and the

application of the former in deoxygenative gem-difluoroolefina-

tion of carbonyl compounds via Wittig-type reaction are

reported.

Results and Discussion
(Halodifluoromethyl)trimethylsilanes including TMSCF3

(Ruppert–Prakash reagent), TMSCF2Cl, and TMSCF2Br are

initially prepared by reductive silylation of ozone-depleting-

substances bromotrifluoromethane (CF3Br) [35], bromochloro-

difluoromethane (CF2BrCl) [36,37], and dibromodifluoro-

methane (CF2Br2) [36,37] with chlorotrimethylsilane (TMSCl).

In recent years, Prakash and co-workers have discovered two

Freon-free methods for the synthesis of TMSCF3 from fluoro-

form (CF3H), which paved the way for the synthetic applica-

tions of TMSCF3 [38,39]. Moreover, the preparation of

TMSCF2Br either by fluoro–bromo exchange reaction of

TMSCF3 [34] or by bromination of TMSCF2H [34,40] has also

been disclosed. To obtain TMSCF2Cl, we tried the halogen

exchange reaction of TMSCF2Br. When a 1:10 mixture of

TMSCF2Br and TMSCl was heated in neat in the presence of

5 mol % of tetrabutylammonium chloride (TBAC) for 2 hours,
19F NMR spectroscopy analysis showed that the ratio of

TMSCF2Cl to TMSCF2Br was 2.3:1, and prolonging reaction

time could not improve the ratio. In view of the difficulty in

separating TMSCF2Cl from the reaction mixture because of the

approximate boiling points of TMSCF2Cl (~85 °C) [36,37] and

TMSCF2Br (~105 °C) [36,37], other chloride sources were tried

to achieve a full conversion of TMSCF2Br. Gratifyingly, when

the reaction was performed in benzonitrile (bp ~190 °C) at

80 °C using a slight excess of silver chloride under the catalysis

of TBAC, a full conversion of TMSCF2Br afforded TMSCF2Cl

in 54% yield. Lowering the temperature to room temperature

(rt) could improve the yield to 80% (Scheme 3). It is believed

that the lower solubility of silver bromide than silver chloride in

benzonitrile provides the driving force for this bromo–chloro

exchange reaction.

Scheme 3: Bromo–chloro exchange reaction using AgCl.

At first, the olefination of 1-naphthaldehyde (1a) or benzalde-

hyde (1b) by using the combination of TMSCF2Cl and PPh3

was tried. Conceiving that the chloride ion might be necessary

to promote the decomposition of TMSCF2Cl to release CF2 as

reported, a catalytic amount of TBAC was used as the initiator.

After heating a reaction mixture of aldehyde 1a, TMSCF2Cl,

PPh3, and TBAC in THF at 100 °C for 8 h, 19F NMR spec-

troscopy analysis showed that difluorinated alkene 2a was

formed in 69% yield (Table 1, entry 1). Surprisingly, it was

found that in the absence of TBAC, PPh3 could be used both to

promote the fragmentation of TMSCF2Cl and combine with the

generated :CF2 (Table 1, entry 2). A rough comparison of the

reaction temperatures showed that a lower temperature (rt) is

detrimental to the olefination process, although the decomposi-

tion of TMSCF2Cl could occur to some extent (Table 1, entries

2 and 3).

Subsequently, the olefination of aldehyde 1b with TMSCF2Br

was examined. Unfortunately, the full consumption of
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Table 1: Condition screening of gem-difluoroolefination with TMSCF2X.

Entrya Ar X Initiator Temp (°C) t (h) Conversion (%)b Yield (%)b

1 1-naphthyl Cl TBAC (3 mol %) 100 8 100 69
2 1-naphthyl Cl none 70 10 100 59c

3 Ph Cl none rt 4 35 0
4 Ph Br none 70 10 100 0
5 Ph F NaI (0.6 equiv) 70 10 <5 0
6 Ph F NaI (6.0 equiv) 110 10 <5 0

aReactions were performed on 0.5 mmol scale in a pressure tube. bConversion of TMSCF2X and yields of 2 were determined by 19F NMR spec-
troscopy using PhCF3 as an internal standard. cIsolated yield of 2a.

Scheme 4: Proposed different reaction pathways of the difluorinated ylide in the presence of TMSCl and TMSBr.

TMSCF2Br did not afford any difluoroolefin 2b (Table 1, entry

4). As determined by 19F NMR, besides the side product

(difluoromethyl)triphenylphosponium bromide (δ −127.9, dd,
3JP-F = 80 Hz, 2JF-H = 47 Hz) as reported in the Wittig olefina-

tion with FSO2CF2CO2Me [25], a new product which was

assigned as difluorinated phosphonium salt 4 (δ −88.8, ddd,
2JF-F = 298 Hz, 3JP-F = 97 Hz, 3JF-H = 3.3 Hz, 1F; δ −106.6,

ddd, 2JF-F = 298 Hz, 3JP-F = 101 Hz, 3JF-H = 24 Hz, 1F) was

detected as the major product (for details, see Supporting Infor-

mation File 1). The formation of 4 is supposed to arise from a

ready silylation of the addition intermediate betaine 3 by

TMSBr. When TMSCF2Cl was used, TMSCl is not reactive

enough to trap the betaine 3, thus the oxaphosphetane 5 could

be formed to give olefins and triphenylphosphine oxide

(Scheme 4).

Finally, the olefination of aldehyde 1b with TMSCF3 as the

difluoromethylene source was tested. The results showed that

no desired reaction took place when PPh3 and either substoi-

chiometric or stoichiometric amounts of NaI were used
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Figure 1: gem-Difluoroolefination of aldehydes. Reactions were performed on 0.5 mmol scale in a pressure tube. aIsolated yield. bYield was deter-
mined by 19F NMR spectroscopy using PhCF3 as an internal standard.

Figure 2: gem-Difluoroolefination of activated ketones. Reactions were performed on 0.5 mmol scale in a pressure tube. aYield was determined by
19F NMR spectroscopy using PhCF3 as an internal standard. bIsolated yield.

(Table 1, entries 5 and 6). Although it has been known that

TMSCF3 can be used in the difluoromethylenation of alkenes

and alkynes initiated by NaI [33], we could not give a reason-

able explanation for the failure of the current reaction.

Using the conditions shown in Table 1, entry 2 as standard, the

olefination of aldehydes with TMSCF2Cl was investigated. As

shown in Figure 1, a variety of structurally diverse aromatic

aldehydes were successfully converted into gem-difluoro-

alkenes 2a–g in moderate to good yields. It should be

mentioned that the aromatic aldehydes with substituents such as

t-butylthio, methoxy, and bromo groups on the phenyl ring

showed similar reactivity. Moreover, this approach is also

amenable to enolizable aldehydes, for example, gem-difluoro-

olefin 2h could be obtained in 47% yield. Although a non-acti-

vated ketone such as acetophenone is unreactive under similar

conditions, activated ketones could undergo this Wittig olefina-

tion reaction. Representative results for the olefination at a
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Scheme 5: Plausible mechanisms for the formation of difluoromethylene triphenylphosphonium ylide from TMSCF2Cl and PPh3.

slightly elevated temperature (80 °C) are shown in Figure 2. A

range of aryl trifluoromethyl (6a–d) and chlorodifluoromethyl

aromatic ketones (6e–g) were readily difluoromethylenated to

give the corresponding olefins (7a–g) in moderate to good

yields. It should be mentioned that in all cases, the formation of

gem-difluoroolefins was accompanied by the formation of

Ph3PF2 (δ −41.2, d, 1JP-F = 668 Hz) [25], HCF2Cl, fluorotri-

methylsilane, and some unidentified byproducts in variable

yields (for details, see Supporting Information File 1).

As previously reported, the key mechanistic issue of this Wittig-

type reaction is the formation of the presumed difluoro-

methylene triphenylphosphonium ylide [19-25]. Initially it was

speculated that it were trace amounts of nucleophilic impurities

(such as chloride ions) that initiated the fragmentation of

TMSCF2Cl to release :CF2 [31], which combined with PPh3 to

form the ylide. However, the experiment at room temperature

showed that PPh3 could significantly accelerate the decomposi-

tion of TMSCF2Cl, which indicated that PPh3 should have

participated in the activation of TMSCF2Cl. Consequently, two

plausible mechanisms are proposed (Scheme 5): one is the

initial activation of the C–Si bond by PPh3 (Path A), the other is

the initial activation of the C–Cl bond by PPh3 (Path B). In Path

A, PPh3 firstly coordinates the silicon atom of TMSCF2Cl to

form activated penta-coordinated silicon species 8 [41] and acti-

vates both the C–Si and the C–Cl bond. Next, the release of CF2

leads to silylphosphonium salt 9. Finally, the fragmentation of 9

occurs to give TMSCl with regeneration of PPh3; meanwhile,

the trapping of :CF2 by PPh3 gives the ylide. In Path B, a phos-

phonium salt 10, which is formed via a single-electron transfer

(SET) mechanism, undergoes a chloride ion-promoted desilyla-

tion reaction to afford Ph3P=CF2 [42,43]. However, we could

not rule out the possibility of chloride ion-activation in these

processes due to the involvement of intermediates 9 and 10 in

the proposed mechanisms.

Conclusion
In conclusion, a robust difluoromethylenation reagent (chlorodi-

fluoromethyl)trimethylsilane (TMSCF2Cl) has been prepared

via a relatively environmentally benign method and has been

successfully used in the Wittig difluoroolefination. Similar as

many other Wittig-type gem-difluoroolefination reactions in the

presence of PPh3, the reaction of TMSCF2Cl with aldehydes

and activated ketones is effective. Comparative reactions with

TMSCF2Br and TMSCF3 under similar conditions failed to

give the gem-difluorinated olefins, which indicate that the halo-
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substituent of TMSCF2X can influence the reactivity of these

fluorinated silanes in difluoromethylene transfer reactions.

Further research on the synthetic application of TMSCF2X

(X = F, Cl, and Br) is currently underway.

Supporting Information
Full experimental details (difluoromethylation of O, S, and

N-nucleophiles and gem-difluoroolefination of carbonyl

compounds with TMSCF2Cl) and compound

characterization data are given.

Supporting Information File 1
Experimental procedures and characterization data.

[http://www.beilstein-journals.org/bjoc/content/

supplementary/1860-5397-10-32-S1.pdf]
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Abstract
A series of novel (1-aminoalkyl)(trifluoromethyl)- and -(difluoromethyl)phosphinic acids – analogues of proteinogenic and nonpro-

teinogenic α-amino acids were prepared. The synthetic methodology was based on nucleophilic addition of (trifluoromethyl)phos-

phinic acid or (difluoromethyl)phosphinic acid or its ethyl ester to substrates with C=N or activated C=C double bonds. Analogues

of glycine, phenylglycine, alanine, valine, proline, aminomalonic and aspartic acids were thus prepared. Three-component one-pot

reactions of (trifluoromethyl)phosphinic acid and dibenzylamine with aldehydes were also tested to prepare the title compounds.
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Introduction
For a long time aminophosphonic and aminophosphinic acids as

isosters of aminocarboxylic acids have attracted a particular

interest for the preparation of analogues of numerous natural

products. Among the literature concerning various aspects of

the chemistry and biological activity of aminophosphonic and

aminophosphinic acids, several monographs and reviews have

appeared over the last decade [1-6]. The chemistry of fluori-

nated aminophosphonic and -phosphinic acids is a relatively

new area of research. Incorporation of fluorine or fluorinated

moieties can be used for the alteration of physiological prop-

erties of many biologically significant substances. The changes

of their biological properties caused by this fluorination are

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:Yagupolskii@ioch.kiev.ua
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influenced by complex factors, however. The similarity of the

diameters of fluorine and hydrogen atoms in organic com-

pounds makes fluorine an obvious choice as a substituent for

biologically active substances, frequently without disrupting the

shape and geometry of the substituted molecules. Nevertheless

fluorine influences the electronic properties of a compound

drastically because of its strong electronegativity. This enables

modulation of the lipophilicity profile, of electrostatic interac-

tions with the target structure and inhibition of some metabolic

pathways [7-9]. Data concerning the biological activity and syn-

thetic approaches toward fluorinated aminophosphonates,

bearing side chain C–F linkages are well documented in a

review [10].

The isolation of phosphinothricin, a naturally occurring phos-

phorus analogue of glutamic acid and the discovery of its antibi-

otic, fungicidal and herbicidal properties [11] has led to an

increased activity in the study of methylphosphinic acid

analogues of the protein amino acids [12] and those of glycine

[13], alanine [14], valine [14], leucine [15], proline [16],

aspartic [17] and glutamic [11] acids and GABA [18] have been

described. But almost nothing is known about phosphorus

isosters of aminocarboxylic acids bearing a (trifluoromethyl)- or

(difluoromethyl)phosphonyl moiety instead of the carboxylate

function. To the best of our knowledge there is only one report

on the application of ethyl (difluoromethyl)phosphinate

CHF2(H)P(O)(OEt) in the synthesis of a (difluoromethyl)phos-

phinic acid analogue of GABA, as a potent agonist of the

GABAB receptor [18].

In light of the above and in connection with our interest in the

chemistry of fluorinated compounds of phosphorus we report

here the preparation of a series of novel (1-aminoalkyl)phos-

phinic acids bearing CF3 or CHF2 groups at phosphorus.

Results and Discussion
Research effor ts  have es tabl ished H-phosphinates

R(H)P(O)(OR′) or appropriate P(III) acids R(H)P(O)(OH) as

appropriate starting materials for the preparation of aminophos-

phinic acids. The most typical route involves the three-compo-

nent reaction of an aldehyde, an amine and a P–H substrate in a

one-pot Mannich type protocol [19-21]. An alternative to this

approach involves the simple addition of alkyl H-phosphinates

or H-phosphinic acids to Schiff bases [5,22]. In this paper we

exploit both routes to prepare (1-aminoalkyl)(trifluoromethyl)-

and -(difluoromethyl)phosphinic acids using P–H compounds

bearing CF3 and CHF2 groups attached to phosphorus.

P–H Substrates
(Trifluoromethyl)phosphinic acid CF3P(O)H(OH) (1) was first

prepared in 1954 [23], but since then little chemistry has been

reported involving 1 .  Also monoesters of 1  such as

CF3P(O)H(OAlk) [24,25] have not been widely applied. These

compounds, contain a labile P–H bond and synthetic problems

underly their preparation. Emeléus and Haszeldine were the

first [26] to prepare CF3P(III) compounds via the interaction of

red phosphorus and CF3I in an autoclave. This gave mixtures of

CF3-containing phosphanes and phosphane iodides but in poor

yields. More recently, Ruppert described the reaction between

CF3Br, P(NEt2)3 and PCl3, which gave CF3P(NEt2)2 in a good

yield [27]. We applied this procedure to prepare CF3PCl2 [27]

by interaction of diamide CF3P(NEt2)2 with gaseous HCl and

then the chlorine was replaced by neutral hydrolysis to give

(trifluoromethyl)phosphinic acid (1) [23] or by alcoholysis with

ethanol or isopropanol to reach the appropriate esters 2–4

[24,25] (Scheme 1).

Scheme 1: Synthesis of (trifluoromethyl)phosphinic acid (1) and ethyl
and isopropyl esters 2–4. Reagents and conditions: i) 1.8 equiv H2O
per 1 equiv CF3PCl2, hexane, −10 °C → 0 °C, 3 h, then rt overnight,
argon atmosphere, 84%. ii) 2 equiv anhydrous iPrOH per 1 equiv
CF3PCl2, −40 °C → 0 °C, 3 h, then rt overnight, argon atmosphere,
68%. iii) 2 equiv anhydrous EtOH per 1 equiv CF3PCl2, −40 °C →
0 °C, 3 h, then rt overnight, argon atmosphere, mixture 3:4 ~ 10:1,
~70%.

In our hands CF3PCl2 was hydrolyzed by two equivalents of

water in hexane over the temperature range −10 °C → 0 °C, to

give water-free (trifluoromethyl)phosphinic acid (1). Acid 1

proved easy to handle as a distillable liquid when prepared in

this way and is stable under storage for months in contrast to

that prepared by Emeléus and Haszeldine [23]. Phosphinate 2

was prepared with anhydrous isopropanol. When stored under

anhydrous conditions at room temperature, ester 2 was partially

converted to acid 1 as determined by 31P NMR. Alcoholysis of

CF3PCl2 with ethanol under the same conditions produced

diethyl phosphinate 3 admixed with monoester 4 (~10%), as

previously described [25]. 31P NMR of these products indi-

cated that they were converted to esters 3 and 4 on storage in a

ratio of ~ 3:2 with acid 1 as an impurity. The low stability of all

three esters 2–4 can be attributed to the lability of the O–C ester

bond, resulting from the electron-withdrawing effect of the CF3

group attached to phosphorus, therefore esters 2, 3 and 4 were

used in the syntheses only when freshly prepared and distilled.
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Scheme 2: Three-component Kabachnik–Fields reaction of CF3(H)P(O)(OiPr) (2) with formaldehyde and dibenzylamine. Reagents and conditions: i)
an equimolar mixture of reagents, H2O, 80 °C, 3 h, argon atmosphere, yield 10 ~80% or an equimolar mixture of reagents, dioxane, 100 °C, 3 h,
argon atmosphere, yield 10 ~90%.

Scheme 3: Three-component synthesis of CF3 containing α-aminophosphinic acids 14a,b. Reagents and conditions: i) An equimolar mixture of acid
1, dibenzylamine, HCl and two fold excess of aldehyde, H2O, 80 °C, 3 h; isolated yields: 13a (52%), 13b (28%); yields, determined by 31P and 19F
NMR: 13c (<10%). ii) H2, ethanol, catalysis 10% Pd/C, rt, normal pressure, yields: 14a (95%), 14b (90%).

We next explored the CHF2 group attached to phosphorus.

Ethyl (difluoromethyl)phosphinate CHF2P(O)H(OEt) (5) was

prepared as previously described [18]. The appropriate (di-

fluoromethyl)phosphinic acid CHF2P(O)H(OH) (6) was ob-

tained from 5 by ester deprotection with NaHCO3, as a viscous

undistillable liquid, which was stable for weeks on storage.

Three-component reactions
At the outset of our work three-component reactions of

formaldehyde, dibenzylamine and the esters 2 or 5 were

explored as model transformations to evaluate the feasibility of

the Kabachnik–Fields procedure [19,20] to the synthesis of

fluorinated (1-aminoalkyl)phosphinate 7 (Scheme 2).

It turned out that this method is unsuitable for the synthesis of

phosphinate 7. Formalin was added to an equimolar mixture of

dibenzylamine and ester 2 at 80 °C under an oxygen-free atmos-

phere to give reaction mixtures with a low content of P–C prod-

ucts (31P NMR). A similar outcome was obtained when the

reaction was run at room temperature or in dioxane with simul-

taneous water azeotropic distillation. Such an result might be

explained by high reactivity of the starting ester, which readily

reacted with formaldehyde, forming (α-hydroxymethyl)phos-

phinate 8. Its further irreversible rearrangement [28] to the

corresponding phosphonate 9 was accompanied with hydrol-

ysis of the ester function and formation of (trifluoro-

methyl)phosphonic acid (10) [29] as the main product. Analo-

gous results were obtained, when CHF2 containing ester 5 was

introduced into the reaction with formaline and dibenzylamine

to give CHF2P(O)(OH)2 (11) as the major product [30].

Such results prompted us to explore the Mannich-type proce-

dure of Moedritzer and Irani [21] for the syntheses of the

desired aminophosphinic acids starting from acid 1. This

resulted in the preparation of the analogues of glycine 14a and

phenylglycine 14b (Scheme 3).

The three-component reaction with formaldehyde gave the best

results and N-protected aminophosphinic acid 13a was isolated

in a moderate yield, alongside phosphonic acid 10. The analo-
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Table 1: The interaction of (trifluoromethyl)phosphinic acid (1) with Shiff bases.a

Entry Shiff base R 17 (yield, %)b 14 (yield, %)b

1c H 17a (83) 14a (95)

2 Ph 17b (79) 14b (96)

3d Me 17c (59) 14c (96)

4 iPr 17d (92) 14d (98)

5c – 14e (66)

aReagents and conditions: i) an equimolar mixture of acid 1 and Shiff base, DME, rt, 31P NMR control; ii) H2, ethanol, catalysis 10% Pd/C, rt, normal
pressure. bIsolated yields. cSymmetrical cyclic triazinanes (masked imines) were used to generate unstable imines. dThe best yield was obtained with
2 mol equivalents of imine.

gous reaction with benzaldehyde provided acid 13b in 28%

yield and the main product of this reaction was an adduct of

acid 1 with benzaldehyde which was isolated from the reaction

mixture as ammonium salt 15 in 60% yield. Reaction with

acetaldehyde was less successful and generated aminophos-

phinic acid 13c in low yield (<10%). Attempts to improve

conversions products 13a–c by increasing the reaction tempera-

ture or varying the amino component (MeC(O)NH2 ,

BnOC(O)NH2 or NH4OAc instead of Bn2NH) and molar

equivalent of HCl were unsuccessful. It should be noted, that in

contrast to the non-fluorinated counterparts the adducts 13a,b

did not form hydrochlorides under this procedure consistent

with the strongly acidic nature of the CF3 phosphinic acid

group. Catalytic hydrogenation of intermediates 13a,b with Pd/

C removed the benzyl groups and produced the corresponding

acids 14a,b in high yields.

The hydrophosphinylation of azomethines
The addition of the P–H functionality to C=N double bonds is a

very general procedure for the formation of P–C–N systems.

Based on our experience of these three-component reactions

(Scheme 2 and Scheme 3) we investigated the scope and limita-

tions of the addition of (trifluoromethyl)phosphinic acid (1) to a

series of N-benzylimines 16a–e in order to obtain fluorinated

phosphorus analogues of glycine 14a, phenylglycine 14b,

alanine 14c, valine 14d and proline 14e (Table 1).
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Table 2: The interaction of ethyl (difluoromethyl)phosphinate (5) with Shiff bases.a

Entry Shiff base R 18 (yield, %)b 19 (yield, %)b 20 (yield, %)b

1c H 18a (78)d 19a (68) 20a (91)

2 Ph 18b (58)e 19b (86)f 20b (96)

3g Me 18c (56)e 19c (80)f 20c (95)

4 iPr 18d (36)e 19d (82)f 20d (95)

5c – – 20e (79)

aReagents and conditions: i) an equimolar mixture of ester 5 and Shiff base, DME, rt, 31P NMR control, under argon atmosphere; ii) 1 N HCl, rt, until
clear solution; iii) H2, ethanol, catalysis 10% Pd/C, rt, normal pressure. bIsolated yields. cSymmetrical cyclic triazinanes (masked imines) were used to
generate unstable imines. dYield was defined with 31P NMR. eDiastereomeric ratio: 18b (~7:2), 18c (~3:2), 18d (~3:2). fYields were defined as the
sum of yields of compounds 19b–d, isolated from the reaction mixture and obtained after hydrolysis of intermediates 18b–d. gThe maximum yield was
obtained with 2 mol equivalents of imine.

The transformations were mildly exothermic and were moni-

tored by 31P NMR. Acid 1 undergoes the typical P–C bond

forming reactions with Shiff bases to give adducts 17 in satis-

factory yields and these were successfully transformed into the

appropriate free acids 14.

The same series of Shiff bases was used to explore the reactiv-

ity of ethyl (difluoromethyl)phosphinate (5) in reactions with

C=N double bonds and the desired (α-aminoalkyl)phosphinic

acids 20a–e were accordingly prepared (Table 2).

The syntheses of compounds 20a–e were performed with purifi-

cation and characterization of the intermediates, wherever

possible as summarized in Table 2.

Products 14b–e and 20b–e were obtained as racemic mixtures.

As expected, the 31P NMR spectra of 14 and 20 display charac-

teristic signals around 11–15 ppm with 2JFP couplings for CF3

bearing substrates. The CHF2 bearing also possessed 2JFP

couplings of 75–95 Hz. The 19F NMR spectra were character-

ized by signals in the region −75 ppm for CF3 derivatives and
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−137 ppm for CHF2 ones. Some distinctive characteristics of

the reactivity of ester 5 were observed. This ester readily

reacted with azomethines, but in contrast to its nonfluorinated

counterparts this ester generated mixtures of the adducts 18 and

19. The interaction of ester 5 with imine 16a gave adduct 18a

(Table 2, entry 1) in high conversion yield but after purification

over silica gel only the appropriate acid 19a was isolated. In the

case of the reaction of ester 5 with imine 16e no adduct was

formed. Ethyl phosphinates 18b–d were obtained as a mixture

of two diastereoisomers, which were not separated but they are

clearly observed by 1H NMR as separate signals for the CHF2

group. The adducts 18b–d were hydrolyzed to acids 19b–d in

quantitative yields and did not form hydrochlorides similar to

the CF3 aminophosphinic acids 13a–b and 17a–d. Hydrogeno-

lysis of the 17a–d and 19a–d efficiently gave free acids 14 and

20, but required column ion-exchange chromatography to

produce analytically pure products.

We then explored the addition of acid 1 to imine 21 [31], which

is N-Boc protected, typically used for amino acid protection

(Scheme 4). This produced acid 14b in one step, but in only

32% yield. The N-tert-butoxycarbonyl group was removed

during the reaction due to the high acidity of the CF3 phos-

phinic acid group.

Scheme 4: Interaction of the acid 1 with tert-butyl benzylidenecarba-
mate (21). Reagents and conditions: i) an equimolar mixture of
reagents, DME, rt, 48 h, under argon atmosphere, 32%.

The variability of Schiff bases ensures access to a range of

structurally diverse phosphinic acid analogues of amino acids in

the relatively simple way. Thus, we investigated the hydrophos-

phinylation of some Shiff bases bearing a carboxylate function-

ality to obtain aminocarboxylic acids, containing pendant CF3

or CHF2 phosphinic acid linkages. Thus, phosphinic acids 1 and

6 reacted with the N-Boc-protected Schiff base of ethyl glyox-

alate 22 [32] under mild conditions to produce the N-depro-

tected phosphinylglycines 23 and 24 in satisfactory yields

(Scheme 5).

Attempts to convert ester 23 to the free acid failed. Removal of

the ester group from 23 by acidolysis with HCl or HI was

accompanied by cleavage of the P–C bond to give only (trifluo-

romethyl)phosphonic acid (10) after an ion-exchange chroma-

tography. Attempts to remove the ester group in anhydrous base

Scheme 5: Interaction of the acids 1 and 6 with ethyl 2-[(tert-butoxy-
carbonyl)imino]acetate (22). Reagents and conditions: i) an equimolar
mixture of reagents, DME, rt, 31P NMR control, under argon atmos-
phere, isolated yields: 23 (68%), 24 (61%).

with 1 equivalent of sodium silanolate (Me3SiONa) at room

temperature efficiently produced the highly stable sodium salt

of acid 23. With an excess of Me3SiONa and heating to 50 °C,

fluoroform liberation from 23 was observed to give fluorine-

free products.

In contrast the CHF2-containing ester 24 was stable toward

acidic hydrolysis under mild conditions, but in the presence of

an excess of sodium silanolate, free phosphinylglycine 25 was

obtained, but in a poor yield (Scheme 6).

Scheme 6: Transformation of the ester 24 into the appropriate free
acid 25. Reagents and conditions: i) two fold excess of Me3SiONa,
DME, 50 °C, 24 h, under argon atmosphere, ion-exchange chromatog-
raphy, H2O, 35%.

The reactions of substrates 1 and 6 with imine 26, which is

available from valine [33], readily gave adducts 27 and 28,

which were decarboxylated under acidolysis to afford the phos-

phinic acid analogues of valine 14d and 20d (Scheme 7).

The hydrophosphinylation of substrates with
activated C=C double bonds
The high reactivity of (trifluoromethyl)phosphinic acid (1) with

C=N double bonds prompted us to explore its reactivity towards

activated C=C double bonds. By analogy with the synthesis of

the phosphonic acid analogue of aspartic acid, developed by

Chambers and Isbell [34], the P–H substrate 1 was reacted with

N-Boc-protected aminoacrylate 29 [35], and this gave the

precursor of the aspartic acid analogue 30 (Scheme 8).
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Scheme 7: Reaction of the acids (1) and (6) with methyl 2-imino-3-methylbutanoate (26). Reagents and conditions: i) an equimolar mixture of
reagents, DME, rt, 31P NMR control, under argon atmosphere, isolated yields: 27 (63%), 28 (40%).

Scheme 9: Interaction of a mixture of the esters 3 and 4 with 2-acetamidoacrylic acid (33). Reagents and conditions: i) an equimolar mixture of 4 and
33 and 1.5 equiv of 3, rt, 31P NMR control, under argon atmosphere, isolated yields: 35 (7%), 36 (40%) (diastereomeric ratio ~8:7), 37 (18%). ii) 5 N
HCl, rt, 24 h, 95%. iii) 5 N HCl, in an ampoule, 130 °C, 8 h, 34%.

Scheme 8: Interaction of the acid 1 with ethyl 2-(tert-butoxycarbonyl-
amino)acrylate (29). Reagents and conditions: i) an equimolar mixture
of reagents, DME, rt, 31P NMR control, under argon atmosphere, 59%.
ii) 5 N HCl, rt, 48 h, ion-exchange chromatography, H2O, 54%.

Surprisingly, under the mild conditions of our experiment only

the addition of acid 1 to the C=N double bond of the acrylic

ester 29, occurred to produce the tertiary phosphinyl derivative

of alanine 31 in a satisfactory yield. Ester 31 was then

hydrolyzed to give the free acid 32 in a moderate yield.

For the synthesis of the aspartic acid analogue 34, a reaction

between a mixture of the freshly prepared esters 3 and 4 and

N-acetyl-protected aminoacrylic acid 33 was carried out [34]

(Scheme 9).

It was thought that diester 3 might esterify amidoacrylic acid 33

[17,34] to produce ethyl 2-acetamidoacrylate and this com-

pound in turn might add to monoester 4 to give the protected

phosphinic acid analogue of aspartic acid 34. Unfortunately, the

only addition of 4 to the C=N double bond occurred similar to

the previous transformation illustrated in Scheme 8. Insoluble in

the reaction mixture phosphinic acid 37 was filtered off and

characterized. 31P NMR analysis of filtrate showed the pres-

ence of adduct 35 and the decarboxylation product 36 in an ap-

proximate 1:10 ratio along with starting esters 3 and 4 and

(trifluoromethyl)phosphonic acid (10) (<5%). Products 35 and

36 were separated by chromatography and characterized. Ester

36 was obtained as a mixture of two diastereoisomers, which

are clearly seen by 1H- and 19F NMR. This ester was then

readily converted by acidolysis into the phosphinic acid

analogue 37, of N-acetylalanine, which was isolated in the 56%

from acid 33, and then transformed into free amino acid 14c.
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We have been able to prepare the isomeric aspartic acid

analogue 41 with phosphorous α- to the amino group by the

analogy with the published method [17,36]. The synthesis of

phosphinic acid 41 was accomplished by addition of acid 1 to

the activated C=C double bond of malonate 38 followed by

hydrolysis and decarboxylation to generate adduct 39 in two

steps (Scheme 10).

Scheme 10: Interaction of a mixture of the acid 1 with diethyl acet-
aminomethylenemalonate (38). Reagents and conditions: i) an
equimolar mixture of reagents, acetonitrile, rt, 31P NMR control, under
argon atmosphere, 44%. ii) 5 N HCl, reflux, 12 h, 82%. iii) 5 N HCl, in
an ampoule, 130 °C, 5 h, 43%.

Conclusion
In conclusion, we have presented a variety of approaches to

novel fluorinated (1-aminoalkyl)phosphinic acids starting from

the appropriate fluorinated P–H compounds with CF3 or CHF2

groups attached to phosphorus. Three-component one pot

Mannich-type reactions of CF3(H)P(O)(OH) with dibenzyl-

amine and aldehydes were investigated. Also nucleophilic add-

ition of CF3(H)P(O)(OH) or CHF2(H)P(O)(OEt) to Shiff bases,

aminoacrylates and acetaminomethylenemalonate have been

used to prepare the title compounds.

Experimental
All reactions with P–H compounds were performed under an

argon atmosphere. Flash chromatography was carried out using

Merck silica gel 60 (230–400 mesh ASTM) and Aldrich ion-

exchange resin Dowex WX-50. The NMR spectra were

recorded on Varian VXR-300 or Bruker Avance DRX-500

spectrometers for 1H (TMS); on a Bruker Avance DRX-500

spectrometer for 13C {H} (TMS); on Varian Gemini-200 or

Varian VXR-300 spectrometers for 19F (CFCl3) and for 31P

(H3PO4).

Synthesis of starting materials
(Trifluoromethyl)phosphinic acid (1). To an emulsion of water

(3.2 g, 180 mmol) in anhydrous hexane (20 mL), cooled to

−78 °C CF3PCl2 [27] (16.5 g, 96.5 mmol) was added under stir-

ring and the temperature was slowly raised to −10 °C, when

hydrolysis started. The reaction mixture was allowed to come to

0 °C at such a rate to avoid a vigorous reaction (~3 h) and then

to room temperature and stirring was continued overnight.

Hexane was evaporated under reduced pressure and the residue

was distilled to give 1 as a colorless liquid (10.84 g, 84%), bp

35 °C (0.05 mm Hg); 1H NMR (300 MHz, DMSO-d6) δH 7.05

(dq, 1JHP = 638.9 Hz, 1H, 3JHF = 4.2 Hz, PH), 13.6 (1H, s,

OH); 31P NMR (121 MHz) δP 6.1 (dq, 1JPH = 639 Hz, 2JPF =

82 Hz); 19F NMR (188 MHz) δF −76.8 (dd, 2JFP = 82 MHz,
3JFH = 4 Hz). Caution: Safety precautions are necessary,

because CF3PCl2 reacts violently with air. Care must be taken

not to warm the reaction system rapidly, because rapid

volatilization of gaseous HCl will be accompanied by carrying

off CF3PCl2, which can inflame.

(Difluoromethyl)phosphinic acid (6). A mixture of 5 [18] (8 g,

56 mmol) and NaHCO3 (7 g, 83 mmol) in ether (50 mL) was

stirred overnight at room temperature to produce a bulky

precipitate of CHF2P(O)H(O)−Na+ [31P NMR (121 MHz,

H2O): δP 11.9 (dtd, 1JPH = 570 Hz, 2JPF = 87 Hz, 2JPH =

25 Hz]. This precipitate was filtered, thoroughly washed with

ether, solved in water (25 mL) and passed down an ion-

exchange column. Water from the resulting solution was evapo-

rated under reduced pressure and the residue was kept in vacuo

(0.05 mmHg) for 24 h at room temperature to give 6 as a

viscous colorless undistillable liquid (7.19 g, 78%); Anal. calcd

for CH3F2O2P: C, 10.35; H, 2.61; P, 26.71; found: C, 10.48; H,

2.70; P, 26.59; 1H NMR (300 MHz, DMSO-d6) δH 6.15 (tdd,
2JHF = 48.6 Hz, 2JHP = 24.5 Hz, 3JHH = 1.5 Hz, 1H, CHF2), 6.9

(dm, 1JHP = 566.5 Hz, 1H, PH), 12.7 (s, 1H, OH); 31P NMR

(121 MHz) δP 12.1 (dtd, 1JPH = 566 Hz, 2JPF = 86 Hz, 2JPH =

25 Hz); 19F NMR (188 MHz) δF 9.6 (dd, 2JFP = 86 Hz, 2JFH =

49 Hz ).

Three-component reactions
The general procedure for the condensation of the acid 1

with dibenzylamine and aldehydes (I). An equimolar mixture

of 1 (2.68 g, 20 mmol) and dibenzylamine (3.94 g, 20 mmol) in

1 N HCl (20 mL) was heated at 80 °C under stirring. In the

course of ~1 h aldehydes 12a,b were added with a syringe and

the reaction mixture was kept at this temperature for additional

1 h. The resulting mixture was left overnight at room tempera-

ture to produce the precipitate, which was filtered, washed with

acetone–water (10:1) and dried to afford 13a or 13b. The

filtrate was evaporated to the dryness, the residue was triturated

with acetone–water (10:1) to give an additional quantity of

13a,b.

[(Dibenzylamino)methyl](trifluoromethyl)phosphinic acid

(13a). Following the general procedure (I) using 3.2 mL of 37%

aqueous formaldehyde solution (20 mmol) 13a was obtained as

a white solid (3.57 g, 52%), mp 229 °C; Anal. calcd for
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C16H17F3NO2P: C, 55.98; H, 4.99; N, 4.08; found: C, 55.69; H,

5.28; N. 4.15; 1H NMR (300 MHz, DMSO-d6) δH 2.94 (d, 2JHP

= 9.3 Hz, 2H, CH2P), 4.45 (s, 4H, CH2Ph), 7.47–7.59 (m, 10H,

Harom.); 
31P NMR (121 MHz) δP 3.8 (qt, 2JPF = 81 Hz, 2JPH = 9

Hz); 19F NMR (188 MHz) δF −73.8 (d, 2JFP = 81 Hz).

The general procedure for N-deprotection of compounds

with N-Bn function under the catalytic hydrogenation

conditions (II). To a solution of compounds, containing N-Bn

fragment (5 mmol) in ethanol (10 mL) 10% Pd/C (0.05 g) was

added, and the mixture was hydrogenated at room temperature

and normal pressure. After ~3 h the precipitation commenced,

and water (5 mL) was added to dissolve this precipitate. The

hydrogenation was then continued with a fresh portion of the

catalyst (0.05 g) for a further 3 h. Last procedure was repeated

whenever necessary and the reaction was left overnight. To the

resulting mixture water was added until a white solid was fully

dissolved, and the catalyst was then filtered off. The filtrate was

evaporated to dryness; the residue was dissolved in acetone and

allowed to stand at 5 °C until complete precipitation. The

formed solid was filtered, washed with acetone and dried to

give compounds with the free NH2 function.

(Aminomethyl)(trifluoromethyl)phosphinic acid (14a).

Following the general procedure (II) 14a was obtained as a

white powder (0.78 g, 95%); mp 192 °C; Anal. calcd for

C2H5F3NO2P: C, 14.73; H, 3.09; N, 8.59; found: C, 14.69; H,

2.89; N. 8.42; 1H NMR (300 MHz, D2O) δH 3.14 (d, 2JHP =

11.4 Hz); 31P NMR (121 MHz) δP 12.2 (qt, 2JPF = 96 Hz, 2JPH

= 11 Hz); 19F NMR (188 MHz) δF −76.1 (d, 2JFP = 96 Hz); 13C

NMR (125 MHz) δC 34.8 (d, 1JCP = 105.6 Hz, CH2), 122,1 (qd,
1JCF = 316.0 Hz, 1JCP = 179.9 Hz, CF3).

Hydrophosphinylation of azomethines
The general procedure for the addition of acid 1 and ester 5

to substrates with the C=N double bond (III). An equimolar

mixture of an imine and 1 or 5 in DME (10 mL for 5 mmol)

was stirred at room temperature under 31P NMR control until

the 31P signals of starting P–H compounds disappeared. Some-

times an appropriate adduct precipitated and this was filtered

off. The reaction mixture or the filtrate was then evaporated to

dryness and the residue was worked up as described below for

the individual substances.

Ethyl [(benzylamino)(phenyl)methyl](difluoromethyl)phosphi-

nate (18b, Table 2, entry 2). Following the general procedure

(III) a crude solid, obtained from 5 (0.49 g, 3.4 mmol) and 16b

(0.68g, 3.4 mmol) was extracted with boiling hexane

(3 × 30 mL), this extract was evaporated to the dryness to afford

18b as a yellowish solid (0.67 g, 58%); mp 85–93 °C, as a mix-

ture of two diastereoisomers in an approximately 1:3.5 ratio due

to 1H NMR (300 MHz, CDCl3) δH 0.97 (t, 3JHH = 7.6 Hz, 0.7H,

CH3, minor isomer), 1.25 (t, 3JHH = 7.6 Hz, 2.3H, CH3, major

isomer), 2.17 (br s, 1H, NH), 3.46 (d, JAB = 12.6 Hz, 0.22H,

CH2Ph, minor isomer), 3.51 (d, JAB = 12.6 Hz, 0.77H, CH2Ph,

major isomer), 3.78 (d, JAB = 12.6 Hz, 1H, CH2Ph), 3.9 (dm,
2JHP = 16.9 Hz, 0.22H, PCH, minor isomer), 4.08 (d, 2JHP =

17.1 Hz, 0.8H, PCH, major isomer), 4.1–4.25 (m, 2H, OCH2),

5.88 (td, 2JHF = 49.2 Hz, 2JHP = 27.8 Hz, 0.8H, CHF2, major

isomer), 6.25 (td, 2JHF = 49.3 Hz, 2JHP 27.6 Hz, 0.2H, CHF2,

minor isomer), 7.15–7.40 (m, 10H, Harom); 31P NMR (81 MHz)

δP 30.8 (m); 19F NMR (188 MHz) δF −132 to −140.5 (complex

multiplet). To the viscous residue after extraction of 18b water

(20 mL) was added, resulting solution was decolorized with

activated charcoal, filtrated and allowed to stand at 5 °C until

crystallization completed, producing [(benzylamino)-

(phenyl)methyl](difluoromethyl)phosphinic acid (19b) as a

white solid (0.32 g, 30%); mp 247 °C; Anal. calcd for

C15H16F2NO2P: C, 57.88; H, 5.18; N, 4.50; found: C, 57.91; H,

5.04; N, 4.48; 1H NMR (300 MHz, DMSO-d6) δH 3.95 (d, JAB

= 12.9 Hz, 1H, CH2Ph), 4.04 (d, 2JHP = 10.2 Hz, 1H, PCH),

4.10 (d, JAB = 12.9 Hz, 1H, CH2Ph), 5.63 (td, 2JHF = 49.2 Hz,
2JHP = 21.9 Hz, 1H, CHF2), 7.30–7.42 (m, 10H, Harom); 31P

NMR (81 MHz) δP 13.4 (tm, 2JPF 68 Hz). An additional quan-

tity of 19b was obtained by hydrolysis of 18b (0.67 g, 2 mmol)

with 1N HCl (15 mL) at room temperature until the starting

ester has dissolved. The resulting solution was evaporated to

dryness at reduced pressure and the residue was recrystallized

from water to give 19b (0.6 g, 97%). The overall yield of 19b is

0.92 g (87%).

See Supporting Information for details of the syntheses, charac-

teristics and NMR spectra of all new compounds.

Supporting Information
Experimental procedures and full characterization data for

all new compounds including elemental analysis and 1H,
31P, 19F and 13C NMR are provided in the Supporting

Information.

Supporting Information File 1
Experimental procedures, elemental analysis and NMR

data.

[http://www.beilstein-journals.org/bjoc/content/

supplementary/1860-5397-10-66-S1.pdf]

Supporting Information File 2
NMR spectra of the most typical compounds.

[http://www.beilstein-journals.org/bjoc/content/

supplementary/1860-5397-10-66-S2.pdf]

http://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-10-66-S1.pdf
http://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-10-66-S1.pdf
http://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-10-66-S2.pdf
http://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-10-66-S2.pdf
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Supporting Information File 3
NMR spectra of the most typical compounds

(continuation).

[http://www.beilstein-journals.org/bjoc/content/

supplementary/1860-5397-10-66-S3.pdf]
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Abstract
Diethyl 2-fluoromalonate ester is utilised as a building block for the synthesis of 2-fluoro-2-arylacetic acid and fluorooxindole

derivatives by a strategy involving nucleophilic aromatic substitution reactions with ortho-fluoronitrobenzene substrates followed

by decarboxylation, esterification and reductive cyclisation processes.

1213

Introduction
Since 1954, when Fried and Sabo observed that the incorpor-

ation of a fluorine atom into a corticosteroid derivative led to

valuable enhanced biological activity [1], a growing number of

commercially significant life science products, which owe their

activity to the presence of fluorine atoms within their structures,

have developed. Fluorine incorporation can lead, for example,

to enhanced bioavailability, metabolic stability and lipophilicity

of the organic system and these properties are exploited in

a number of commercially valuable drugs including

Ciprofloxacin, Lipitor and Voriconazole [2-6].

Given the very small number of fluorinated systems available

from nature [7-9], in essence all organic molecules bearing

carbon–fluorine bonds are ‘man-made’. Syntheses rely either on

the construction of carbon–fluorine bonds using a fluorinating

agent (‘late-stage’ fluorination) or the application of polyfunc-

tional fluorine-containing small molecule building blocks

(‘early stage’ fluorination) which may be employed in further

transformations involving all the reactions and techniques avail-

able to synthetic organic chemists [10-13]. Of course, the

success of an ‘early stage’ fluorination approach depends on the

availability of a range of appropriately functionalised, fluori-

nated building blocks and the establishment of corresponding

reactivity profiles [14]. However, it does not necessarily follow

that reactions for which regio- and stereoselectivity profiles are

well established for hydrocarbon systems will be similar to

those for corresponding selectively fluorinated systems and,

indeed, this is often not the case [15].

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
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Scheme 1: SNAr reaction of 2-fluoronitrobenzene (2a) with diethyl 2-fluoromalonate (1).

The use of 1,3-diketone, 1,3-ketoester and 1,3-diester deriva-

tives in retrosynthetic planning is widespread in general organic

chemistry and numerous terpenes, heterocycles and steroids

originate from such simple yet synthetically versatile substrates

[16-19]. In contrast, despite the availability of synthetic pro-

cedures for the preparation of various 2-fluoro-1,3-dicarbonyl

systems [20-27], there is, surprisingly, only a relatively limited

number of publications that report the use of such potentially

useful fluorinated building blocks for the synthesis of more

structurally sophisticated selectively fluorinated systems. For

example, 2-fluoromalonate esters have been used for the prepar-

ation of various α-fluorocarboxylic acids [28-32], heterocycles,

such as fluoropyrimidine [33] and quinolone [34] derivatives,

alkylated [35] and Michael addition [36-40] products, providing

an indication of the potential uses and opportunities available

for the synthesis of fluoro-organic products from fluoroma-

lonate precursors.

As part of a wider research programme aimed at developing

routes for the synthesis of selectively fluorinated molecules

using elemental fluorine for the key construction of the

carbon–fluorine bond by complementary direct selective direct

fluorination [41-44], continuous flow [45-49] and building

block [50] strategies, in this paper, we describe nucleophilic

aromatic substitution reactions of carbanions derived from

diethyl 2-fluoromalonate ester as the first stage in the synthesis

of fluoroacetic acid and fluoroxindole systems. While related

palladium catalysed coupling processes between aryl bromides

and diethyl 2-fluoromalonate have been described [51], reac-

tions involving nucleophilic aromatic substitution between fluo-

romalonate systems [52] and appropriate aryl substrates have

not been reported previously. Recently, various routes to fluo-

rooxindoles have been discussed involving enantioselective

fluorination of appropriate oxindole substrates by electrophilic

fluorinating agents [53-62] or DAST [63] providing an indica-

tion of the importance of fluorooxindoles for medicinal chem-

istry applications.

Results and Discussion
Reactions of carbanions generated by the addition of sodium

hydride to a solution of diethyl 2-fluoromalonate (1) in DMF

with ortho-fluoronitrobenzene (2a) led to the efficient displace-

ment of fluorine by a nucleophilic aromatic substitution process

to provide diester 3 in good yield (Scheme 1). Displacement of

fluorine from ortho-fluoronitrobenzene was quantitative as

measured by 19F NMR spectroscopy of the crude reaction mix-

ture and the structure of isolated diester 3 was confirmed by

X-ray crystallography (Figure 1).

Figure 1: Molecular structure of 3.

In initial experiments, decarboxylation of 3 by reaction with

potassium hydroxide gave good yields of the corresponding

2-fluoro-2-arylacetic acid 4a. However, in subsequent experi-

ments, we found that further purification of the diester 3 after

the initial SNAr step was not necessary and decarboxylation of

crude diester 3 gave 4a very efficiently. Consequently, in all

analogous experiments (Table 1), crude product diesters of type

3 were isolated and used without further purification, allowing

the ready synthesis of a range of arylfluoroacetic acid deriva-

tives 4a–f (Table 1). Structures 4a–f were confirmed by NMR

techniques and, in particular, a doublet located at −190 ppm

(2JHF = 50 Hz) in the 19F NMR spectra assigned to the CFH

resonances and the corresponding doublets observed at ~6 ppm

in the 1H NMR spectra, are diagnostic for the structures

proposed.

A nitro group ortho to a fluorine atom on the aryl ring is neces-

sary under the present conditions to achieve full conversion of
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Table 1: SNAr reactions using fluoromalonate derivatives.

Fluoronitroaryl 2 Fluoroarylacetic acid 4 Yield

2a
4a

62%

2b
4b

77%

2c
4c

83%

2d
4d

56%

2e
4e

60%

2f
4f

86%

the starting fluoroarene. In related experiments, we found that a

para-trifluoromethyl group is not sufficiently activating for

reaction to occur whilst para-fluoronitrobenzene gave a com-

plex mixture of unidentified products, most probably derived

from competing benzyne formation.

This efficient methodology complements reported processes for

the synthesis of various biologically active 2-fluoro-2-phenyl-

acetic acids [64] which may be prepared using electrophilic

fluorination of enolate esters [64-66], deoxofluorination [67-69]

nucleophilic [70] and electrochemical fluorination [71,72]

strategies.

Attempts to prepare 2-fluoro-2-(2,4-dinitrophenyl)acetic acid by

an analogous process led to the isolation of a benzyl fluoride

derivative 5, after evaporation of toluene and purification by

column chromatography in 61% yield. The two consecutive

decarboxylation reactions reflect the greater stability of the

benzylic carbanion formed on loss of carbon dioxide from this

system (Scheme 2).

With the series of 2-fluorophenylacetic acids in hand, we

attempted the reduction of the nitro group in 4a using sodium

dithionite, adapting reaction conditions similar to those

described in the literature for the synthesis of biologically active
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Scheme 2: Synthesis of benzyl fluoride derivative 5.

Table 2: Synthesis of methyl ester derivatives.

Fluoroacetic acid 4 Methyl ester 6 Yield

4a 6a

88%

4b 6b

98%

4c 6c

97%

4d 6d

65%

4e 6e

98%

system MaxiPost [63]. However, very low isolated yields of the

cyclised product were obtained, presumably because of the high

solubility of the amino acid intermediate in the aqueous reac-

tion mixture and the well-established difficulty of direct amide

bond formation processes. Consequently, before carrying out

the nitro group reduction and amide forming cyclisation reac-

tions, the acids 4a–e were transformed to the corresponding

methyl esters 6a–e by stirring a mixture of the acid in

hydrochloric acid and methanol (Table 2). The structure of 6a

was confirmed unambiguously by X-ray crystallography

(Figure 2) and all other methyl esters 6b–e were characterised

by comparison with appropriate NMR data obtained for 6a.

Figure 2: Molecular structure of methyl ester 6a.

However, corresponding attempted esterification of the salt 4f

with HCl in methanol gave 2-fluoromethyl-3-nitropyridine (7)

in 68% yield (Scheme 3) after purification of the crude material

by column chromatography and the structure was confirmed by

X-ray analysis (Figure 3). In this case competing decarboxyla-

tion, rather than esterification, reflects the greater stabilisation

of the carbanion system formed upon decarboxylation for this

system.

Scheme 3: Synthesis of pyridyl fluoride 7.

Reductive cyclization of methyl esters 6a–e using sodium

dithionite provided fluorooxindoles 8a–e in acceptable yield

after isolation by column chromatography (Table 3). In the
1H NMR spectrum, the characteristic CHF doublet located at

5.7 ppm (2JHF = 51 Hz) for the fluorooxindole systems 8 are

0.9 ppm upfield from the corresponding CHF resonances of the

arylfluoroacetic esters 6a–e and, additionally, a broad NH

singlet was detected at 9.0 ppm. The chemical shift of the

doublet (−194.8 ppm) in the 19F NMR spectrum of fluorooxin-



Beilstein J. Org. Chem. 2014, 10, 1213–1219.

1217

Figure 3: Molecular structure of 7.

Table 3: Synthesis of 3-fluorooxindoles.

Methyl ester 6 Fluorooxindole 8 Yield

6a 8a

32%

6b 8b

82%

6c 8c

57%

6d 8d

0%

6e 8e

30%

doles 8a–e is also observed 10 ppm upfield from the fluorine

resonance of the starting esters 6a–e.

Conclusion
Diethyl 2-fluoromalonate ester can be used as a highly effec-

tive fluorinated building block for the synthesis of various poly-

functional 2-fluoroacetic acid and 3-fluorooxindole systems.

Fluorooxindoles are relatively rare fluorinated heterocyclic

systems, even though several derivatives have useful biological

activity, and current literature syntheses only involve fluorin-

ation of appropriate hydroxy and oxindole substrates. The

strategy described here provides complementary building block

syntheses from readily available fluorinated starting materials,

further demonstrating the viability of using fluorinated dicar-

bonyl systems for the synthesis of more structurally sophisti-

cated fluorinated derivatives.

Supporting Information
Supporting Information File 1
Experimental procedures.

[http://www.beilstein-journals.org/bjoc/content/

supplementary/1860-5397-10-119-S1.pdf]

Supporting Information File 2
NMR spectra.

[http://www.beilstein-journals.org/bjoc/content/

supplementary/1860-5397-10-119-S2.pdf]

Supporting Information File 3
X-ray crystallographic data.

[http://www.beilstein-journals.org/bjoc/content/

supplementary/1860-5397-10-119-S3.cif]

References
1. Fried, J.; Sabo, E. F. J. Am. Chem. Soc. 1954, 76, 1455–1456.

doi:10.1021/ja01634a101
2. Müller, K.; Faeh, C.; Diedrich, F. Science 2007, 317, 1881–1886.

doi:10.1126/science.1131943
3. Ojima, I., Ed. Fluorine in Medicinal Chemistry and Chemical Biology;

Wiley-Blackwell: Oxford, 2009.
4. Purser, S.; Moore, P. R.; Swallow, S.; Gouverneur, V. Chem. Soc. Rev.

2008, 37, 320–330. doi:10.1039/b610213c
5. Isanbor, C.; O'Hagan, D. J. Fluorine Chem. 2006, 127, 303–319.

doi:10.1016/j.jfluchem.2006.01.011
6. Kirk, K. L. J. Fluorine Chem. 2006, 127, 1013–1029.

doi:10.1016/j.jfluchem.2006.06.007
7. Gribble, G. W. Chem. Soc. Rev. 1999, 28, 335–346.

doi:10.1039/a900201d
8. Hall, R. J. New Phytol. 1972, 71, 855–871.

doi:10.1111/j.1469-8137.1972.tb01965.x

http://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-10-119-S1.pdf
http://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-10-119-S1.pdf
http://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-10-119-S2.pdf
http://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-10-119-S2.pdf
http://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-10-119-S3.cif
http://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-10-119-S3.cif
http://dx.doi.org/10.1021%2Fja01634a101
http://dx.doi.org/10.1126%2Fscience.1131943
http://dx.doi.org/10.1039%2Fb610213c
http://dx.doi.org/10.1016%2Fj.jfluchem.2006.01.011
http://dx.doi.org/10.1016%2Fj.jfluchem.2006.06.007
http://dx.doi.org/10.1039%2Fa900201d
http://dx.doi.org/10.1111%2Fj.1469-8137.1972.tb01965.x


Beilstein J. Org. Chem. 2014, 10, 1213–1219.

1218

9. O'Hagan, D.; Schaffrath, C.; Cobb, S. L.; Hamilton, J. T. G.;
Murphy, C. D. Nature 2002, 416, 279. doi:10.1038/416279a

10. Baasner, B.; Hagemann, H.; Tatlow, J. C. Houben-Weyl Organofluorine
Compounds; Thieme: Stuttgart, 2000; Vol. E10a.

11. Chambers, R. D. Fluorine in Organic Chemistry; Blackwell: Oxford,
2004.

12. Uneyama, K. Organofluorine Chemistry; Blackwell: Oxford, 2006.
doi:10.1002/9780470988589

13. Liang, T.; Neumann, C. N.; Ritter, T. Angew. Chem., Int. Ed. 2013, 52,
8214–8264. doi:10.1002/anie.201206566

14. Percy, J. M. Top. Curr. Chem. 1997, 199, 131–195.
doi:10.1007/3-540-69197-9_4

15. Seebach, D. Angew. Chem., Int. Ed. Engl. 1990, 29, 1320–1367.
doi:10.1002/anie.199013201

16. Warren, S. Designing Organic Syntheses: A Progrmmed Introduction to
the Synthon Approach; John Wiley and Sons: New York, 1978.

17. Warren, S.; Wyatt, P. Organic Synthesis: The Disconnection Approach,
2nd ed.; John Wiley and Sons: Chichester, 2008.

18. Wyatt, P.; Warren, S. Organic Synthesis: Strategy and Control, 2nd
ed.; John Wiley and Sons: Chichester, 2007.

19. Corey, E. J.; Cheng, X.-M. The logic of chemical synthesis; John Wiley
and Sons: New York, 1995.

20. Chambers, R. D.; Hutchinson, J.; Thomson, J. J. Fluorine Chem. 1996,
78, 165–166. doi:10.1016/0022-1139(96)03422-7

21. Chambers, R. D.; Fox, M. A.; Holling, D.; Nakano, T.; Okazoe, T.;
Sandford, G. Chem. Eng. Technol. 2005, 28, 344–352.
doi:10.1002/ceat.200407123

22. Chambers, R. D.; Hutchinson, J. J. Fluorine Chem. 1998, 92, 45–52.
doi:10.1016/S0022-1139(98)00254-1

23. Müh, T.; Fiedler, P.; Weintritt, H.; Westerkamp, W.; Reinecke, A.
Method for producing alpha fluoromalonic acid dialkyl esters. W.O.
Patent WO2002016304, Feb 28, 2002.

24. Günther, A.; Weintritt, H.; Böhm, S. Method for producing
a-fluoromalonic acid dialkyl esters. W.O. Patent WO2005019154,
March 3, 2005.

25. Braun, M.; Brosch, C. Production of fluorine compounds. W.O. Patent
WO2002060838, Aug 8, 2002.

26. Ishikawa, N.; Takaoka, A. Chem. Lett. 1981, 10, 107–110.
doi:10.1246/cl.1981.107

27. Ishikawa, N.; Takaoka, A.; Ibrahim, M. K. J. Fluorine Chem. 1984, 25,
203–212. doi:10.1016/S0022-1139(00)80949-5

28. Miller, T. A.; Sloman, D. L.; Stanton, M. G.; Wilson, K. J.; Witter, D. J.
Fluorinated arylamide derivatives. W.O. Patent WO2007087129, Aug
2, 2007.

29. Close, J.; Heidebrecht, R. W.; Kattar, S.; Miller, T. A.; Sloman, D.;
Stanton, M. G.; Tempest, P.; Witter, D. J. Histone deacetylase
inhibitors with aryl-pyrazolyl motifs. W.O. Patent WO2007055941, May
18, 2007.

30. Hubbs, J. L.; Mampreian, D. M.; Methot, J. L.; Miller, T. A.; Otte, K. M.;
Siliphaivanh, P.; Sloman, D. L.; Stanton, M. G.; Wilson, K. J.;
Witter, D. J. Benzothiophene derivatives. W.O. Patent
WO2006115845, Nov 2, 2006.

31. Bressi, J. C.; Chu, S.; Erickson, P.; Komandla, M.; Kwok, L.;
Lawson, J. D.; Stafford, J. A.; Wallace, M. B.; Zhang, Z.; Das, J. cMET
inhibitors. W.O. Patent WO2010019899, Feb 18, 2010.

32. Leonardi, A.; Riva, C.; Tavecchia, P.; Sironi, G. Aldosterone receptor
antagonists. W.O. Patent WO2007025780, March 8, 2007.

33. Bergmann, E. D.; Cohen, S.; Shahak, I. J. Chem. Soc. 1959,
3286–3289. doi:10.1039/jr9590003286

34. Brickner, S. J.; Chen, J. M.; Li, Z. B.; Marfat, A.; Mitton-Fry, M. J.;
Plotkin, M. A.; Reilly, U. D.; Subramanyam, C.; Zhang, Z.; Robinson, S.
Substituted heterocyclic derivatives and their pharmaceutical use and
compositions. U.S. Patent US20080280879, Nov 13, 2008.

35. Polla, M. O.; Tottie, L.; Nordén, C.; Linschoten, M.; Müsil, D.;
Trumpp-Kallmeyer, S.; Aukrust, I. R.; Ringom, R.; Holm, K. H.;
Neset, S. M.; Sandberg, M.; Thurmond, J.; Yu, P.; Hategan, G.;
Anderson, H. Bioorg. Med. Chem. 2004, 12, 1151–1175.
doi:10.1016/j.bmc.2003.12.039

36. Kim, D.-Y.; Kim, S.-M.; Koh, K.-O.; Mang, J.-Y.; Lee, K.-S.
Bull. Korean Chem. Soc. 2003, 24, 1425–1426.
doi:10.5012/bkcs.2003.24.10.1425

37. Cho, M.-J.; Cho, M.-G.; Huh, S.-C.; Kim, S.-M.; Lee, K.-s.; Koh, K.-O.;
Mang, J.-Y.; Kim, D.-Y. Bull. Korean Chem. Soc. 2006, 27, 857–862.
doi:10.5012/bkcs.2006.27.6.857

38. Kang, S.-H.; Kim, D.-Y. Bull. Korean Chem. Soc. 2009, 30, 1439–1440.
doi:10.5012/bkcs.2009.30.7.1439

39. Kwon, B. K.; Kim, S. M.; Kim, D. Y. J. Fluorine Chem. 2009, 130,
759–761. doi:10.1016/j.jfluchem.2009.06.002

40. Li, H.; Zu, L.; Xie, H.; Wang, W. Synthesis 2009, 1525–1530.
doi:10.1055/s-0028-1088124

41. Sandford, G. J. Fluorine Chem. 2007, 128, 90–104.
doi:10.1016/j.jfluchem.2006.10.019

42. Chambers, R. D.; Nakano, T.; Parsons, M.; Sandford, G.;
Batsanov, A. S.; Howard, J. A. K. J. Fluorine Chem. 2008, 129,
811–816. doi:10.1016/j.jfluchem.2008.04.010

43. Chambers, R. D.; Sandford, G.; Trmcic, J.; Okazoe, T.
Org. Process Res. Dev. 2008, 12, 339–344. doi:10.1021/op700194r

44. Chambers, R. D.; Nakano, T.; Okazoe, T.; Sandford, G.
J. Fluorine Chem. 2009, 130, 792–798.
doi:10.1016/j.jfluchem.2009.06.003

45. Chambers, R. D.; Fox, M. A.; Holling, D.; Nakano, T.; Okazoe, T.;
Sandford, G. Lab Chip 2005, 5, 191–198. doi:10.1039/b416400h

46. Chambers, R. D.; Fox, M. A.; Holling, D.; Nakano, T.; Okazoe, T.;
Sandford, G. Chem. Eng. Technol. 2005, 28, 344–352.
doi:10.1002/ceat.200407123

47. Chambers, R. D.; Fox, M. A.; Sandford, G. Lab Chip 2005, 5,
1132–1139. doi:10.1039/b504675k

48. Breen, J. R.; Sandford, G.; Yufit, D. S.; Howard, J. A. K.; Fray, J.;
Patel, B. Beilstein J. Org. Chem. 2011, 7, 1048–1054.
doi:10.3762/bjoc.7.120

49. McPake, C. B.; Sandford, G. Org. Process Res. Dev. 2012, 16,
844–851. doi:10.1021/op200331s

50. Hutchinson, J.; Sandford, G.; Vaughan, J. F. S. Tetrahedron 1998, 54,
2867–2876. doi:10.1016/S0040-4020(98)83023-8

51. Beare, N. A.; Hartwig, J. F. J. Org. Chem. 2002, 67, 541–555.
doi:10.1021/jo016226h

52. Harsanyi, A. M.Sc. Thesis, Synthesis of 3-fluoro-oxindoles and phenyl
fluoroacetic acid derivatives; Durham University, 2013, available from
http://etheses.dur.ac.uk/6357/.

53. Shibata, N.; Suzuki, E.; Asahi, T.; Shiro, M. J. Am. Chem. Soc. 2001,
123, 7001–7009. doi:10.1021/ja010789t

54. Shibata, N.; Ishimaru, T.; Suzuki, E.; Kirk, K. L. J. Org. Chem. 2003,
68, 2494–2497. doi:10.1021/jo026792s

55. Zoute, L.; Audouard, C.; Plaquevent, J.-C.; Cahard, D.
Org. Biomol. Chem. 2003, 1, 1833–1834. doi:10.1039/b303113f

56. Shibata, N.; Kohno, J.; Takai, K.; Ishimaru, T.; Nakamura, S.; Toru, T.;
Kanemasa, S. Angew. Chem., Int. Ed. 2005, 44, 4204–4207.
doi:10.1002/anie.200501041

http://dx.doi.org/10.1038%2F416279a
http://dx.doi.org/10.1002%2F9780470988589
http://dx.doi.org/10.1002%2Fanie.201206566
http://dx.doi.org/10.1007%2F3-540-69197-9_4
http://dx.doi.org/10.1002%2Fanie.199013201
http://dx.doi.org/10.1016%2F0022-1139%2896%2903422-7
http://dx.doi.org/10.1002%2Fceat.200407123
http://dx.doi.org/10.1016%2FS0022-1139%2898%2900254-1
http://dx.doi.org/10.1246%2Fcl.1981.107
http://dx.doi.org/10.1016%2FS0022-1139%2800%2980949-5
http://dx.doi.org/10.1039%2Fjr9590003286
http://dx.doi.org/10.1016%2Fj.bmc.2003.12.039
http://dx.doi.org/10.5012%2Fbkcs.2003.24.10.1425
http://dx.doi.org/10.5012%2Fbkcs.2006.27.6.857
http://dx.doi.org/10.5012%2Fbkcs.2009.30.7.1439
http://dx.doi.org/10.1016%2Fj.jfluchem.2009.06.002
http://dx.doi.org/10.1055%2Fs-0028-1088124
http://dx.doi.org/10.1016%2Fj.jfluchem.2006.10.019
http://dx.doi.org/10.1016%2Fj.jfluchem.2008.04.010
http://dx.doi.org/10.1021%2Fop700194r
http://dx.doi.org/10.1016%2Fj.jfluchem.2009.06.003
http://dx.doi.org/10.1039%2Fb416400h
http://dx.doi.org/10.1002%2Fceat.200407123
http://dx.doi.org/10.1039%2Fb504675k
http://dx.doi.org/10.3762%2Fbjoc.7.120
http://dx.doi.org/10.1021%2Fop200331s
http://dx.doi.org/10.1016%2FS0040-4020%2898%2983023-8
http://dx.doi.org/10.1021%2Fjo016226h
http://etheses.dur.ac.uk/6357/
http://dx.doi.org/10.1021%2Fja010789t
http://dx.doi.org/10.1021%2Fjo026792s
http://dx.doi.org/10.1039%2Fb303113f
http://dx.doi.org/10.1002%2Fanie.200501041


Beilstein J. Org. Chem. 2014, 10, 1213–1219.

1219

57. Hamashima, Y.; Suzuki, N.; Takano, H.; Shimura, Y.; Sodeoka, M.
J. Am. Chem. Soc. 2005, 127, 10164–10165. doi:10.1021/ja0513077

58. Deng, Q.-H.; Wadepohl, H.; Gade, L. H. Chem.–Eur. J. 2011, 17,
14922–14928. doi:10.1002/chem.201102375

59. Li, J.; Cai, Y.; Chen, W.; Liu, X.; Lin, L.; Feng, X. J. Org. Chem. 2012,
77, 9148–9155. doi:10.1021/jo301705t

60. Wu, L.; Falivene, L.; Drinkel, E.; Grant, S.; Linden, A.; Cavallo, L.;
Dorta, R. Angew. Chem., Int. Ed. 2012, 51, 2870–2873.
doi:10.1002/anie.201200206

61. Ishimaru, T.; Shibata, N.; Horikawa, T.; Yasuda, N.; Nakamura, S.;
Toru, T.; Shiro, M. Angew. Chem., Int. Ed. 2008, 47, 4157–4161.
doi:10.1002/anie.200800717

62. Dou, X.; Lu, Y. Org. Biomol. Chem. 2013, 11, 5217–5221.
doi:10.1039/c3ob41267a

63. Hewawasam, P.; Gribkoff, V. K.; Pendri, Y.; Dworetzky, S. I.;
Meanwell, N. A.; Martinez, E.; Boissard, C. G.; Post-Munson, D. J.;
Trojnacki, J. T.; Yeleswaram, K.; Pajor, L. M.; Knipe, J.; Gao, Q.;
Perrone, R.; Starret, J. E. Bioorg. Med. Chem. Lett. 2002, 12,
1023–1026. doi:10.1016/S0960-894X(02)00101-4

64. Schiefer, I. T.; Abdul-Hay, S.; Wang, H.; Vanni, M.; Qin, Z.;
Thatcher, G. R. J. J. Med. Chem. 2011, 54, 2293–2306.
doi:10.1021/jm101450p

65. Zhang, F.; Song, J. Z. Tetrahedron Lett. 2006, 47, 7641–7644.
doi:10.1016/j.tetlet.2006.08.057

66. Rozen, S.; Hagooly, A.; Harduf, R. J. Org. Chem. 2001, 66,
7464–7468. doi:10.1021/jo010677k

67. Davis, F. A.; Han, W.; Murphy, C. K. J. Org. Chem. 1996, 60,
4730–4737. doi:10.1021/jo00120a014

68. Cantrell, G. L.; Filler, R. J. Fluorine Chem. 1985, 27, 35–45.
doi:10.1016/S0022-1139(00)80895-7

69. Bresciani, S.; O’Hagan, D. Tetrahedron Lett. 2010, 51, 5795–5797.
doi:10.1016/j.tetlet.2010.08.104

70. Watanabe, S.; Fujita, T.; Sakamoto, M.; Endo, H.; Kitazume, T.
J. Fluorine Chem. 1990, 47, 187–192.
doi:10.1016/S0022-1139(00)82371-4

71. Kim, K.-Y.; Kim, B. C.; Lee, H. B.; Shin, H. J. Org. Chem. 2008, 73,
8106–8108. doi:10.1021/jo8015659

72. Yin, J.; Zarkowsky, D. S.; Thomas, D. W.; Zhao, M. M.; Huffman, M. A.
Org. Lett. 2004, 6, 1465–1468. doi:10.1021/ol049672a

License and Terms
This is an Open Access article under the terms of the

Creative Commons Attribution License

(http://creativecommons.org/licenses/by/2.0), which

permits unrestricted use, distribution, and reproduction in

any medium, provided the original work is properly cited.

The license is subject to the Beilstein Journal of Organic

Chemistry terms and conditions:

(http://www.beilstein-journals.org/bjoc)

The definitive version of this article is the electronic one

which can be found at:

doi:10.3762/bjoc.10.119

http://dx.doi.org/10.1021%2Fja0513077
http://dx.doi.org/10.1002%2Fchem.201102375
http://dx.doi.org/10.1021%2Fjo301705t
http://dx.doi.org/10.1002%2Fanie.201200206
http://dx.doi.org/10.1002%2Fanie.200800717
http://dx.doi.org/10.1039%2Fc3ob41267a
http://dx.doi.org/10.1016%2FS0960-894X%2802%2900101-4
http://dx.doi.org/10.1021%2Fjm101450p
http://dx.doi.org/10.1016%2Fj.tetlet.2006.08.057
http://dx.doi.org/10.1021%2Fjo010677k
http://dx.doi.org/10.1021%2Fjo00120a014
http://dx.doi.org/10.1016%2FS0022-1139%2800%2980895-7
http://dx.doi.org/10.1016%2Fj.tetlet.2010.08.104
http://dx.doi.org/10.1016%2FS0022-1139%2800%2982371-4
http://dx.doi.org/10.1021%2Fjo8015659
http://dx.doi.org/10.1021%2Fol049672a
http://creativecommons.org/licenses/by/2.0
http://www.beilstein-journals.org/bjoc
http://dx.doi.org/10.3762%2Fbjoc.10.119

	Abstract
	Introduction
	Results and Discussion
	Conclusion
	Supporting Information
	Acknowledgements
	References
	Abstract
	Introduction
	Results and Discussion
	Amino acid synthesis
	Hydrophobicity of L-5-F3-Ile
	α-Helix propensity of L-5-F3Ile

	Conclusion
	Supporting Information
	Acknowledgements
	References
	Abstract
	Introduction
	Results and Discussion
	Conclusion
	Supporting Information
	References
	Abstract
	Introduction
	Results and Discussion
	Conclusion
	Supporting Information
	Acknowledgements
	References
	Abstract
	Introduction
	Results and Discussion
	Conclusion
	Supporting Information
	Acknowledgements
	References
	Abstract
	Introduction
	Results and Discussion
	Synthesis and structural characterization
	Theoretical study on electronic properties

	Conclusion
	Experimental
	Acknowledgements
	References
	Abstract
	Introduction
	Results and Discussion
	Conclusion
	Supporting Information
	Acknowledgements
	References
	Abstract
	Introduction
	Results and Discussion
	Conclusion
	Experimental
	Typical procedure for copper-catalyzed trifluoromethylation of aryl iodide
	2,4-Bis(trifluoromethyl)benzonitrile (2c)
	Observation of trifluoromethylcopper species in 19F NMR spectrum

	Acknowledgements
	References
	Abstract
	Introduction
	Results and Discussion
	Conclusion
	Supporting Information
	Acknowledgements
	References
	Abstract
	Introduction
	Results and Discussion
	Conclusion
	Supporting Information
	Acknowledgements
	References
	Abstract
	Introduction
	Results and Discussion
	Conclusion
	Supporting Information
	Acknowledgements
	References
	Abstract
	Review
	Introduction
	1 Catalytic monofluoromethylation
	1.1 Palladium catalysis
	1.2 Copper catalysis

	2 Catalytic difluoromethylation
	2.1 Copper catalysis
	2.2 Iron catalysis

	3 Catalytic perfluoroalkylation
	3.1 Palladium catalysis
	3.2 Copper catalysis
	3.3 Catalysis by other metals than Pd and Cu

	4 Catalytic trifluoromethylthiolation
	4.1 Palladium catalysis
	4.2 Copper catalysis
	4.3 Nickel catalysis


	Conclusion
	Acknowledgements
	References
	Abstract
	Introduction
	Results and Discussion
	Experimental
	Crystallography
	Reaction of 1 with 2a–e and 4 (typical procedure)

	Acknowledgements
	References
	Abstract
	Introduction
	Results and Discussion
	Conclusion
	Supporting Information
	Acknowledgements
	References
	Abstract
	Introduction
	Results and Discussion
	Conclusion
	Experimental
	Supporting Information
	Acknowledgements
	References
	Abstract
	Introduction
	Results and Discussion
	α-SF5-Substituted aldehydes and ketones
	α-SF5-Substituted aldimines and ketimines
	Ketene imine cycloaddition reactions of α-SF5-substituted aldimines and ketimines
	Structural characterization of SF5-containing β-lactams

	Conclusion
	Supporting Information
	Acknowledgements
	References
	Abstract
	Introduction
	Results and Discussion
	Conclusion
	Experimental
	Acknowledgements
	References
	Abstract
	Review
	1. Introduction
	2. Fluorination can influence N-heterocycles’ stability and reactivity
	3. Fluorination can influence the conformations of N-heterocycles
	3.1 Four-membered rings
	3.2 Five-membered rings
	3.3 Six-membered rings
	3.4 Seven-membered rings
	3.5 Eight-membered rings

	4. Fluorine can serve as a tool to probe the importance of hydrogen bonding
	5. Fluorination alters the basicity of N-heterocycles
	6. There are many ways to synthesise stereoselectively fluorinated N-heterocycles
	6.1 Deoxyfluorination
	6.2 The fluorinated building block approach
	6.3 Diastereoselective fluorocyclisation
	6.4 Enantioselective fluorocyclisation
	6.5 Radical reactions
	6.6 Chemoenzymatic synthesis


	Conclusion
	Acknowledgement
	References
	Abstract
	Review
	Reactions using hazardous fluorinating reagents
	Reactions that can be well-controlled and accelerated using flow microreactor systems
	Reactions in which a reactive intermediate easily decomposes in batch reactors

	Conclusion
	Acknowledgements
	References
	Abstract
	Introduction
	Results and Discussion
	Pre-catalyst synthesis
	X-Ray structural analysis of 5, 6 and 7

	Conclusion
	Experimental
	Supporting Information
	Acknowledgements
	References
	Abstract
	Introduction
	Results and Discussion
	Conclusion
	Experimental
	Supporting Information
	Acknowledgements
	References
	Abstract
	Introduction
	Results and Discussion
	Conclusion
	Experimental
	Supporting Information
	Acknowledgements
	References
	Abstract
	Introduction
	Results and Discussion
	Synthesis of the palmitic acids 6a–c

	Conclusion
	Supporting Information
	Acknowledgements
	References
	Abstract
	Introduction
	Results and Discussion
	Conclusion
	Experimental
	Transformation of 6 to (R)-4a
	General procedure for the asymmetric fluorination of α-chloroaldehydes 2

	Acknowledgements
	References
	Abstract
	Introduction
	Results and Discussion
	Conclusion
	Supporting Information
	Acknowledgements
	References
	Abstract
	Introduction
	Results and Discussion
	P–H Substrates
	Three-component reactions
	The hydrophosphinylation of azomethines
	The hydrophosphinylation of substrates with activated C=C double bonds

	Conclusion
	Experimental
	Synthesis of starting materials
	Three-component reactions
	Hydrophosphinylation of azomethines

	Supporting Information
	References
	Abstract
	Introduction
	Results and Discussion
	Conclusion
	Supporting Information
	References

