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It is a pleasure to introduce the 3™ 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—R¢ or C—XR¢ 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-
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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

Ccver.

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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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.

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
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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).

isomerisation

synthesis of heterocycles

with CF4R side chains

Scheme 1: Strategy towards the target molecules.

These intermediates can be employed for the preparation of
representative 5-membered heterocyclic systems with CF,R
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, Et;N 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].
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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 CsH4N 2b (78) 3b (62)
3 C4H30 2¢c (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).

F. F
F
) F A
_ MeNHNH, rMC9H19
Ar CeHig  EtOH, 40 °C N-N,
Me
3a-3e 4a—4e

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

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

Entry Ar Yield (%) (3to 4)  Yield (%) (1 to 4)
1 Ph 4a (85) 4a (86)
2 CsH4N 4b (79) 4b (82)
3 C4H30 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 B-tri-
fluoromethylated A'-pyrrolines has been reported [34]. There-
fore, we selected pyrrolines with CF,R 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
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NMR analysis of the crude reaction mixtures. This is different
from the results obtained by starting from enones with
CF,CF,X side chains, where trans/cis mixtures were reported
[34]. The 3Jyy (6.3-6.5 Hz, trans) of our pyrrolines were very
close to those of similar molecules bearing CF,—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 '°F/'H hOe 2D
experiments which revealed strong correlations between the
fluorine atoms of the CF, group and the cyclic protons H, and
H, (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 (%) (3to 6)  Yield (%) (1 to 6)
1 Ph 6a (74) 6a (73)
2 CsH4N  6b (73) 6b (76)
3 C4H30  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.

Ph i
o F e 1)DBU CH.,Cl A \QC y
NS
N~ T PN COsE \Q oo
Ar CoH 2) HCI N
ori19 CO,Et
3a-3e 5 6a—6e
Scheme 5: Synthesis of pyrrolines with a gem-difluoro alkyl side chain.
Ph R F
HO FF 1) DBU, CH,Cl, \<
M: + Ph)\\N/\CO Et Ar g - CoHio
Ar C9H1g 2 2) HCI N
CO,Et
2a-2e 5 6a—6e

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

CoH1g
N-N_
Te Me
PhB(OH),
PdCIy(PPhs3), 82%
KoCO3
dioxane/H,0

Beilstein J. Org. Chem. 2013, 9, 1943-1948.

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

MeO,C—/ R
\ CoH1g

N-N,
Me
8e
MGOQC\/
Pd(OAC),
0,
2% P(o-Tol)s

Et3N, 100 °C, 12 h

Ph—=—H

PdClz(PPh3)2 + Cul

74%

K,CO3
dioxane/H,0

Scheme 7: Pd-catalyzed coupling reactions towards chemical libraries of pyrazolines with a gem-difluoro side chain.

S A S U
¢ " CgH
\ ofl1g
\ CoH1g N
CO,Et
10e CO,Et 11e
PhB(OH), MeO,C.__~
PdC|2(PPh3)2 78% 64% Pd(OAC)z
Ko,COg3 P(o-Tol)3
dioxane/H,0 Et3N, 100 °C, 12 h
Ph—=——H
70% PdClQ(PPh3)Q + Cul
K,CO3
Q dioxane/H,0
(Y CeHyg
N
12e CO.Et

Scheme 8: Pd-catalyzed coupling reactions towards chemical libraries of pyrrolines with a gem-difluoro side chain.
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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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A practical route for the stereoselective synthesis of (25,35)-5,5,5-trifluoroisoleucine (L-5-Fslle) and (2R,3S)-5,5,5-trifluoro-allo-
isoleucine (D-5-F3-allo-Ile) was developed. The hydrophobicity of L-5-F3lle was examined and it was incorporated into a model

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

than Ile, but surprisingly high when compared with 4’-F;lle.

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 a-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
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biological function of the helical GCN4 transcription factor can
be retained, when utilizing racemic mixtures of 5,5,5-trifluoro-
isoleucine (5-F3lle) as isoleucine surrogates for protein syn-
thesis in Escherichia coli [11,12]. Moreover, studying the
impact of global Ile substitution with 5-F3lle in comparison to
the substitution of Val by 4,4,4-trifluorovaline (4-F3Val)
through protein expression, they showed that the replacement of
the 6-CHj group of Ile by CFj resulted in an approximately
eight-fold higher thermal stability of the respective GCN4
analogue than the replacement of the y-CHj3 group of Val by
CFj3 [12]. This finding was explained by the substantial loss of
side-chain entropy of Val due to steric restriction between the
significantly larger y-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
a-carbon of aliphatic amino acids dramatically reduces their
a-helix propensity [13].

Since isolated a-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),,, 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 a—f 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 B-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
B-carbon atom directly into the helical interface, whereas
perpendicular packing precludes B-branched residues from
occupying these sites and Leu is favored [14,15]. Therefore, the
preparation of enantiomerically pure fluorinated isoleucine
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analogues with retained a-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
(25,35)-5,5,5-trifluoroisoleucine (L-5-F3lle) and (2R,3S)-5,5,5-
trifluoro-allo-isoleucine (D-5-F3-allo-1le). Since the relation-
ship of side chain hydrophobicity and a-helix propensity is of
crucial importance for the overall stability of helical assemblies,
these two properties were examined for L-5-F3lle, 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 a,p-unsaturated acyloxazolidinones [13].
Using this approach, all four diastereoisomers of N-Boc-
protected 4,4,4-trifluorovaline as well as (25,35)-4,4,4-trifluoro-
isoleucine were prepared from the corresponding products in
enantiomerically pure form via diastercoselective auxiliary-
induced amination. It was found that both diastereoisomers of
trifluorovaline and trifluoroisoleucine show extremely low
a-helix propensities compared to their non-fluorinated
analogues valine (Val) and isoleucine (Ile), which we attribute
to steric clashes of the larger y-CF3 group with the helix back-
bone [13]. We wondered whether the replacement of the 3-CHj3
group of Ile by CF3 might retain a-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 (25,35)-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].

O O O Me
Ref. [18]
HOJ\/\CFS HO™> " CF, R CF, d O)J\NJ\/'\/CFs
Me Me \—(
1 2R=0Ts Bn 5
3R=CN :l o

4R =COH~IC

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, Nal (cat.), DMSO, 60 °C, 2.5 h, 85%; (c) HCI (conc.), reflux, 2.5 h, 80%; (d) NEts, PivCl, THF, =78 °C to 0 °C, 90 min, then

n-Buli, (S)-4-benzyloxazolidin-2-one, THF, =78 °C to rt, overnight, 84%.
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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 a-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
a-azido derivative which upon reduction and auxiliary removal
gave the N-Boc protected L-amino acid 7 (L-5-Fslle). Likewise,
the corresponding D-amino acid 10 (D-5-F3-allo-Ile) was
prepared by o-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-lle

We investigated the relationship between side chain volume and
hydrophobicity of L-5-Fslle. Since size and hydrophobicity are
known to be essential factors for secondary structure formation,
we compared 5-F3lle with previously studied (25,3S5)-4’-F;lle
[13], as well as with (5)-5,5,5,5",5°,5’-hexafluoroleucine
(FgLeu), which was prepared according to procedures reported
by Keese and coworkers [25].
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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-F3lle and
4’-F3lle 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. FgLeu is similar to Aha in hydrophobicity, while ex-
hibiting a much larger volume. In a free energy perturbation
study, the hydration energy of FgLeu 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

1) KHMDS
O O Me Trisyl-N3 )OL O Me 0 Me
CF then HOAc H,0,, LiOH
O)LNM/ P s 0 N)Ké/'\/CF3 Bt M HOJ\/'\/CFa
2N Boc,0 Bn NHBoc
5 6: 58%, dr: 92:8 7:92%
1) iProNEt, Bu,BOTf
2) NBS
0O O Me MGA )OL f Me D Ha, Pg/C 0 Me
CF Boc.
M A er, D g o0, oFs
B N ) H202 L NHBoc
Bn
Bn
8: 77%, dr: 91:9 9: 80%, dr: 97:3 10: 69%

Scheme 2: Synthesis of enantiomerically pure (2S,3S)-5-F3lle and (2R,3S)-5-F3-allo-lle. TMGA = 1,1,3,3-tetramethylguanidinium azide, Trisyl-N3 =

2,4 6-triisopropylbenzene-sulfonyl azide.
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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.

a-Helix propensity of L-5-Fslle

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 B-methyl group in f-branched hydrophobic
amino acids is replaced by a CF3-substituent [13]. We now
investigated the o-helix propensity of 5-F3lle according to
methods established by Cheng et al., who showed that when an
amino acid of interest is incorporated into an a-helical polyala-
nine model peptide (KX), its a-helix propensity can be calcu-
lated from circular dichroism (CD) spectroscopy [8,9]. There-
fore, 5-F3lle was converted into its Fmoc analogue and subse-
quently used in solid-phase synthesis of K-5-F3lle applying
standard Fmoc-based chemistry (see Supporting Information
File 1) [30]. The a-helix propensity [@] was calculated from CD
data (Table 1).

Although the helix propensity of 5-Fslle 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
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Table 1: Ellipticity [©] at 222 nm was taken from normalized CD data.
Fraction helix [fhelix] @and helix propensities [w] were calculated from
[©222 nm] applying a modified Lifson—Roig theory [31-33].

peptide [©222 nm] Trelix w
K-lle -13813+156 0.40+0.01 0.52+0.05
K-5-F3lle -10776 £216 0.31+£0.01 0.26 £ 0.03
K-4’-F3lle [13] -3602 + 130 0.10+£0.01 O

model peptide, whereas the absence of these minima in the
K-4’-F;lle 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
B-carbon atom, the side chain atoms of Ile come in close prox-
imity to the peptide backbone [34], leading to a reduced
a-helicity in comparison to its unbranched analogue
([@]Lew= 1.06 [8]). This effect is amplified for K-4’-F3Ile which
carries the voluminous CF3 group on its B-carbon atom. The
close proximity of this sterically demanding group to the
peptide backbone seems to prevent the formation of a-helical
structures, resulting in a helix propensity of zero [13]. Here, we
show that if isoleucine’s §-methyl group is substituted with
CF3, the a-helix propensity of this amino acid is partially
retained.

164 K-lle
/ ——K-5-F,lle
- - -K-4-Fle

[©] (10° mdeg cm?® dmol " residue™)

T T T T T T
220 225 230 235 240 245 250

A (nm)

T T T
200 205 210 215

Figure 2: CD spectra of K-5-F3lle and K-lle peptides (KX:
Ac-YGGKAAAAKAXAAKAAAAK-NH,). The K-4’-F3lle 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 yM, 50 uM, and
30 uM).
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Conclusion

We synthesized two diastereoisomers of 5,5,5-trifluoroiso-
leucine ((2S,35)-5-Fslle and (2R,3S)-5-F3-allo-1le) in enan-
tiomerically pure form. The hydrophobicity of (25,35)-5-F3lle
was shown to be increased in comparison to its proteinogenic
analogue, but to a lesser extend than the surface area would
suggest. The a-helix propensity of 5-Fslle, though lower than
that of Ile, is significantly increased in comparison to (25,35)-
4,4 4A-trifluoroisoleucine. Thus, fluorinating isoleucine’s 3-pos-
ition rescues a-helix propensity, while the fluorination of
isoleucine’s B-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, B-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-F3lle demonstrates a promising building block for fluorine

modifications within this folding motif.

Supporting Information
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Experimental procedures, characterization data, copies of
all 'H, 13C, and 19F NMR spectra of all new compounds.
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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 § 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.

Introduction

We have previously reported [1] the interesting behavior of (E)-
1-chloro-3,3,3-trifluoropropene ((£)-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 HP abstraction
from (£)-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 H?, followed by smooth elimination
[14,15] of the trans-disposed chlorine atom. However, it is also
likely that the anionic intermediate produced after HP 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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-LiCl
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HO OH
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— R
3 Cl 2 Int-2

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 (£)-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 (£)-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
Et,O. 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 Sa 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 S and 6 were
obtained in 50 to 70% combined yields by the reaction with
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Table 1: Investigation of reaction conditions.

m
>
=3
=

<

0 NOoO OB ODN -~

©

10
1"
12
13
14
15
16
17
18

F3C
Ha
Solvent
Et,O
THF

1) base, additive

HP Temp., 0.5h
2) PhCHO

AN Temp., 1h
4 Ph
Base Additive
(equiv) (equiv)
n-BulLi (1.0) —
MelLi (1.0) —
n-BulLi (1.0) —
MelLi (1.0) —
LDA (1.0) —
PhMgBr (1.0) —
LHMDS (1.0) —
LDA (2.0) —
LDA (3.0) —
LDA (1.0) HMPA (1.0)
LDA (1.0) DMPU (1.0)
LDA (1.0) TMEDA (1.0)
LDA (2.0) TMEDA (2.0)
LDA (3.0) TMEDA (3.0)
LDA (2.0) TMEDA (2.0)
LDA (2.0) TMEDA (2.0)
LDA (2.0) TMEDA (2.0)
LDA (2.0) TMEDA (2.0)

Beilstein J. Org. Chem. 2013, 9, 2182-2188.

Ph
FsC OH FsC  HP
+

Ha HO

AN on \

5a Ph 6a Ph

Temp. 19F NMR Yield (%)
(°C) 5a 6a
-80 0 0
-80 0 0
-80 0 0
-80 0 0
-80 24 6
-80 0
-80 0 0
-80 41 10
-80 44 8
-80 _ b
-80 _b
-80 34 2
-80 68 11
-80 64 19
-100 19 5
-60 50 17
-40 _b
-80¢ 54 17

Recov.?
(%)

100
100

17
20
17
17
15
32

1"
15
14
76
1

43
8

aRecovered starting material. PAlmost no fluorinated products were detected by '°F NMR. CAfter addition of PhCHO, stirring was continued for 1 h at
-80 °C, followed by 3 hat0 °C.

Table 2: Scope and limitation of the present reactions.

Entry

o O~ WON -

7

F3C
Ha

R1
Ph-
p-Me-CeH4-
p-MeO-CgHgy-
p-F3C-CgHgy-
Et-
t-Bu-
Ph-

1)

LDA (2.0 equiv),

R' R2
F3C OH

Hb TMEDA (2.0 equiv),
-80°C,0.5h

2) R'R2C=0,

N\ socc 1h

Ph

R?2 Product

H a

H b

H c

H d

H e

H f

Me- g

FsC  HP

Ha \\ HOR1 - \\

5 Ph

Isolated yield® (%)

5 6
50 (65) 21 (25)
49 (52) 17 (17)
49 (43) 15 (17)
36 (43) 12 (17)
47 (57) 16 (19)
54 (59) 10 (8)

(15) (8)

6 Ph

5/(5+6)P
(%)

72
75
72
72
75
88
65

Recov.¢
(%)

15
18
16
32
26
23
52

a|n the parenthesis were shown the yields determined by '°F NMR. PThese ratios were determined by '°F NMR for the crude materials. °Recovered

starting material.
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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 '°F
NMR (Table 2, entry 7).

Compounds 5 and 6 were readily characterized by '°F NMR
spectra. The former material showed clear 3J couplings of 7 to
9 Hz between F and H?, but with the latter /gy, 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.

Ph
FsC OH

Ha \\

o Fs;C
cat. PdCl,-(MeCN), h
" R
Ph Ph

Fe b THF, tt, 24 h 0
3

7a 51% yield
HO 6a
Ph \\

Ph

5a

5a:6a = 70:30

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 CD30D 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).

1) LDA (2.0 equiv),

Beilstein J. Org. Chem. 2013, 9, 2182-2188.

Observation of the well-resolved two sets of peaks was possible
for the two vinylic protons H? and H® in the enyne 4 at § 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 m and A ) undoubtedly appeared with overlapping
the ones of the original H? (%) and HP (e). At the lower field
(around 6.5 ppm) area, peaks indicated by A are considered as
a part of quartet with a coupling constant of 2.3 Hz, which is
close to the “Jp.F coupling value of 4 shown above. Moreover,
disappearance of the large 3Jy.jy constant typical for (E)-
alkenes suggested that a deuterium atom should be incorpo-
rated at the site where H? was originally situated and that 4-d2
was actually produced. It is also clear that the H? region also
contains a couple of peaks (m) with the 3Ji_p 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 CD30OD
furnished a mixture of 4-d1 and 4-d2, which directly proved
that the both lithiated species 4-Lil 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-Lil 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-Lil and 4-Li2. On the other hand, less

TMEDA (2.0 equiv), b
b F:C H
FaQ M 80 °C, 0.5 h FaQ L
Ha \ 2) CD30D, —80 °C, 1 h He \ D \\
Ph Ph Ph
4 4-d1 4-d2

Scheme 3: Deuteration of anionic species from 4.
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m o S
oo Ha \\ * * H
4 ph

o|l|® * *

o|l/|® * *

66 6‘5 8!4 Efﬂ 6‘2 Bll 313
*

a After deuteration *

Figure 1: A part of "H NMR chart of 4 and its deuterated mixture.

F3C D FsC Hb
"\ A\
Ph Ph
4-d1 4-d2
CD30D,
LDA (2.0 equiv), -80°C,1h
TMEDA (2.0 equiv), . X
FaC  H° -80°C,0.5h FsC  Li FsC H
+
Ha \\ Ha>:x L?:/\
Ph - oh
4 4-Li1 4-Li2
R'CHO,
-80°C,1h

R1
FsC OH FsC HP
+
He@ HO
\ f\
5 Ph 6 Ph

Scheme 4: Lithiation of 4 and the following electrophilic reactions.
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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 iPr,NH [22].

This interpretation also led to the reconsideration of the
proposed mechanism shown in Scheme 1. If deprotonation of
both H? and HY 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-

F. HO

2R
F2C Li--Me F3C R
\_:<__ L| —_— e
Cl Cl
Int-3 3
TMeLi
/F\
cm \Ll F3C
-LiCl
Int-1
FsC  H° MelLi "
FBW
Ha cl —MeH
(E)1 FsC Hbm
Li Cl —LiCl l
Int-4 l
OH
Fac——
R
2
FsC Cl F3C
R G 3\_:
s Li -LiCl
n_
FsC  Cl Meli
FBW
Ha Hb — MeH
(2)-1 WY s |
— F3C ——H
Li Hb —LiCl l
Int-6
OH
Fse——
R
2

Scheme 5: Alternative reaction mechanism between 1 and MelLi.
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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 (2)-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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Regioselective conjugate 1,4-trifluoromethylation of a,B-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 B-trifluoromethylated ketones in low to moderate yields.

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 (Me3;SiCF3, 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

CF3 source CF3 source
HO CFj 1 2-addition JOK/\ 1,4-addition CF,
1 2 1 7 — 1 2
R R well-known R R rare R R
this work

Scheme 1: Trifluoromethylation of a,3-unsaturated ketones.

2189

O


http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:nozshiba@nitech.ac.jp
http://dx.doi.org/10.3762%2Fbjoc.9.257

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 o,B-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
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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-

Table 1: Optimization of CF3 reagents, metal, and solvent for copper-mediated conjugate trifluoromethylation of chalcone (1a).?

(o) O CF3
metal (3.0 equiv)
PhMPh vl solvent, 60 °C, 12 h Ph)l\/kph
1a (2.0 equiv) 2a
D) P!

| Fy 07§ CF3@OTf P ©/ | _

3a 3e
Entry CF3 reagent metal solvent Yield (%)P
1 3a Cu DMF 4
2 3a Cu NMP 6
3 3a Cu DMSO 11
4 3a Cu DMF/H20 (1:1) 23
5 3a Ni DMF/H20 (1:1) 9
6 3a Zn DMF/H,0 (1:1) trace
7 3a Cu NMP/H20 (1:1) trace
8 3a Cu DMSO/H20 (1:1) 5
9c 3a Cu DMF/H20 (1:1) 25
10¢ 3a Cu DMSO/H20 (1:1) 37
11 3b Cu DMSO/H20 (1:1) 24
12¢ 3b Cu DMSO/H20 (1:1) 27
13 3c Cu DMSO/H20 (1:1) trace
14 3d Cu DMSO/H20 (1:1) 0
15 3e Cu DMSO/H,0 (1:1) trace
16 Me3SiCF3 Cu DMSO/H,0 (1:1) 0
17¢d 3a Cu DMSO/H,0 (1:1) trace®

aThe reaction of 1a with 3 (2.0 equiv) was carried out in the presence of metal (3.0 equiv) at 60 °C. Plsolated yield. ¢3 (4.0 equiv) and metal (6.0 equiv)
were used. 9The reaction was performed in the presence of TEMPO (4.0 equiv). ©O-Trifluoromethylated TEMPO was detected in 2% by '9F NMR.
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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/H,0 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/H,O (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/H;0 (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 3¢ [24], trifluoromethyl-
sulfoxinium salt 3d [25], and hypervalent iodine(I1I1I) 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
I9F NMR. Under the best conditions shown in entry 10, we
re-examined the reaction, but in the presence of TEMPO. The
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product formation was inhibited by TEMPO and O-trifluoro-
methylated TEMPO was detected in 2% by !F NMR analysis
(Table 1, entry 17).

With suitable conditions in hand, the scope of copper-mediated
conjugate trifluoromethylation of a,B-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
B-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 p-alkyl-substituted enone also produced the desired product
21 (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 a,B-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. Ph,S was formed and checked
by the 'H NMR spectroscopy. The resulting CF5 radical reacted

Table 2: Copper-mediated conjugate trifluoromethylation of a,B-unsaturated ketones 1 with 3a.2

Cu (6.0 equiv) CF3

O
+
ArMR
1 (4.0 equiv)
Entry 1 Ar
1 1a Ph
2 1b 4-MeCgH4
3 1c 4-MeOCeH4
4 1d 4-FCgHy
5 1e 4-CICgH4
6 1f 2-furanyl
7 1g Ph
8 1h Ph
9 1i Ph
10 1j Ph
11 1k Ph
12 1l Ph

o)
DMSO/H,0 (1:1), 60 °C, 12 h Ar)K)\R

2
R 2 Yield (%)°
Ph 2a 37
Ph 2b 20
Ph 2c 11
Ph 2d 13
Ph 2e 22
Ph 2f 13
4-MeCgHy 2g 12
4-MeOCgHy 2h 12
4-FCgHg 2i 17
3-CICgHa 2j 18
4-CICgHg4 2k 13
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. Plsolated yield.
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Scheme 2: Proposed mechanism for the conjugate trifluoromethyla-
tion of a,B-unsaturated ketones by S-(trifluoromethyl)diphenylsul-
fonium salt and copper.

directly with o,B-unsaturated ketones 1 and/or through the for-
mation of CuCFj species to provide the 1,4-adduct 2 in low to
moderate yield. Although the true reactive species including
CF; radical and/or CuCFj5 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 a,B-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 o,B-unsaturated ketones are both
our subsequent challenges and we are currently working in
these directions.
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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.

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
CF30 or CF3S. Because of its high hydrophobicity (Hansch
parameter g = 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 g = 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
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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

N

) N )
SCF3 SCF3; SCF3
3a: 69% (86%)  3b: 52% (64%)

3c¢: 37% (46%)

Beilstein J. Org. Chem. 2013, 9, 2354-2357.

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

) Base (1.1 equiv), THF '

s - ()

2)1a (1 equiv), T, t

E]

SCF
2a | 3
_No 3a
Ph”™ “SCF;
1a
Entry Base T(°C) t a (%)?
1 BuLi -78 15 min 65
2 BuLi 0 15 min 86
3 BuLi 0 3h 84
4 NaH 0 15 min 0
5 CspCO3 80 2h 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).

I\
_N
N

N
SCF;
3d: 59% (66%)

Ot
)
N
SCF3
3e: 45% (76%)

>(Nj< Q/P >L\lﬂ'i*N/Slii )\NJ\ O\N/O Ph" N7 Ph

SCF, SCF, SCF,
3f: 85% (95%) 39: (72%) 3h: (quant.)
F3CS
“ @
3m: 65% (74%) (68%)

SCF,
3K: 12% (21%)

SCF,
3j: 79% (88%)

SCF,
3i: (96%)

Figure 1: Transamination of 1a with amines. (Isolated yields, in parentheses crude yields determined by '°F NMR with PhOCF3 as an internal stan-

dard).
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A\

N
SCFs "SCFs

30: 47% (61%) 3p: 35% (59%)

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

This new method was applied to synthesize a trifluoromethyl-
thio analog (31) 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 (41) (Figure 3).
In the latter case, the obtained yield was lower, certainly due
to the steric hindrance of the CF3CF,S moiety. The pharmaco-
logical properties of these new compounds are under investi-
gation.

IO A0

N N

SCF, SCF,CF,

31: 45% (74%) 41: 15% (20%)

Figure 3: Synthesis of fluoroalkylthio analogs of imipramine. (Isolated
yields, in parentheses crude yields determined by '°F NMR with
PhOCFj3 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
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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.

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].

ZTCH

s

ket = |2

1 A
exp| — 1
Jamk,T ( 4ka} M

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
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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 (1),
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 OFETSs, remain far below the theoretically
predicted limit of several tens of cm2-V~!s™! [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

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

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 n-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 OFETSs — 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

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).
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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].

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).

FOF
o) F
i:O“F a
FF

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 n-faces (mainly pair A), limiting the
charge carrier transport to the n-stacked "brick wall". For elec-
tron transport the pair D allows additional charge transfer

F F
F F
OO —
F F b
F F

2

Scheme 1: Syntheses of the substitution products 1 and 3: a) Catechol, K,CO3, THF; 60 °C, 4 h (12%). b) Catechol, K,CO3, DMEU; 90 °C, 18 h

(44%).
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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).
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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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D

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].

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 n—m 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. 'H and !°F NMR spectra

Figure 6: Geometries of HOMO (-5.64 eV, left) and LUMO (-1.29 eV, right) of 1 [15].
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were collected using a Bruker Avance 400 spectrometer.
'H 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™!. 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. 'H NMR (400.1 MHz, THF-dg) §
7.15-7.06 (m, 4H); 19F NMR (376.4 MHz, THF-dg) & —148.23
to —148.39 (m, “Jgp = 61 Hz, 2F), —148.80 to —149.01 (m, *Jpp
=61 Hz, 3Jpp = 15 Hz, 2F), —159.61 to —159.65 (m, 3Jpp = 15
Hz, 2F); MS (HPLC-APLI) m/z (%): 342 [M]" (100); HRMS
(ASAP-MS, 100-500 °C, C»yHgO4F4): caled 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 (CyoHgF404): crystal size 0.0909 x
0.045 x 0.0297 mm, triclinic, P—1, a = 6.0570(9) A, b =
7.6382(12) A, ¢ = 8.829(3) A, o = 94.98(2)°, B = 97.72(2)°, y =
101.372(13)°, ¥ =394.11(16) A3, Z=1, peaiea = 1.737 grem™ !,
R(F) = 5.94% for 754 observed independent reflections (5.09° <
20 <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
application to CCDC, 12 Union Road, Cambridge
CB2 1EZ, UK (fax: (+44) 1223-336-033; e-mail:

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

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

°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-dg 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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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 NaBH,4 and NiCl; to yield

the corresponding trifluoromethylated y-amino alcohols.

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 y-amino
alcohols [12], B-amino acids [13], B-hydroxy ketones [14,15]
and B-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
I9F NMR that offers several analytical advantages including
speed, sensitivity and selectivity [22,23]. Fluorinated molecules
have served as valuable '°F 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
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Figure 1: Example of bioactive molecules bearing the 2-isoxazoline nucleus.

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

previous work:

cardioprotective

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).

F3C
F3CYOH NH,OH/50% in water B
N.
OH OH - 1/2 H20
2
F3C N._ /H'f,,, @‘H\ /N\/CFS
~Z O /O\ s‘“o =

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

0O 1

N/OH N,OH N R N-O

g — P base 7 * [ — et R2
F3C F3C X F3C R2 3

2 3 4 5 R' 4

X =ClorBr
this work:
F,C R
FsC N, :

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

OH

N~ X N-O
+ \/\Ph —_— '/
F C)l F3C/K)\/Ph
3
2 5a 1a
entry reaction conditions time isolated yield (%)
1 DIB, TEA,MeOH 2h complex mixture
2 DIB, HFIP 2h complex mixture
3 DIB, CH,Cl» overnight 55
4 PIFA, CH,Cl, 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
CH,Cl, afforded the product in only 16% yield (Table 1, entry
4). Better results were obtained by employing DIB in CH,Cl, 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.

R R

/ \ + —_ -
N\O’ ‘o- R-N=C=0
furoxans isocyanates

Figure 2: Dimerization and isomerization products from nitrile oxides.

R 0O R

1,2,4-oxadiazole-4-oxides
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Faced with the moderate yield of 1a, we followed the reaction
by using 'F NMR. The measurement of the crude mixture with
I9F 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 CH,Cl, and the resulted solution was analyzed
by '9F NMR coupled and decoupled with proton,
19F 19.COSY and 1°F,!9F-NOESY (see Supporting Informa-
tion File 1). Data confirmed the formation of bis(trifluoro-
methyl)furoxan 6 (Figure 3) already synthesized by Middleton
[35].

0 \©

{Nr\‘ﬁﬁ OnrO°

|‘|*’\|‘| —

CF3 CF3 FsC CFs
6

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

Considering that the best results were reached utilizing DIB and
CH,Cl, 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

BN

0" R

1,4,2,5-dioxadiazines

N.

! N*
N\o»\R

2389



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

Beilstein J. Org. Chem. 2013, 9, 2387-2394.

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%

Table 2: Synthesis of 3-trifluoromethyl-2-isoxazolines and isoxazoles by reaction between aldoxime 2 and olefins or alkynes in the presence of DIB.

N/OH R ) N-O
+ DIB (2 equiv), CH,Cl, (.
| &.,/RZ F3C ® R2
F3C overnight R
2 5 1
2 equiv 1 equiv
entry substrate product isolated yield (%)
A N I;I—O
1 s Fe LA Ph 76
1a
l;l—O
9 \/\NHCbZ Fgc/K)\\ 90
5b NHCbz
1b
l;l—O
3 \/\NHBOC F3C/K)\\ 91
5c NHBoc
1c
WOCHZCH3 l;l—O
CO,Et
4 F CW 2 64
(0] 8 8
5d 1d
WOH ’)1—0
8 WCOZH
5 0 F3C 5 51
5e 1e
Br ';‘_O
) \/©/ Fgcm 5
X Br
l;l-O
AN .
7 NSi(CH)s I:30/K)\\ 82
59 Si(CH3)3
19
N-O
/
F3;C
8 74
5h
1h
N-O
O / o)
9 VJ\OCH FsC 24
5 3 OCHj;
i

-
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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 \/\Br
5j
1" \/\CN
5k
Ph
12 =z
51
Si(CH3)3
13 =z
5m
0
14 %oomcm
5n

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 Sh
(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 (51) and trimethylsilylacetylene (Sm, Table 2,
entries 12 and 13). However, the electron poor alkyne Sn 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

l;l—O
FSC/K)\\ 20
Br
1j
N-O
L
FsC traces
CN
1k
l;l—O
Fsc/k/\Ph 53
11
l;l—O
FgC&)\Si(CHsk 50
1m
l;l—O
(0]
Z
FaC traces
OCH,CH3
1n

— 196

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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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 (AE = 5.407 eV for 5a and 6.673 eV for 5k) and
the disfavored (AE = 8.178 eV for 5a and 7.955 eV for 5k) molecular
orbital interactions, respectively.
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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

Beilstein J. Org. Chem. 2013, 9, 2387-2394.

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 Cp
5c 0.180 (2py) 0.133 (2py)
59 0.321 (2p,) 0.246 (2p,)
42 0.434 (2py) 0.299 (2py)

aColumns C, and Cy, 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 y-amino
alcohols. The major and almost the only route to synthesize
these amino alcohols is the reduction of f-aminocarbonyl com-
pounds prepared from Mannich-type reactions [46-48]. The ring
opening of 2-methyl-3-trifluoromethylisoxazolines by utilizing
H, 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 NaBH,4 and NiCl, as
additives [50]. Under these conditions, a total conversion of the
starting material was observed by !°F 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.

Table 4: Ring opening reaction of 3-trifluoromethyl-2-isoxazolines 1a and 1b.

N-O NaBH,4 NiCl NH, OH
3 THF/MeOH FsC R
1 —42°Ctort,24 h 7
entry substrate product isolated yield (%) dr
N-O NH, OH
1 F3C/<)\/Ph FAC Ph 50 40:60
1a 7a
N-O NH, OH
U
2 FsC F3C 52 40:60
NHCbz NHCbz
1b 7b
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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
NaBHy4 and NiCl,, yielding the corresponding trifluoro-
methylated y-amino alcohol.

Supporting Information

Supporting Information File 1

General methods, synthetic procedure, spectroscopic data,
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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 (CF3SiRj), are not required.

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

2404
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even at low temperature because of facile a-fluoro elimination
generating the singlet difluoromethylene (:CF;) [10]. In
contrast, trifluoromethylsilyl counterparts, so-called
Ruppert—Prakash reagents (CF3;SiRj), 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 (CF3l) 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(CFj3),
prepared in situ from TMP,Zn and fluoroform (CHF3), but only

Table 1: Copper-catalyzed trifluoromethylation of aryl iodide 1a.

Beilstein J. Org. Chem. 2013, 9, 2404-24009.

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 CF3l
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

I
CFs-l @[ 1a (1 equiv)
(ca. 5 equiv) CO,E CFs CF,CF3
Zn dust [Zn(CF;,)I] @ + @[
(2 equiv) solvent Cu cat. (X mol %) CO,Et CO,Et
r,2h phen (Y mol %)
T°C,24h 2a 3a
entry solvent Cu cat. X, Y) T % yield (2a/3a)?
1 toluene Cul 10, 20 50 n.r.
2 THF Cul 10, 20 50 n.r.
3 CH3CN Cul 10, 20 50 11
4 DMSO Cul 10, 20 50 2/0
5 NMP Cul 10, 20 50 n.r.
6 DMF Cul 10, 20 50 44/8
7 DMPU Cul 10, 20 50 70/9
8 DMPU Cul 10, 10 50 93/7
9 DMPU Cul 10, 10 rt 61/2
10 DMPU Cul 10, 10 40 67/5
11 DMPU Cul 10, 10 65 77/10
12 DMPU CuCl 10, 10 50 92/8
13 DMPU CuTC 10, 10 50 92/6
14 DMPU Cul 2,2 50 95/2

aYields were determined by '°F NMR analysis by using benzotrifluoride as an internal standard.
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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 CuCF,CFj generated by
an insertion of difluoromethylene (:CF;) decomposed from
CuCFj into CuCFj3 [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 Cul to CuCl and
CuTC led to comparable results (Table 1, entries 12 and 13).
With only a 2 mol % loading of both Cul 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).

Table 2: Effect of ligands in copper-catalyzed trifluoromethylation.

: jl
CO,Et

Beilstein J. Org. Chem. 2013, 9, 2404-24009.

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 CuCFj 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 Cul, 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 Cul 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

1a (1 equiv)

CF3-l
(ca. 5 equiv)
Zn dust SVPU [Zn(CF;,)I]
2 equiv
(2 equiv) ®2h
ligand

DMEDA

entry ligand

TMEDA
DMEDA
bipy
phen
phen

0 NOoO OO ON -

phen

Cu (X mol %)
ligand (Y mol %)
50 °C,24h

CF3 CF,CF;
L. * X
CO,Et CO,Et
2a 3a

bipy phen

(X,Y) % yield (2a/3a)?

10, 10 89/3

10, 10 83/3

10, 10 86/9

10, 10 93/7
2,2 95/2 (78/1)°
2,0 97/3 (68/1)°
0,0 n.r.
0,2 n.r.

aYields were determined by '°F NMR analysis by using benzotrifluoride as an internal standard. ®Values in parentheses are yields obtained with a

reaction time of 2 hours.
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2b, 60% (28%)?

CF;
2c, 78% (73%C)°
X Br

7
N” >CF,

X

/

NN A

29, 90% (96%)P 2h, 90% (96%°)P

OyN

2d, 80% (44%)?
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CF, |
X "
O,N NO,

2e, 90% (81%)° 2f, 44% (40%)°

X CF3

MeO Z

N
N

(L |
N~ "CF;

2i, 76% (84%)P 2j, 6% (5%)P

Figure 1: Copper-catalyzed trifluoromethylation of various aryl iodides. Yields were determined by '9F NMR analysis by using benzotrifluoride as an
internal standard. Values in parentheses are yields obtained under the reaction conditions without phen. Conditions: CF3l (2.5 x X equiv) and Zn dust
(X equiv) in DMPU, then Cul (Y mol %), phen (Y mol %) and 1 (1 equiv) at 50 °C for t hours. 8X =4, Y = 2, t = 48.PX = 2, Y = 10, t = 24. Clsolated

yields: 2c, 70%; 2h, 90%.

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 Cul and phen.

In order to gain an insight into each step of the catalytic tri-
fluoromethylation with a trifluoromethylzinc reagent, a
I9F 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); and Znl, [14,24] was
prepared in situ from CF3I and Zn dust in 60-80% yields in
both solvents. The addition of Cul (0.2 equiv) to a DMPU solu-
tion of Zn(CF3)I led to the transmetallation of the CF3 group

CF3l (2.5 equiv)

Zn dust Zn(CF3)l
solvent, rt, 2 h
DMF §&-44.5
DMPU & -44.8
Cul (0.2 equiv)? o
Zn(CF3)I [Cu(CF3)I]

solvent, rt, 5 min

DMF  §-29.4 (2%)P
DMPU §-29.7 (12%)P

|
©j 1a (1 equiv)?
CO,Et

rtto 50 °C

DMF §-59.9
DMPU §-59.8

CL,
CO,Et

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 CuCF5 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),] ~.
The use of DMF as a solvent led to a gradual increase of the

Schlenk-type
equilibrium
1/2Zn(CF3), + 1/2Znl,
5-42.9
5-43.7
€] (€]
+  [Cu(CF3)l +  [Cu(CF3)]

inactive
5-34.8 (1%)°
not observed

8-31.6 (<1%)°
8-31.9 (1%)°

2a

Scheme 1: Observation of CuCF3 species in '9F NMR spectrum. 2Equivalents based on Zn(CF3)l. PYields based on Cul.
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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 Cul from Zn(CF3)I or
Zn(CF3), 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 Znl,.

Zn(CF3), === Zn(CFy)l]

[Cu(CF3
=1, CFy)

F3
/CF3

+ Znly

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-

Beilstein J. Org. Chem. 2013, 9, 2404-24009.

ture, Cul (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 !°F NMR analysis by
using benzotrifluoride (BTF) as an internal standard. Except for
2¢, all trifluoromethylated products 2 exhibited the same 'H,
13C, and 1°F NMR spectra as reported before [14,17,29,31-36].

2,4-Bis(trifluoromethyl)benzonitrile (2¢)

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 Cul (9.5 mg,
0.05 mmol, 10 mol %) and 4-iodo-2-(trifluoromethyl)benzoni-
trile (1¢, 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 H,O (5 mL), and then Et;O (5 mL) was added.
After filtration over celite, the organic layer was separated, and
the aqueous layer was extracted with Et;O (5 mL x 3). The
combined organic layer was washed with brine (10 mL), dried
over NaySQy, and evaporated. The resulting crude product was
purified by silica gel column chromatography (pentane/Et,O
9:1) to give the product 2¢ (83 mg, 70% yield) as a colorless
liquid. 'H NMR (300 MHz, CDCl3) & 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) 6 135.5, 135.0 (q, Jcg = 34.4 Hz), 134.0 (q, Jcg = 33.5
Hz), 129.3 (q, Jcg = 3.6 Hz), 124.1-123.9 (m), 122.3 (q, Jcf =
271.9 Hz), 121.6 (q, Jop = 272.7 Hz), 114.1, 113.9; 19F NMR
(282 MHz, CDCl3) & —62.2 (s, 3F), —63.6 (s, 3F);
HRMS-ESITOF (m/z): [M — H]™ calced for CgH,FgN, 238.0091;
found, 238.0086; FTIR (neat, cm™') 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 Cul (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 !F NMR analysis by using benzotrifluoride (10 pL,
0.0814 mmol) as an internal standard and sealed capillary filled
with benzene-dg for signal lock under argon atmosphere at

room temperature.
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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.

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 B-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
B-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
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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 TiFy in
THF or CuF,/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.

Beilstein J. Org. Chem. 2013, 9, 2417-2421.

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

Table 1: Reaction of 1 with benzaldehyde in the presence of fluoride anions.?

(0] O OH
CsF
TMS/\/CF?a . @)J\H @)‘\/\CFS . @)\/\CFB
DMF
1 2a 3a 4a

entry F anion (equiv)P 1 (equiv)P solvent temp (°C) time (h) yield (%)cd

3a 4a
1 TiF4 (2) 2 THF 60 24 - _
2 CuF5 (1)/dppp (2) 2 DMF 80 26 - -
3 CSF (2) 15 DMA 55 24 15 16
4 CsF (2) 15 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). PThe value in parentheses indicates equiv with respect to benzaldehyde (0.2
mmol). °NMR yields, which were calculated by integration of the '9F NMR signals of 3a and 4a relative to that of the internal standard of 1,4-bis(triflu-

oromethyl)benzene. 9The value in parentheses indicates isolated yield (%).
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Table 2: Investigation of reaction scope with optimal conditions.?

entry Ar-CHO
1 p-C|—C6H4
2 p-BI’-CGH4
3 p-F-CeH4
4 p-CF3-CgHy
5 p-CH30C(0)-CgHg
6 p-CN-CGH4
7 p-CH3-C6H4
8 p—CHgO-CGH4
9 m-CH30-CgHy
10 O-CH30-CGH4
11 O-C|—C6H4
12 2-naphthyl 3m
13 3-pyridyl
14 CeHs(CH2)2

Beilstein J. Org. Chem. 2013, 9, 2417-2421.

yield (%)P 4 yield (%)°
72 4b 8
79 4c 6
55 4d 4
59 4e 6
38 4f 6
46 4g 10
26 4h 8
17 4i 16
58 4 10
12 4k 35
16 4] 16
41 4m 5
31 4n 12
- 30 —

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. PNMR vyields, which were calculated by
integration of the '°F NMR signals 3 and 4 relative to that of the internal standard of 1,4-bis(trifluoromethyl)benzene.

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 a- and
B-carbons of the carbonyl group with rates of 22% and 53%,
respectively (Scheme 1, (1)). This result suggests that deuterium
on the B-carbon should be incorporated by a 1,3-proton shift. In
contrast, deuterium on the a-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

p 53%
Q)
DMF, 80 °C
2%
HaCO DMF.80°C o

4a

Scheme 1: Experiments to elucidate the reaction mechanism.

3a
95% conversion
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(0] ; (0]
CsF base-mediated H30
CF
™S X3 Ar)\/\CF Ar)\/\CF Ark/\CF

ArCHO 3 1,3-proton shft

OH

Ar/@K/\CF

7

3

Scheme 2: The proposed reaction mechanism.
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doi:10.1126/science.1131943

5. Kirsch, P. Modern Fluoroorganic Chemistry: Synthesis, Reactivity,

] . ] Applications; Wiley-VCH: Weinheim, Germany, 2004.
isomerization of 5 to 6. doi:10.1002/352760393X

difference between S and 7 indicates the viability of 7 in the
reaction medium. The generation of 7 would facilitate the
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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.

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/
H,0 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
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e

Figure 1: S\2 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.

H~©
Nu K o
RF §—F-H R R Nu
triol
H\O

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 CH,Cl,
(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
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Table 1: Initial screening.

OH

/\éoH (1.1 equiv)
2

OH

©/\F morpholine (3 equiv)
Ph

solvent, 60 °C, 24 h

1

entry solvent

H20
EtOH
iPrOH
toluene
AcOEt
THF
DMF
hexane
CH,Cl,
0 -

= © 00 N O O B~ WN =

aDetermined by 'H NMR analysis of the crude reaction mixture.

Table 2: Fine-tuning.

OH

with 2

35
29
16
<3
<3
<3
<3
21
26
54

/\éoH (1.1 equiv)
2

OH

©/\F morpholine (y equiv)
Ph

temperature, 24 h

1

entry temperature
1 60
2 80
3 100
4 100
5 100
6 100
7 100
8¢ 100
gd 100
10 100

morpholine (equiv)

[$,]

S A A A A NN WWwWw
)]

Beilstein J. Org. Chem. 2013, 9, 2451-2456.

conversion (%)?
without 2

26

26

12

<3
<3
<3
<3
<3
<3
<3

conversion (%)

54
90

>97

>97

> 97 (86)°
91

70

71

57

41

aDetermined by 'H NMR analysis of the crude reaction mixture. Plsolated yield. EtsN (1 equiv) was also added. 9K3PO4 (1 equiv) was also added.

eK,CO3 (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 K,CO3) 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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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,

Table 3: Substrate scope.

OH

Beilstein J. Org. Chem. 2013, 9, 2451-2456.

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).

//N\ffi/oH (1.1 equiv)
2

OH
Rl AN F R'R2NH (2 equiv) R@/\NR1R2
N %
100 °C, 24 h
1,4-6 3,7-16
entry benzyl fluoride R'R2NH product yield (%)2
F XN
! /©/\ [ _ (}) 86 (97)°
Ph o/ Ph
1 3
JOR,
2 1 NH 79
C ph N7
7
N">Ph
3 1 H l 83
F’h\/N\ Ph
8
9’ /@/\N/\/OH
4 1 N \ 77°
9
F N
: o a5 ISR O
Br o/ Br
4 10
6 4 NH /©/\ ,\O 64
Br
11
y Q
ot o
Br
12
F N
8 [ NH Lo 86
o
5 13
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Table 3: Substrate scope. (continued)

H
9 5 Ph\/N\
10 5 H

e \/\OH
MeO
F

NH

1" : Q
6

Beilstein J. Org. Chem. 2013, 9, 2451-2456.

T/\Ph
76
14

N/\/OH

|
86°

15
M
eO N
63
16

aJsolated yield for reaction on 0.16 mmol scale. Plsolated yield for reaction on 0.81 mmol scale. °No product of O-benzylation could be detected by

TH 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, 'H 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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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), and Na,CO3 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),Cl; and NayCOj3 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), and Na,CO3.

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,
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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

Beilstein J. Org. Chem. 2013, 9, 2470-2475.

R |

CE-CH-OT 1. LDA (2 equiv)/THF, -78 °C
YIS T THF, 78°C— 1t >_<
. 80% F , OTs

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), and Cs,CO3 (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 K,COj5 instead of Cs,CO3 as a base to give 3a
and 4a in 56% and 16% yields. The use of K3POy in this reac-
tion provided similar results. Finally, the optimized reaction
condition was achieved by using Na,CO3 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),Cl; or Pd(CH3CN),Cl, instead of Pd(OAc),,
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.

Table 1: Optimization of the cross-coupling reaction of 2 with phenylboronic acid.

R ! Pd catalyst (Y mol %) R e
— + som, - P =
base (2 equiv), MeOH, rt, 15 h
Fo OTs  (xequiv) F oTs F O
2 3a 4a
Entry Pd catalyst X (equiv) Y (mol %) Base Yield (%)@
3a 4a
1 Pd(OAc), 1 5 CspCO3 21 10
2 Pd(OAc), 2 5 Cs,CO3 38 19
3 Pd(OAc), 3 5 Cs,CO3 18 40
4 Pd(OAc), 2 10 CspCO3 30 24
5 Pd(OAc), 2 5 K2CO3 56 16
6 Pd(OAc), 2 5 K3POy4 54 17
7 Pd(OAc), 2 5 Na,CO3 92 _b
8 Pd(PPh3).Cly 2 5 NayCO3 78 6
9 Pd(CH3CN),Cly 2 5 Na,CO3 55 13

a|solated yield. PA trace amount of 4a was obtained.
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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), and 2 equiv of Na,CO3 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

Table 2: Preparation of 2,2-difluoro-1-arylethenyl tosylate 3.

Beilstein J. Org. Chem. 2013, 9, 2470-2475.

performed with K,CO3 or K3POy 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 Cs,COj 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),Cl; instead of Pd(OAc),, in which 4a was
obtained in 75% yield. Other palladium catalysts such as
Pd(CH3CN),Cl; 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.

] 3R
R ' R\_ Pd(OAc), (5 mol %)/Na,COj (2 equiv) NI
— + \/B(OH) >
MeOH, rt, ¢
F OTs (2 equiv) FOTs
2 3a-n
Compound R t(h) Yield (%)@
3a H 15 92
3b p-F 15 81
3c p-Cl 14 84
3d p-CHg 14 79
3e p-OCHs 14 65
3f p-CF3 15 85
39 m-F 16 72
3h m-Cl 16 76
3i m-CHs 16 82
3j m-OCHs 18 74
3k m-CF3 18 80
3l 0-CHj 18 65
3m 0-OCHj 18 61
3n o-Cl 18 68

8lsolated yield.
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Table 3: Optimization of the di-coupling reaction of 2 with phenylboronic acid.

- -
Pd catalyst (5 mol %)
— + B(OH), > —
base (2 equiv), MeOH, T, 22 h
F OTs (X equiv) F O

2 4a
Entry Pd catalyst X (equiv) Base T(°C) Yield (%)@
1 Pd(OAc), 3 NayCO3 rt 30
2 Pd(OAc), 4 NayCO3 rt 39
3 Pd(OAc), 4 KoCO3 rt 52
4 Pd(OAc), 4 K3POgy4 rt 49
5 Pd(OAc), 4 Cs,CO3 rt 61
6 Pd(OAc), 4 Cs,CO3 50 58
7 Pd(PPh3),Cl, 4 Cs,CO3 rt 75
8 Pd(CH3CN),Cl, 4 Cs,CO3 rt 21

8lsolated yield of 4a.

Table 4: Preparation of symmetrical 1,1-diaryl-2,2-difluoroethenes 4.

E | R

S Pd(PPh3),Cls (5 mol %)/Cs,CO5 (2 equiv)
>:< + QB(OH)Z >
MeOH, rt, 22 h
F OTs (4 equiv)
2
Compound No R Yield (%)?
4a H 75
4b p-F 83
4c p-Cl 86
4d p-CH3 74
de p-OCH3 60
af p-NO, 73
49 m-F 58
4h m-Cl 51
4i m-CHs 56
4j m-OCHs 53
4k m-CF3 60
4 0-CH3 b
4m 0-OCH3 b
4n o-Cl b

a|solated yield. PA trace amount of product was obtained.

Unsymmetrical 1,1-diaryl-2,2-difluoroethenes can be prepared  phenylboronic acid in the presence of 5 mol % Pd(PPh3),Cl,
from the coupling reaction of mono-coupled tosylates 3 with  and 2 equiv of CspCO3 in MeOH at room temperature for 12 h
arylboronic acids under similar reaction conditions. Therefore, afforded 1,1-diaryl-2,2-difluoroethene 40 in 89% yield. The

the cross-coupling reaction of 3a with 2 equiv of p-chloro- similar reactions of 3a with arylboronic acids having a
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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 3¢ 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

Table 5: Preparation of unsymmetrical 1,1-diaryl-2,2-difluoroethenes 4.

Beilstein J. Org. Chem. 2013, 9, 2470-2475.

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), and 2 equiv of Na,CO3 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 Sb 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

R OTs Rie= Pd(PPh3),Cly (5 mol %)/Cs,CO3 (2 equiv)
— + N\ / B(OH), >
LR MeOH, rt, t h
F /> (2 equiv)
3
Compound No R R’ T (h) Yield (%)@
40 H p-Cl 12 89
4p H p-F 12 90
4q H p-CH3 12 81
ar H p-OCHg3 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
8lsolated yield.
Table 6: The cross-coupling reactions of 2 with alkenylboronic acids.
F OTs
F I . R . H Pd(OAc);, (5 mol %)/Na,COs (2 equiv) >:§__<H
>_< MeOH, rt, 15 h o =
FOTs H B(OH) Fd R
2 (2 equiv) 5
Compound No. R Yield (%)@
5a Ph 85
5b CH3(CHy)s 81

3lsolated yield.
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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

us

e of a less toxic reagent such as boronic acid.

Supporting Information

Supporting Information File 1

Experimental details, full spectroscopic data and spectra.
[http://www.beilstein-journals.org/bjoc/content/
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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 -CFH,, —-CF,H, —C,,Fy, 41

and —SCF3 groups onto sp? 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.

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
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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 contrast 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 sp? 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 a-arylation of a-fluorocarbonyl compounds
affording various quaternary a-aryl-a-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 a-fluoroketones by F. L. Qing [47,48]. However, further

Beilstein J. Org. Chem. 2013, 9, 2476-2536.

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-PySO,CHFCOR 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 CuCHF, [42]. To the best of our knowledge,
the direct cross-coupling of CuCHF, with aromatic halides has
not been reported. H. Amii reported on the reaction of aryl
iodides with a-silyldifluoroacetates in the presence of a catalytic
amount of Cul (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 (CuF,-2H,0) catalyzed vinylic
C—CHF;, bond formation of a,B-unsaturated carboxylic acids
through decarboxylative fluoroalkylation (Table 1) [61]. A wide

Pd,(dba); (0.5 equiv)

P(o-Tol)3 (3 equiv)

0
FCHal + @—B\
o

(40 equiv)

K,CO3 DMF,
5 min, 60 °C

47%

Scheme 1: Pd-catalyzed monofluoromethylation of pinacol phenylboronate [44].
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Q. .0
1) SeNF 7\
F =N BuzSnH (5 equiv)
N I (2 equiv) OMe N s AIBN (3 equiv) o CH2F
R—=— N N n
L~ CuTC (30 mol %) R J g© toluene, 110 °C,8h R ©/

NaHCOs3 (3 equiv),
DMSO, 80 °C, 20 h

2) NaHCOg3 (5 equiv),
DMSO, MeOH, 80 °C, 1 h

R = 4-OMe (75%), 4-Me (63%), 4-CF3 (73%),

4-Cl (77%), 4-COOMe (85%), 4-OCH,Ph (80%),

3,4-Cl, (72%), 3,5-Me; (84%), 2-OMe (73%),
4-C(O)Me (68%), 2-COOMe (83%)

o o %
Wesgalest

R= 4-OMe (63%), 4-COOMe (77%),
3,4-Cl, (60%), 2-COOMe (68%)

MeO Z

Scheme 2: Cu-catalyzed monofluoromethylation with 2-PySO,CHFCOR followed by desulfonylation [49].

Cul (20 mol %)
CsF (1.2 equiv)

Ar-l + TES'CFQCOZEt
(1.2 equiv) DME, 60 °C, 15 h
el
NC
ClD/
Cl
EtO,C” i

g\ /iz

Scheme 3: Cu-catalyzed difluoromethylation with a-silyldifluoroacetates [57].

range of o,B-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-

KF (5 equiv)
Ar-CF,CO,Et Ar-CHF,
DMF, 170 °C, 12 h
40% 84%
1% 7%
42% 74%
67% 89%

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 a,B-unsaturated carboxylic acids.
However, the latter used iron(II) sulfate as catalyst and zinc

bis(difluoromethanesulfinate) as the fluoroalkyl transfer
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reagent. A handful of -difluoromethylstyrenes were obtained 3 Catalytic perfluoroalkylation
in moderate yields and with complete diastereoselectivity — The transition metal mediated trifluoromethylation of aromatic

(Scheme 4) [62]. compounds has been extensively reviewed in recent years by

Table 1: Cu-catalyzed C—CHF, bond formation of a,B-unsaturated carboxylic acids through decarboxylative fluoroalkylation [61].

PhSO,F,C—|I—0O
R’ CuF5+2H,0 (20 mol %) R?
+ —
TMEDA (25 mol %) :_ \
2 2
R COOH H,O/DCE, 80 °C, 12 h R CF,SO,Ph
Compound Yield (%) Compound Yield (%) Compound Yield (%)
O OMe Et 86
x 70 88
CF,S0O,Ph X A
CF,S0O,Ph CF,SO,Ph
OMe 91
OMe
90 N 87 =
CF,SO,Ph
X CF,S0O,Ph
CF,SO,Ph
F Cl Br 86
86 87
X X X
CF,SO,Ph CF,SO,Ph CF,SO,Ph
N02 Br, 60
S o~
82 76
N X
N CF,S0,Ph
CF,SO,Ph 29oV2
CF,SO,Ph
N OMe OMe 84
| MeO OMe
X 60 90
CF,SO,Ph AN N
CF,S0O,Ph CF,SO,Ph
Ph 70
A\
84 73
N N S/
CF,S0,Ph CF,SO,Ph X

CF,SO0,Ph
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Table 1: Cu-catalyzed C—CHF; bond formation of a,B-unsaturated carboxylic acids through decarboxylative fluoroalkylation [61]. (continued)

65 AN 63
AN
CF,S0O,Ph
CF,SO,Ph
OH CU Fy
PhSO,F,C—I—0O
O\ N
Cu_
£ N
A

PhSO,F,C
sz\R‘]W/
PhSOZFZC j\
D R2 @

PhSO,F,C~
c

R2" “R!

I O N
PhSO,F,C” /‘Cu/ )

Jein
@

PhSOngc ‘>

Figure 1: Mechanism of the Cu-catalyzed C—CHF; bond formation of a,B-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 Csp?>-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(I1) 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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FeSO4,7H,0 (10 mol %)

COzH TBHP (5 equiv) CHF»
XX XX
R_:(j/v + Zn(OZSCHFz)Q R{:l/v
= =

(3 equiv) DCM/H,0 (2.5/1)
50 °C, 6-22 h
@/\/CHFz MGOD/\/CHFZ <O]©/\/CHF2
MeO MeO o
68% 60% 42%
E/Z =99:1 E/Z =955 E/Z =99:1
MQOWCHFQ MeOmCHFQ
OMe MeO OMe
40% 35%
E/Z =99:1 E/Z =99:1
Scheme 4: Fe-catalyzed decarboxylative difluoromethylation of cinnamic acids [62].
Table 2: Pd-catalyzed trifluoromethylation of aryl and heteroaryl chlorides [38].
OMe
Pd cat., ligand cat. | N
cl KF (2 equiv) CF3; O
X X =
R + TESCF; R MeO PCy, PCy,
= ; : | _ . .
(2 equiv)  dioxane, A, 6-20 h iPr iPr iPro OiPr
conditions A: [(allyl)PdCI], (3 mol %), BrettPhos (9 mol %), 130 °C .
conditions B: Pd(dba), (6 mol %), BrettPhos (9 mol %), 130 °C iPr
conditions C: [(allyl)PdCl], (4 mol %), RuPhos (12 mol %), 140 °C BrettPhos RuPhos
Compound Conditions  Yield (%) Compound Conditions  Yield (%)
CF
CF3 s
©/ A 80 A 83
n-Bu CO,Hex

CF3

CF,
X
| A 85 EtO A 72
/
HexO,C

CF3
OY©/ CFs
A 94 A 70
(Nj O.N

CF3
CF3
=
o S Nﬁ
NS
Ph N
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Table 2: Pd-catalyzed trifluoromethylation of aryl and heteroaryl chlorides [38]. (continued)
CFs CFs
S o
Ph
CF3 @) CF3
NC
F CFs Ph._O._-CFs
B 72 | B 88
t-BUOzC 7
CF3
CF3
Bn
CF3

Bn
N

@

Tr &
CF

3
CF;
Me

N
C 87 4
Ph

methylating agent [65]. The reverse micelles appear to prevent  compatible with the reaction conditions, which was not the case
the decomposition of TMSCF3 and provide an effective reac-  with S. L. Buchwald’s methodology.

tion site for oxidative addition of Ar—X and the Pd(0) catalyst,

increasing the yields and allowing the use of aryl bromides as  For the metal-catalyzed perfluoroalkylation of sp2 carbons,
starting materials (Table 3). Free alcohols and amines are  vinyl sulfonates represent valuable alternative coupling part-

Table 3: Pd-catalyzed trifluoromethylation of bromoaromatic compounds in micellar conditions [65].

[cinnamyIPdClI], (10 mol %)
BrettPhos (10 mol %)

Br CsF (2 equiv) CF3
R j/ +  TMSCF, N
A (2 equiv) SDS (60 mM), toluene, 110 °C, 12 h =
Compound Yield (%) Compound Yield (%) Compound Yield (%)

Me

®

CFs CF, CFs
77 /©/ 70 @ 74
OH
CFs CF, ~CF3
68 O/ 71 EI 70
HO Z  NH,

Ph CF;
HoN

O,N
OHC

T
)
b
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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

Table 4: Pd-catalyzed trifluoromethylation of vinyl sulfonates [66].

Pd(dba), (5 mol %)
t-BuXPhos (10 mol %)
conditions

Beilstein J. Org. Chem. 2013, 9, 2476-2536.

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),
(10 mol %) was used as the catalyst, and Umemoto’s sulfonium

tetrafluoroborate salt as the CF3 source rather than its triflate

\X
R—

Conditions:
X = OTf: TMSCFj3 (2 equiv), KF (2 equiv)

dioxane, 90-110 °C, 3-10 h

X = ONf: TESCF3 (1.5 equiv), RbF (1.5 equiv)

Compound X= Yield (%)
CF3
©/ oTf 83
Ph CF3
\©/ OTf 62
\ CF3 OTf 84
W ()
CF3
\I\(?@/ OTf 742
Me MeMe
Me
CF;3
OTf 362
Me/\
CF3
Q/ ONf 732
CsHq1
CF3
(0]
ONf 51
Me (0]

Me

3[(allyl)PdCI], was used instead of Pd(dba),.

e 2\
CF
R N 3 Pt-Bus
iPr l iPr
iPr
\__t-BuXPhos )

Compound X= Yield (%)
CF3
/©/ oTf 81
Ph
X CF3
t-Bu N oTf 53
(0]
CF3
O‘ oTf 758
N CF3
oTf 40
Me
CF3
O | O oTf 712
MeO CF3
ONf 802
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Table 5: Pd-catalyzed C—H trifluoromethylation employing Umemoto’s sulfonium tetrafluoroborate salt [67].

Pd(OAc), (10 mol %)
Cu(OAc); (1.0 equiv)
TFA (10 equiv)

* S
B@F4 &F, DCE, 110 °C, 48 h
(1.5 equiv)
Product Yield (%)@ Product Yield (%)@
7 N~
7 )
N 86 N 0°
CF3 CF3
Me  ~ | Me N7
SN 82 SN 88
CF3
N7
e o UNENE
4-Me 83
CF3
N/
s o oo, ~ Ay
4-OMe 68 P cF
2-Cl 55¢ Nﬁ\
3-Cl 752 N~ ~OMe 62¢
4-Cl 72 oFs
MeN/\>
78P SN 53¢
CF3
Me S/\>
87° SN 74
CF3
88

CF3

aYields for isolated compounds. 15 mol % of Pd(OAc), were used. °20 mol % of Pd(OAc), were used.

analogue. Trifluoroacetic acid and copper(Il) 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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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), 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); (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(Il) acetates as catalyst and additive respect-

ively, with Umemoto’s reagent [69]. Pivalic acid (vs TFA in the

Beilstein J. Org. Chem. 2013, 9, 2476-2536.

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(I1)/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 % Pd,dbas,
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-

CsO NAr
% Pd(OAc), (1.5 equiv) Pd0 Umemoto's reagent
(\ NHAr CsF (2 equiv) N g\— (1.5 equiv)
r
¥z DCE, 130 °C o Cu(OAc),
H CsO~="'Pd=—0 MeNHCHO
DCE, 130 °C
E F 99% yield
S—Ar = CF, X-ray diffraction Q
structure NHAr
F F
CF3
45% vyield
(<5% in the absence of
Cu(OAc), or MeNHCHO)

Scheme 5: Preliminary experiments for investigation of the mechanism of the C-H trifluoromethylation of N-arylbenzamides [68].
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Table 6: Extension of Yu's C-H trifluoromethylation to N-arylbenzamides [68].

Pd(OAc), (10 mol %)
Cu(OAc); (2.0 equiv)
TFA (10 equiv)

o)
H)J\N’Me

Beilstein J. Org. Chem. 2013, 9, 2476-2536.

(0]
7 NHAr + OO

o)
|l| (15 equiv) (\ NHAr
R oS R
H TIO CFs DCE, 130 °C, 24 h CFs
(1.5 equiv) E F
S—Ar = g CF3
F F
Product Yield (%)@ Product Yield (%)@
o) o)
(\ NHAr 79 /@\)J\NHAr 77
2 CF, t-Bu CF3
o) o]
- 2-Me 84
Mell Y NHAr 3-Me 94 NHAr 55
L s 4-Me 53
5 CF3 MGOZC CF3
o) o]
2
3 NHAr 3-OMe 89 NHA b
MeO—:CE‘\ 4-OMe 56 ' 32
N7 R, F4C# CF3
O Me O
2
i Ny NHAr g g? /@fj\NHAr 71
| 6 -
=
'™ TCFs Me CF3
(0] Me O
L A 2-Cl 41
ol ST TNHAr 3-Cl 81 NHAr 72
L e 4-Cl 40
27 CFs MeO CF;
o] o)
B
CFs CF4
o)
Ph
| Xy “NHAr 67
ZCF,

aYields for isolated compounds. P2 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].

H
1(\ N R
R_I\;[H\[O]/

Product
H
CLy
O
CF3
‘N
3 \1
Me-+ s \([)‘/
TR
‘N
3 \1
PhL PN j)(
N7 CF;
§
X : :CF(_«,)
X §
TS
H

2
+

Beilstein J. Org. Chem. 2013, 9, 2476-2536.

Pd(OAc), (10 mol %)

Cu(OAc), (2.2 equiv) H R2
PivOH (5 equiv) N \n/
® Ry
oS DCE, 110 °C, 24 h ZNCEY
1
BF: CF,
(1.5 equiv)
Yield (%)? Product Yield (%)?
N
69 \f( R3=Me 64
R3O\[ CF<3) R3 = Et 83
o]
N
2-Me 51 X Y
3-Me 47 on A A& 72
4-Me 63 CF;
o}
N
3-Ph 66 701/ 41
4-Ph 46 S
o}
F 71 N
cl 72 o)
i LY .
I 48 (0] CF3
F 52 lll
cl 53 @ i 0
Br 63 o]
CF;
N t-B
-bu
.ol :
o)
CF;
N_ _Ph
Trace (i[ \ﬂ/ 42
A e
77

aYields for isolated compounds. P2 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 CO; to yield
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pETTy

HOAc O\/O

Ly TO O

Pd(OAc),

Y

CF3

_O\ ICI:3L
HN PdZ
| “OAc
OAc

S

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)

CFs;

4

CeF13

v

~

C1oF21

¥

MeO C1oF21

oF

MeO
(>20:1)

C1oF21

o

MeO OMe

(17:1:2)

MeO C10F21

OMe

5

Temp., Time

100 °C, 15 h

80°C,15h

80°C,15h

80°C,15h

100 °C, 15h

100 °C, 15h

Pd,dbaz (5 mol %)
BINAP (20 mol %)
Cs,CO3 (2 equiv)

+ Rf_l

NMR (and isolated)

yields (%)

262

812

79 (60)

79 (76)

99 (69)

84 (59)

temperature, time

Product
(isomer ratio)

MGD/C10F21
Me'
(>20:1)

J@ECWF%

(2.2:1:0)

\C[Cw':m

)

CII:'/C1OF21
Cl

(>20:1)
C1oF21

.0:1

-

s ()
® =

C1oF21

/
L7
=

(>20:1)

Temp., Time

100 °C, 15 h

60 °C, 24 h

60 °C, 24 h

100 °C, 15 h

100 °C, 15 h

40°C,15h

76 (54)

77 (55)

52 (52)

39 (27)

76 (34)

99 (70)

NMR (and isolated)
yields (%)

2488



Beilstein J. Org. Chem. 2013, 9, 2476-2536.

Table 8: Sanford’s Pd-catalyzed perfluoroalkylation at a C—H position of (hetero)arenes in the absence of directing groups [70]. (continued)

iPrO QiPr

80°C, 15h 80(69)
(11:1:1)
aGC yield (%).
_ R
\ I\/ (PaLrIS
[L,PdO] Ar—H
R
Ar—Ry ["PdL, 1<,

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 sp>-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
TMSCFj3. A screening of reaction conditions showed that
cesium fluoride proved the best base. PhI(OAc), 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

Table 9: Pd-catalyzed electrochemical perfluoroalkylation of 2-phenylpyridine [71].

Z

< H(CF2)eBr
N or

Pd(Il) catalyst (10 mol %)

CeF13CO2H

H (2 equiv)

Perfluoroalkyl source
Pd(OAc),

NS
H(CFz)GBI' N

CgF13CO2H

acetonitrile, —ne®

N\
A R,

Pdz(0-CeH4Py)2(OAC),

Pd(ll) catalyst

Yield (%) Yield (%)

NS
10 N 30

7

CeF13
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Table 10: Pd-catalyzed trifluoromethylation of sp2-C—H bonds of indoles employing TMSCF3 [72].

Pd(OAc), (10 mol %), ligand (15 mol %)

R2 PhI(OAc); (2 equiv) R2
AN CsF (4 equiv), TEMPO (0.5 equiv CF
R _:/ \x . TMSCF, (4 equiv) (0.5 equiv) R _:(?L\/\/) 3
Z N (4equiv)  CH4CN, rt Z~N
R R!
o) o]
T X
N N
ligand
Product Yield (%)@ Product Yield (%)?
Me 83
Me Et 72 c
En 02 R ’ owe 56
SN n-Bu 63 N\
| CF; Ph 50 CF; Cl 67
Z N SEMP 57 N Br 70
R Ts <5 Me E 51
H 0
R Cy 75 Cy
x C-Cng 71
N\ iPr 61 N _cF
E/ N (CHy),0Me 70 N e 60
\ CHZCHEzC 66 N
Me EC 33 Me Me
CFs CF3
N\ M 65 Br N\
e
R Ph 66 39
N N
Me Me

3lsolated yields. PSEM = TMS(CH,),0CH,. °E = CO,Me.

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 TMSCFj; 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 TESCFj3 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, c-bond metathesis
between Ar—I and CF3—Cu yields trifluoromethylated arenes
with regeneration of Cul. 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
o-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].

Beilstein J. Org. Chem. 2013, 9, 2476-2536.

Cul (10 mol %)
1,10-phenanthroline (10 mol %)

o KF (2 equiv) X CF3;
R + TESCF; R
= (2 equiv) NMP/DMF, 60 °C, 24 h A
Compound Yield (%)@ Compound Yield (%)@ Compound Yield (%)@
CF3 O,N CF; xCF3
90 \©/ 90 | 80
O,N NG NF
CF; CF; CF;
oot S ST & S
EtO,C Cl n-Bu
B o 69 N 99 /@\ 63
_ P Me~"g~ ~CFj

Cl N

aNMR yield calculated by '°F NMR by using 2,2,2-trifluoroethanol as an internal standard.

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. Goof3en 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).

N N N
TMSCF; ——— > ( Ag-CFs
AgF N

Agl

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]. AgrO was chosen as an additive to promote the decar-

N\

< Cu-l
N
N\

< Cu-CF3

N

Ar-CF3

Ar-l

Figure 4: Postulated reaction pathway for the Ag/Cu-catalyzed trifluoromethylation of aryl iodides by Z. Q. Weng et al. [73].
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Table 12: Cooperative effect of silver for the copper-catalyzed trifluoromethylation of aryl iodides [73].

Cul (10 mol %)
DMEDA (20 mol %)

(\ | NaOt-Bu (20 mol %), AgF (1.33 equiv) X CF3
A (2equiv)  NMP,90°C,6h -
Compound Yield (%) Compound Yield (%) Compound Yield (%)
CFs CFs ~CFs
750 /©/ 89 P 98°
NC O,N
CFS CF3 CF3
IS o A & G
FsC Me Me
CFs CFs CF3
OMe a7 @[ 66 @: 61
OMe CF3
CF3
76°
aNMR yield calculated by '9F NMR by using hexafluorobenzene as an internal standard. Plsolated yield.
Table 13: Cu-catalyzed trifluoromethylation of (hetero)aryl iodides with (trifluoromethyl)trimethoxyborate [74].
OMe K®
B(OMe); KF rey
TMSCF3 F3;C-B=OMe
THF, rt, 24-48 h OMe
A
Cul (20 mol %)
! 1,10-phenanthroline (20 mol %) xCF3
R + A Ry
F (3 equiv) DMSO, 60 °C, 16 h F
Compound Yield (%) Compound Yield (%) Compound Yield (%)

\

CF3 CF3 CF3
o o ST & G
MeO OMe
xCF3 Me CF; CF;
| 74 \©/ 92 70
Me
t - C
\ 3
Sy G o
=
Me
CF
o o (e
81 95 76
Pz
O2N NC F CN
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Table 13: Cu-catalyzed trifluoromethylation of (hetero)aryl iodides with (trifluoromethyl)trimethoxyborate [74]. (continued)

CF3 CF3 CF3
A e C
Br Cl F
X CFs S CF3 CF3
BN 82 g 85 84
Br = MeO,C
CF CF
AN CF3 3 3
(;[ 96 Et,N 95 AC\N 96
CO,Me I

Me
CF; CFs
O/ 52 0 84
Me,N </
2 o)
Table 14: Cu-catalyzed trifluoromethylation of (hetero)aryl iodides with O-silylated hemiaminal of fluoral [76].
1) HN (6]
n_/ OTMS
OH 4 AMS, THF, it
FsC° °N
FsC~ "OEt  2)Im-TMS 3 K/O
THF, rt B (90%)
| Cul (10 mol %)
X 1,10-phenanthroline (10 mol %) /\ CF3
R + B R
Z (2equiv)  csF, diglyme, 80 °C, 24 h A
Compound Yield (%)@ Compound Yield (%)@ Compound Yield (%)@

X CFs O,N CF3 CF;
| P 77 \©/ 90 47
O,N NO,
CFS EtOQC CF3 Cl CF3
/©/ 93 \©/ 60 :©/ 97
NC cl
CF, CF3 CFs
IS ST > s T & Sl
Br Ph n-Bu

CF3 CFs O
57 44 CF3 97
: C

CF3 S CF
95 MeU 3 75

aNMR yield calculated by 19F NMR by using trifluoromethoxybenzene as an internal standard.

e

boxylation, and to accelerate the reductive elimination step by  nation of methyl trifluoroacetate (MTFA) and cesium fluoride
precipitation of Agl. To circumvent the use of moisture-sensi- to generate the trifluoroacetate anion which decarboxylated

tive sodium trifluoroacetate, M. Beller et al. employed a combi-  under the reaction conditions (Figure 5). In most cases, the
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o)
-COy ®_ . O Cul
FsCJ\O@ €~ > CsCRs Ar-CFy
<}
MeF ' |
o Cu-CF4 Ar—Ci
Jk or Cs[CF;Cul] CF5
FaC” N0~ +CsF M
Ar-l

Figure 5: Postulated reaction mechanism for Cu-catalyzed trifluoromethylation reaction using MTFA as trifluoromethylating agent [81].

system does not necessitate the use of amine ligands excepted ~ 3.2.2 Trifluoromethylation of Csp?>—H bonds by means of an
when aryl bromides are used instead of aryl iodides [81]. Aryl electrophilic CF3-source. In this section, the studies that are
and heteroaryl products were formed in good to excellent yields  highlighted are distinguished by the nature of the substrates that
with a good functional group tolerance (Table 15). are submitted to trifluoromethylation; indeed, all of them used

Table 15: Cu-catalyzed trifluoromethylation of (hetero)aryl iodides and aryl bromides with methy! trifluoroacetate [81].

Cul (20 mol %)
X CsF (1.2 equiv) - CF3
R +  MTFA R@/
% (4 equiv)  DMF, 160 °C, 16 h =
Compound X= Yield (%)? Compound X
CF; [ 84 CFs | 93
j@/ Br 60b-c )©/ Br 61bd
O/CFs ' 84 CFs | 88
B g5b.d ©/ 47
MeO r NC
CF; CF;
©i Br 620 /©/ 78
OM MeO,C

M902C AN CF3 CF3
Z FsC

CF O
Br
N._CF3 CF4
N
| Br 50° OO Br 95¢
Z MeO

aNMR yield calculated by GC using tetradecane as an internal standard, ®20 mol % of 1,10-phenanthroline were added, °CsF replaced by CsTFA,
dCsF replaced by CsCl.

Yield (%)2
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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(Il) 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).

Beilstein J. Org. Chem. 2013, 9, 2476-2536.

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-

Table 16: Sodeoka’s trifluoromethylation of indoles with Togni’s hypervalent iodine reagent [82].

R2 CF3 2
3 / R
R N Cu(OAc), (10 mol %)  R3
> 0 N—cF
N MeOH, rt N 8
R1 (0] h1
(1.2 equiv)
Product Isolated yield (%) Yield based on recovered starting
(Time) material (%)
R
S\ Me 79 (6 h) 95
| PN CF3 CO,Me 28 (24 h) 58
H
Me
Ry OMe 72 (18 h) 88
| PN CF3 Br 74 (24 h) 90
H
N CO,Me 72 (24 h) 79
A\ NHBoc 68 (24 h) 76
| CF3
S ~N NHAc 79 (24 h) 93
H
NHBoc
N COzMe 48 (24 h) 86
CF3
N
H
Me
Me 90 (6 h) 95
| N CF Bn 67 (18) 85
AN 3 Ac 5 (24) 16
L Boc 39 (24) 60
TN
| CF3 Me 58 (6 h)? 622
Z N Bn 58 (6 h) 76
R

@Reaction carried out at 50 °C.
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[(MeCN),Cu]PFg (10 mol %)

©/\ @[%\o p-TsOH (1 equiv) /@/\VCFS
+
MeO DCM, 40 °C, 1 h MeO

© 90%
(1.2 equiv) °
N same conditions ) - CF3

AcN I AcN

73%
|
via
(0] (6]
CF4

(Het)Ar

Scheme 6: Formal Heck-type trifluoromethylation of vinyl(het)arenes by M. Sodeoka et al. [83].

tionalization of pivanilides [84]. The latter methodology is  yields. Various N-aryl and N-hetarylpivalamides were success-
simpler and more atom-economical since it does not require  fully converted under a nitrogen atmosphere, with introduction
additives such as PivOH or stoichiometric metal salts as  of the CF3 group predominantly ortho to the amide function
oxidants. However, it necessitates higher catalyst loadings (Table 17). Unlike the Pd-catalyzed reaction, this copper-
(20 mol % CuCl vs 10 mol % Pd(OAc),) to ensure acceptable catalyzed variant leads to a mixture of ortho-, meta- and para-

Table 17: Cu-catalyzed C—H functionalization of pivanilides [84].

H CF3 H
N . CuCl (20 mol %) =
(Heﬂ I . ():(o (HebAr |
XX
H o)

t-BuOH, 24 h Yy ©
CF;
(2 equiv)
Product Temp. (°C)  Conversion (%) Isolated yield (%) (NMR yield (%))
H 30 93 65 (67)
Me 60 85 69 (70)
NHPiv iPr 90 65 55 (60)
OMe 60 77 63 (67)
F 90 46 42 (46)
R CF3 cl 90 45 32 (42)
Br 90 55 49 (53)
CO,Et2 120 40 30 (35)

MeO NHPiv
Hb 45 70P 40 (48)°
cl 100 67 40 (55)
R CFs
NHPiv
ﬁ 80 71 48 (57)
CF3
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Table 17: Cu-catalyzed C—H functionalization of pivanilides [84]. (continued)

CF,
OO NHPiv 60 60 54 (58)
_~_NHPiv
| 100 51 ()
N~ >CFs
NHPiv
@ 100 86 ()
I\
Fac/Q\NHPiv 100 52 ()

aReaction time: 36 h. PThe isomer bearing CF3 para to the amide group was also produced in 16% isolated yield.

O NHPiv
[ﬁo CFs

I’ |

\ =

CF3
CU”
cu'cl

O Cl cu'cl t-Bu NH
,Cu”' CF3
O '\

CF, H

\F C.IF3 J1‘-\Bu
X Cl
HN™ ~O- v
o Cu''CICF; =cu"

OCU” ?\_' CF3
NHPiv

0

o,

O|Cu(MeOH)| + cCu''Cl,

I /2 2

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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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 CFj 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

Beilstein J. Org. Chem. 2013, 9, 2476-2536.

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 '°F NMR
yield was determined for the formation of the TEMPO-CF3
adduct, giving evidence for a radical mechanism (Figure 7).

Very recently, K. J. Szab6 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

Table 18: Baudoin’s Cu-catalyzed trifluoromethylation of N,N-disubstituted (het)arylhydrazones [85].

_NR'R2 CF3 _NR'R2
N Iy CuCl (10 mol %) N
A * 0 |
(Het)Ar™ "H CHCI3, 20 °C, 1 h (Het)Ar™ "CF3
(0]
(1.2 equiv)
Product Yield (%)@ Product Yield (%)2
_NR'R? NMe, 96
N NBn, 61 B NMe:
' NPh, 30 I 82
CF3 NHMe b CF;
1-piperidinyl 88
O2N 4-morpholinyl 86
_NMe ~NMe
NT CN 99 N
! F 56° !
CF3 OH 650 CF3 85
NMe, 56
R Cl
O
,NMe2
N N
N| \) 73 O | 85
CF
CF3 <ﬁ 3
O
t-Bu
_NM NM
Nl (5] Nl (5]
MeO,C
e0, CF, 82 N e 74
N~
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Table 18: Baudoin’s Cu-catalyzed trifluoromethylation of N,N-disubstituted (het)arylhydrazones [85]. (continued)

_NM
N2

NO, I
MeO | x CFs
=

Nl,NMEZ
MeO
© CFs
MeO
OMe
NM
N
CF;
F3C

|
N
MezN

_NM
v
90 75
=
_NM
o
80 o) 60°
CF
O5N \ I 3
68d

aYields for isolated compounds. PComplex crude mixture. Volatile compound (78% NMR yield). 9Cul was used as catalyst in DCM. €18 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.

O
OH

' 0

@fo

I/

I

Cu'Cl \g \CF3
o}

ocu''cl ocu''Cl
[ I>-CFs
>—< V
.N,NMe2 N,NMe2

|
R/ii\ca R*H

Figure 7: Proposed catalytic cycle for the copper-catalyzed trifluoro-
methylation of N,N-disubstituted (hetero)arylhydrazones by D. Bouyssi,
0. 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(l) iodide in a 1:1 ~-BuOH/DCM solvent system at
55 °C with 2 equivalents of Togni’s reagent [87]. On the other
hand, K. J Szabo et al. had to use stoichiometric amounts of
copper(l) 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-CF; 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 Csp’—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(l) 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(Il) triflate (Table 19). The supposed
mechanism implies single electron transfers where ~-BuOOH
and Cu(OTY), serve as oxidants (Figure 9).
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0 0
R2 . R2 © R? L© 2 R2
R'%+ | R4 CF, —>» R4 CF, —» R |
H H \V CFs
o} o] o}
[Cu” or III]O
I o]
CF4
Cul orll
FaC—-Onz0
[Cullorlll]o 6
FaC—I° 0
V)

Figure 8: Proposed catalytic cycle by Y. Zhang and J. Wang et al. for the copper-catalyzed trifluoromethylation of quinones [87].

Interestingly, Langlois’s reagent was also used recently by P. S.  copper(II) sulfate (10 mol %) led to improved yields, trifluoro-
Baran et al. for the generation of the CF3" radical and trifluoro- methylation was found to proceed in the absence of added
methylation of heteroaromatic compounds [89]. Although metallic catalysts, and it is believed that traces only of metals

Table 19: Cu-catalyzed trifluoromethylation with Langlois’s sodium trifluoromethanesulfinate as CF3 radical source [88].

R? R?
r2fl rReT ) op,
O Cu(OSO,CF3), (10 mol %) LA
o . CF3SOz_Na t-BuOOH (7 equiv) or
U (4equiv)  GHLON/H,0, 20 °C @
N N CF3
Ac Ac
Product CH3CN/HyO ratio  Isolated Yield (%) Product ratio
OH
X 1:0 45 o/mlp =4:1:6
| 7 CFs
OH
CF3
1:0 21
COZME
NH,
X 1:2 13 n.p. (2 isomers)
| /_CFa
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Table 19: Cu-catalyzed trifluoromethylation with Langlois’s sodium trifluoromethanesulfinate as CF3 radical source [88]. (continued)

NHAc
1:2
| 5CFs
NH»
Cl X Cl 10
| CFs
OMe
1
6 AN 2
) 1:0
( FsC n : 3
™7 “OMe
0
N CF3 n.p.
Ac

@Reaction carried out under Ny. n.p. = not precized by the authors.

present in the CF3 source are sufficient to initiate the reaction
(Scheme 7).

Finally, F. Minisci et al. showed that catalytic amounts of
Cu(Il) 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].

t-BuG

+
{-BuOOH HO®

@ .
CF3S0, A—l» CF3S0,

t-Bué +
t-

BuO

o@
OH

52 o/mlp = 4:1:2
29 4-CF3/3-CF3 = 3:1

2-CF3/6-CF3/2,6-(-CF3),/4,6-(-CF3),

a
90 Z23:58:4:2.5

35

3.2.4 Trifluoromethylation of Csp>—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
sp>-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(Il), a base and an oxidant. The
reaction conditions had to be slightly customized for each class

(j/ H
1
/

CF3
] 7. H

RL .,
[CUG)] R_f\@

SO,
L.

[Cu2®
N\

-

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].
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A A
¢ CuSO, (10 mol %) ¢
| X +  NaSO,CFs t-BuOOH (5 equiv) f\ oF
. o 3
N (3 equiv) DCM/H,0 (2.5:1), stirring (600 RPM)* N

with CuSOy: 88% GC yield
without CuSO4: 73% GC yield

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].

Cu(OAc), (10 mol %)

1 (PhCO,), (1 equiv) C4Fg
| +  FgCy—l - >

Pz AcOH, 115°C, 4 h
(5 equiv) 84% vyield

(based on C4Fgl)

Proposed mechanism

Phl

FgC4_|

P + CO, + PhCO.

(PhCOy3),

cu®] '@,

Scheme 8: Catalytic copper-facilitated perfluorobutylation of benzene with C4Fgl and benzoyl peroxide [90].

of substrates. The methodology was first developed for
2-substituted 1,3,4-oxadiazoles (Cu(OAc),/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(Il) salt, the base and the oxidant had to be reassessed
for the reaction of indoles (Cu(OH),/1,10-phenanthroline/KF/
AgyrCOs3). 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(Ill) 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].

Cu(OAc); (40 mol %)

-N 1,10-phenanthroline (40 mol %) N"\{>\
N t-BuONa (1.1 equiv), NaOAc (3 equiv | CF
PN o>‘H . TMSCF, (1.1 equiv) (3 equiv) 3 ~ Ao 5
R—.\/ (4equiv) 4 AMS, air, DCE, 80 °C, 6 h >
Product Isolated Yield (%)
H 89
NN Me 83
N t-Bu 91
’ O>‘CF3 OMe 87
CF5 72
R NO, 43
CO,Me 81
Cl 83
N-N
| \
O o>~CF3 85

Table 21: Extension of Qing’s Cu-catalyzed trifluoromethylation to benzo[d]oxazoles, benzo[d]imidazoles, benzol[d]thiazoles, imidazoles and polyfluo-

robenzenes [91].

Cu(OAc); (40 mol %)

L2~y -N ) oo N
¢ 1,10-phenanthroline (40 mol %) P
- \ \
R ,lLY>_H (-BuO), (3 equiv) R ,1\\Y>_CF3
. t-BuONa (1.1 equiv), NaOAc (3 equiv) e
or + TMSCF3 A . or
E F (4 equiv) 4AMS,DCE,80°C,6h . .
R H R CFs
F F F F
Product Yield (%)@ Product Yield (%)@
e} Me 72 . /—\
>—CFs Ph 88 (95Y) NYN agb
N Br 58 NC
R o 75 CF3
R N-N
N' w e o g o
— b e
©: )—CFs (CH2)2CH=CH, 32 CF,s 6o
N R
FF
S b F 93¢
@[N% CFs 4 R CFs 4-MeO-CeH; 63
F F

a|solated yields, unless otherwise noted. PSome starting material was also recovered. ¢ '9F NMR yield using an internal standard.
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MegsiCF3
Ar—CF3
L,Cu' + base
Ar—C\u”'Ln

CF3 F;C-Cu'L,

e
ant Ar—C\u'L,, Ar—H

oxidan CF; + base

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 CuCF; followed by transmetallation
with the arylboronic acid. The diamine stabilizes the CuCFj3
species. This facilitates the oxidation to Cu(Il) or Cu(IIl)

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].

Beilstein J. Org. Chem. 2013, 9, 2476-2536.

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 TESCF;3 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 CF; 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(Il) under photoexcitation. Both products then combine to
afford a Cu(III)CF3 species, which undergoes transmetallation

with the arylboronic acid. Finally, reductive elimination from

Table 22: Cu-catalyzed cross-coupling of (hetero)aryl- and alkenylboronic acids with TMSCF3 under oxidative conditions [92].

(CuOTf),"CeHe (10 mol %)
1,10-phenanthroline (20 mol %)
Ag,CO3 (1 equiv)

(Het)Ar—CF3

KF, K3POy4, DMF, 45-70 °C

(Het)Ar—B(OH), + TMSCF3
Compound Yield (%)
CF3
o :
Br
O.N CF3
j@( 74
X CF3
o) | Z 78

-

CF3
> :
P

o

Compound Yield (%)
CF3
90 g
MeO
N—cF, 65
S

49

/

N

Boc
S S
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Table 23: Cu-catalyzed trifluoromethylation of aryl, heteroaryl, and vinyl boronic acids with Umemoto's trifluoromethyl dibenzosulfonium salt [93].

~B(OH),
o

Compound Yield (%)
\ CF;
| P 70
Ph

HO CF;
1S S
MeOOC CF3
o .

~CF3
| 70
N
0
HQNJ\©/CF3 40
mca 64
S
.
0

Cu(OAc); (20 mol %)
O 2,4,6-Me3-Py (2 equiv)

Q

S
DMAC,0°Corrt, 16 h
TIO CF, e
Compound Yield (%)

MeO CF;
oT e
MeO
Cr
OH
CF;
oo
EtOOC
J@/CFS
cl
CF;
59
A\
CF;
- "
Boc
o CF3
| 46
Ph N

-

30

78

N CF3
R
=
Compound Yield (%)

(0)
S
O

P CF, 50

N CF3
| 65
¥
OMe
CF3
OMe
F3

Bn
C
0]

57

62

CF;

FsC | N
AN 51

H

Table 24: Cu-catalyzed trifluoromethylation of aryl- and alkenylboronic acids employing Togni's hypervalent iodine reagent [94].

_~_-B(OH), FoCol—0 K,COs (2 equiv)
R@ + diglyme, 35 °C, 14 h
Compound Yield (%) Compound Yield (%)

CF3
"

Cul (5 mol %)

1,10-phenanthroline (10 mol %)

x CF;
53
/
N

= CF3
R |
X
Compound Yield (%)
x CF3
| P 90
Ph
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Table 24: Cu-catalyzed trifluoromethylation of aryl- and alkenylboronic acids employing Togni's hypervalent iodine reagent [94]. (continued)

CF
CF, Q/ 3 | ~CF3
o 85 <) 9
Ph Me0,C~ 7
F
CF; CF, CF;
U AEETNN G oINS o sl
(0] MeO t-Bu
CF,
o} CF4
P D\ 70 o©/ 85 o 50
N CF; ©/\
H
~CFs ~CF3 ~CF3
75 55 70
Ph MeO cl
N
N CF; 76 mCFg 73 mCFs 80
o S N

Boc

Table 25: Cu-catalyzed trifluoromethylation of organotrifluoroborates with Togni's hypervalent iodine reagent [95].

FsC—1—0 Cu(TFA), (30 mol %)

2 BF:K bipy (30 mol %) Wty CFs
R— N -
X 4 AMS, CH,CN, 1t, 12 h X
Compound Yield (%) Compound Yield (%) Compound Yield (%)

~CFs CF3 CF;
| 95 91 60
Ph t-Bu MeO
CF; CFs CF;
IS A & SR & S
BnO n-Bu PhO
CF3 CF3 CF3
SO ¢TI & S
cl OHC

CF3 CF3 Ph__~-CFs
o 42 /©/ 72 | 82
EtOOC Z
MeO CF; MeOOC CF3
D/ 65 \©/ 81 CFa 65
MeO

CF, CF3
oD 2 Lo
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Table 25: Cu-catalyzed trifluoromethylation of organotrifluoroborates with Togni's hypervalent iodine reagent [95]. (continued)

CF3
.
MeO

Ri + 19 Re
Ru(bpy)s2® Ru(bpy)s” .
R¢
L CUX2
visible
light
[Ru(bpy)s®®1*
CuX XQCU—'Rf
Aryl—B(OH),
Aryl—R¢ Ry
XCu\
Aryl
B(OH)(X)

Figure 11: Mechanism of the Cu-catalyzed/Ru-photocatalyzed trifluoromethylation and perfluoroalkylation of arylboronic acids [96].

Cu(IlT)(aryl)(CF3) affords the desired aryl-CF3 product ated CF3-radicals using NaSO,CF3 (Table 27 and Table 28)
(Figure 11 and Table 26). [97]. The CF;3 radical is generated from the reaction of TBHP

(--BuOOH) with NaSO,CFj3. Transmetallation of the aryl-
M. Beller et al. investigated the copper-catalyzed trifluoro-  boronic acid with the Cu(Il) species gives an aryl copper(1l)

methylation of aryl and vinyl boronic acids with in situ gener- complex. Combination of the CF3 radical with this complex

Table 26: Sanford’s Cu-catalyzed/Ru-photocatalyzed trifluoromethylation and perfluoroalkylation of (hetero)arylboronic acids [96].

CuOAc (20 mol %)
Ru(bpy)3Cly® 6H20 (1 mol %)
KoCO3 (1 equiv)

(Het)Ar—B(OH), + CFa-l _ (Het)Ar—CF3
26 W light bulb, DMF, 60 °C, 12 h

Compound Yield (%) Compound Yield (%) Compound Yield (%)

xCF3 CF3 CF3
| 70 ©/ 70 O 84
Ph Z MeO
CF; CF, ~CF3
/O/ 72 J@/ 64 | 65
t-Bu FsC NG~ NF

CF;

CF3 CF3
©/ 64 ©/ 93 42
| F
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Table 26: Sanford’s Cu-catalyzed/Ru-photocatalyzed trifluoromethylation and perfluoroalkylation of (hetero)arylboronic acids [96]. (continued)

CF4 CF3
F
CFs 39 0 64 o) 63
H
o CFs CF3 CF3
X . IO O
N MeOOC HO
AN CF3 R CF3 AN CF3
| 64 | P 66 | B 67
N# MeO” N N
| H—cFs 48 mca 56 | H—cF, 54
(¢} 0 S
80
Table 27: Cu-catalyzed trifluoromethylation of (hetero)arylboronic acids [97].
Cu(OAc); (20 mol %)
imidazole (24 mol %)
TBHP (16.1 equiv), 2,4,6-collidine (2 equiv)
B(OH NH,4CI (2.5 equi CF
o | ( )2+ CFASO,Na 4Cl (2.5 equiv) o ” | 3
X (7 equiv)  CH,Cl,, H,0, , air, 6 h X
Compound Yield (%) Compound Yield (%) Compound Yield (%)
CF3 CF3 o) CF3
G O SRS O AR
MeO o
CF3 CF3 CF3
(oo & SR & S
BnO TBSO MeS
CFs e CF O ]
/©/ 39 3 68 CF4 53
MesoN
MeO
CF
3 CF3 AN CF3
60 OO 57 | 58
PR N7
CF3 CF; N CF;
58 41 | 39
| Br o
MeO N\
N—cF, 63 P CF3 34
le} N
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Table 28: Cu-catalyzed trifluoromethylation of vinylboronic acids [97].

Beilstein J. Org. Chem. 2013, 9, 2476-2536.

Cu(OAc); (20 mol %)

imidazole (24 mol %)

TBHP (16.1 equiv), 2,4,6-collidine (2 equiv)
NH4CI (2.5 equiv)

/\/B(OH)Z + CF3SO?Na /\/CFa
Ar (7equiv)  CH,Cl,, H,0, rt, air, 6 h AT S
Compound Yield (%) Compound Yield (%) Compound Yield (%)
CF3 CF CF
rX 3 3
/@/\rr 60 /@/\,f 65 m 67
MeO
N CF3 XN CF3 N CF3
56 70 | 70
Ph cl NS
N CF3
66
F3C
trace metal . CF380° . o
tBUOOH ———————» t-BuO —» [ CF3 *+ SO, + t-BuO
_________ oM ..
K culL, ArB(OH),
L]
CF3
R. B(OH)ZLn
Path A
L,—Cu"-CF;
Cu'L, L7—Cu'-Ar
ArB(OH) Path B
Il 2\
ArCF B(OH),L o
3 ( )2 n CF3
Y
Ar
/
Ln—CuSI
CF3

Figure 12: Proposed mechanism for the Cu-catalyzed trifluoromethylation of aryl- and vinyl boronic acids with NaSO,CF3 [97].

affords the arylcopper(IlI)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(Ill) 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 a,p-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 a,B-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

CFj3 and reacted with 4 equivalents of the (£)-vinylcarboxylic

2509



acid in the presence of a Lewis acid catalyst (CuF,-2H,0).
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—CFj3 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

Beilstein J. Org. Chem. 2013, 9, 2476-2536.

reacted with sodium trifluoromethanesulfinate and a catalytic
amount of copper(Il) sulfate in the presence of fert-butyl
hydroperoxide (TBHP) as the radical initiator. The reaction was
achieved with a,B-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
NaSO,CF3 and the catalytic source of Cu(II). The Cu(I)

Table 29: Cu-catalyzed C—CF3 bond formation on a,B-unsaturated carboxylic acids through decarboxylative fluoroalkylation [61].

F3C—I—0O
R2 CuF»-2H,0 (20 mol %) R2
(6]
xCOOH + CF
R1J\/ H,O/dioxane, 80 °C, 12 h R1J\/ 3
(4 equiv) (1 equiv)
Compound Yield (%) Compound Yield (%) Compound Yield (%)
~_CFs MeO XN CF3
X CF3
| 42 74 MeO 66
F Pz MeO e
OMe OMe
OMe
XN CF3 XN CF; N CF3
60 70 60
MeO Me,N
OMe
S CF3 o] NS CF3
O~ CFs 62 Ph—=—"] N 52 ] 44
\ |
SN CFs 60 S, N0 52
Br \ | \
Table 30: Cu-catalyzed decarboxylative trifluoromethylation of a,-unsaturated carboxylic acids with sodium trifluoromethanesulfinate [62].
CuS04-5H,0 (10 mol %)
TBHP (5 equiv)
R1™XCOOH + NaSO,CF; R CF3
CH,ClI,/H50, 50 °C, 5-36 h
Compound Yield (%) Compound Yield (%) Compound Yield (%)
N X O N X O s
P 80 » 78 59
MeO HO HoN
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Table 30: Cu-catalyzed decarboxylative trifluoromethylation of a,B-unsaturated carboxylic acids with sodium trifluoromethanesulfinate [62].

(continued)

N CF3 AN CF3 X CF3
79 60 56
Me,N EtO
MeO CF; HO CF; ~CF3
\©/\/ 52 \©/\/ 64 @(W o5
OMe
MeO N CF3 X N CF; N CF3
82 | 48 68
HO = COOH
0 ~CFs HO ~CFs MeO ~CFs
< 72 78 80
(0] HO MeO OMe
\
S CF3 O, N N ~CFs
C 42 46 qy 42
CF;

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 Csp?~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)Cl,(PPhj3)s

[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

R1™\COOH

CF3SO;Na

Cu” cat.
TBHP

(0]
1
Tyf@&*}}%
2

.
CF3

CF3 |
/\Hj\ Cu

R1’\/CF3 +CO,

Figure 13: Possible mechanism for the Cu-catalyzed decarboxylative trifluoromethylation of cinnamic acids [62].
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RuCl,(PPh3), (1 mol %) Cl
S —S0,ClI Ry e R¢
R 2 benzene, 120 °C, 16 h R * RTN
(> 1 equiv)
H
A R
R_I N f
3] NS
(> 1 equiv)
RUC'Q(PPh3)2 (1 mol %)
+ —S0,CI
or 2 pentane, 120 °C, 24 h or
T R
[ 5" [5R
P
X
>1 equw)
X=NR', 0O, S

Scheme 9: Ruthenium-catalyzed perfluoroalkylation of alkenes and (hetero)arenes with perfluoroalkylsulfonyl chlorides (N. Kamigata et al.) (Rf = CF3,

CgF43) [101].

in the case of thiophenes, where 2-perfluoroalkylated products
were obtained, as long as at least one of the positions a to sulfur
was unsubstituted; otherwise B-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

R¢

HCl + R~

,(" --[Ru"-Cl

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

R{SO.CI
[Ru'
[RSO,CII*© + [RuM®
i
RSO, *---[Ru']-Cl
«
Ry - -[RuM"-Cl S0,

Figure 14: N. Kamigata et al.’s proposed mechanism for the Ru-catalyzed perfluoroalkylation of alkenes and (hetero)arenes with perfluoroalkylsul-

fonyl chlorides [100].

2512



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-R¢-

Beilstein J. Org. Chem. 2013, 9, 2476-2536.

pyrrole: 88% yield for D. W. C. MacMillan et al. (CF3) vs 0%
for N. Kamigata et al. (C¢F3); 2-Re-N-Me-pyrrole: 94% yield
(CF3) vs 18% (Cg¢F13)). A wide range of substrates was func-
tionalized (Table 31). Interestingly, the late-stage trifluoro-
methylation of pharmaceutically relevant molecules was also

Table 31: Ru-catalyzed photoredox trifluoromethylation of (hetero)arenes with trifluoromethanesulfonyl chloride [105].

RuCly(phen)s (1-2 mol %)

(Het)Ar—CF3

26 W light source

K2HPO4, MeCN, rt

(Het)Ar—H +  CF3S0,ClI
(1-4 equiv)
Product? Yield (%)°
(isomer ratio)
ﬂ\ R'R2=H 88
R2 CF, R',R? = Me,H 94
N R1,R2 = Boc,H 78
R? R',RZ = H,CF3 91
Mez’ \ 5-Me 82
S CF3 3-Me 76 (311)(:
Me
N\ CFs 84
o}
2
R R',R2,R3 = Me,H,Me 73
X CF3 R',R?,R3 = Meg 81
,N%, = H,HA, e :
R'R2R3 = H H,0OM 78 (3:1)f
RN Rs R'RZR3 = H,Me,OMe 78
R2
CF R'R2R3 = iPr,Me,OH 85
N 3 R1,1Rz,2RS§SMe,Me,H 72
I R'RZR3 = (OMe 86
R1J\N/ R3 ( )3
lYIe
O-_N | CF4 87
NS
0
CF
Me (0] Me
R H 74
CF NHBoc 80 (3:1)9
3
OMe 84 (2:1)9
SMe 73 (2:1)8

Yield (%)°
a
Product (isomer ratio)
R
H 87
I\ M 80
Melz>\CF3 ¢
Me
N
e 7
) CF3
4 R =H; 2-CF3 72 (4:1)8
N R = Ac; 3-CF3 81 (3:1)°
R
1 R',R2,R3 = H,H,OM 82
R _N._ _CFs A ,1,0Vie
| N R'R2R3 = Me,H,Me 78
P R1,RZR3 = H,Me,Me 94
R?" °N” "R® RT,R2R3 = H,CI,CI 70
0
CF
HN : 74
N
N
Me
CF
0”07 "Me
Me 1 R2
R CF R',RZ=H,Me 70
3 R1,R2 = Br,H 75 (4:1)
" i R RZ=H,H 77 (2210
e
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Table 31: Ru-catalyzed photoredox trifluoromethylation of (hetero)arenes with trifluoromethanesulfonyl chloride [105]. (continued)

Me

Me CFs 72 (2:1)

74 (2:1)

0 BF3K

MeO]©:CF3
MeO Me

92 (5:1)i
. R'R2 = Me, 77
R CF; R',R2 = (OMe), 85
\@ R!,R2 = TMS,0OMe 76

R2 R!,R2 = Me,OMe 85 (4:1)

R'R2 = t-Bu,Me 78 (5:1)

aThe major isomer is represented. Plsolated yields of the mixtures of isomers, except for volatile compounds ('°F NMR vyields). °Minor isomer: 3-Me-5-
CF3-thiophene. ¥Minor isomer: 3-CF3-indole. eMinor iso_mer: N-acetyl-2-CF3-indole. fMinor isomer: 2-OM<_9-5-CF3-pyridine. 9Minor isomer: para-substi-
tuted product. "Minor isomer: 1,3-Me,-2-CF3-benzene. Minor isomer: 1,2-(OMe),-5-Me-3-CF3-benzene. IMinor isomer: 4,6-disubstituted isomer.

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(Il)/Ru(Ill) cycle,

Figure 17).

CF3S0,Cl

[CF3S0.CII°

SO,
u(phen)s®

Cl

[Ru(phen);2®1*

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(Il)(bpy)3Cl, 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 C,Fy,+17,
C,F2,+1" or C,Fy,417, but of a perfluoralkylmethylene
(Scheme 10).

3.3.2 Ir-catalyzed perfluoroalkylation of Csp?>~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

0

u(phen)s2

(26 W
household light)

CF3
CF3 CF3
PN \ A~ LR 4P ~CFs
R_| R—+ o R \@ , —» R
/ \_/ — /

Figure 15: Proposed mechanism for the Ru-catalyzed photoredox trifluoromethylation of (hetero)arenes with trifluoromethanesulfonyl chloride [105].
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. Q CFs o 0
3 \fJ\N/ MeO CF,
o |
| MeO 0" >Ph
92% 94% 85%
i i NE
ta
H CFs CO,H HN
Me Me
OMe CF3 ZCF,
82% (5:1) 78% (1.4:1) 78% (2:1)

S o Pr OH OH
A~ A A _coH

N
ooH )=
2 ;
74% (1:1:1)

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].

analogues in the photoredox catalytic reactions discussed in A different strategy was simultaneously reported by the groups
section 3.3.1. Although also active, the iridium catalysts showed of J. F. Hartwig and Q. Shen [35,37]. The approach consists of
lower selectivity and are more expensive [105-107]. a one-pot, two-stage reaction, with Ir-catalyzed borylation of an

Table 32: Photoredox Ru-catalyzed trifluoromethylation of terminal and internal alkene C—H bonds with trifluoromethyl iodide [106].

RuCly(phen); (0.1 mol %)
DBU (2 equiv)

R\/\H + CFsl ) R\/\CF3
(2-3 equiv) 14 W light source
CH3CN [0.5 M, rt
Product Yield (%)? Product Yield (%)2
"Crofd Ph
n-Cqq 21\/\CF3 95 MCF3 %
©/CF3
H 80
C(0O)-n-hept 80 .
I Bz 93
RO TR CONMe, 80 | 51
TBDMS 89 ’
Ts 90
CF;
36%
Ry CFs
CF3 H 78 )
o i Me 81 n'C4H9%\/\n-C4H9 80
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Table 32: Photoredox Ru-catalyzed trifluoromethylation of terminal and internal alkene C—H bonds with trifluoromethyl iodide [106]. (continued)

o)
55¢
X i oo™ e
AN -Br-CgHy
R™ N CFs 4-Cl-CgHy 79
H O/\(‘{\O/\/\CF:; gad

a|solated yields, unless otherwise noted. PDiastereomer ratio 1.4:1. © 19F NMR vyield. 9417:1 ratio with the allyl-CF3 isomer.

*
(14w by [Ru(phen);2® ] NR's
household light) "
O@
NR'3
Ru(phen)32® Ru(phen);®
(]
|
CF, CFl . oo
NR'3 | NHR,
R
R~ ﬁ/\CFg, \ /
| Y
R
T\, © ~Cr,
R - R
~OCF, > TcF, )

N
NR'a ﬁHR'3

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].

RuCl,(bpy)s (1 mol %)

... R2

RLZ2, F|<2 TMEDA (2 equiv) Riz=o K
LM . o S A%

o X) (3-4 equiv) 24 W light bulb or blue LEDs Y

MeCN [0.25 M], rt

Product Yield (%)@ Product Yield (%)@

Me
{ Z—j I\
\ 90 Q\CF3 95d
N CF3 Me
H
CF3
I\
m o4 OHC/Q\CFg 71
Me H
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Table 33: Trifluoromethylation of indoles with trifluoromethyl iodide under Ru-based photoredox catalysis [107]. (continued)

CF3
s .
N~ TCO.Et

H
%\ 95 (1.5:1)°
N~ CF3 (1.5)
Me
Br.
m 86 (1.3:1)°
N~ CF3
Me

I\
M902C/Q\CF3 80
H

MeOZC

/A 92
HoN" g~ ~CF3

I\ d
el Der, 0

a|solated yields unless otherwise noted. PAs 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. 9 9F NMR yield.

Ru catalyst (5—10 mol %)

R H xR R R
W + XN ) ) \(\/)n/\/ f
benzotrifluoride, 45-60 °C, 3—-4 h
Rf = CF3 or C4Fg
Ru catalyst
MesN__ NMes MesN.__NMes
Y Ph
g'l',Rlu:/ or g'lﬂRu_
PCys |
iPr-O

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-R¢ reagents, we will
focus on the study by Q. Shen et al. — although, once again,
both are closely related. In the latter, catalytic copper(Il) 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 o-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 a-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 a- and B-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 a-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].

1) [Ir(cod)OMe},] (0.25 mol %) )
dtbipy (0.5 mol %) t-Bu _~
R1 THF, 80 °C, 24 h R? S lN
Then evaporation of volatiles
H CF; N
2) CuTC (10 mol %) |
R2 R2 =
phen (20 mol %) t-Bu
dtbipy
— "
O (1 equiv)
V
1
CF3
THF, 80 °C, 24 h
LiOH-H,0 (2 equiv)
DCM, 45 °C, 4-8 h
Product Yield (%)@ Product Yield (%)@
Me R
Me 90 CO,Et 80
CF3 CF3 75 CF; OTIPS 50
Cl 75 CN 70
t-BuO,C Me
MeO,C Cl
MeO,C MeO
t-Bu
— R CF
N CF 90 N Me 65°
N/ 3 N CO,-t-Bu 50
t-Bu

o} 72
©f>CF3 S 75

/

CF3
N

Bo

C

alsolated yields. 1 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(I[)/Ni(IIl) catalytic cycle seemed to be
operating.

3.3.4 Fe-catalyzed perfluoroalkylation of Csp’>—H bonds. In
this section, all the studies that we will discuss used substoi-
chiometric amounts of Fenton’s reagent (FeSO4/H,0,) 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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60%

M
© Me Me
50% 45%
OMe
o
OMe CFs
(0]
o o OMe
CF; AcO
0 AcO
AcO 0
0 0 CFs
AcO
Rl NS
c AcO OA
OMe ¢ OAc ¢
45% 30%

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 w-chloroperfluoroalkyl iodides [109,110].

(Het)Ar—H  +  CI(CFy),l

(2 equiv)
Product Yield (%)@
QNHz o-: 40
p-: 45
(CF3)6Cl
Me
T o-: 34
QNH? p-: 48
(CF,)6Cl
(CF3)6Cl
79
Me NH,

Ni(PPhg)s (5 mol %)

(Het)Ar—(CF3),Cl

dioxane, 80 °C, 6 h

Product Yield (%)?
o NEt n=2 0-:22; p-: 65
Q 2 n=4 01 21: p-: 63
n= 0-: 16; p-:
n=4 9gbed
@(CFZ%C' n=6 91b.cd
@\ n=4 95‘;3‘:
n=6 93¢,
0~ "(CFa),Cl n=8 o0b.d.g
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Table 35: Ni-catalyzed perfluoroalkylation of anilines, benzene, furan, thiophene and pyrrole using w-chloroperfluoroalkyl iodides [109,110].
(continued)

(CF2)eCl
/ \ b,d,h
Me
NMe; 0-:20 /\ i
N/ p-: 30 %(ca)ﬁcl 500!
(CF2)eCl

2 19F NMR yield based on the perfluoroalkyl iodide. bisolated yield. °Benzene itself served as solvent. INaH (2 equiv) was used as additive to trap HI.
60 °C, 3 h. 60 °C, 5 h. 960 °C, 8 h. "80 °C, 4 h. 180 °C, 3 h.

Table 36: Ni-catalyzed methodology, with perfluoroalkyl chlorides as perfluoroalkylating reagents in the presence of stoichiometric zinc(0) [111].

NiCl, (10 mol %)
PPh3 (40 mol %)
Zn powder (1.5 equiv)

(Het)Ar—H + Rl (Het)Ar—Rg
) DMF, 95-100 °C, 6-8 h
(1.5 equiv) R¢ = (CFy)4H
n-CgF13
n-CgF47
Product Ry Isolated yield (%)? Isomer ratio®
@OMe n-CgF13 62 o/mip = 44:18:38
| n-CgF 17 71 olmip = 48:20:32
Ry

n-CgFq3 65 -
RfONMGZ n-CeF17 60
HoN OMe n-CgF13 56 -—-
n-CgFq7 58 ---

Rf

@\ (CF)4H 75
R n-CeF13 78

f —
H I’I-CgF17 76
Rt
(CFg)qH 68
/ \ n-CeF13 70 .
Me™ N\~ "Me n-CgFq7 70
H

aBased on the starting perfluoroalkyl chloride. PDetermined by "F NMR.

contrary, all of the other perfluoroalkylation reactions of C-H  products. F. Minisci and coworkers also obtained similar results
bonds of anisole discussed so far and those we will discuss later ~ when using a catalytic iron(III) salt in the presence of tert-butyl

[113] yielded ortho-perfluoroalkylated anisoles as the major  peroxide as oxidant.
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Zn(0) + NiCl, ZnCly(PPhs);  + Ni(PPhs),
. @
Ni(PPhs), + 2Rl 2R, + 201+ [Ni]2®
Ri™  + (Het)ArH [(HeHArHR]® == (Het)ArR

Figure 19: Mechanistic proposal for the Ni-catalyzed perfluoroalkylation of arenes and heteroarenes with perfluoroalkyl chlorides by Q.-Y. Chen and

coworkers [111].

~ =
< ~ ]
N H(CF,)Br [Ni(bpy)a]2* (10 mol %) N
H orn-CeF13C0H cotonitrile, —ne® Ry
(2 equiv)
(CFy)eH 62%
n-C 6F13 85%

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].

FeSO,47H,0 (40-60 mol %)
35% H,0, (6 equiv)

lecEN R2

IR N ll?z
\/ _& + Rel
N DMSO, rt
R
(1-4 equiv)
Product R Yield (%)@
0. b
N n-C4Fg n-Cy4Fol 78
H
/@\ n-C4Fgl 55
OHC N R¢ n-CsFI 64
H iC3Fl 73
T3
MeOZC N n—C4F9 n-Cy4Fol 73

H

alsolated yields, unless otherwise noted. PGC 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-

. |_\\R

SAUSR
N)
R

Product R¢ Yield (%)@
at
Ac N n-C4Fg n-C4F9| 71
I
Me
n-C3F7
/ \ n-CgF7| 36
OHC™ ™\~ ~Me
H
\ -CaF4l
Q:)\n-%ﬂ n-CsFz 30
H

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].

O Opro

5 equiv

(5 equiv) reaction conditions

or + n-C4Fg—I or
QOMe QOMe
(5 equiv) f|'-C4F9
. I Conversion of Yield .

Product Reaction conditions 1-CaFol (%)2 (%)° Isomer ratio

@n-C4F9 41.9 95.4 -

FeS04:7H,0 (70 mol %)

@ 35% H202 (3 mmol)
OMe DMSO, rt /mip =
\ | 7/ , olmip
422 976 161434405
n-C4F9

@—n-c 4Fo 58.1 96.1

Fe(OAC),0H (20 mol %)

@ t-BuOOH (2 equiv)

OMe AcOH, 115 °C /mip =

\ | 7/ cOH, olmip

| Sr.1 %8 155428417
n-C4F9

aDetermined by 19F NMR. PDetermined by GC or GCMS.

FeSQO4 or FeCp, (30-50 mol %)
32% H,0, (excess), H,SO4 (0-6 equiv)
(Het)Ar—H +  CFa-l (Het)Ar—CF3
(excess) DMSO, rt

0 2o R HoN
FsC .R3 X AN
— ~ N
RTINS0 N N~ CFs N N~ OFs
| 1
R? R
CFy
- R -->v. R R
AN ST N—=N
@CH ﬁj\ S/ I CF, /=|:\ CF /« )\
| NN AT 3570 H,N CF
R \f S) NS 2 S 3
NH,
i)f\ Ny CFs RN Ph
3 (L, Qe The D
/ \1;,- \
SN N” > NH, o~ ~CFs H)\ Ph o ke O)\Ph

Scheme 12: Fe(ll)-catalyzed trifluoromethylation of arenes and heteroarenes with trifluoromethyl iodide (T. Yamakawa et al.) [114,115].

3.3.6 Ag-catalyzed fluorodecarboxylation for the synthesis reagents rely on an aryl CF,—F bond disconnection. A clever
of trifluoromethylarenes. An alternative approach to access example of this strategy has been described by V. Gouverneur
trifluoromethyl arenes without the use of trifluoromethylating et al. starting from aryl difluoroacetic acids [117]. The latters
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[Fe'] ®
(Het)Ar—CFs H0, + H
[(Het)ArHCF]° H,O + HO 0
[Fe'" _S.
A Me”™ ~ "Me
0, OH
Me” ™ "Me
_j g
(Het)ArH HO > Me
L] L]

Mel CFl

Figure 20: Mechanistic proposal by T. Yamakawa et al. for the Fe(ll)-catalyzed trifluoromethylation of arenes and heteroarenes with trifluoromethyl

iodide [114].

Table 39: Fe(ll)-catalyzed trifluoromethylation of potassium vinyltrifluoroborates employing Togni's reagent [116].

FsC—I—
R SNUBFK @o

Compound Yield (%) Compound

X CF3
o
X CF3
T e

eO

x-CF3
SR

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

FeCl, (10 mol %)

CF,
\©/y QE/\VCFS
M TsN
CF; N
S
o) > CF,
s
Cl |

R/\/CFS

MeCN, rt, 24 h

Yield (%) Compound Yield (%)

78 75

70 65

66 79

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].

AgNOj3 (20 mol %)

RS Selectfluor (2 equiv) 7\
" "COOH QCFa
RT\/ acetone/H,0, 55 °C, 1 h =|=
R

Compound Yield (%) Compound

CF; c
oy & oy
Ph t-Bu

CF3 MeO
oo
MeO

c
CF; C
51 /O/ 86
AcHN Br

CF,
F
CFs 56 O 83
O HO,C
Br
| O CFs3
49 Me _ 21 24
O,N
o)

o
a4
w

HOOC

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 B to the oxygen atom

YbCl3 (5 mol %)

Yield (%) Compound Yield (%)

F3 CF3

77 ©/ 66
iPr
oM
Fa ) CF

86 @/ 8 88

F3 CF3
/@( 49

CF3

17

Qg

[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).

(\/'(H o, En©)(05-1 equiv @Rf Ri= (CF)sCFs  88%
+ f
THF, 50-76 °C, 6 min R¢ = (CF,);CF,Cl  90%

o (1 equiv)

(0]

Proposed mechanism

YbCl; + Zn® — [Yb']  [Yb'

Rfl Q, R

S

¢ R* + P

Scheme 13: Ytterbium-catalyzed perfluoroalkylation of dihydropyran with perfluoroalkyl iodide (Y. Ding et al.) [119].
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Titanium dioxide was used as heterogeneous photocatalyst in
the perfluoroalkylation of a-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

Table 41: TiO,-photocatalytic perfluoroalkylations of benzenes [121].

Beilstein J. Org. Chem. 2013, 9, 2476-2536.

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

TiO, (40 mol %)

@ NaBF4 (40 mol %) —
H + n-CGF13—I I'I-CGF13
\ | / CH3CN/MeOH 9:1, hv, rt \ | /
R R
(2-20 equiv)
Product Yield (%)2 Product Yield (%)2
-CgF
n-CGF13 f>et13
> o
Me
n—C6F13
720 Ejj\>fn-c;6|:13 43
(0]
Me
Cl
n-C5F13
13b
Cl

a|solated yields based on the starting perfluorohexyl iodide, unless otherwise noted. PHPLC yield. 6:1 isomer mixture; the major isomer is repre-

sented.
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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
(m = 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 SCFj 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
oxidative trifluoromethylthiolation 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 TMSCFj according to two possible pathways
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Table 42: Pd-catalyzed reaction of aryl bromides with trifluoromethylthiolate [134].

(cod)Pd(CH,TMS), (1.5 or 3.0 mol %)
Br BrettPhos (1.75 or 3.30 mol %) SCFs
AN Ph(Et)3NI (1.3 equiv) AN
R— + AgSCF; R—F
% (1.3 equiv) toluene, 80 °C, 2 h Lz
Compound Yield (%) Compound Yield (%) Compound Yield (%)
SCF; SCF; SCF,4
98 98 © 97
NHPh NPh, OPh
SCF;
SCF3 SCF3
o7 F 96 ©/Cy 93
Ph
CN
SCF;
SCF;
SCF3;
OBn 96 99 83
N
[ j O~ "Ph
(6]
SCF3 SCF4 SCF4

91 08 O 97
O<__NH !

Y 0”0
o)

Bu” (CH2)5CHs
SCF; SCF4 (CHZ)sCH3
©j\g 94 ©j\g 81 m SCFs 93
S o S
SCF3 SCF3
SCF; N

N
@ 96 = 98 96
F5CS
T
98
N
Boc

A and B (Figure 22) leading to the intermediate complex O. Daugulis reported on the copper-catalyzed trifluoromethylth-
L, Cu(CF3)(SAr) or L,Cu(Ar)(SCF3), respectively. Oxidation iolation via C—H activation of 8-aminoquinoline acid amides in
and reductive elimination gives then the expected aryl trifluoro- presence of disulfide reagents and Cu(OAc), in DMSO
methyl thioether. (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].

CuSCN (10 mol %)
phen (20 mol %)

: B(OH), K3PO4, AgoCO; o SCF3
R-I- + Sg + TMSCF R
L 8 ®  DMF, 4AMS, it N
Compound Yield (%) Compound Yield (%) Compound
Ph SCF3 SCF3 - SCF3
o e O .
Ph Z
- SCF3 SCF3 SCF3
| P 86 84
BnO -Bu Br
MeO SCF3 SCF, SCF,
% \/©/ " ©/
MeO X MeOOC
SCF3
- SCF3 SCF;
NC
SCF; SCF3 o
Q /©/ 61 oﬁ 58 SCF;
/S\\
) Ph
oxidant
F;C-SiMes + Ar— B(OH), + + LnCuX Ar—SCF;
base
Oxidant
FsC-SiMes + Ar-B(OH), + L,Cu—S—S-CulL,
Path A L,Cu—S—Ar Path A CFs
) L, Cu S—Ar
F3C-SiMe3
or
Path B L,Cu—S—CFj Path B Ar
Ar-B(OH), L,Cu—S—-CF3

Figure 22: Mechanism of the Cu-catalyzed oxidative trifluoromethylthiolation of arylboronic acids with TMSCF3 and elemental sulfur [135].

Yield (%)

91

84

67

71

66
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Table 44: Cu-catalyzed trifluoromethylthiolation via C—H activation [136].

Cu(OAc); (0.5 equiv)

Beilstein J. Org. Chem. 2013, 9, 2476-2536.

o)
N Xy + F4CS-SCF,
| H || =R
_N 7

Compound Yield (%)

SCF3

k/@ 7
N F4CS

SCF,
G 05, -
N s

SCF;

SAE -
F4CS COOMe

SCF;

SEeCHNE
_N

O SCFs

N N 43
I v Ho
— e

F;CS™ °N

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

O SCF,
1) KHMDS, THF, 0 °C
X N X
| N H | 2)Mel, 0 °C ¥
FACS t-Bu

Scheme 14: Removal of the 8-aminoquinoline auxiliary [136].

DMSO, 90-110 °C, 4-14 h

Compound

SCF3
S,
F5CS
SCF4
Gl
N Ecs Br

Yield (%)

SCF3
| J 63
_N M
JO SCF;4
BV N 70
~
F3CS
OMe
O  sCF,
N = 59
S
|/N Hjlﬁ
F5CS

reagent for trifluoromethylation reactions (Table 45) [137].
Trifluoromethylthiolation of various substrates, such as
B-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 (CF3SO;) unit which is stable and often
found in commonly used organic reagents such as CF3SO,Cl,

O SCF; O SCF;
NaOH
N HO
Me | EtOH, 130 °C
F3CS t-Bu FsCS t-Bu

85% over 2 steps
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Table 45: Cu-catalyzed trifluoromethylthiolation of boronic acids employing a hypervalent iodine reagent [137].

F3CS—I—0O

Cu(MeCN)4PFg (10 mol %)
- X BOH): bpy (20 mol %) -~ SCFs
R + RYT
K,COs3, diglyme, 35 °C, 15-24 h
Yield Yield Yield
Compound (%) Compound (%) Compound (%)
SCF; SCF3 SCF,
IS S :
t-Bu MeO MeO
SCF;
SCF;3 O.N SCF3
89 87 64
™
]
SCF
3 - SCF3 SCF,
MeO\[ 58 » 87 /©/ 58
B NC
o r
- SCFs - SCF3 - SCFs
| 65 | 40 75
~ —
MeO™ N N MeO
F
C6H13/\/SC : 57

CF3SO;Na, CF3SO3H, and (CF350,),0. 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
o-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, B-keto esters and indoles allowing the C-sp?

Table 46: Cu-catalyzed trifluoromethylthiolation of vinylic C—H bonds with

NHR!

o)
2 SO,CF
RES .+ Pn 2&Fs
' /,R IPh
Compound Yield (%)
Ej/\NH o)
Z Me” X 0Me 92

SCF3;

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(l) 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-

a trifluoromethanesulfonyl hypervalent iodonium ylide [138].

NHR!
CuCl (20 mol %) R2 X SCFs

/

dioxane, rt, 5 min " R3

Compound Yield (%)
O/\NH o}
MeO MeMOMe 89
SCF,
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Table 46: Cu-catalyzed trifluoromethylthiolation of vinylic C—H bonds with a trifluoromethanesulfonyl hypervalent iodonium ylide [138]. (continued)

/L:::T/A\NH o)
Br Me/kﬁ/ﬂ\OMe 82

77
Me/kﬁ/J\OMe

88
Me/kﬁ/ﬂ\OMe

Ph OEt 87

p-An/i§T/ﬂ\OMe 96
o-AnMCMe 94

Me” X “Ph 97

74

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

NH O 8
Me” N “OMe
SCFs
e
75
Me/kﬁ/J\OMe
SCF;
Ph">NH O
Ph/kﬁ/ﬂ\OMe 90
SCF;
Ph"NH O
p-ToI)YJ\OMe 94
SCF;
Ph">NH O
m-An N OMe 94
SCF3
Ph">NH O
wom o4
F
Br SCFs
NH, O
Me)\HkPh 84
SCF;
84

é;?:o
Iz (2}
> (@]
1
w
T
>

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]

N 0 CuCl (20 mol %) SCFs
Rsz1 o )H(sochs PhNMe, (20 mol %) (EE\&W
> + e
N IPh dioxane, rt Z N
R3 B3
R
Compound Yield (%) Compound Yield (%) Compound Yield (%)
SCF; SCF; SCF;
N\ 83 (:\r\g* 83 \@E\g 6%
N N N
H H H
SCF3 SCF3 SCF3
MeO Br.
N 73 N\ 36 N\ 71
N N N
H H H
SCF,4 SCF, SCF,4
Cl MeOZC
A\ 52 N\ 32 A\ 84
N N N
H H Bn
o
o o
SO,CF3 )\/SO CF
Ph)%( -— 2 3
| e Cu(l)L
Cu(l)L ~ph b u(l)
Path | Path Il
S
o LOcu(L
/‘
Ph SO,CF; P S @sozoF3
—Cu — Cu(lL |
Cu(l)L ( - PhI( ) ~ph
PhCOCO,H/NR;
O o o _0O
1
L/ 8.
CF3 o) Nu-SCF3
o)
S
l SCF;
Nu-SCF; PhJ\[(O ONR
e} 3
0
Path Il NuH ph)H(O\SCFS NRs Path IV
o}
PhCO’

complex mixture

Figure 23: Mechanism of the Cu-catalyzed trifluoromethylthiolation of C—H bonds with a trifluoromethanesulfonyl hypervalent iodonium ylide [138].

2532



Beilstein J. Org. Chem. 2013, 9, 2476-2536.

Table 48: Ni-catalyzed trifluoromethylthiolation of aryl halides with [NMe4][SCF3] [125].

Ni(COD), (15 mol %)

X
X dmbpy (30 mol %) N SCF3
R-& + NMeySCF3 R—-
Z THF, 1t, 22 h =
X=Br, |
Compound Yield (%) Compound Yield (%) Compound Yield (%)

- SCF3 Cl o SCF, o SCF3
(j/ o o )©/ I: 90 O I: 90
¥ MeO
SCF3 SCF3 SCF3
©/ I: 45 ﬁ I- 47 O/ I:0
EtO,C NC O,N

SCF; SCF, SCF3
I: 83 \©/ Br: 37 | SN I: 55
=
sor SCFs
X 3 Br: 64 /O/
| I: 92 N I- 91

= 5 \)

Ph

pharmaceuticals, agrochemicals and material sciences or diag- 2. Hiyama, T.; Kanie, K.; Kusumoto, T.; Morizawa, Y.; Shimizu, M.
Organofluorine Compounds: Chemistry and Application;

Springer-Verlag: Berlin, 2000.
3. Kirsch, P. Modern Fluoroorganic Chemistry; Wiley-VCH: Weinheim,

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- Germany, 2004. doi:10.1002/352760393X
metallic chemistry community has contributed significantly. 4. Chambers, R. D. Fluorine in Organic Chemistry; Blackwell: Oxford,
Despite this exciting progress, the catalytic introduction of fluo- UK., 2004.

rine and fluorinated groups is still in its infancy and much skill 9 Uneyama, K. Organofiuorine Chemistry; Blackwell: Oxford, U.K.,
2006. doi:10.1002/9780470988589

6. Bégué, J.-P.; Bonnet-Delpon, D. Bioorganic and Medicinal Chemistry
of Fluorine; John Wiley and Sons: Hoboken, 2008.

industrial applications. 7. Purser, S.; Moore, P. R.; Swallow, S.; Gouverneur, V.

Chem. Soc. Rev. 2008, 37, 320-330. doi:10.1039/b610213c

This "Small atom with a big ego" (title of the ACS Symposium 8. Gouverneur, V.; Muller, K., Eds. Fluorine in Pharmaceutical and
Medicinal Chemistry: From Biophysical Aspects to Clinical
Applications; Imperial College Press, 2012.

9. Qjima, |., Ed. Fluorine In Medicinal Chemistry And Chemical Biology;
John Wiley & Sons Ltd., 2009.
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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.

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),C=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 Method®  Temp. (°C)/Time (h), Solvent Yield (%) Mp (°C), (bp °C/mmHg) MS (m/z)

3a A 25/72, DMF 47 orange oil° 253 (M*, CgH5FgNOS™)
A 25/16, DMSO 75¢

3b A 70/14, DMF 48 93-94 281 (M*, CgHgFgNOS™)
A 70/16, neatd 69
B 25-50/12, DMF 56

3c A 70-80/2, DMF 86 81-82 293 (M*, CgHgFgNOS™)

3d A 70/24, DMF 55-86 80-81 321 (M*, C11H43FgNOS™)

3e A 70/2, DMF 55 103-103.5 375 (C17H11FgNS™)
B 25/16, DMF 60

5 A 25/48, DMF 50 40-41 (74/2) 276 (M*, CgHgFgN2S™)
A 70/2, DMF 48

a@Method A: no catalyst; method B: HFP, S,, DMF, one-pot reaction. bPurity 98%, GC-MS, NMR. °90% by NMR. dThree molar excess of vinylamide

was used.

CF3 25-70 °C, CF3
"? S+CF3 16-72 h o Jj’—CF3
NCR' + F30+s n s
—/ 1l solvent R'CN
CF3 |
R
2aR=R'=H, 1 3a: 47% (DMF),
2b R=R'=CHjz 75% (DMSO)

3b: 48% (DMF),
69% (no solvent)

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 "H 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), in dimethylform-
amide. Cyclic lactames 2¢,d bearing a vinyl group at the
nitrogen also undergo reaction with 1 producing the corres-
ponding thietanes 3¢,d (Scheme 2).

70 °C, 16-20 h CFs
Het 1 » P CF3
— DMF J:S
Het
3c, 86%
2cd 3d, 55-86%
2¢,3c, Het: & 2d,3d, Het: Q
VP NO

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 3¢ 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 3¢ 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).

N 70°C,2h

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 'H 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

Beilstein J. Org. Chem. 2013, 9, 2615-2619.

=\ 25-70 °C, 2-48 h =
N N + 1 N N
[ DMF /// \[Sf “CH(CF3),
4 5, 48-50%

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

'H NMR and !F 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%.
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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:

deposit@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 x 50 mL). Combined organic layers were washed by water
(3 x 200 mL) and dried over MgSOy. The solvent was removed

Table 2: H, '9F, 13C NMR data for compounds 3a—e and 5.

H NMR2
(8, ppm, J, Hz)

Entry Compound

1 3ac Major: 3.03 (1H, m), 3.55 (1H, m), 5.82
(1H, dd, 7.8), 6.40 (1H, br.s), 8.18 (1H,
s)

Minor: 3.21 (1H, dd), 3.51 (1H, dd), 5.35
(1H, m), 6.39 (br. s), 8.13 (1H, d, 11.0)

Major: 3.13 (3H, s), 2.19 (3H, s), 3.15
(1H, m), 3.32 (1H, m), 6.67 (1H, t, 7.8)

2 3b®

Minor: 2.17 (s), 3.59 (s), 5.89 (m)

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)

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)

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)

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)

19F NMR2
(3, ppm, J, Hz)

Major: -73.80 (s)d

Beilstein J. Org. Chem. 2013, 9, 2615-2619.

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 6570 °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 x 100 mL). The combined organic layers were washed with
water (3 x 200 mL) and dried over MgSOy,. 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).

130 NMRa’b
(5, ppm, J, Hz)

Major: 38.4, 41.2, 46.6 (sept., 32.0),
123.3 (q, 278.0), 124.2 (q, 276.0), 161.3

Minor: =73.65 (m),

-73.59 (m)

Major: -72.73 (3F, q,
9.6), -73.78 (3F, q,
9.6)

Minor: =72.66 (br.s),
-73.78

-73.09 (3F, q, 9.6),
-73.91 (3F, g, 9.6)

-72.63 (3F, g, 10.3),
-73.70 (3F, g, 10.3)

-70.81 (3F, q, 8.0),
-73.22 (3F, q, 8.0)

-69.19 (d, 7.1)

Major: 22.51, 29.6, 34.5, 45.8 (sept.,
31.8),47.5, 123.5 (q, 280), 124.4 (q,
284),171.8

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

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

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

aln CDCl3 as lock solvent. P{H}C'3 NMR spectra. Two partially overlapped sets of signals, ratio 5:1. 919F NMR of 3a in the presence of DMF (CDCl3):
Major: =73.58 (3F, g, 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. €Two partially overlapped

sets of signals, ratio 3:1.
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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 Cyjpy~CF3 bonds without using prefunctionalized substrates.

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 C,y—~CF3 bonds [17-
31]. In contrast, transition metal-mediated trifluoromethylation
to form Cyiny1~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]. Szabd
described trifluoromethyl-benzoyloxylation of alkynes to
construct Cyiny~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).
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Previous work CFs
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X . Cu, Fe,PdorRu CF
R + CFj RT3 (1)
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COOH, H
F3C_ OCOAr
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Scheme 1: Construction of the Cyjiny—CF3 bond.

Transition metal-catalyzed trifluoromethylation of terminal
alkenes has been reported by several groups. However, these
methods focused on the formation of Cs,3—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 Cyjny1-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.

path A R1/'\/CF3
R2
N path B 1/+\/CF3
R"™Y — | R R1J\/CF3

Cu
P CFs

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 By
(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 (IT) and Togni’s reagent (III) were
found to be more efficient in this transformation (Table 1,
entries 3 and 4). !°F 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 (IIT) (Table 1, entries
6-10). Better result obtained with [(MeCN)4Cu]PF¢ prompted
us to continue to use this copper source (Table 1, entry 10).
When B, was used instead of By, almost no desired product was
observed (Table 1, entry 11). That might be because B, 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 !°F 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.

=

N "CF;, " (2.0 equiv) @/\VCH
Ph cat. (0.2 equiv), solvent (1 mL), base (2.0 equiv)  pp

2h,60°C

2a

e QL0 TR 5% A

CF3 TfO~ CF3 TfO~

QJVAC AN &) on

B, B, B, Bs Bg
Entry Cat. Base Solvent “CF3*” Yield (%)?
1 Cu B4 CH3CN | trace
2 cul By CH3CN I 30

3 cul By CH4CN I 56

4 Cul B CH3CN 1 60

5 Cul B CH3CN \") 30

6 CuBr B CH3CN 11l 46

7 CuCl = CH3CN 1l 36

8 CuTc B4 CH3CN n 54

9 CuOAc B4 CH3CN m 41
10 [(MeCN)4Cu]PFg B4 CH3CN m 75
11 [(MeCN)4Cu]PFg B, CH3CN n trace
12 [(MeCN),Cu]PFg B, CH3CN n 10
13 [(MeCN)4Cu]PFg By CH3CN n trace
14 [(MeCN),Cu]PFg Bs CH3CN n 10
15 [(MeCN)4Cu]PFg Be CH3CN in 7

16 [(MeCN);Cu]PFg By DMF n 90
17 [(MeCN),Cu]PFg By DMSO n 57
18 [(MeCN);Cu]PFg By CH3OH n trace
19 [(MeCN)4Cu]PFg B4 THF m 67
20 [(MeCN)4Cu]PFg B4 CHCl3 m 75
21b [(MeCN);Cu]PFg By DMF n 98
22¢ [(MeCN),Cu]PFg By DMF n 58
23 - - DMF 1 0

24 B DMF n 0

25 [(MeCN)4Cu]PFg - DMF m 10

aYields determined by 19 F NMR spectroscopy. P2.5 equiv of Ill 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

©1.5 equiv of Il was used.

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 !°F NMR. Substrates with an electron-donating
group were converted smoothly into the desired products in
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| o CFs ~CFs
7
F CHO
2k, 63% 21, 84%
CF3
e | AN
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Figure 1: Cu(l)-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 20). 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 (20).

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
(IIT) in the presence of [(MeCN)4Cu]PFg. 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-
yDoxy)copper(Il) (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 Cy;ny~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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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),AQN and (DHQD),AQN 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;

198 {1H} spectra recorded in d-chloroform/diisopropyl tartrate showed distinct baseline separated signals for different enantiomers.

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
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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

Beilstein J. Org. Chem. 2013, 9, 2660—2668.

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 diasterecoisomers. 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-

X
OH F
3 steps \ 2 steps F 4 steps
T, T MOTA T Hgonl
*~0 AcO OH
or~OH Ph)\o { OALOAC
1 o/% 5 6

MsCl, pyridine 2, X =OH;

5°C, 65% 3, X'= OMs; ] KF, diethylene glycol
4, X=F 140 °C, 87%

Scheme 1: Key steps from the synthesis of 6-fluoro-D-olivose (6) from D-glucose (1).

NBS, PhCI, 100 °C

Br NN co,Me

TBAF-3H,0/KHF,

4 2
FNENF " co,Me

100 °C, 30 min, 42% 9

i. AD-mix o, MeSO,NH,
t-BuOH/water (1:1), 4 °C

ii. 2-methoxypropene
p-TsOH, DMF, 15 °C

NN coMe
7 then benzoyl peroxide 8
reflux, 1.5 h
25%
i. 3 M HCI, MeOH
F o OH ii. CF3CON(Me)SiMes
\?\ZBH
OH iii. DIBAL-H, tol, =78 °C
HO iv. THF/HCOOH/H,0,
13 (6:3:1), 15 °C

38% over 4 steps

Scheme 2: De novo asymmetric syntheses of 6-deoxy-6-fluorohexoses [13].

64% (96% ee)

OH 0}
£ AD-mix 8, MeSO,NH, 4
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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-a and 4:1 with AD-mix-p.

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.

o)
Br\/ F\/\)]\
N7 COEt o5¢ dark, 7 days N OEt

15 379% 16

o AgF (3 equiv), MeCN,

0]

F\NJ\O Et

i. DIBAL, DCM, -78 °C
OEt ii. PhsP=CHCO,Et

P

17 THF, 70% 16
E/Z =111
OTMS 5% FyIN, \/\)(i
F
AN NotMs CCIsF, -78 °C X "OH

18 75% 19

Scheme 3: Fluorobutenoate building block 14, and related species 16
and 19 from the literature [14-16].

O 0 NBS

/\)I\ C. H2804
NTOH —————

n-PrOH for 21
20 iPrOH for 22 21, R = n-Pr, 80%
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PhCI, A
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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 KHF, 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-(+-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 -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-

(0]

HOV\)I\On-Pr

27

Figure 1: Side product 27 isolated from attempted fluorination.

o) KF-2H,0 (0]
TBAH
Br\/\)J\ S04 F\/\)k
N OR OR
CH3CN
23, R=n-Pr, 53% reflux 25, R = n-Pr, 66%

24, R =iPr, 48% 26, R =iPr, 30%

Scheme 4: Fluorobutenoate building blocks 25 and 26 prepared from crotonic acid.
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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 TBAHSO,4 and KF-2H;O0 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 'H 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

DHQD

DHQ

Figure 2: The ligand panel used in the asymmetric dihydroxylation studies.

represented by combinations of components, for example (DHQD), PHAL,

PHAL based ligands
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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.

.DHQ/DHQD
o o O,DHQ/DHQD
SN

|

A I
O.

DHQ/DHQD O\DHQ/DHQD

AQN based ligands

The bold oxygen shows the point of attachment; individual ligands are
present in AD-mix 3.

(0] K20s0,(0OH)4 OH O OH O OH O
F (DHQD),PHAL F F H F
\/\)J\On-Pr ™~ On-Pr \/\;-)I\O”'Pr ™ On-Pr
1:1 t-BuOH/water, 0 °C OH OH OH
25 KsFeCNg, NaHCO3, 28b 28a (+)-28¢c
K2003’ MGSOZNHZ
Scheme 5: Typical AD procedure; see Table 1 for outcomes.
Table 1: Relationship between conditions, ligand and dihydroxylation ee.
Conditions Ligand type DHQ/a- DHQD/B-
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
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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),AQN and (DHQD),AQN 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 o, and 97%
for the enantiomer from AD-mix [ (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).

OH O 0Bz O
E 2 Bz,0 H
\/\E)J\On-Pr F\/\)J\On-Pr
= PVP, DMAP :
OH :
DCM, 15 °C, 24 h 0Bz
28a 79% 29a
OH O B2.0 OBz O
F z2
On-Pr F On-Pr
OH PVP, DMAP
DCM, 15 °C, 24 h OBz
28b 81% 29b

Scheme 6: Conversion of enantiomerically-enriched diols to dibenzo-
ates for HPLC analysis.
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Genuine racemate 28c was synthesised via the Upjohn oxi-
dation (catalytic osmium tetroxide, NMO aqueous #-BuOH,
83%) of 25 to avoid ambiguity, and converted to the dibenzoate
29¢ (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 'H and '3C 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 !°F{!H} 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 'H (and '3C) 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,
a-methylbenzylamine was used to resolve the components of
the racemate of 2,2,2-trifluoro-1-phenylethanol in the °F NMR
spectrum (Adg 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 'F{/H} NMR spectra will take advantage of the
high sensitivity of !°F 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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O OH

iPro OiPr

OH O
30

Figure 3: Diisopropyl! L-tartrate (30) used as a chiral modifier for NMR
determination of ee.

28c¢ analysed under these conditions by 19F{{H} NMR showed
almost complete separation of the two enantiomers
(Adg = 0.02 ppm). However, more complete peak separation
was required before reliable integrations could be made
(Figure 4).

(@ (b) (©)

T T T T T T T T T T T T T T T
-2286 -2286 -2286

Figure 4: Partial "°F{"H} 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

Beilstein J. Org. Chem. 2013, 9, 2660—2668.

sample heating was devised; the optimised spectra are shown in
Figure 5.

28b 28a

T T T T
-228.55 -228.60 - 22855 - 22860

Figure 5: Partial "°F{"H} 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 '9F{'H} 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 'F{!H} 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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H On-Pr PVP, DMAP H On-Pr
OBz DCM OBz
34b 15°C,24 h 33b
32% from 28b 60% from 32b

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).

H,SO4) 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 'H NMR signal corresponding to the
C-2 methine proton couples (*Jc_g) 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 'F NMR spectra
(0F —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-

Beilstein J. Org. Chem. 2013, 9, 2660—2668.

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 'F 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 C,4 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-OEt; 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 "H NMR spectrum, and E:Z ratios were measured by inte-
gration of the distinct signals in the 'F{'H} NMR spectra.
Analysis of the pure E-alkene using the chiral °F{'H} 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 '9F{'H} 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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B-Lactams were diastereoselectively formed by the reaction of SFs-containing aldimines, or an SFs-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 SFs. The reactions of the aldimines demonstrated very good 1,2-/k diastereoselectivity, however

lack of stereochemical control of the C—N ketimine geometry was reflected in the stereochemistry of the product B-lactam. Cycliza-

tion of imines with a stereogenic center bearing SF5 was reflected in the 1,2-/k,/k selectivity of the B-lactam.

Introduction

The pentafluorosulfanyl (SF5s) 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 of
and o values for SFs, 0.55 and 0.11 [10], contrast with oy and
ogr 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 SFs
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
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surprising. However, synthesis of aliphatic SFs-containing
building blocks (SFs-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 SFs-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 SFs-substituted compounds
a-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 o-proton, a phenomenon underlying the abstrac-
tion of protons by methyllithium and a number of different
ylides [16]. The reactions of a-pentafluorosulfanyl carbonyl
compounds are governed by a combination of the substantial
dipole moment and unique steric effects of the octahedral SF5
group. Aliphatic SFs-containing derivatives of biologically
active compounds are not well-known. One exception is the
inclusion of an ®-SFs-substituted amino acid incorporated at the
crucial first and fourth positions of a heptapeptide [23]. When
introduced at these positions, the SFs-substituted amino acid
had a strong propensity to direct a-helix formation of even this
short heptapeptide presumably by minimization of unfavourable
hydrophobic interactions.

Results and Discussion

The use of fluoroalkylimines to form B-lactams has proven
especially useful in synthesis [24-26] especially in the Ojima
B-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
B-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

Beilstein J. Org. Chem. 2013, 9, 2675-2680.

unstable” [45] with no selective reactions reported. In light of
this precedence the reaction of a-SFs-substituted aldehydes and

ketones with amines was particularly intriguing.

a-SF5-Substituted aldehydes and ketones

In this work the SFs-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 SFsClI 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 2¢ rendered these starting
materials highly attractive for the formation of SFs-bearing
aldehydes.

cl 0
SFsCl HCI/ACOH
RaSoet g R\')\OEt R\HI\H
SFs SFs
2a R=H 3a 85% 1a 82%
b R=Me b 77% b 96%
¢ R=Et ¢ 77% ¢ 73%

Scheme 1: Synthesis of 2-pentafluorosulfanylaldehydes by addition of
SF5Cl to enol ethers.

After addition of SFsCl to 2, intermediate 3 was typically
formed as a 9:1 mixture of diastereomers. Hydrolysis of 3 was
easily followed by '°F NMR, e.g., the resonance for 3b
appeared approximately 7 ppm upfield from that of the alde-
hyde 1b. The Jy r coupling constant of 5.0 Hz contrasts with
the Jpeq,Fax value of 144 Hz.

The ready availability of the a-pentafluorosulfanyl carbonyl
compounds facilitated an effort to dramatically expand the
utility of these intriguing materials by synthesis and characteri-

zation of the corresponding pentafluorosulfanylated -lactams.

a-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
19 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 (8 68.8 ppm) appearing upfield of those
assigned to the aldehyde 1a (8§ 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 & 65.5 ppm in contrast to those of
5b that appeared at 6 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 a 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.

1 1
NH, NR Ho R
1+ MgSOy4 F R
R et S 58 H + = H
HaCd R SFs
4 (PMP) 5 6
R SFs
BnO
BnOCH,COCI SFs %\ R
N, N
Et:N 7 N Bno” Y R
o]
7a 17% 8
b 9%
c 2%

d R= C7H15Y 4%

Scheme 2: Reaction of pentafluorosulfanylaldimines with benzyloxy-
ketene.

Ketene imine cycloaddition reactions of

a-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 B-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-

Beilstein J. Org. Chem. 2013, 9, 2675-2680.

enamine 8. In the case of 7b—d the de of the 1,2-/k 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 S 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 SFsBr 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 B-lactam 7e.

OAc OAc O
/\ SFsBr Br HCl
COzEt  Et,B COEt  CH,Cl, HJ\CozEt
SF5 SFS
9 10 96% 11 82%
NPMP
MgSO
1M+ 4 19924 | FsS COLEt
12

BnO, SF5
BnOCH,COCI CO,E
EtsN N,
o] PMP
7e 8%

Scheme 3: Preparation of ethyl pentafluorosulfanylpyruvate and for-
mation of the corresponding B-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 !F 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 SFs-bearing alde-
hydes [16].
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Structural characterization of SF5-containing

B-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 B-lactam is consis-
tent with 1,2-/k 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
B-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 a-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 stercoselectivity 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-u/ product.
The absence of 1,2-u/ 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 B-lactam 7e .

[

Figure 1: The 1,2-/k stereochemistry of 7a as determined by single
crystal X-ray diffraction. Thermal ellipsoids are set at 50% probability.

The ketene—imine condensation of 7¢ is influenced by the pres-
ence of the pentafluorosulfanyl group at a stereogenic center.
The 1,2-Ik, 1k (Si,Si-S) (or (Re,Re-R)) stereochemistry of 7¢
(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

Beilstein J. Org. Chem. 2013, 9, 2675-2680.
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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.

a)

Figure 2: The stereochemistry of 7c, 1,2-lk Ik (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 7¢ respect-
ively).

The 1,2-lk,ul ring closure product may be formed in the reac-
tion of 5¢ with benzyloxyketene and simply remain undetected,
but it is clear that the control of diastereofacial selectivity in the
formation of the principal B-lactam is strongly under the control

of the SFs group.
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Conclusion

Low molecular weight pentafluorosulfanylated aldehydes 1
were prepared by addition of SFsCl 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, -lactam formation by the
ketene—imine cycloaddition reaction of 5 occurs, albeit in very
modest yields. The 1,2-/k stereochemistry of the -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 5S¢, apparently also influences the 2,3-/k
stereochemistry. Optimization of B-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 B-lactams are a
useful entrée to the diastereoselective synthesis of pentafluoro-
sulfanyl B-amino acids and suggest a path to the preparation of
more extensively functionalized SFs-containing B-lactams.
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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 2" 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.

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
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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-
tion of alkyne l1a and 5 mol % of 2"d generation
Hoveyda—Grubbs catalyst I was heated under ethylene atmos-

phere (1 atm) for 2 h, the clean formation of diene 2a was

Beilstein J. Org. Chem. 2013, 9, 2688—-2695.
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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 3¢ 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).
Mes—-N N-Mes
o]
/Ru_
cl’
F ° Foloo -
gz !
2 \\<
F{ I dienophile F P
RT X0 ethylene toluene, 90 °C R1™o
1 toluene, 90 °C 3
entry 1 R? dienophile product % yield % yield
method A2 method BP
(time, h) (time, h)
(0]
N4
1 1a Bn-NH i N—-Ph 0 (2 h)® -
N\«
(0]
COOEt
2 1a Bn-NH J/ 55 (8 h) 70 (20 h)
EtOOC
COOEt
3 1a Bn-NH Il 51 (6 h) 55 (6 h)
COOEt
(6]
4 1a Bn-NH | N-Ph 50 (4 h) 63 (24 h)
(0]
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Table 1: Preparation of compounds 3 by one-pot CEYM-Diels—Alder reaction of substrates 1 (method A). (continued)

o}
5 1a Bn-NH ‘O 47 (24 h) 50 (24 h)
e}
o]
6 1a Bn-NH | o 85 (120 h)° -
o]
COOEt
7 1b  (R)-Ph(Me)-CHNH J/ 87 (4 hyd 73 (24 h)d
EtOOC
0
8 1b  (R)-Ph(Me)-CHNH | N-Ph 74 (2 hyd 70 (10 h)d
o}
3w
0
9 1b  (R)-Ph(Me)-CHNH | © 74 (20 hyed -
o) H COOH
F
F
/L H COOH
Ph” N7 0O
H

3P
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Table 1: Preparation of compounds 3 by one-pot CEYM-Diels—Alder reaction of substrates 1 (method A). (continued)

COOEt
10 1b  (R)-Ph(Me)-CHNH Il
COOEt
COOEt
11 1c PropyINH J/
EtOOC
COOEt
12 1d Ph |
COOEt
o)
13 1d Ph | N-Ph
o)
COOEt
14 1d Ph /U/
EtOOC
COOEt
15 e Cy |
COOEt

COOEt
F
F
/L\ COOEt 63 (10h) 60 (24 h)
40 (5 h) -
F
F COOEt 48 (4 h) 55 (15 h)
Ph” 0
3l
0
F N-Ph
F 28 (8 h) -
58 (12 h) 70 (17 h)
COOEt
F
F COOEt
54 (12 h) -
o}
30

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. "Method B: Tandem multicomponent protocol mediated by 1,7-octadiene [29]. “When 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. 9In 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 distilled 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). 'H and 13C NMR spectra were recorded on
300 or 400 MHz spectrometers. Chemical shifts are given in
ppm (), 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,I,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-
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raphy affording 41 mg of 2a (70% yield) as a yellow oil starting
from 52 mg of 1a. 'H NMR (CDCl3, 300 MHz) & 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, J; = 11.3 Hz, J, = 17.7
Hz, 1H), 6.65 (br s, 1H), 7.26-7.39 (m, 5H); 13C NMR (CDCl;,
300 MHz) 8 43.61, 114.40 (t, \Jcp = 253.2 Hz), 118.17, 119.33
(t, 3Jcp = 8.6 Hz), 127.81, 127.93, 128.84, 131.02 (t, 3Jcp = 2.3
Hz), 136.75, 138.82 (t, ZJcp = 22.3 Hz), 163.23 (t, 2Jcp = 29.9
Hz); 'F NMR (CDCl3, 282 MHz) & —105.57 (s, 2F); HRMS:
[M + 17" caled for C 3H4F,NO, 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; '"H NMR (CDCl3, 300 MHz) &
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); !3C NMR
(CDCl3, 300 MHz) 6 41.8 (t, 3Jcp = 4 Hz), 43.1, 43.8, 113.3 (t,
LJcp =253.8 Hz), 123.7 (t, 3Jcp = 8.7 Hz), 125.4, 126.8 (t, ZJcF
=25.2 Hz), 127.9, 128.2, 128.4, 129.0, 129.2, 130.8, 136.3,
152.3, 152.4, 162.2 (t, 2Jcp = 29.9 Hz); 'F NMR (CDCl3, 282
MHz) § —106.9 (s, 2F); HRMS: [M]" calcd for C1H gF,N4O3,
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 3¢ 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% y