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A novel strategy has been developed for the highly chemo-
and stereo-selective synthesis of (Z)-f-perfluoroalkyl
enaminones from readily available starting materials via a
multicomponent radical reaction involving sequential
fluoroalkylation and Kornblum-DeLaMare reaction. Notably,
this methodology involves the concurrent cleavage of at least
three chemical bonds, including two C—F bonds and one C-X
(X = Br or I) bond, as well as the formation of three new
bonds, including one C=0 bond, one C=C bond and one C-N
bond, in one pot.

Perfluoroalkylation reactions have attracted considerable interest
from academic research groups as well as researchers working in
the pharmaceutical industry because perfluorinated compounds
generally possess unique and highly desirable properties,
including higher levels of metabolic stability, solubility,
lipophilicity, bioavailability and biopotency.' In light of the
enhanced properties associated with perfluorinated compounds,
significant research efforts have been directed towards the
development of synthetic methods providing access to these
materials.'? The radical addition of perfluoroalkyl halides to
olefins under non-oxidative conditions represents one of the most
powerful methods for the construction of perfluorinated
compounds, and the use of this reaction has been well
documented in the literature.’ In contrast, there have been very
few reports in the literature pertaining to the oxidative coupling
of perfluoroalkyl halides and olefins.* The Kornblum-DeLaMare
reaction involves the base-promoted rearrangement of a peroxide
into a ketone, and is a useful tool in organic synthesis as well as
being a key step in the biosynthesis of prostaglandins.’
Considerable attention has recently been focused on the
enantioselective version of the Kornblum-DeLaMare reaction®
and its application to total synthesis,**® which has led to
noticeable progress in this field.

Although these two areas of research have developed
independently of each other, we became interested in what would
happen if the fluoroalkylation and Kornblum-DeLaMare
reactions were combined into a single catalytic cycle. In this
regard, it was envisaged that the combination of these two
reactions would lead to the discovery of a novel chemical
transformation, which would ultimately provide access to
perfluoroalkyl-substituted ketones with unique structures and

functions that would be otherwise difficult to obtain using
existing procedures. Inspired by this hypothesis, we herein

so developed the synthesis of (Z)-f-perfluoroalkyl enaminones
(Scheme 1).
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Scheme 1 Combination of fluoroalkylation and Kornblum—DeLaMare
reaction to construct perfluoroalkyl-substituted ketones.

ss  To begin with, we investigated the reaction of 1-(tert-butyl)-4-
vinylbenzene 1a with triethylamine 2a and perfluorobutyl iodide
3a in CCI;CH; in the presence of TBAI and TBHP at 80 °C,
which gave (Z2)-f-perfluoroalkyl enaminones 4a in 27% yield
after 4 h (Table S1, entry 10, see Supporting Information).’

6 Judging from the structure of 4a, it becomes apparent that its
formation entails the N-dealkylation’ of the tertiary amine
reactant 2a. Subsequent optimization of the catalytic system
revealed that the addition of 10 mol% Co(acac), and 5.8
equivalents of TBHP led to a significant increase in the yield of

¢s compound 4a to 80% over the same reaction time (Table S1,
entry 1).% (Z)-p-Perfluoroalkyl enaminones are structural motifs
that appear in biologically active compounds,” and can also be
used as synthetic intermediates.'® Existing methods'' for the
synthesis of these compounds, however, have been limited by

70 some shortcomings, such as tedious procedures, low selectivity,
narrow substrate scopes and the requirement for harsh conditions.
In contrast, our multicomponent free radical synthesis'?> operate
in open flask under air, and allow for the concurrent creation of a
C—N single bond, C=C double bond and C=0 double bond in one

75 pot with high levels of chemo- and stereo-selectivity from readily
available starting materials.

Based on this initial success, we proceeded to investigate the
substrate scope and functional group compatibility of this
transformation. As shown in Table 1, this transformation was

so successfully applied to a broad range of styrenes bearing various
functional groups, including halide 4c-g and 4m, benzylic C-H
4h, CN 4i, ether 4k, and BocNH 41 groups. Minor steric effects
were observed in the reaction. For example, the use of an ortho-
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substituted styrene gave a lower yield 4e than the corresponding
meta- or para-substituted styrene. Remarkably, the use of
pentafluorostyrene as the starting material furnished the
corresponding product 4m in 35% yield. The exact (Z)-
s configuration of product 41 was determined by single-crystal X-
ray crystallography (Scheme S1 in SI). Unfortunately, this
procedure was not applicable to alkyl-substituted alkenes.

Table 1 Scope of styrenes”

cat. Co(acac),

TBHP, DABCO 7/ \ N—Et
+ EtN + Fol T —— RX— .
80°C,4h

1 2a 3a 4
Et. _Et Et.  _Et
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F
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“ Reaction conditions: 0.5 mmol styrenes (1), 2.0 equiv triethylamine (2a),
2.0 equiv perfluorobutyl iodide (3a), 10 mol% Co(acac),, 5.8 equiv TBHP,
3.0 equiv DABCO, in 2.0 mL CCl;CHj3 was stirred at 80 °C for 4 h.

15 Table 2 Scope of amines®
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“ Reaction conditions: 0.5 mmol 1-(zert-butyl)-4-vinylbenzene (1a), 2.0
equiv amines (2), 2.0 equiv perfluorobutyl iodide (3a), 10 mol%
Co(acac),, 5.8 equiv TBHP, 3.0 equiv DABCO, in 2.0 mL CCl;CH; was

20 stirred at 80 °C for 4 h. ® Secondary amines were used.

The reaction of 1-(tert-butyl)-4-vinylbenzene 1a with a variety
of different amines revealed that both tertiary and secondary
amines could serve as suitable coupling partners, with the

25 corresponding  products being obtained in moderate to good
yields (Table 2). Increasing the size of the alkyl substituents on
the nitrogen did not have a discernible impact on the oxidative
coupling reaction Sa-d. Cyclic Se, 5g, 5h, 5j and functionalized
amines bearing either an amide group Se, BocNH Sh or ether unit

30 on their alkyl chain 5j also proceeded smoothly under the
optimized conditions to give the desired products in moderate
yields.

Next, we applied this process to a series of perfluoroalkyl
iodides. As shown in Table 3, these reactions proceeded smoothly

35 to afford the corresponding (Z2)-$-perfluoroalkyl enaminones 6a-d
in high yields. Notably, perfluoroalkyl bromides also worked well
for this reaction, and afforded the desired products 6¢ and 6e in
good yields.

Table 3 Scope of perfluoroalkyl halides”

- cat. Co(acac), 0 E(\
TBHP, DABCO 4 —
A =T azar
80°C, 4h
F R
1a 2a 3 6
Et. _Et o Bty B
o H o Etay B >
=
=
'Bu 3y
6a,80% 6b, 83% 6c,81%
Et. _Et
oEt\N,E« E(\ /El o N
=
By Bu
6d, 82% 6c, 71%" 6e, 72%"°

40

“ Reaction conditions: 0.5 mmol 1-(fert-butyl)-4-vinylbenzene (1a), 2.0
equiv triethylamine (2a), 2.0 equiv perfluorobutyl halides (3), 10 mol%
Co(acac),, 5.8 equiv TBHP, 3.0 equiv DABCO, in 2.0 mL CCl;CH; was
stirred at 80 °C for 4 h. * Perfluoroalkyl bromides were used.

45

cat. Co(acac),
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Scheme 2 Investigation on mechanism.
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A mechanistic study of the transformation was conducted,

so which revealed that the addition of a radical inhibitor, such as
2,2,6,6-tetramethylpiperidine  1-oxyl (TEMPO), effectively
suppressed the reaction, suggesting that the transformation
involved free radical intermediates (Figure S1 in SI). To identify
the intermediates involved in the reaction, we intentionally
ss excluded the amine reactant from the reaction system and
carefully analyzed the resulting product profile, which revealed
the presence of trace amounts of the styrene-derived compounds
7-10 (Scheme 2a). Notably, both the peroxide 7 and its
Kornblum-DeLaMare rearrangement product 8 were detected in
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this reaction mixture. Subsequent attempts to react compound 9
with Bu,NH failed to afford the predicted product 5¢ (Scheme
2b), which implied that this material was formed as a by-product
of the reaction rather than being a reaction intermediate. In
contrast, compound 10 readily reacted with the amine substrate to
give Sc in high yield with or without the inclusion of Co/TBHP
(Scheme 2c¢-d). Based on this result, compound 10 was identified
as actual critical intermediate in the catalytic cycle.

o
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Scheme 3 Proposed mechanism for (Z)-f-perfluoroalkyl enaminones
formation reaction.

=

Based on the results described above, we have proposed a
plausible mechanism for the reaction (Scheme 3). The Co(II)
catalyst would most likely be involved in two key radical
processes, including the homolytic decomposition of TBHP to
give ‘BuO- radical A and ‘BuOO- radical B (Scheme 3a)," and
the reductive cleavage of the C-I bond of the perfluoroalkyl
iodide to give the electrophilic radical C (Scheme 3b). Radical C
would be immediately trapped by styrene to form the more stable
20 benzylic radical D (Scheme 3c), which could undergo a cross-

coupling reaction with the electrophilic ‘BuOOs radical B to

afford the peroxide intermediate E (Scheme 3d). The Kornblum—

DeLaMare reaction of E would lead to the formation of the aryl

ketone species F (Scheme 3e), which would readily undergo the
2s DABCO-promoted elimination of hydrofluoric acid' to give the

a, f-unsaturated aryl ketone G (Scheme 3f). Ketone G would

then undergo nucleophilic attack by a secondary amine (Scheme

3g), which was used as a reactant or generated in situ by

oxidative dealkylation of the tertiary amine, and the resulting f-
30 fluorinated aryl ketone H would eliminate a second molecule of

hydrofluoric acid to afford the desired product (Scheme 3h). In

addition, the sequential oxidation (Scheme 3i) and proton
elimination reactions (Scheme 3j) of D would account for the

observation of by-product J.

35 In summary, we have developed a novel procedure for the
synthesis of (Z)-f-perfluoroalkyl enaminones from commercially
available starting materials via a multicomponent radical process
involving sequential fluoroakylation and Kornblum-DeLaMare
reaction. The high level of efficiency and selectivity of this

40 oxidation reaction is highlighted by its concurrent cleavage of at
least three chemical bonds, including two C—F bonds, and one C—
X (X = Br or I) bond, and its creation of three new bonds,

@

including one C=0 bond one C=C bond and one C-N bond.
Further studies are currently underway in our laboratory focused

45 on expanding the substrate scope of this reaction and elucidating
the mechanism.
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