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Abstract: Reported is the first oxy-trifluoromethylation of
allylamines with carbon dioxide (CO,) using copper catalysis,
thus leading to important CF;-containing 2-oxazolidones. It is
also the first time CO, a nontoxic and easily available
greenhouse gas, has been used to tune the difunctionalization
of alkenes from amino- to oxy-trifluoromethylation. Of
particular note, this multicomponent reaction is highly
chemo-, regio-, and diastereoselective under redox-neutral
and mild reaction conditions. Moreover, these reactions feature
good functional-group tolerance, broad substrate scope, easy
scalability and facile product diversification. The important
products could also be formed with either spirocycles or two
adjacent tetrasubstituted carbon centers.

The trifluoromethyl group (CF;) is a very important motif in
agrochemicals, functional materials, and pharmaceuticals,
because of its unique lipophilicity, metabolic stability, and
electronegativity.!! Accordingly, different kinds of trifluoro-
methylation methods,? especially for the construction of
C(sp*)—CF; bonds,*"! have been reported. Methods for the
difunctionalizing trifluoromethylation of alkenes, including
carbo-, halo-,” oxy-,) and amino-trifluoromethylation,®"]
have developed rapidly with significant improvement in
accessible molecular complexity. Notably, the trifluorome-
thylation of allylamines has attracted much attention because
of its high importance. For example, both the groups of Cho!®!
and Sodeoka**! independently realized the photoredox and
copper-catalyzed aminotrifluoromethylation of allylamine to
give CF;-containing aziridines, which could undergo diverse
N-migratory functionalizations with various kinds of nucleo-
philes” (Figure 1a). These methods are efficient under mild
reaction conditions, thus indicating the high reactivity and
low-energy barrier of such aminotrifluoromethylations.
Carbon dioxide (CO,) is not only a greenhouse gas but
also a nontoxic, abundant, and recyclable building block in
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Figure 1. Amino- and oxy-trifluoromethylation of alkenes. FG =func-
tional group.

organic synthesis.’l Although it is challenging to utilize it
under mild reaction conditions because of its thermodynamic
stability and kinetic inertness, many kinds of transformations
have been developed with huge effort and various strategies.
Notably, the application of CO, in the construction of
important heterocycles,™ which is the subject of long-
standing interest in pharmaceutical discovery and organic
synthesis, is highly attractive as it avoids the use of toxic CO
or phosgene. However, the challenging of utilization of CO,
to generate important heterocycles with concomitant incor-
poration of CF; has not been reported yet.

2-Oxazolidones are important heterocycles which serve as
useful intermediates in organic synthesis, and because of their
unique properties they exist widely in drugs, semiconductor
devices, and chiral auxiliaries."”’ Although many synthetic
methods have been reported,“” to the best of our knowledge,
there is no general method to construct important CF;-
containing 2-oxazolidones from reagents which are readily
available and easy to handle. Inspired by the above-men-
tioned successes, ™! we envisioned that the reaction mode of
allylamines could be tuned from amino- to oxy-trifluorome-
thylation by incorporation of the entire “CO,” moiety. This
designed reaction might not only afford important CF;-
containing 2-oxazolidones from simple starting materials, but
it could also open a direct and important route to productively
sequester the greenhouse gas. With continuous interest in
CO, utilization,”™ we herein report the first copper-catalyzed
highly selective oxytrifluoromethylation of diverse allyl-
amines with CO, to synthesize important CF;-containing 2-
oxazolidones under redox-neutral and mild reaction condi-
tions (Figure 1D).

Although multicomponent reactions (MCRs) can gener-
ate diverse complex products expediently from simple
substrates with low cost, high efficiency, and pot-economy,
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in designing this procedure, we identified four main chal-
lenges that needed to be addressed: 1) Chemoselectivity
between N—CF; and C—CF; bond formation. The side
reaction of direct nucleophilic attack of amines to electro-
philic trifluoromethylation reagents is one key challenge in
such a multicomponent reaction.'” 2) Chemoselectivity
between amino- and oxy-trifluoromethylation. Efficient gen-
eration of a carbamic acid intermediate with subsequent C—O
formation should be preferred to the C—N bond formation,
which is vital to the designed reaction. However, because of
the thermodynamic stability and general inertness, CO, tends
to react with strong nucleophiles only under harsh reaction
conditions, thus making it challenging to compete with the
facile aminotrifluoromethylation (Figure 1a). 3) Regioselec-
tivity between endo and exo cyclization. Besides the chemo-
selectivity, the cyclization step must be regioselective so as to
give one heterocycle in good yield. 4) Decomposition of the
products in the presence of base. The proton o to the CF;
group is quite acidic, and might result in facile decomposition
of the 2-oxazolidones by elimination.

With these challenges in mind, we selected N-benzyl-2-
phenylprop-2-en-1-amine (1a) as our initial starting material

Table 1: Optimization of the reaction conditions.”!

TogL?sz ;'z:aags:nt 1 F3C, 040
PhJ\/NHBn * €02 solvent, 45 °C, 16 h \P?/l\/N\Bn
1a (1 atm, closed) 2a
Entry Catalyst Base Solvent Yield [%]"!
1 [Cu(MeCN),]PF - MeCN n.d.
y [Cu(MeCN),|PF, K,CO; MeCN <5
30 [Cu(MeCN),]PF, Cs,CO, MeCN 25
44 [Cu(MeCN),]PF, NaOtBu MeCN 20
54 [Cu(MeCN),]PF¢ DBU MeCN 70
6 [Cu(MeCN),]PF, DBU MeCN 88
7 Cudl DBU MeCN 82
8 CuBr DBU MeCN 74
9 Cu(acac), DBU MeCN 34
10 [Cu(MeCN),]PF, DBU DCM 57
n [Cu(MeCN),|PF, DBU THF 38
12 [Cu(MeCN),|PF, DBU DMF 84
134 [Cu(MeCN),|PF, DBU MeCN 90 (81)
14l [Cu(MeCN),|PF, DBU MeCN 87
1564 [Cu(MeCN),]PF DBU MeCN 77
16 - DBU MeCN n.d.
174 In(OTf), DBU MeCN n.d.
18 Yb(OTf), DBU MeCN n.d.

o N
©;< @;f’ § -oTf
o} Me CF;

Togni's reagent Il Togni's reagent | Umemoto's reagent

[a] Reaction conditions: Ta (0.4 mmol), T atm of CO,, Togni’s reagent Il
(0.44 mmol), base (0.8 mmol), catalyst (0.04 mmol), solvent (4 mL),
45°C, 16 hours. [b] GC yields are given with dodecane as an internal
standard and the isolated yields are given in parentheses. [c] Base

(0.6 mmol). [d] Room temperature (RT). [e] Togni’s reagent | was used.
[f] Umemoto’s reagent was used. DBU =1,8-diazabicyclo[5.4.0]undec-7-
ene, DCM =dichloromethane, DMF = N,N-dimethylformamide,
n.d.=not detected, Tf=trifluoromethanesulfonyl, THF =tetrahydro-
furan.
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because of its availability and facile derivatization of the
desired product 2a (Table 1). We first examined the reaction
between 1a and Togni’s reagent I, which is easy to handle
and readily prepared from inexpensive 2-iodobenzoic acid in
three steps without chromatography,!® in the presence of
stable [Cu(MeCN),PF,] as a catalyst and 1 atm of CO, in
acetonitrile (entry 1). Unfortunately, only the aminotrifluoro-
methylation product was observed in this case. We thought
that addition of a base might enhance the nucleophilicity of an
amine or activate CO,. Among the various kinds of bases
tested (entries 2-5), we were delighted to identify DBU as the
best choice, thus providing 2a in 70 % yield (GC). The yield
was increased to 88% (GC) when 2.0 equivalents of DBU
were used (entry 6). Several other copper catalysts (entries 7—
9) and solvents (entries 10-12) were explored, but they all
gave 2a in lower yields. Importantly, the reaction also
proceeded smoothly and with better yield at room temper-
ature (entry 13). Alternative CF; sources, such as Togni’s
reagent [ and Umemoto’s reagent, were also effective in this
reaction (entries 14 and 15). The transformation neither
proceed without a copper catalyst nor in the presence of
just In(OTf); or Yb(OTf); (entries 16-18), thus suggesting
that the copper catalyst is vital to this transformation but does
not act as a Lewis acid.

With the standard reaction conditions (Table 1, entry 13)
in hand, we investigated the effect of substituents on the
amine nitrogen (Table 2). Both primary and secondary alkyl-

Table 2: Test of different substituents on the amine nitrogen.!

[Cu(MeCN),]PFg (10 mol%) ’2
Togni' t11 (1.1 equi FsC O
LH . co, ogni's reagent Il (1.1 equiv) 3 N-R
Ph R DBU (2.0 equiv), MeCN, RT, 16 h
1 (1 atm, closed) Ph 2
IR e
Ph ‘Bn Ph nBu Ph h
Me

1a, 81% 1b, 82% 1c, 61% (d.r. = 1.1:1)

1d, R = Ph, trace

JL/H 1e, R = Ts, nd.

< 1f, R = Bz, n.d..

Ph R 19, R = Boc, n.d.
1h,R=H, nd.

[a] The standard reaction conditions. Yields are those of the isolated
products. Boc = tert-butoxycarbonyl, Bz=benzoyl, Ts =4-toluenesul-
fonyl.

substituted substrates, 1a, 1b, and 1e¢, gave products in
moderate to good yields, while the aryl-substituted substrate
1d only gave trace amounts of product. Neither strongly
electron-withdrawing substituents (1e-g) nor the free amine
1h generated the desired products. These results indicate that
the nucleophilicity of the nitrogen atom is very important to
this transformation.

Based on these results, we next explored the substrate
scope of the reaction (Table3). We found that various
allylamines can be transformed into the desired 2-oxoazoli-
done products in moderate to good yields. Both electron-
donating and electron-withdrawing groups on the vinylic
aromatic substituent were compatible. This reaction tolerated
many kinds of functional groups, including fluoro (2i), chloro

www.angewandte.de

An dte

Chemie

10177


http://www.angewandte.de

10178

Table 3: Substrate scope of allylamines.”!

RS RA [Cu(MeCN),]PFg (10 mol%) o}
[ + co, Togni's reagent Il (1.1 equiv) R O/(N—B
rNegn - DBU (2.0 equiv) RS "
R2 (1 atm, closed) MeCN, RT, 16 h FsC R R2
1 2
2i:F, 79% CF3 O  2r:Me, 90%
2j: Cl, 84% 0 : OM
cF 2k: Br, 76% R o
3 o ¢: Br, 76% N, 2t: NHPiv, 82%
gl. Mg',:757/;°/ Bn 2u: OPiv, 78%
m: CF3, o

2n: NO, 85% CF, 6.0
20: CO,tBu, 70% i
2p: OCF3, 83% \,f AN
2q: OPh, 78% *Bn s TR
R
CF, 6.0

CF3
O O
Y O
N. N,
SO NR O

CF;
0.0
ot
"Bn
N
N

2x: 75% 2y: 65% 2z: 58% (64%)!
CFs o CF3 Me CF3
v me—{ 0.0 me—{ 0.0
N, \f \f
Bn N, N,
Me Bn Bn
2aa: 78%I° 2ab: 75%[9 2ac: 34%

”””””””
g oS A

[ N !
FaC, oSS FaC,, O 3 g&(o
: {BuO,C N,
3 Bn

2ad: 56%[°1 2ae: 78%I°] 2af: 69%

[a] The standard reaction conditions.Yields are those of the isolated
products. [b] 30 h. [c] No diastereoisomer is detected. [d] d.r. >16:1. See
the Supporting Information for details. Piv=pivaloyl.

(2j and 2w), bromo (2k), ether (2p, 2q and 2s), nitro (2n),
ester (20 and 2u), and amide (2t) groups, which may be
beneficial for subsequent transformations." The substituents
at either the meta (2r—u) or ortho position (2v and 2w) of the
vinylic aromatic ring did not hamper the reactions. While
incomplete conversion and a diminished yield were observed
for the reaction of the 1-naphthyl 1y, the 2-naphthyl-
substituted analogue 1x reacted smoothly. The heteroaro-
matic substrate 1z underwent clean reaction to give the
product 2z selectively and in moderate yield without detec-
tion of any arene trifluoromethylation.”!

Besides different (hetero)arene derivatives, we further
tested the allylamines with other substituents (Table 3). For
example, the substrate 1aa, having a methyl group a to the
amine, showed good reactivity in this reaction. Although the
trifluoromethylation of internal alkenes at the position with
increased steric hindrance is highly challenging, the allyl-
amines 1ab and 1ac underwent reactions to give the desired
products in moderate to good yields. The facile generation of
2ac, in which a quaternary carbon atom and an adjacent
tetrasubstituted carbon atom are both established, is partic-
ularly noteworthy. Considering the wide existence and high
importance of spiro-heterocycles, we further tested the
reactions of allylamines bearing cyclic alkenes to give 2ad
and 2ae in moderate to high efficiency. Importantly, the
products 2aa, 2ab, 2ad, and 2ae were all obtained with high
diastereoselectivity. The two-dimensional NMR spectrum
and single-crystal X-ray structure (see below) showed the
anti relationship between the generated C-O and C—CF;
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bonds in 2ae (see the Supporting Information for details).
Moreover, to our delight, acrylate derivatives, such as 1af,
could also react efficiently to provide a new class of useful
products, thus demonstrating the broad substrate scope of our
system.

To gain more insight into this reaction, mechanistic studies
were conducted (see the Supporting Information). When
radical scavengers, either 2,2,6,6-tetramethyl-1-piperdinyloxy
(TEMPO) or 2,6-di-tert-butyl-4-methyl-phenol (BHT) or 1,1-
diphenylethylene, were added under the standard reaction
conditions, the reaction was significantly inhibited. Mean-
while, the radical coupling adducts TEMPO—CF; and BHT—
CF; were detected, and indicate that the reaction might
involve the *CF; radical.

Based on these mechanistic studies and the observed high
diastereoselectivity, we propose a possible reaction mecha-
nism using 1ae as an example substrate (Figure 2). A single-

D

@
X-ray of 2ae

Togni's reagent ||

Bn O
N Bn O
N— N
0 it (¢]
R NACH)
CF3

Figure 2. Proposed mechanism and X-ray structure of 2ae."®

electron transfer (SET) occurs between the Cu' complex and
Togni’s reagent I to generate a ‘CF; radical and a Cu"
complex. Meanwhile, the reaction of lae with CO, and
DBU generates the carbamate A, which further coordinates
to the Cu" complex to form B. Then the key cyclization
reaction occurs with both C—O and C—Cu" bond generation,
with anti diastereoselectivity, to form the cyclic carbamate
intermediate C. Combination of the °‘CF; radical with C
generates a highly reactive Cu™ complex (D), which under-
goes reductive elimination to afford 2ae along with regener-
ation of the Cu' catalyst. Given the complicated pathways,
a Cu'™ complex®! might be generated directly from Cu' and
Togni’s reagent II and then react with A to generate D.
Moreover, the reaction of a "CF; radical with the alkene to
generate a new carbon radical or cation, which is then trapped
by the carbamate, cannot be excluded at this time.

While 2-oxazolidones are valuable in their own right,
Scheme 1 details their role as a starting material for several
notable transformations. Firstly, the conversion of 1a under
our reaction conditions is amenable to scale-up to gram
quantities with comparable yield and efficiency (Scheme 1a).

Angew. Chem. 2016, 128, 10176 -10180
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NaOH CFs FiC Palacios, Chem. Rev. 2015, 115, 1847.

MeOH, 65°C, 2 h PhLNHBn + Phj|\/NHBn [3] For recent examples, see: a) D. A. Nagib, M. E. Scott, D. W. C.

5, 50% 5', 32%

Scheme 1. Gram-scale synthesis and transformations of 2a. See the
Supporting Information for details.

Secondly, the reaction of 2a with an allyl Grignard reagent
afforded the amide 3 in high yield, while reaction with LiAIH,
provided the privileged amino alcohol 4. Moreover, the
reaction with NaOH gave the CF;-containing allylamines 5
and 5, most likely by elimination/decarboxylation, in good
yield and as a mixture of alkene isomers.

In summary, we have developed a novel, versatile, and
straightforward copper-catalyzed difunctionalization of allyl-
amines to generate important CF;-containing 2-oxazolidones.
CO, plays a vital role in tuning the reaction from amino- to
oxy-trifluoromethylation with excellent chemoselectivity,
regioselectivity, and diastereoselectivity. This multicompo-
nent reaction is scalable and shows broad substrate scope and
functional-group compatibility under redox-neutral and mild
reaction conditions. Important products could also be formed
with either spirocycles or two adjacent tetrasubstituted
carbon centers. Facile product diversification and the gen-
eration of "CF; radical in the reaction have been demon-
strated.
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