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1 ABSTRACT: A copper-mediated trifluoromethylation of available example.s in the latter case using diazo compoupds as
12 a-diazo esters with TMSCF; reagent has been developed, C'flrbene sources include coppt.:r-catal.yzed polymerlzatlon of
13 which serves as a new method for the preparation of diazoalkenes, the st01ch10metrlc. reaction - between
14 a-trifluoromethyl esters. This trifluoromethylation reaction pentaﬂuorophenylcoppf:r and diazoacetate, and
e represents the first example of fluoroalkylation of a copper-catalyzed reactions between alkypes (or heteroarenlgcs_z
16 non-fluorinated carbene precursor. It was found that water and N-tosylhydrazones (precursors for diazo compounds).
plays an important role in promoting the reaction by activatin, Moreover, ~ Burton  and  co-workers  reported  the
17 g y 2 .
the “CuCF;” species prepared from Cul/TMSCF;/CsF CFz-homollogatlhon reactions of perﬂuorl_nate(‘i‘ organgcoppers
18 (1:1.1:1.1). The scope of this trifluoromethylation reaction is (RfCu) using tflﬂuoromﬁhleQpper Spemes.( CuCF;”) as the
19 broad, and the efficiency of the reaction is demonstrated in the dlﬂuorocarbel_le source, V_VhICh was behev'ed to proceed
20 synthesis of a variety of aryl-, benzyl-, and alkyl-substituted througl?b the insertion of difluoromethylene into the R-Cu
21 3,3,3-trifluoropropanoates. bond. ” However, to the best of our knowledge, there has
22 been no report on the insertion of a non-fluorinated carbene
23 Trifluoromethylated compounds have attracted increasing into a l_%—Cu bond. Considering that diazo 0w mpounds_have
24 . . . been widely used as the carbene precursors, ~ we envisioned
attention in pharmaceutical and agrochemical research because . . .
. . that copper-mediated (or catalyzed) cross-coupling of a-diazo
25 of the unique role of CF; group in the enhancement of the 13
L . 1 . esters and Ruppert-Prakash reagent (TMSCF;) ~ could result
26 bioactivity of organic molecules. Among various . . . . . .
- . . . in a facile formation of a-trifluoromethyl esters. Since various
27 transition-metal-assisted methods for the incorporation of CF; . . . .
. 2 . a-diazo esters can be easily prepared by diazo-transfer reaction
28 group(s) into arenes or alkenes,” the copper-mediated ¢ th & ters.? th 1 s th
29 trifluoromethylation is most extensively studied due to the o el c?rtresp}:) " 1n§ e ers,h | 5 ov;ra Cplrio C:SS dls £ ©
30 high efficiency of the reaction and the relatively low cost of cquivale E TI(\)/Ié CeFm uoromet }2/at10n ot o=t bond ot an
31 copper.  And importantly, the copper-involved ester wit sreagent (eq. 2).
32 trifluoromethylation of aryl or vinyl halides often proceeds Scheme 1. Speculated Copper-Catalyzed
33 smoothly in the absence of an exogenous ligand.3 On the other Trifluoromethylation of a-Diazo Esters with TMSCF;
34 hand, the copper-based trifluoromethylation of sp’ carbon N, TMSCF4/F~ R~
3 atoms is much less explored,” among which, most work focus oo T A I e C>:»£/WCF3
> on the construction of CF;-bearing secondary or tertiary cux ’ l
36 carbon centers via allylic or benzylic trifluoromethylation FC H ‘. F.C Cu
37 reac.tions,“’5 with only very few examples of Rcore T T [ R co,r?
38 a-trifluoromethylation of ketones and aldehydes being
39 available.” To date, a general method for the introduction of » 5 .
40 CF; group(s) into the a-position of aliphatic carboxylic esters Initially, we speculated that “CuCF; . gener.ated from
41 is conspicuously missing.” TMSCF3 and a Cu(I.) salt cou.ld react with o-diazo esters
42 leading to the formation of a trifluoromethyl copper carbene
2 R species, which would undergo CF;-migratory insertion and
ji R1@< _ M—{—R? @ subsequent protonation to afford o-trifluoromethyl esters
(M= Pd 'fu otc) R? (Scheme 1). However, the attempted reaction between a-diazo
45 A R P RARAITLE ester 1a and TMSCF; with a catalytic amount of copper(I) salt
46 iazolati o
N diazolation N2 CUXITMSCFo/F™  CFs in the presences of a proton source (to regenerate the copper
BN — 2 g PP
47 RIOCOR?  Ref12  RYCCOR?  thiswork | RV CORE O catalyst) failed due to the quick formation of undesired CF;H.
48 Realizing that the pre-generated “CuCF;” could be used as a
49 Transition metal carbene species possess remarkably relatively stable “CF;” reservoir,”® we focused on the
50 versatile reactivity and have been widely used in organic trifluoromethylation of 1a using a stoichiometric amount of
51 synthesis 9for the construction of structurally diverse copper salt and TMSCF;. However, when 1a was added to the
52 molecules.” Among many unique transformations based on pre-generated “CuCF;” (from Cul, TMSCF; and CsF), only a
53 these metal carbene species, the migratory insertion of a trace amount of product 2a was detected after acidic workup
54 carbene ligand into a transition metal—carbon bond is a useful (Table 1, entry 1). Considering that CsI was formed during the
55 tool for the construction of a functionalized anionic carbon preparation of “CuCF;”, the coordination of iodide ion (I) to
: 9a,e
center for further transformations (eq. 1).”" Although carbene copper may retard the reaction between “CuCF;” and 1a."
56 X S 8 X pPp y
57 insertion into palladium—carbon bonds has been exploited for Furthermore, we found that the addition of another portion of
58 various cross-coupling reactions,”® carbene insertion into Cul after 1a could significantly promote the reaction and the
59 copper—carbon bonds has received less attention.'”'' The yield of 2a increased to 77% when 1.2 equiv of Cul was used
60 1
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Table 1. Screening of the Reaction Conditions®
1) Cul (x equiv), TMSCF; (y equiv),

N, CsF (y equiv), RT, 30 min CF;
Ph)J\COOEt 2) 1a (1 equiv) and additive Ph COOEt
1a 2a
Entry?  Solvent Additive (equiv) Temp (°C) Time (h)  Yield (%)°
1 DMF none rt 9 <5
2 DMF Cul (0.05) rt 9 17
3 DMF Cul (0.2) rt 9 29
4 DMF Cul (0.5) rt 9 37
5 DMF Cul (1.2) rt 9 77
6 NMP Cul (1.2) rt 13 88
7 NMP Cul (1.2) + H,O (1) rt 13 90
8 NMP H,O (1) rt 65 31
9 NMP H,0 (10) rt 65 36
10 NMP H,0 (20) 40 10 69
11 NMP H0 (44) 40 10 80
12 NMP H,0 (66) 40 10 77
13 NMP H,0 (44) rt 20 83
14 NMP H,0 (44) 50 20 72
159 NMP H,0 (44) rt 20 69
16° NMP H,0 (44) rt 20 85
17 NMP tBuOH (44) rt 20 15
18 NMP EtOH (44) rt 20 19
19 NMP MeOH (44) rt 20 32
20 NMP PhOH (44) rt 20 49

2All reactions were performed by adding 1a and additive into the pre-generated
"CuCF3". ® For entries 1-6, reactions were performed on 0.2 mmol sacle (x = 1.5,y =
1.8) in DMF or NMP (3 mL + 3 mL) under N, atmosphere, and no difluoroolefin 4a
was detected. For entries 7-19, reactions were performed on 0.5 mmol sacle (x = 1.5,
y = 1.65) in NMP (3 mL + 3 mL) under N, atmosphere. ¢ The yields were determined
by 'F NMR with PhCF3 as an internal standard. 9x=1.2,y = 1.32. ¢ x=2.0,y =2.2.

(Table 1, entries 2—5). When NMP (1-methylpyrrolidin-2-one)
was used instead of DMF as solvent, a higher yield (88%) of
2a was obtained (Table 1, entry 6). It is interesting that when
the reaction was performed in a sealed tube,
gem-difluoroolefin 4a was formed as the major product and 2a
as the minor product (Scheme 2). Furthermore, prolonged
reaction time did not significantly increase the yield of 2a after
the initial 20 minutes (Scheme 2), which demonstrates that 2a
resulted from the quenching of the labile copper intermediate
3a by a random proton source (most probably from
adventitious water in the reaction system) (Table 1, entries
1-6). When the amount of proton source was insufficient,
B-elimination of fluoride from 3a would lead to difluoroolefin
4a.

Scheme 2. Formation of Difluoroolefin®

4a (2a)
1a (0.036 mmol) | g ¢ CF, 13h, 8% (12%);

" " c ’ ’
CuCF5 NG + 2a | 1.0h, 48% (14%);
(0.06 mmol) Cul (0.05 mmol) | ph" “COEt|  Ph” “CO,Et 2.5 h, 54% (14%);
NMP, rt 3a 4a 35 h, 54% (14%).

@ Reaction was performed in a sealed NMR tube in NMP (0.6 mL). "CuCF3" was prepared
from Cul, TMSCF3 and CsF in a molar ratio of 1:1:1.3. Yields were determined by "°F NMR
with PhCF3 as an internal standard.

Next, we examined the influence of protic additives on the

reaction. Although it has been known that long-chain
.. 3a

perfluoroalkylcoppers are not so sensitive towards water,”™ the

similar data for trifluoromethylcopper species are not available.

Indeed, we found that “CuCF;” (prepared from
Cul/TMSCF5/CsF, in a ratio of 1:1.1:1.1) in NMP (1.0 M) in
the presence of 66 equiv of water was hardly transformed into
CF;H at low temperatures, and only ~5% of “CuCF;” was
decomposed at room temperature in 5 hours (see section 6.1 in
Supporting Information). When 1.0 equiv of water and 1.2
equiv of Cul were added into the reaction mixture of “CuCF;”

2

and la at room temperature, to our delight, the reaction
proceeded smoothly to give 2a in excellent yield with good
reproducibility (Table 1, entry 7). It is much impressive that
water itself could promote the reaction and 2a was obtained in
31% yield when 1.0 equiv of water was added (Table 1, entry
8). When less than 10 equiv of water was used, there was no
substantial improvement of the yield (Table 1, entry 9).
Notably, when the amount of water was increased to 20 equiv,
the yield was strikingly improved to 69% (Table 1, entry 10).
Further optimization indicated that the use of 44 equiv of
water at room temperature gave the best result (Table 1,
entries 11-14). As for the amount of copper reagent, “CuCF;”
prepared from 1.5 equiv of Cul gave better results than those
with 1.2 equiv or less, and more excessive amount of Cul
could not further improve the yield significantly (Table 1,
entries 15-16). Among several protic additives that were
tested, tBuOH, EtOH, MeOH, and PhOH were found to be
inferior to water (Table 1, entries 17-20).

Table 2. Trifluoromethylation of Various a-Diazo Esters®
1) Cul (1.5 equiv), TMSCF3 (1.65 equiv),

Ny CsF (1.65 equiv), NMP, RT, 30 min JC\F:;
RlJ\COZRZ 2) 1 (1 equiv) in NMP, H,0 (44 equiv), RY” “CO,R?
1 rn,20h

CO,Et Rl ) TCOE
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CFs
E:l)\coza

2a, 82%
(5 mmol scale: 84%)
CFs

D)\coza

2f, 92%

Ri(j)\coza
=

2m, R=2-Cl, 73%
2n, R=3-Cl, 70%
20, R=4-Cl, 78%

CF

2b, 75%

CF3
MeO

29, R? = Me, 96%

2h,R?=Et, 87%

2i, RZ=iPr, 91%
CF4

2p, 66%

2c¢, R=2-Me, 85%
2d, R = 4-Me, 88%

CF3
/@J\coza

2j, 82%

/©)\coza

2q, 0 (81%)°

CFs3 CFs
7 EtO

2e, 94%
(5 mmol scale: 90%)

O)\coza

2k, R = 2-Br, 79%
21, R=4-Br, 75%°

CFs3
RlJﬁ(O\/\
o

R! = 4-MeOCgH,,
2r, 88%

CO,Et

2s, 81%

]@\ACOZB @vkm

2u,R=H, 78% 2w, R = OMe, 59%
2v,R =Me, 70% 2x, R=1tBu, 72%

3
CO,Et
n<:gH17 CO,Et

2zb R =Cl, 87% 2zd, 92%

2z¢, R = OMe, 84%

@Unless otherwise noted, reactions were performed on 0.5 mmol scale by adding 1a and
water into the pre-generated "CuCF3". Yields refer to isolated yields of the analytically pure
products. ® The reaction was performed at 35 °C. ¢ The yield of the reaction performed on
0.2 mmol scale at 60 °C using "CuCF3" (2.0 equiv) as trifluoromethylation reagent, Cul (1.2
equiv) and H,O (1 equiv) as additives was given in the parenthesis. 9 The reaction was
performed at 40 °C. © The number in the parenthesis refers to 1°F NMR vyield with PhCF5 as
an internal standard.

l CO,Et

2t, 69%¢

Cl
Bi
CO,Et COzEt
cl

2y, 55% (80%)°® 2za, 80%°

Having identified the optimal reaction conditions (Table 1,
entry 13), we further examined the scope of this
trifluoromethylation reaction (Table 2). Generally, both aryl-,
benzyl- and other alkyl-substituted a-diazo esters reacted
smoothly to give o-trifluoromethyl esters 2 in moderate to
excellent yields, and no aromatic trifluoromethylation
occurred in the cases of haloaryl-substituted a-diazo esters
(2j—2p and 2y—-2zb). Moreover, the reaction also tolerates
C=C bonds and no intramolecular cyclopropanation product
was detected in the case of 2r. The aryl o-diazo esters with
electron-donating substituent such as methyl, methoxy and
ethoxy groups on the aromatic ring gave o-trifluoromethyl
esters 2 in excellent yields (2¢—2i), while those with weak
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electron-withdrawing substituent such as Cl and Br at the
aromatic rings gave slightly decreased yields (2k-2p).
However, the oa-diazo ester 1q with a strong
electron-withdrawing substituent (NO,) is unreactive under the
optimized conditions. Note that this reaction was not sensitive
to the steric bulkiness of the ester group adjacent to the
carbenoid carbon, and changing from the methyl, ethyl, to
isopropyl esters caused no significant drop of yield (2g—2i).
For the benzyl-substituted a-diazo esters (2s—2za), the yields
were generally lower than the normal alkyl-substituted ones
(2zb—2zd), probably due to the occurrence of the competitive
1,2-H shift of the copper carbene intermediates. For example,
in the case of 1y, besides the desired product 2y, (E)-ethyl
3-(2,4-dichlorophenyl)acrylate was also detected as the
byproduct (6% by GC-MS). o-Trifluoromethyl carboxylic
esters are key intermediates for the synthesis of non-ester
pyrethroids insecticides such as flufenprox'> (for its concise
synthesis from 2e, see sections 5.1-5.3 in Supporting
Information) and fluorinated analogues of non-steroidal
anti-inflammatory drugs'™

D 5 6
8a
i
c 7 6
|
B |7 6
T JL
R

Figure 1. Monitoring of the Cul-promoted trifluoromethylation of
o-diazo ester 1a with '’F NMR spectroscopy at 1t (the chemical
shifts were determined relative to PhCF; at —63.0 ppm). (A)
“CuCF;” prepared from Cul, TMSCF; and CsF in 1:1.1:1.1 ratio;
(B) 5 min after the addition of 2/3 equiv of Cul into sample A; (C)
10 min and (D) 60 min after the addition of 2/3 equiv of Cul and
2/3 equiv of 1a into sample A.

To gain more insights into the present copper-mediated
trifluoromethylation reaction, the composition of “CuCF;” and
its reaction with 1a and additional Cul were studied with "°F
NMR spectroscopy. When Cul, TMSCF; and CsF were mixed
in a 1:1.1:1.1 ratio in NMP, apart from the two major
trifluoromethylcopper species which were tentatively assigned
as [Cu(CF3)I] (5, —28.7 ppm) and [Cu(CF5),]” (6, —31.9 ppm)
according to the reported NMR data'® (neither of them is
reactive towards 1a under this condition), a new species 7 at
—26.9 ppm was also observed in small amount (Figure 1, A);
and the species 7 became predominant when 2/3 more equiv of
Cul was added into the mixture (Figure 1, B). By comparison
with the ’F NMR data (-27.2 ppm in DMF, —27.8 ppm in
NMP) of “ligandless” CuCF;** prepared from CF;H and its
reactivity with diazo ester 1a (see section 6.3 in Supporting
Information), the species 7 was tentatively assigned as
solvent-stabilized CuCF;, in which the solvent molecule NMP
acted as a ligand. It is likely that the abstraction of iodide ion
by Cul (to form [Cul,]") promotes the formation of 7. When
la (2/3 equiv) and Cul (2/3 equiv) were added into the
pre-generated “CuCF;”, a new peak at —26.5 ppm appeared (in

3
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addition to the species 7) (Figure 1, C), and the consumption
of 8a is much slower than its formation (Figure 1, C and D).
Moreover, the N, evolution experiment showed that the
decomposition of diazo compound 1a was a slow process (see
section 6.4 in Supporting Information). Based on these results,
the species 8a was tentatively identified as the complex
CuCF;e1a rather than a carbene-ligated trifluoromethylcopper
species 9.

Although it is difficult to identify the reactive intermediate
with "’F NMR spectroscopy when the reaction was performed
in the presence of water (only two trifluoromethylcopper
species assigned as 5 and 6 were observed, see section 6.1 in
Supporting Information), we conjecture that water serves as
the ““scavenger” of iodide ion (by the formation of hydrated
iodide ion)*® to promote the ligand exchange of copper
complexes affording the reactive species 8 (see Scheme 3) at a
low concentration. If water is used in a relatively small
amount (less than 10 equiv), the saturation of the mixed
solvent by iodide ion makes the formation of 8 (and the
subsequent trifluoromethylation) less efficient. The
assumption of water-promoted iodide complex dissociation
was further supported by our observation that the yield of 2a
decreased significantly with the addition of external KI into
the reaction mixture (see section 6.5 in Supporting
Information).

Scheme 3. Proposed Mechanism
TMSC

cul [CU(CF3)l]” === 1/2[Cu(CF3),]" + 1/2[Cul,]” (3)
5 6
N, NMP / H,0
L + [Cu(CF3)II CUCFg+1 + I 4
RY” “CO,R?
5 8
NMP / H,0
1+ [Culy] Cul+l + Iy (5)
10
N, ~R
CUCF3 1 —2» | F5CT CU2< — Cu+CF3
co R? C02R2

Culy™
12 H0 1 1/2 cu,0
[Cu(CFg)I]
CF3

Cul*1 — I Cu
:<co R2 R1 CO,R?

10 11 2

Based on aforementioned results and discussion, we
propose a mechanism for the current Cul-mediated,
water-promoted trifluoromethylation of 1 with TMSCF;
reagent (Scheme 3). Firstly, the reaction of Cul, TMSCF; and
CsF (in a [1:1.1:1.1 ratio) gives the dicoordinated
trifluoromethylcopper species 5, which is in equilibrium with
bis(trifluoromethyl)copper species 6 and [Cul,] via ligand
redistribution on copper (eq. 3)."” After the addition of a-diazo
ester 1 and water, a small amount of reactive intermediate
complex 8 is formed from 5 by water-promoted a-diazo
ester—iodide ion exchange reaction (eq. 4). The extrusion of N,
from 8 affords trifluoromethyl copper carbene species 9 and
the subsequent migration of CF; group to the carbenic carbon
atom of 9 results in a-CF;-substituted copper species 3. The
final hydrolysis of 3 by water gives product 2 and the
unreactive  Cu,0.%° Alternatively, based on the known
copper-catalyzed cyclopropanation between diazo compounds
and alkenes,”' the complex 10 generated from [Cul,] by a
similar ligand-exchange reaction is also a possible
intermediate. The extrusion of N, from 10 affords copper
carbene species 11. Both 10 and 11 can undergo ligand
redistribution reaction with 5 to give 8 and 9, respectively.
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Although we could not rule out the formation of complex 10,
11 is less likely involved in this water-promoted
trifluoromethylation reaction as we did not observe any
intramolecular cyclopropanation byproduct in the case of C=C
bond-containing a-diazo ester 1r.

In summary, we disclosed a mild copper-mediated
trifluoromethylation of o-diazo esters with TMSCF; to give
a-trifluoromethyl ~ esters, which represents the first
fluoroalkylation of a non-fluorinated carbene precursor. Water
acts as an efficient activating agent in promoting the reaction
with  trifluoromethylcopper ~ species  prepared  from
Cul/TMSCF5/CsF (1:1.1:1.1). We propose that the hydration
of iodide ion facilitates the formation of the intermediate
a-diazo ester-coordinated trifluoromethylcopper 8, and then
the reaction occurs via N,-extrusion and subsequent migratory
insertion of the carbene ligand into the Cu—CF; bond. This
reaction is applicable for a-aryl, a-benzyl, and a-alkyl diazo
esters and tolerates bromo, chloro, fluoro, ether and double
bond functionalities. Not only does our present work offer a
simple and general way to introduce CF; group into a-position
of structurally diverse carboxylic esters, it also provides
fundamentally important insights into the reactivity of the
elusive trifluoromethylcopper species. Further investigation of
the more detailed reaction mechanism as well as the synthetic
applications of the reaction are currently underway in our
laboratory.
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