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The nucleophilic trifluoromethylation involving trifluoromethyllithium (LiCF;) species has been an open question since Has-
zeldine attempted to prepare LiCF; in 1949. Indeed, LiCF; has been used for electrophilic difluoromethylene transfer processes
(via elimination of fluoride ions) since 2010. Herein, we demonstrated that by using a polar solvent such as dimethylformamide
(DMF) or hexamethylphosphoramide (HMPA) as the lithium chelator, the in situ deprotonation of fluoroform (HCF;) with
lithium hexamethyldisilazide (LiHMDS) could generate a tamed LiCF; species that is sufficiently persistent to undergo nu-
cleophilic trifluoromethylation reaction. The nucleophilic reactivity of LiCF; species was probed with several electrophiles,
including arylsulfonyl fluorides, diaryl ketones, and silyl chlorides. The synthetic utility of this method is demonstrated with the
efficient synthesis of highly valuable triflones that are otherwise difficult to synthesize from HCF; using potassium or sodium
bases. This work not only showcases a new protocol for the utilization of fluoroform (an industrial waste with high global
warming potential) as the trifluoromethylation reagent, but also provides intriguing insights into the harnessing of nucleophilic
reactivity of the transient LiCF; species.
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Organofluorine compounds have attracted attention in the
fields of pharmaceuticals, agrochemicals and materials ow-
ing to the unique properties of fluorine substituents [1]. In
this context, various synthetic methods have been well de-
veloped for the efficient incorporation of fluorine atoms or
fluorinated moieties into organic molecules [2]. Among
them, fluoroalkylation involving the transfer of a fluorinated
carbanion or fluorocarbenoid is a pivotal strategy for syn-
thesizing fluorinated organic molecules [21,j]. However, as a
consequence of the low thermal stability of the a-fluoro
carbanions in the presence of Group I and Group II metal
cations as well as its intrinsic low nucleophilicity towards a
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certain electrophile [3,4], the a-fluorine substitution on the
carbanionic center often demonstrates an unfavorable effect
on the carbanion’s nucleophilic reaction (negative fluorine
effect, NFE) [3e-g,4b-d]. More a-fluorine substituents on the
carbanionic center can result in lower yield of the desired
nucleophilic fluoroalkylation reaction [3d,e,g]. Moreover,
the NFE is more striking when Li' is present as the coun-
tercation and lithium a-fluorocarbenoids have been regarded
as the “beast” in carbenoid chemistry [5] due to the facile
elimination of LiF to form carbene species. By using re-
movable activation groups, nucleophilic mono- and di-
fluoromethylation have been achieved with in situ generated
functionalized monofluoromethyllithium [6] and di-
fluoromethyllithium species [7,8], respectively. In 2018, the
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direct nucleophilic monofluoromethylation with lithium
fluorocarbenoid LiCH,F was developed by in situ lithiation
of ICH,F with MeLi-LiBr in an ethereal solvent system at
—78 °C [5b]. However, lithium trifluorocarbenoid LiCF;
readily undergoes decomposition to more stable di-
fluorocarbene and LiF even at —100 °C [2i,9], and therefore
has been recognized as “notoriously” unstable species [9g].
Since Haszeldine’s first attempt to generate LiCF; from io-
dotrifluoromethane and elemental lithium in 1949, there has
been no report on the efficient capture of LiCF; [10].

On the other hand, nucleophilic trifluoromethylation is
commonly conducted with the stable organosilicon reagent
TMSCF; (Ruppert—Prakash reagent) [11a] in the presence of
a Lewis base initiator, proceeding through a pentacoordinate
silicate as the active reaction intermediate [11]. More re-
cently, the trifluoromethanide anion (CF;) derived from
R;SiCF; reagent was experimentally observed [12]; how-
ever, little attention has been paid to the possibility of LiCF;-
involved nucleophilic trifluoromethylation although lithium
salts have been used as the initiators [13,14]. Fluoroform
(HCF,) is also a nucleophilic trifluoromethylation reagent
when coupled with a base [15,16]. Since 2012, fluoroform
(HCF;) has been tamed for direct nucleophilic tri-
fluoromethylations in common solvents such as THF, ether
and toluene by the appropriate choice of a base with K
(Scheme 1a) [10d,16], Na™ (Scheme 1b) [16,17] or organo-
cation [16,18] as the countercation. However, the use of Li"
as the countercation under similar conditions failed to afford
nucleophilic trifluoromethylation product (Scheme 1a)
[10d]. Indeed, Li'-induced defluorination of CF; readily
takes place and has been well utilized in difluoromethylene
transfer reactions (electrophilic reactivity) [19]. In 2012,
Mikami and coworkers demonstrated that HCF; was capable
of electrophilic difluoromethylation of lithium enolates
(Scheme 1c) [19b] and the involvement of the electrophilic

(a) Previous work: K*-involved direct nucleophilic trifluoromethylation

ia K*CF3~
Ifle MHMDS Me ViaiChs
Me—-Si-CI + HCF; ————»  Me=Si=CF; nucleophilic
l\l:le THF, -78 °C hI/Ie reactivity
M=K, 70%
M=Li, 0%

(b) Previous work: Na*-involved direct nucleophilic trifluoromethylation

Q NaDA o via [Na(TMEDA)]*CF3~
/u\ + HCF, )I\ nucleophilic
Ph™ “OMe TMEDA-heptane ~Ph”™ “CF3 reactivity
—60 °C 65%

(c) Previous work: Li*-involved electrophilic difluoromethylation

9 LiHMDS 9 crn VB LiCFg
ToN gn + HCF3 —0mo—— TeN 21 electrophilic
S THF, 0°C S| Bn reactivity
69%

(d) This work: Li*-involved direct nucleophilic trifluoromethylation

e LiIHMDS via [Li(DMF),J*CF5~
E-X + 3 —= ECF i
DMF, —10°C 3 (tamed LiCF3)

nucleophilic reactivity

E-X = ArSO,F, Ar,CO, R;SiCl, RSSR not via CF3CH(NMe,)OLi

Scheme 1 Metal countercation effect on the reactivity of CF; and the
modulation of this effect. NaDA, sodium diisopropylamide.
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reaction of LiCF; with the lithium enolates was supported by
computational studies [19g]. This reaction mode has been
applied to the difluoromethylation of a series of carbon nu-
cleophiles, silyl anions, and boryl anions [19]. Given the
wide availability of lithium reagents in organic synthesis, it
is highly valuable to develop nucleophilic trifluoromethyla-
tion that is compatible with Li', as well as to probe the
nucleophilic reactivity of the trifluoromethylating species
generated under such conditions.

In 2013, a detailed computational study by Luo, Qu and
coworkers investigated the effect of alkali metal cations on
direct nucleophilic trifluoromethylation using fluoroform
[20]. This work showed that, compared to the corresponding
Na- and K-containing species, LiCF; has a slightly decreased
nucleophilic reactivity but significantly increased instability.
Based on these calculations [20] and Prakash’s report on the
low-temperature NMR characterization of CF; with the
[K(18-crown-6)]" cation [12a], we envisioned that nucleo-
philic trifluoromethylation reaction with a tamed LiCF;
would become possible when the Li-F interaction is alle-
viated with a strong lithium chelator to mitigate the un-
productive LiCF; decomposition. Considering the extremely
low stability of LiCF; itself, it may be particularly challen-
ging to tame the pregenerated LiCF; species. We speculated
that efficient nucleophilic trifluoromethylation would be
more feasible when LiCF; was generated in the presence of
an effective lithium chelator and reacted with a proper
electrophile in situ. Herein, we report our success on nu-
cleophilic trifluoromethylations employing tamed LiCF; that
is in situ generated by deprotonation of HCF; with lithium
hexamethyldisilazide (LiHMDS) in the presence of hexam-
ethylphosphoramide (HMPA) or dimethylformamide (DMF)
as the lithium chelators (Scheme 1d). Of note, we found that
the tamed LiCF; generated in DMF readily undergoes direct
nucleophilic trifluoromethylation reactions with a series of
electrophiles. The uniqueness and practicality of this method
are demonstrated with the efficient synthesis of highly va-
luable triflones that are otherwise difficult to synthesize from
HCF; using potassium or sodium bases.

Our investigation started with the examination of the
generation of tamed LiCF; using HMPA [21] as the lithium
chelator and the nucleophilic trifluoromethylation reaction
with the tamed LiCF; (Table 1). The experiment was initially
performed by dissolving HCF; (1, 1.0 equiv) in HMPA as the
solvent and employing sterically hindered LIHMDS (1.0 M
in THF, 1.3 equiv) as a base in the presence of the non-
enolizable ketone Ph,CO (2a, 1.0 equiv) as an electrophile
(Table 1, entry 1). LIHMDS was slowly added to the reaction
over 10 minutes at —10 °C, which was kept for an additional
10 minutes. After quenching with aqueous HCI, “F NMR
analysis of the reaction mixture showed a new peak corre-
sponding to the desired trifluoromethylcarbinol 3a (75%
yield). When excess HCF; but a reduced amount of HMPA
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Table 1 Initial experiments and optimizationa)

o Base (1.3 mmol) HO CF;
)L + HCF3 —— >
HiE THF/HMPA Ph” “Ph
2a (1.0 mmol) 1 —10 °C, 10 min 3a

Entry 1 (mmol) Base THF (mL) HMPA (mL) 3a (%)b)

1 1.0 LiHMDS® 0 25 75
2 9.5%9 LiHMDS 2.0 0.23" 61
3 12.0%% ‘BuOLi 2.0 2.5 1
4 3.0" ‘BuOLi 0 5 59
5 1.0 LiHMDS 2.0 0 0
6 105" LiHMDS 2.0 0 0

a) Reaction conditions: for entries 1-3, 5, and 6, a THF solution of the
base (1.0 M) was used; for entry 4, an HMPA solution of the base (0.67 M)
was used. b) The yield was determined by F NMR spectroscopy analysis
using PhOCF; as an internal standard. ¢) The addition of LIHMDS in THF
was begun as soon as the reaction tube containing HMPA, HCF; and
Ph,CO was immersed into the cold bath at —10 °C. d) 1 (0.5 mmol) in
HMPA was first added. e) The reaction was conducted under the atmosphere
of 1 (I atm. in a 200-mL balloon). f) The amount of HMPA equals
1.3 mmol gﬁl) 1 (3.0 mmol) in HMPA was first added, 10 °C, 1 h. h) ‘BuOLi
(2.0 equiv), rt, 1 h. i) 1 (1.0 mmol) in THF was first added.

(1.3 equiv) were used, 3a was still obtained in 61% yield
(Table 1, entry 2). With HMPA as the additive or the sole
solvent, the use of lithium fert-butoxide (‘BuOLi) instead of
LiHMDS also enabled the trifluoromethylation reaction
(Table 1, entries 3 and 4), implying the formation of in situ
generated trifluoromethylating species. The ineffective re-
action observed in THF-HMPA at -10 °C is probably due to
the weak ionization ability of ‘BuOLi (entry 3). However,
control experiments with either stoichiometric or a large
excess of HCF; in the absence of HMPA did not provide any
detectable amount of the desired product 3a (Table 1, entries
5 and 6). When 1.0 equiv of HCF; was employed, most of
HCF; was consumed. These results demonstrate that CF;
generated in the presence of Li" can be synthetically useful
providing that its tendency to decomposition is reduced by
changing the coordination environment of Li'.

Encouraged by the preliminary success of the tri-
fluoromethylation of Ph,CO, we moved to explore if the
tamed LiCF; could be employed for the trifluoromethylation
of other electrophiles. Sulfonyl fluorides are readily avail-
able sulfonylation reagents [22] and have been used for the
synthesis of highly valuable trifluoromethyl sulfones (tri-
flones) via reactions with relatively expensive TMSCF; re-
agent under the activation with a fluoride salt [23]. However,
the trifluoromethylation of sulfonyl fluorides with cost-
effective HCF; is rare. It was only in 2015 that Shibata and
co-workers reported such a transformation using an ex-
pensive organic super-base as the catalyst in combination
with stoichiometric amount of tris(trimethylsilyl)amine in
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THF or DMF as solvent [23c]. In the report, it was shown
that the use of potassium bases instead of the organic super-
base led to no triflones [23c¢]. In this context, we investigated
the possibility of the trifluoromethylation of sulfonyl fluor-
ides with tamed LiCF; by employing benzenesulfonyl
fluoride (PhSO,F, 4a) as the model substrate (Table 2).

Under similar conditions for trifluoromethylation of
Ph,CO with LiIHMDS, either the combination of 1.0 equiv of
HCF; (1) and excess HMPA or the combination of excess
HCF; (1) and 1.0 equiv of HMPA could deliver PhSO,CF;
(5a), albeit in low yield (Table 2, entries 1 and 2). A control
experiment in the absence of HMPA gave no 5a, again
demonstrating the importance of a strong Li~ chelator for
successful nucleophilic trifluoromethylation (Table 2, entry
3). However, the use of more HMPA tended to promote the
undesired reaction of PhSO,F (4a) with LiHMDS, thus de-
creasing the yield of 5a. To improve the reaction efficiency,
we surveyed the effect of other lithium-coordinating ad-
ditives/solvents and lithium bases by using excess HCF,
(Table 2, entries 4-7). We found that employing DMF instead
of THF-HMPA could increase the yield of Sa to 60% (Table
2, entry 5). When LiHMDS was replaced with LiOMe or
LiTMP, no reaction was observed, most probably due to the
side reaction between LiOMe (or LiTMP) and PhSO,F, re-
spectively (Table 2, entries 6 and 7). Further optimization of
the reaction conditions showed that the use of a slightly more
excessive amount of LIHMDS and 1.0 equiv of HCF; would
bring about a higher yield (Table 2, entry 9). Screening of the
reaction temperature revealed that -10 °C was optimal (Table
2, entry 9 vs entries 10-12). A comparison of the effect of
alkali metal cation showed that Na” and K~ were inferior to
Li' (Table 2, entries 13 and 14), indicating that Li" can be
used as a unique countercation to promote nucleophilic tri-
fluoromethylation.

With the optimal reaction conditions in hand (Table 2,
entry 9), we further examined the scope of this nucleophilic
trifluoromethylation reaction concerning different sulfonyl
fluorides (Scheme 2). Generally, a variety of arylsulfonyl
fluorides with either electron-donating (5b-5d, 5j and 5k) or
electron-withdrawing groups (5e-5i) on the para-position of
the benzene ring reacted smoothly to give the corresponding
triflones in moderate yields. The meta- and para-halogenated
substrates showed similar reactivity to the ortho-substituted
ones (51-50). The naphthalenesulfonyl fluorides were also
viable substrates, with the derivatives bearing an electron-
donating substituent participating in trifluoromethylation in
higher yields than the non-substituted ones (5p-5r). The
optimized reaction conditions also proved to be efficient for
aryl bis(sulfonyl fluoride) 4s, resulting in the formation of
the corresponding bis(trifluoromethyl sulfone) 5s in 49%
yield. Furthermore, substrates bearing heterocycle moieties
on the aryl ring were also compatible, providing the desired
products in 51%-73% yields (5t-5v).
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Table 2 Optimization of the reaction conditions of nucleophilic trifluoromethylation of PhSO,F with HCF;')

Base

SO,F
©/ + HCF,

SO,CF;
Solvent / Additive ©/

4a (1.0 equiv) 1 s S 5a
Entry“) 1 (equiv.) Base (equiv.) Solvent/Additive T (°C) Time (min) Yield (%)b) Conversion of 4a (%)h)
1 1.0 LiHMDS in THF (1.1) THF/HMPA” -10 10 13 82
2 9.5% LiHMDS in THF (1.1) THF/HMPA” -10 10 38 71
3 1079 LiHMDS in THF (1.1) THF -10 to 1t 360" 0 34
4 10°¢ LiHMDS in THF (1.1) DME -10 to rt 360" 2 34
5 1079 LiHMDS in THF (1.1) DMF -10 to 1t 360" 60 82
6 1079 solid MeOLi (1.1) DMF -10 to rt 360" trace 28
7 1079 LiTMP in THF (1.1) DMF -10 10 1 30
8 10°¢ LiHMDS in THF (1.3) DMF -10 to rt 360" 72 93
9 1.0 LiHMDS in THF (1.3) DMF -10 10 80 >99
10 1.0 LiHMDS in THF (1.3) DMF -20 10 73 >99
11 1.0 LiHMDS in THF (1.3) DMF -30 10 71 >99
12 1.0 LiHMDS in THF (1.3) DMF 0 10 57 97
13 1.0 NaHMDS in THF (1.3) DMF -10 10 58 93
14 1.0 KHMDS in THF (1.3) DMF -10 10 44 >99

a) Reaction conditions: 4a (1.0 mmol), 1 (1.0 mmol), solvent (2.0 mL), base (1.0 M in THF, 1.1-1.3 mmol), -10 °C to rt, 10 min to 6 h; for details, see the
Supporting Information. b) Determined by "F NMR spectroscopy analysis using benzotrifluoride or trifluoromethoxybenzene as an internal standard. ¢) THF
(2.0 mL)/HMPA (1.0 mL). d) 1 (0.5 mmol) was first added. e) Under the atmosphere of 1 (1 atm. in a 200 mL-balloon). f) THF (2.0 mL)/HMPA (0.2 mL,
1.0 mmol). g) A solution of 1 (1.0 mmol) was first added. h) -10 °C, 1 h; then rt, 5 h. DME, 1,2-dimethoxyethane.

Subsequently, we investigated the trifluoromethylation of
electrophiles other than sulfonyl fluorides with tamed LiCF;
generated in DMF (Scheme 3). Diaryl ketones, bearing
electron-neutral and electron-deficient aryl groups, were
trifluoromethylated in high yields (3a-3d). However, elec-
tron-rich diaryl ketones, such as di-p-tolylmethanone and bis-
(4-methoxyphenyl)methanone, gave the desired products in
low yields probably due to their low -electrophilicity.
Nevertheless, aromatic aldehydes such as 2-naphthaldehyde
failed to undergo the desired transformation due to their
ready condensation reaction with LIHMDS to form aldmines
[24]. It is notable that when HMPA was used as the sole
solvent, the use of lithium zerr-butoxide (‘BuOLi) instead
of LiHMDS as the base enabled the trifluoromethylation
reaction of 2-naphthaldehyde, giving the desired tri-
fluoromethylation product in 40% yield. Although tri-
methylsilyl chloride (TMSCI) was not a suitable electrophile
because of its high reactivity towards LiHMDS (7a) (for
detail, see the Supporting Information), sterically hindered
silyl chlorides were applicable for capturing CF; (7b and
7¢), with the sterically bulky triisopropylsilyl chloride
(TIPSCI) giving TIPSCF; (7¢) in 41% yield. Furthermore,

we found that diethyldisulfide, which is less reactive towards
LiHMDS than diphenyldisulfide, could take part in the tri-
fluoromethylation with moderate yield (9). It is noteworthy
that the buffering of the reaction system by the external
addition of hexamethyldisilazane (HMDS) is not necessary
[10f]. Importantly, the stereoselective trifluoromethylation
of chiral tert-buylsufinylimine 10 was achieved in moderate
yield with high stereocontrol (d.r. 97:3) (Scheme 3D). The
relative configuration of sulfinamide 11 was determined by
comparing its "“F and 'H NMR data with those previously
reported in literature [25]. The diastereoselectivity can be
rationalized by a non-chelation-controlled addition step to
give the Cram products, which is consistent with the strong
chelation of lithium cation by DMF.

Finally, mechanistic studies of the nucleophilic tri-
fluoromethylation reactions with tamed LiCF; generated
from HCF5;/LiHMDS in DMF were carried out (Scheme 4).
The trifluoromethylation reactions using HCF; in DMF
could proceed through in situ deprotonation of HCF; fol-
lowed by trapping of CF;” by DMF to produce a reservoir of
trifluoromethylating hemiaminolate species [10e,26], and
thus both the Grignard-type and the Barbier-type reactions in
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LiHMDS in THF
SO5F (1.3 equiv) X SO,CFs
RS + HCF; —————————— R+
L DMF, -10 °C Z
. 10 min, then 10 min
(1.0 equiv) 1 (1.0 equiv) 5

_O_SOZCF3 SOZCF’ Q_\O—@—sozcﬂ

5a,R=H, 78% 5§, 50% 5k, 54%2 (58%)
5b, R = tBu, 42%
5¢, R = OMe, 55% cl Br

5d, R = iPr, 33%°(35%)
5e, R = CF3, 35% (50%)
5f, R =F, 32% (45%)

©/SOZCF3 ©/sozca

59, R = Cl, 55% 51, 68% 5m, 64%
5h, R = Br, 65% .
5i, R =1, 55% ==

CI\©/SOZCF3 Br\©/SOZCF3
N

F g
5n, 55% 50, 45% 5p, 80%
SO,CF,
CF
COr™™ oy C
sol'e
5q,70% 51, 66% 55, 49%
SO,CF,
:‘/‘/ SOZCFS‘\/)/‘/OSOZCFG /(j/©/
N
5t, 70% 5u,51%  BoC 5v, 73%

Scheme 2 Substrate scope of arylsulfonyl fluorides. Reaction conditions:
4 (1.0 mmol), 1 (1.0 mmol), solvent (2.5 mL), LIHMDS (1.0 M in THF,
1.3 mmol), —10 °C, 10 min. Isolated yields. Yields determined by °F NMR
analysis with PhOCF; as an internal standard are shown in the parentheses.
a) Contaminated by unreacted 4.

DMF had been considered as indirect trifluoromethylation
process [10f,9d]. Therefore, we studied the potential re-
servoir role of DMF in our reactions (Scheme 4a). Initially,
we tried to detect the LiCF;-DMF adduct A at -10 °C ac-
cording to reported procedures using potassium bases [26a].
However, ’F NMR analysis of the crude mixture after acidic
quenching indicated that trifluoromethylated hemi-
aminaloate A was formed in very low yields (13+1%, n = 4).
To eliminate the possible influence of the reverse-addition
reaction, we decided to quench the capture reaction at a
lower temperature before the completion of the deprotona-
tion process. By using the trifluoromethylation of Ph,CO at
-45 °C as a probe (Scheme 4b), we found a suitable time
point to quench the capture reaction (at -45 °C, 10 mins after
the addition of LIHMDS). However, quenching the capture
reaction at -45 °C before the completion of deprotonation
still led to a much lower yield of CF;CHO derivatives (15%)
(Scheme 4c), as compared with the reaction of Ph,CO (43%).
Moreover, we noticed that no matter whether the tri-
fluoromethylation of Ph,CO was quenched during (Scheme
4b, Procedure A) or near completion of the process (Scheme
4b, Procedure B), only a trace amount of the CF;CHO de-
rivatives were detected. These results indicate that in our
reaction system, Ph,CO is much more reactive than DMF,
and DMF is not a good trapper of CF; . It is interesting to
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A. Diaryl ketones
LiHMDS in THF

9 1.3 equi HQ CF
U +  HCF, (= equ) &
Ar'” Sar? DMF, —10 °C AT AR
2(10equiv)  1(1.0equiy) M then10min 3
HQ CF, HQ CF; HQ CF,
C,“O CL F“O CL
3a, 85% 3b, 85% 3c, 84%
HO CF;3 HO CF;3
e” II II Me MeO' II II OMe
3d, (17%) 3e, (6%)
B. Silyl chlorides
R LiH:VI:)l’)S in THF R
| .3 equiv| |
R2-gi-c| +  HCF; (3equv) R2-Si—CF,
r'a3 DMF, =10 °C }'?3
10 min, then 10 min
6 (1.0 equiv) 1 (1.0 equiv) 7
l\llle IIEt iPr
Me—Si~CFj Et—$i~CF3 IPr=8i=CFy
Me Et Pr
7a, (0%) 7b, (20%) 7c, 30%? (41%)

C. Disulfides

LiHMDS in THF
\/S\S/\ + HCF; (1.3 equiv) > \/S\CF;,
DMF, —10 °C
) . 10 min, then 10 min
8 (1.0 equiv) 1 (1.0 equiv) 9, (50%)
D. Chiral imines
o =
/é~r LiHMDS in THF CF; O
IN + Bu + HCF, (1.3 equiv) : N’?‘tBu
DMF, —10 °C OO H
10 min, then 10 min

10 (1.0 equiv) 1 (1.0 equiv) 11, 46%P (d.r. 97:3)°

Scheme 3 Nucleophilic trifluoromethylation of other electrophiles with
HCF,/LiHMDS in DMF: 1 (1.0 mmol), solvent (2.5 mL), LIHMDS (1.0 M
151 THEF, 1.3 mmol), 10 °C, 10 min. Isolated yields. Yields determined by

F NMR analysis with PhOCF3 as an internal standard are shown in the

parentheses. a) The reaction was performed on 15-mmol scale. b) The
reaction was performed on 0.5-mmol scale. ¢) Determined by F NMR
analysis of the crude reaction mixture.

note that under similar conditions (-10 °C in DMF), the
LiCF; species is less efficient than the KCF; species [26¢] for
the trifluoromethylation of DMF, indicating that the LiCF;
species is more labile than the KCF; species. Indeed, we
failed to detect LiCF; species in DMF when the deprotona-
tion of HCF; with LIHMDS was conducted at temperatures
ranging from -40 °C to -10 °C. Then we probed the possible
contribution of the DMF adduct A on the trifluoromethyla-
tion of PhSO,F (Scheme 4d). The addition of 1.0 equiv of
PhSO,F into the CF;-capture system at -45 °C followed by
proceeding the reaction under the standard conditions led to
the formation of PhSO,CF; in a much lower yield than the
reaction under the “standard” conditions (22% vs. 80%). In
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(a) Concern on the role of DMF
LiHMDS in THF
HCF; + FE* E-CF;
DMF, -10°C

F,C OLi*

H™ "NMe,
"CF5 reservoir" (A)

(b) Trifluoromethylation of Ph,CO

[Li(DMF),J+CF3~ —=—>

HCE LiHMDS in THF Procedures
3 (1.0 equiv) AorB FsC OH CF4CHO
= DMF, 45 °C Ph” “Ph derivatives
P2CO 46 min, then 10 min
2a (1.0 equiv) 3a B
A: HCl aq., -45 °C 43% trace
B: -10 °C, 10 min; then HCl aq., -10°C  90% 1%
(c) Detection of DMF adduct
LiHMDS in THF
(1.0 equiv) HCl aq.
HCF3 CF;CHO derivatives
DMF, -45 °C -45°C "
10 min, then 10 min B, 15%
(d) Trifluoromethylation of PhSO,F
LiHMDS in THF 1) PhSO,F (4a) B (7%)
1.0 equiv 1.0 equiv), —45 °C 9
HeF, — (1:0equ) (1.0 equiv) PhSO,CF; +  +
DMF,-45°C  2)-10°C, 10 min 42 (43%
10 min, then 10 min  3) HCl aq., —10 °C 5a, 22% %)
HCE LiHMDS in THF
3 (1.3 equiv) HCl ag.
% PhSOCF; + B
DMF, -10 °C -10°C .
PhSO.F 10 min, then 10 min 5a;80% Lt
4a (1.0 equiv) "Standard conditions"
(e) Probing the reactivity order
2a/4a 3a/5a (31% + 55%)
LiHMDS in THF (1.3 mmol)
HCF3 + 4a/6c 5a/7c (16% + 36%)
DMF, -10 °C

2a/6¢ 10 min, then 10 min
"Standard conditions"

3a/7c (16% + 50%)
(1.0 mmol each)
DMF << Ph,CO (2a) < PhSO,F (4a) < iPr3SiCl (6c)
[

Increased reactivity towards tamed LiCF3

(f) Possibe reaction pathway

:CF, + LiF
e
LiHMDS rs FiC OLi*
HCF; ————— [Li(DVF),]+CF3
DMF (tamed LiCF3) r4 H™ "NMe;
2a, 4a, 6¢,0r 8 l r 1> 12> rs> 1y A

3a, 5a, 7c,or9

Scheme 4 Mechanistic studies. All the yields were determined by F
NMR analysis with PhOCF; as an internal standard. For experimental
details, see the Supporting Information. r,, r,, 3, and r, refer to the reaction
rate of the indicated step.

the former case, the CF;CHO derivatives were still detected
in a substantial amount, implying that the LiCF;-DMF ad-
duct A, if any, is a less reactive trifluoromethylator than the
directly formed tamed LiCF;. Indeed, the addition of PhSO,F
after a prolonged capture stage led to only a trace amount of
PhSO,CF; (Section 4.4 in the Supporting Information). At
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last, the reactivity order of Ph,CO (2a), PhSO,F (4a) and
TIPSC1 (6¢) was evaluated by competition experiments
(Scheme 4e¢), showing that 6c¢ is the most reactive and 2a is
the least reactive. In the competition reaction between 2a and
6¢c, the somewhat higher yield of 7¢ than the reaction with
only 6¢ probably arose from further deprotonation of HCF;
by the base released from the activation of the side product

'Pr,Si-N(TMS), by the alcoholate of 3a. Indeed, in this case,
3a was detected mainly in the form of a silyl ether. Together
with DMF, their reactivity towards tamed LiCF; increases in
the following order: DMF << Ph,CO (2a) < PhSO,F (4a) <
TIPSCI (6¢).

The above-mentioned results suggest that the tri-
fluoromethylation of diarylketones, arylsulfonyl fluorides
and silyl chlorides employing tamed LiCF; in DMF is likely
a direct nucleophilic trifluoromethylation process, where
DMF mainly serves as a lithium chelator to stabilize CF;
rather than a CF;  reservoir. The possible mechanism of our
reaction in DMF is depicted in Scheme 4f. First, the in situ
deprotonation of HCF; by LiIHMDS affords CF; in the form
of [Li(DMF),] CF;’, a tamed LiCF; with higher stability than
LiCF; itself. Such a tamed LiCFj; is still prone to decom-
position as demonstrated by the low yield of the DMF-cap-
turing reaction (7, > r3, in Scheme 4f). Then the tamed LiCF;
undergoes CF; transfer reaction with electrophiles, which is
faster than that of the decomposition of the tamed LiCF; (r, >
ry, in Scheme 4f). This reaction prefers highly reactive
electrophiles. However, to facilitate the desired tri-
fluoromethylation reaction, the electrophiles should be less
reactive towards hexamethyldisilazide anion than towards
CF; . Since DMF is not a good trapper of tamed LiCF; (r, >
r3, in Scheme 4f), the contribution of the LiCF;-DMF adduct
A on the trifluoromethylation reaction is minimal, if any (7, <
r3, in Scheme 4f).

In conclusion, we have developed the direct nucleophilic
trifluoromethylation reaction with a combination of HCF;
and a lithium base such as LiIHMDS in the presence of
HMPA or DMF. The reaction proceeds through the depro-
tonation of HCF; by the lithium base followed by the transfer
of CF; from tamed LiCF; that is stabilized by HMPA or
DMF. The reactivity of the tamed LiCF; was probed with a
series of electrophiles including DMF, non-enolizable
ketones, arylsulfonyl fluorides, and silyl chlorides. It was
found that the nucleophilic trifluoromethylation reaction
with tamed LiCF; in DMF is a direct CF; transfer process.
This work not only showcases a new protocol for the utili-
zation of the industrial waste fluoroform as the tri-
fluoromethylation reagent, it also provides intriguing
insights into the harnessing of nucleophilic reactivity of the
transient LiCF; species.
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