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Abstract Due to the unique steric and electronic nature of fluorine atom,
organofluorine compounds have received significant attention in the fields
of pharmaceuticals and agrochemicals. In particular, the CF3 group is
frequently found in biologically active compounds. However, compared to
aryl- and alkenyl-CFs-containing molecules, the construction of sp3 carbon-
based  alkyl-CFs.containing  molecules,  particularly  via  catalytic
enantioselective synthesis, remains a considerable challenge in spite of their
high potential in medicinal applications. This short review focuses on recent
advances in this research area, and the reported strategies are categorized
according to reaction types and starting substrates. In addition, chiral
catalysts, substrate scope, and reaction mechanisms are briefly summarized.
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1 Introduction

Owing to the unique steric and electronic characteristics of the
fluorine atom, its introduction into parent organic molecules

stereoselective

stereoselective functionalization of

introduction of CF3 CF;-molecules fo)
J\ CF;
b o)\o —— on T
/\(CFs
R
often improves their biological activities.  Accordingly,

organofluorine compounds have received significant attention
in the design of new drug candidates and agrochemicals.! In
particular, the trifluoromethyl group (CF3)
frequently occurring fluorinated organic group in biologically
active compounds.2  Thus, the development of efficient
synthetic protocols for the preparation of CFs-substitued
molecules has been a long-standing research subject within the
synthetic community. The synthesis of sp? carbon-based aryl-
and alkenyl-CFs-containing
remarkable progress as a result of the efforts of many synthetic
chemists.3 On the other hand, the construction of sp3 carbon-
CF3 bonds,
remains underdeveloped, despite the fact that such motifs are
found in several bioactive molecules, as exemplified by
Alpelisib,* Lansoprazole,® Befloxatone,”
Odanacatib® (Figure 1).
on the catalytic asymmetric construction of CF3-substituted
chiral sp3 carbon centers are described. The reported
strategies namely, (1)
stereoselective introduction of a CFs3 group, and (2)
stereoselective functionalization of CF3-substituted molecules.
In each section, the developed protocols are categorized
according to the starting substrates employed. Additionally,
chiral catalysts, substrate scope, and reaction mechanisms are
briefly summarized.

is the most

molecules has witnessed

particularly via catalytic asymmetric process,

Efavirenz,6 and

In this short review, recent advances

are divided into two sections,

~—OMe
Me Me M \ / FC // \
e Me Cl <

HN’</ @E ? OH
: ‘oMe © A 2
//‘NHz N~ ~O0 .

H CF3 O
Alpelisib Lansoprazole Efavirenz Befloxatone MeO,S Odanacatib
(amticancer agent) (proton pump inhibitor) (HIV-RT inhibitor) (antidepressant) (cathepsm K inhibitor)

Figure 1 Examples of CF3-substituted sp3 carbon centers in bioactive molecules
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N
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Ph,,

C1: R=CF3,
C2:R=R' =CF3
Iseki/Kobayashi

1-20 mol%, toluene, -78 °C
98 to >99%, 15-46% ee for aldehydes
87-91%, 48-51% ee for ketones

Br-
N

CFy t

C2-Br

I ONa
! ONa
C6
CF3
Feng

10 + 10 mol%, Et,0, —15 °C w/ MS 4A
72-95%, 41-71% ee for aldehydes

F
i .
/CN S* PhgSnF,~
R Ph
3 C3
H Iseki

R’ 10 mol%, Et,0, -78 °C
71-99%, 10-52% ee for aldehydes

Caron
4 mol%, CH,Cl,, =50 ‘C
88-100%, 6-58% ee for aldehydes
63—-100%, 1-92% ee for ketones

Shibata

10 + 10 mol%, toluene/CH,Cl,, —60 °C
93%, 41% ee for 2-naphthylaldehyde
34-97%, 10-94% ee for ketones

Scheme 1 Asymmetric nucleophilic addition of CF3-SiMes to carbonyls catalyzed by cinchonine-derived quaternary ammonium salts

2 Stereoselective Introduction of a CF; Group

2.1 Nucleophilic Addition to Carbonyls and Imines

Since the reports of the preparation and synthetic application
of CF3-SiMes as a CF3 anion by Rupport% and Prakash,% the
fluoride-mediated nucleophilic addition reaction of CF3-SiMes
to electrophilic carbonyls and imines has been widely studied
for the synthesis of a-CFs alcohols and amines. However, the
catalytic asymmetric equivalent is still somewhat challenging.
A breakthrough was reported by Iseki and Kobayashi, where
the cinchonine-derived N-benzylated quaternary ammonium
fluorides C1 and C2 served as chiral catalysts to deliver the
optically active a-CF3 alcohols 2 from aldehydes/ketones 1
(Scheme 1).10
developed the related chiral triaminosulfonium fluorostannate
c3.u
low to

The same research group subsequently

The observed enantiomeric excess (ee) was generally
moderate, but
demonstrated the high potential of chiral ammonium and

these seminal works clearly
sulfonium fluoride catalysts in the asymmetric nucleophilic
addition

investigated the substituent effect on the nitrogen of the

reaction with CF3-SiMes. Caron extensively
cinchoninium salt, leading to the development of the more
active ammonium fluoride catalysts C4 and C5.12 Feng
reported the interesting synergy effect of chiral BINOL sodium
salt C6 with the cinchonine-based catalyst C2-Br.13 In 2007,
Shibata elegantly designed the linked cinchoninium bromide
Cc7 accomplished the  highly
trifluoromethylation of ketones by using a combination of C7

and Me4NF.14

and enantioselective

Cinchonine-based quaternary ammonium catalysts were also
applicable to the asymmetric trifluoromethylation of imines.
Shibata reported the first successful example of the catalytic
asymmetric addition of CF3-SiMes to the azomethine imines 3
in a toluene/CHzClz mixed solvent system with C2-Br or its t-
Bu-analogue C8 as the catalyst and KOH additive as an additive
(Scheme 2, conditions A).15a The same reaction was possible in
the non-toxic, environmentally benign fluorous solvent,
Solkane® 365mfc (1,1,1,3,3-pentafluorobutane), by using
catalyst C9 possessing an ortho-iodo substituent (conditions
B).15b

(0] conditions A: 0

- )
MeM C2-Br or C8 (10 mol%)

- KOH, toluene/CH,Cly, —50 °C MEMH
Me” “N" + CF;—SiMe, Me” N’
A o 7'y
H R conditions B: F;C7 R
C9 (10 mol%) 4
KOH, Solkane® 365mfc, —20 ‘C  g5-999
71-98% ee

3
R =Ar, alkyl

Br-

C2-Br:R=R'=CF; [
C8:R=R’=tBu R

Scheme 2 Asymmetric nucleophilic addition of CFs-SiMes to imines

catalyzed by cinchonine-derived quaternary ammonium salts

Template for SYNTHESIS

Thieme



Synthesis

Review / Short Review

2.2 Electrophilic Substitution at the o Position of
Carbonyls

The development of electrophilic trifluoromethylation agents
of the type CFs*, such as Umemoto!6 and Tognil? reagents, has
allowed the enolizable carbonyl compounds to be adopted in
trifluoromethylation reactions at the o position. The catalytic
asymmetric o-trifluoromethylation of relatively acidic f-
ketoesters 5 with Umemoto’s reagent (R1) was achieved in the
presence of a Cu(OTf)z catalyst and the N,N,N-pincer-type
chiral ligand L1 to construct the CFs-substituted quaternary
carbon center (Scheme 3).18 Although the substrate was
limited to a cyclic system, the five- and six-membered a-CF3
ketones 6 were obtained in good yields and high
enantioselectivities.

For 5-membered ketones:
0] Cu(OTf), (10 mol%) 0

L L1 (12 mol%) Lo COLB
e N MS 4A, CH,Cly, rt . 2-Bu
S ;- CO,t-Bu ;. Ry o );'CFa

For 6-membered ketones: ~~~
5 Cu(OTf), (10 mol%) 6
n=1,2 L1 (12 mol%) 83-94%
MS 4A, i-PrNEty, CH,Clp, —20 °C  80-99% ee

o

St BF, NH
CFs e \ N._Ph
Umemoto’s reagent (R1) 7 j’
L1 o

Scheme 3 Asymmetric electrophilic trifluoromethylation of B-ketoesters

catalyzed by a Cu/N,N,N-pincer ligand complex

o] C10-TFA (20 mol%) o
CuCl (5 mol%
HJ\ + g HOBm) H)S*,CFQ,
R CHCl, -20°C R 70-87%
7 8 93-97% ee
R = alkyl OH (0] NHBn
. Ler )k,(ca K*(CFs
follow-up Kf .
transformations Bn Bn Bn
99%, 94% ee  93%, 94% ee 90%, 86% ee
(0] M
FsC—I—O jN' ©
Me
M PN
Me ' BTN e
H
Togni’s reagent (R2) Cc10

Z 9
R
F3C—I
~CuCl
_p
cuct F€" O e
Me CICu
10
Me
Q H,O Me
JK*KCFS 2 )\ - CuCl
H -cto c.
R 3
8 12
R

Scheme 4 Asymmetric electrophilic trifluoromethylation of aldehydes
catalyzed by a CuCl/chiral imidazolidinone dual system

The readily available simple aliphatic aldehydes 7 also
underwent asymmetric a-trifluoromethylation with Togni’s
reagent (R2) under CuCl/MacMillan chiral imidazolidinone
C10 dual catalyst system (Scheme 4).19 The obtained a-CF3
chiral aldehyde 8 could be converted to the corresponding
alcohol, carboxylic acid, and amine only with negligible to
minor erosion of enantiomeric excess. The proposed reaction
mechanism includes: (1) the formation of enamine
intermediate 9 by dehydration of the aldehyde 7 with C10, (2)
enantioselectivity-determining electrophilic attack of CuCl-
activated, ring-opening hypervalent iodine reagent 10, (3) C-
CF3 forming reductive elimination from 11 to deliver 12, and
finally (4) hydrolysis to give 8 along with regeneration of the
starting imidazolidinone C10.

A similar enantioselective a-trifluoromethylation of aldehyde
with CFs-I was also possible by the combination of chiral
imidazolidinone C11 and the photoredox catalyst Ir(ppy)z(dtb-
bpy)PFs (Scheme 5).20 A feature of this protocol is its
successful application to more general fluoroalkylation with
easily available and sometimes commercial fluoroalkyl iodides,
which is a significant synthetic advantage compared to the
aforementioned electrophilic trifluoromethylations  with
Umemoto and Togni reagents (see Schemes 3 and 4). The
reaction is considered to proceed via the merger of a C11-
based organocatalytic cycle and an Ir-promoted photoredox
catalytic cycle. The photo-irradiated excited *Ir(ppy)z(dtb-
bpy)* catalyst initially accepts single electron transfer from a
sacrificial quantity of the in situ generated enamine
intermediate 13 to form reduced Ir(ppy)2(dtb-bpy). Its
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strongly reducing nature enables the one-electron reduction of
CF3-I to generate the CFs radical 16 and Ir(ppy)z(dtb-bpy)* in
the ground state. The electrophilic radical addition of 16 to the
enamine 13 occurs in an enantioselective manner to give the
stereodefined o-amino alkyl radical 14.
electron oxidation with the excited *Ir(ppy)2(dtb-bpy)* species
is followed by hydrolysis to afford the enantioenriched a-CF3
aldehyde along with regeneration of the imidazolidinone
catalyst C11. The concurrently formed Ir(ppy)z(dtb-bpy)
enters the second single-electron transfer with CF3-1 to
complete the photoredox catalytic cycle.

Subsequent one-

2.3 Allylic Nucleophilic Substitution

The
proceeding via a m-allyl palladium species, the so-called Tsuji-
Trost reaction, has been widely studied and applied to the
synthesis of complex natural products
molecules.?!

palladium-catalyzed allylic  substitution reaction

and bioactive
Now, various allylic electrophiles and external
nucleophiles can be successfully employed in this type of
reaction. However, there was no successful use of a CF3
nucleophile until Trost reported the asymmetric allylic
substitution of allylic fluorides 17 with CF3-SiMes under
Pd/originally developed diamidophosphite bidentate ligand L2
catalysis in 2019 (Scheme 6).22

fluoride leaving group as well as the specific chiral ligand:

The key to success is the

other common leaving groups, such as carbonate, acetate, and
chloride, did not provide the trifluoromethylated product 18 at
all. Only six-membered cyclic substrates were applicable, but
this protocol can construct a CFs-substituted chiral sp3 carbon
The
reaction is considered to proceed via a common outer-sphere
mechanism,?! involving an electrophilic n-allyl Pd intermediate
and an externa CFs anion nucleophile.

center without any proximal directing heteroatoms.

(0] C11-TFA (20 mol%)
Ir(ppy)o(dtb-bpy)PFg (0.5 mol%)
H + Rf—I

2,6-lutidine, DMF, —20 "C
CeHia

household light (26 W)

o o
H Jﬁ.,CcmF3 H ++CF,CgF5

CeHiz
85%, 98% ee

79%, 99% ee

tBu
(0) Me | =S
Dy
3 i
Me™ >N~ tBu N
H !
tBu

Cc11

73%, 96% ee

Ir(ppy)2(dtb-bpy)PFg

* proposed reaction mechanism

(0]
o Me
H N
CeHis
Me N) +-Bu CFy
fo) 16
CF C11 % 13
HOY e A\/‘ CeH1s
Cetiz ¢ Me

organocatalytic Oy Me
=

phtoredox catalytic
Ir(ppy)o(dtb-bpy)  €¥ele = (ppy),(dtb-bpy)*

F c—l/\\ - +/{
8 M(PPY)2(AE-bPY)™ | cehold light
CFy
16

Scheme 5 Asymmetric electrophilic trifluoromethylation of aldehydes via
merger of organocatalytic and photoredox catalytic cycles

E CpPd(773-CHs) (6 mol%) CF;
Y . L2 (7 mol%) Y
P + CF;—SiMe; -
R MTBE, 50 °C Z>R
17 18
Y = CH,, NBoc 43-95%
R = H, Ar, alkynyl, alkenyl 60-94% ee

Ph‘ MSY\_ Me on

N\P,O O\E/N’

AN, N
Ph Ph

L2

via Y/\J?'\/R\‘CF:,

*PdL2

Scheme 6 Pd-catalyzed asymmetric allylic trifluoromethylation of allylic
fluorides with CF3-SiMes

While somewhat specific, Shibata?3 and Jiang?* independently
reported the enantioselective allylic trifluoromethylation of
Morita-Baylis-Hillman (MBH)-type allyl electrophiles 19 with
CF3-SiMes by using (DHQD)2PHAL as the nucleophilic chiral
organocatalyst (Scheme 7). The racemic MBH adduct 19
initially undergoes an Sn2’ reaction with (DHQD)2PHAL and is
converted to the activated allylic intermediate 20. A
subsequent face-selective second Sn2’ reaction with CF3-SiMes
furnishes the net Sn2-type product 21 in enantioenriched form.
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Shibata’s conditions:
OBoc (DHQD),PHAL (10 mol%) CFy
THF, 60 °C RO,C o
RO?C\”/&Ar + CF;—SiMe, o 2 \[('\Ar
19 Jiang’s conditions: 21
(DHQD),PHAL (15 mol%) 57 g69,
R =Me, tBu KF, DME/MeCN, rt 48-94% ee
Et Et
N ZAL W N i
. 2 CF,
\ 7/
RO
. O 7 Ar
MeO # OMe Via +
| (DHQD),PHAL™
N N
(DHQD),PHAL

Scheme 7 Organocatalytic asymmetric allylic trifluoromethylation of MBH

adducts

3 Stereoselective Functionalization of CFs-
Substituted Molecules

Since CFs3-carbonyls, -imines, and their derivatives are readily
prepared, enantioselective reductions and addition-type
reactions toward optically active a-CFs alcohols and amines
have been actively studied by many synthetic chemists. In
addition, comprehensive review articles covering these studies
have already appeared,?s hence this short review thus does not
discuss the stereoselective functionalization of CF3-carbonyls
and imines.

3.1 Electrophilic Substitution of a.-CF; Carbonyls

The preparation of a-CF3 carbonyl compounds is also relatively
easy, but their application in the metal-catalyzed asymmetric
electrophilic substitution at the o position is generally difficult
because of the propensity for metal fluoride (MF) elimination
from the metal enolate intermediate via an intramolecular
metal-fluorine interaction (Scheme 8).26

MF elimination (0] If

T —mF RJ\7C‘F

0 /M\ predominant
oy | I
enolization L Cl
CF3 R F
enolate intermediate O
- R)H*/E
electrophilic substitution CF3
challenging

Scheme 8 a-CF3 metal enolate: metal fluoride elimination vs electrophilic

substitution

In this context, Kumagai and Shibasaki elegantly designed the
a-CFs amide 22 that bears a 7-azaindoline directing group and
successfully performed a Cu-catalyzed asymmetric Mannich-
type reaction with high diastereo- and enantioselectivity
(Scheme 9).27 The key to success was coordination of the 7-
azaindoline nitrogen to the Cu center, to suppress the possible

metal fluoride elimination, which was supported by X-ray
crystallographic analysis of the Cu/22 complex. Subsequently,
the same research group extended this strategy to asymmetric
a-allylation with the allyl carbonate 25 by utilizing a Cu/Pd
dual catalyst system (Scheme 10).28 Both the a-CF3 chiral Cu
enolate nucleophile and achiral m-allyl Pd electrophile are
generated in a catalytic manner and successfully underwent
cross-coupling to form the enantioenriched product 26.

O O  NHBoc
Cu(MeCN)4PFg (5-10 mol%) a
N NHBoc L3 (6-12 mol%) N~ XR
_ CFy* JJ\ Barton’s base (510 mol%) _ éFs
N H R THF, rt
\_/ 22 23 ' N/ 24
R = (Het)Ar, alkyl 77-95%
syn/anti =5.8:1 to >20:1
94-99% ee

Cu

¢ . o,
MeO PAr, NI’ tBu =N ©
M PA via
eO. o MezN/I\NMez Y/ N)\
Barton’s base CF3

L3: Ar = 3,5-(i-Pr),-4-Me,NCgH, supported by X-ray

Scheme 9 The Cu-catalyzed, 7-azaindoline-directed asymmetric Mannich-

type reaction of an a-CF3 amide with imines

The aforementioned work in Schemes 9 and 10 effectively
promoted electrophilic substitution at the o position of the a-
CF3 carbonyl over the undesired fluoride elimination, but the
tedious attachment and detachment of the 7-azaindoine
auxiliary is unavoidable. In 2021, Wang and Xue reported the
Pd-catalyzed asymmetric a-allylation of simple a-CFs cyclic
ketones 27 with MBH adducts 28 without any directing groups
(Scheme 11).29 Moreover, the ligand-controlled regiodivergent
allylation was also achieved: the phox-type ligand L5
selectively afforded the less hindered liner-type product 29,
whereas the branched and more congested regioisomer 29’
was formed predominantly in the presence of phosphoramidite
ligand L6. The observed divergent regioselectivity can be
explained by the ligand-dependent outer- and inner-sphere
mechanism switch.30 Namely, the allyl fragment of the L5-
ligated m-allyl Pd species undergoes the relatively common
outer-sphere substitution reaction?! with the in-situ generated
enolate from 27 at the more sterically accessible terminal
position to deliver the linear-type product 29. On the other
hand, in the case of the L6-coordinated n-allyl Pd intermediate,
ligand exchange with the parent 27 on Pd is followed by a [3,3’]
sigmatropic reductive elimination3! to afford the branched
isomer 29’.

3.2 Substitution of a.-Halo CF; Compounds

The metal-catalyzed enantioconvergent C-C cross-coupling
reaction of racemic a-halo CFs compounds with organometallic
reagents is a powerful method to generate a chiral CFs-
substituted sp3 carbon center without the need of any proximal
heteroatoms. Fu reported the seminal work on the Ni/box-
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Cu(MeCN),PF4/L4/DBU
(o) (2-5 mol%) O R?
RZ + . = _ ,
N Pd,(dba)3*CHCls/xantphos N * R
. cR + R3OZCO)\/\R‘ (0.2-2 mol%) - CF,
25 THF,0°C N L4: Ar = 3,5-(CF3),CeH
)/ ’ Y/ ) 3)2LsM3
\ 22 R = H, (Het)Ar, alkyl 26
R2 = H, Ph 70—99"/(': Me Me
R3 = Me. £-Bu L4Cu syn/anot/ =85:15
v (xantphos)Pa* 90-99% ee O O
via \ - 0
Y/ )\ 2T
N R R Ph,P PPh,
CF3 xantphos

Scheme 10 The Cu/Pd-co-catalyzed, 7-azaindoline-directed asymmetric a-allylation of an o-CF3 amide with allyl carbonates

(0]
o) N
_ oF Pd,(dba)g (10 mols) & | CFs by, (dba)s (5 mol%)
o rZ T yCFs L5 (24 mol%) 27 L6 (12 mol%)
Ph,P r\}J = Jv NagPO, * PrNEt,
2 Z EtO,C XA THF, -30 °C LG toluene, rt
L5 -Bu 29 LG = OAc, R2 = Et Ar CO,R? LG =OBoc, R? = Me

37-51% 28 80-96%
%%;:%515_:%1 R' = H, Me, MeO, halogens 3201? :jor>99:1 "
90-99% ee 98 to >99% ee

« outer-sphere mechansim

. L5Pd* pr

| 3
R | CFy COEt !

/
RI— | CF; O-tBu
N |

« inner-sphere mechansim T

o)

L6Pd Ar _ tBuOH

+ |

—

CF3
Ar
CO,Me

/
L6Pd !

CO,Me

Scheme 11 Pd-catalyzed, ligand-controlled regiodivergent asymmetric a-allylation of o-CF3 ketones

NiCly+glyme (6 mol%) Me_ Me
CF3 L7 (7.8 mol%) CFs OVQ(O
/L». + Ar—2ZnCl ————————— /!\ | \\)
R” "Br(l) THF/diglyme, =20 °C R™ " "Ar N N
%0 2 o Ph
R = alkyl 50-91% L7
e BT8R .
L7Ni'"X,
CF, I
RTSAr L7Nil—X Ar—2nCl 31
32 ZnCIX
CF;
R L7lTli'”—Ar L7Ni'-Ar
Ut
R™Br ()
CF. il—A
) 3 L7N| r 30
Rt X

Scheme 12 Ni-catalyzed enantioconvergent cross-coupling of a-halo CF3
compounds with arylzinc reagents

type ligand L7-catalyzed enantioconvergent cross-coupling of
racemic a-Br and -I CF3 compounds 30 with arylzinc reagents
31 (Scheme 12)32 organometallic
Ni(I)/(11)/(I1I) redox mechanism was originally proposed, which

A radical-involved,

was later supported experimentally and theoretically by the
authors themselves and other research groups.33 The ArNi(l)
species generated by transmetalation with 31 undergoes single-
electron transfer (SET) to 30 to form ArNi(Il) and an alkyl

radical intermediate, where the stereochemical information of
starting 30 is lost. Subsequent radical rebound to ArNi(Il) is
followed by reductive elimination from ArNi(Ill) to deliver the
target product 32 with regeneration of Ni(I)X to complete the
catalytic cycle. The enantioselectivity can be determined in the
radical rebound or reductive elimination step.34

Shen subsequently developed the related Ni/pyridine-oxazoline
ligand L8-catalyzed enantioconvergent of
racemic CF3 benzyl bromides 33 with arylborates 34, generated
from the parent arylboronates and BuLi (Scheme 13).35 Notably,
ZnBr2 was a crucial additive, which dramatically accelerated the
transmetalation process via formation of the corresponding
arylzincate species. The successful use of benzylic halides 33 is
complementary to the reaction with the alkyl halides 30
described in Scheme 12.

cross-coupling

NiBra+DME (20 mol%)

Me L8 (25 mol%)

_ CF
CF3 Bu\B,OiMe L ZnBr, /'\3
~B I *
A Br AT o ,\';A: DME/diglyme, —15°C ~ Ar'™" A
33 34 35
25-77%
Br o A2 80-96% ee
C"C§—<\ j» via|  zn—Br Li*
N N Cy Ar?
L8 confirmed by NMR studies

Scheme 13 Ni-catalyzed enantioconvergent cross-coupling of a-halo CF3
compounds with arylboron reagents
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Aryltitanates 36 could also be employed in a similar Ni-
catalyzed enantioconvergent cross-coupling reaction of
compounds 33 (Scheme 14a).3¢ A feature of the titanate-based
process is the applicability of less reactive but stable and cheap
benzylic chlorides as well as bromides.
conversion of the benzylic chloride allowed 1-bromo-1-chloro-
2,2,2-trifluoroethane (37), a readily available anesthetic, to be
adopted in one-pot sequential cross-coupling reaction with two
different aryltitanates, directly giving products 35 in good yields
(Scheme 14b).

The successful

a) Cross-coupling of benzylic bromides and chlorides 33

NiCl,+glyme (9—10 mol%)

CF,3 L7 (11-12 mol%) CF;
LiO-+Bu or NaO-+Bu
2_Ti(O-i-
A Br () * AP TI(O-FPr)g THE 13 °C AT AR
33 36 35
41-93%
90-98% ee

b) One-pot sequential coupling of 37

Ar'—Ti(O-i-Pr)3 Ar2—Ti(O-i-Pr)3

NiCly+glyme (10 mol%) NiCly+glyme (10 mol%) CF;

$Fs L7 (12moi%) L7 (12 mol%)
LiO-t-Bu LiO-+Bu

Br” CI D - - Ar'TTAR
37 THF, -30 °C THF/diglyme, —20 °C 35
41-70%
76-95% ee

Scheme 14 Ni-catalyzed enantioconvergent cross-coupling of a-halo CF3

compounds with aryltitanate reagents

While viable substrates were limited to the somewhat
specialized ether derivatives 38, Gandelman reported the
Hiyama-type cross-coupling of (Het)ArSi(OMe)s 39 with the
assistance of blue LED irradiation (Scheme 15a).37 The reaction
itself proceeded with the same enantioselectivity even under
dark conditions, but the reaction time was prolonged. The
synthetic advantage of the Si-based Hiyama reaction is the
accommodation of not only (Het)ArSi(OMe)s 39 but also
(RCH=CH)Si(OMe)3 41 (Scheme 15b).

a) Cross-coupling with ArSi(OMe)3 39

CF,
NiCly+glyme (10 mol%)
4-CF306H4/\O/L'”CI L9 (11 mol%) CF,
38 Bu,N(Ph,SIF,) ~
T DMA Tt 4CFaCeHy” O (Het)Ar
(He)Ar—Si(OMe)s 39 blue LED (10 W) 40
54-94%
52-97% ee

b) Cross-coupling with (RCH=CH)Si(OMe); 41

NiClyglyme (10 mol%)
CF, L10 (11 mol%)

: F
,L% BuyN(Ph,SiF,) CFy
_\—SI OMe DMA, rt Ar/\O/!\/\R
Ar =Ph, 4-CF3CSH4 R =H, CgHy3, Ph 42
38 a 92-94%
90-91% ee
CN
&Y\( Ph ow)\(o
Y
Ph 2
PR L10 Ph

Scheme 15 Ni-catalyzed enantioconvergent cross-coupling of a-halo CF3

ethers with organosilicon reagents

These cross-coupling reactions are quite useful for the
convergent synthesis of chiral CFs-containing molecules, but one

disadvantage is the prior preparation of organometallic
reagents, which is sometimes difficult and problematic.
Recently, Wang developed the Ni-catalyzed enantioselective
reductive cross-coupling reaction (Scheme 16).38 Without any
preactivation, o-halo CF3 compounds 30 and (hetero)aryl
iodides/bromides 43 were directly cross-coupled in the
presence of metallic manganese (Mn) as the terminal reductant,
delivering the enantioenriched products 32. By taking
advantages of the ready availability of various aryl halides,
complicated fluorinated molecules can also be easily accessed.
The authors did not mention a detailed mechanism, but the
Ni(0)/(1)/(ID/(Il)-involved, polar-radical-combined
mechanism is believed to operate, which was originally
developed by Weix in the related reductive cross-coupling of
aryl halides and nonfluorinated alkyl halides.3® The starting
point is the in situ generated Ni(0) species 44, which undergoes
a two-electron redox oxidative addition with 43. The formed
ArNi(1I) species 45 initially reacts with 30 to generate ArNi(III)
46 and alkyl radical 47; this step is a so-called self-initiation
process. The radical 47 then combined with ArNi(Il) 45 to
afford ArNi(IlI) species 48. Reductive elimination furnishes 32
and Ni(I) 49, and the latter then enters into a single-electron
reduction with 30, giving the radical 47 and Ni(II) 50. The
catalytic cycle is closed by the two-electron reduction of 50 with
Mn.

NiBr,*DME (8 mol%)

L11 (10.4 mol%
T2 4 teow—i M oA s
+ et)Ar—I (Br
R™"Br THF, —10°C R (Het)Ar
30 43 32
o O o
R =alkyl 40-98%
! [ < 80-95% ee
Pr\\\\« N N Pr
Pr Pr
L11Ni"X,
e | (HetAr—I (Br)
et)Ar—I (Br’
M”\} L11N©
44 43
L11N|” X
x 5o Polar LAINi'—(HetAr
CFs x 45
v_j \30
L11N| radical CFa X—L11lTli"'—(Het)Ar
n_
49 X L11ITI| (Het)A X . 46
CF, >_/ X 48 j:Fa
R (Het)Ar R™" a7
32 self-initiation

Scheme 16 Ni-catalyzed enantioconvergent reductive cross-coupling of o-

halo CF3 compounds and aryl halides

Another approach to avoid the stoichiometric preparation of
organometallic reagents is via the NiH-catalyzed asymmetric
hydroalkylation of terminal alkene 51 with compounds 30
(Scheme 17).40 A catalytically generated alkylnickel species
from alkene 51 and HSi(OMe)s undergoes an enantioselective
cross-coupling reaction with 30 to form products 52 with high
ee values. The proposed reaction mechanism involves SET-
promoted alkyl radical intermediates and Ni(I)/(I)/(II)
organometallic species, which is similar to the aforementioned
pathways in Schemes 12 and 16. It should be noted that the
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asymmetric Ni catalysis can control the point chirality at the
CF3-substituted sp3 carbon center with two different simple
alkyl substituents, which is difficult by other means.

NiBr,+diglyme (10 mol%)

,(1::3 L12 (15 mol%) CF
Na,CO4 3
1 A Rpe + i
RITUBr + 2R+ HSIOMe) e A
30 51 52

R'=alkyl R2=alkyl

Me Ar 42-88%
Ph O\I’)§O Ph  90-95% ee
Ph>§/N N/ Ph

L12: Ar = 4-t-BuCgH,

XSi(OMe),
HSi(OMe), \}, L12ni \(
L12N|“ X
k\ L12N|”\/\ R
L12Ni'-X
L12N|'(/\
X
CF,
R‘J“\/\Rz
52

Scheme 17 Ni-catalyzed enantioselective hydroalkylation of terminal alkenes
with a-halo CF3 compounds and a hydrosilane

While somewhat differently categorized, the related umpolung-
type strategy using the o-CFs alkylsilver 54, generated in situ
from gem-difluoroalkenes 53 and AgF, was reported by Li and
Zhang (Scheme 18).41 In the presence of [Pd(73-C3Hs)Cl]2 cas
the atalyst and the originally developed chiral sulfinamide
phosphine ligand L13, the aryl halides 43 were converted into
the desired products 32 with high enantioselectivities.

[Pd(3%-C3Hs)Cl], (2.5 mol%)

F...F o CF3
F + AGF + Ar—I(Bn L13 (11 mol%) /\
F{) cyclohexane, 70 °C R™* ™ Ar

43 32
R = Ar, alkyl 51-99%
70-96% ee
Me_Me Trip O
Nt Bu CFs
AN
P(tBu), ‘ R™ “AgL13
Me Me L13 54

Scheme 18 Pd-catalyzed asymmetric three-component-coupling of gem-
difluoroalkenes, AgF, and aryl halides

3.3 Addition-type Reactions with CFs-Substituted
Alkenes

CF3-substitted alkenes are potentially useful starting platforms
for the preparation of chiral CF3-containing molecules, because
the stereoselective functionalization of alkene moiety enables
the rapid construction of CFsz-substituted chiral sp3 carbon
centers. However, almost all the reported procedures relied on
the presence of additional electron-withdrawing groups such as
carbonyl and aromatic rings, which increase the reactivity and

feasibility of the stereocontrolled process.#2 The first successful
example using simple CF3-substituted aliphatic alkenes 55 was
reported by Hirano and Miura (Scheme 19), where the CsOAc-
assisted, CuH/L14-catalyzed asymmetric hydroamination with
hydroxylamines 56 and HSiMe(OEt)2 was in operation.#3 The
optically active o-CFs amines 57 were obtained with high
enantiomeric excess values. The reaction proceeds via (1)
regio- and enantioselective hydrocupration of 55 with the
L14CuH species 58 obtained from Cu(OAc)2 and HSiMe(OEt)2,
(2) electrophilic amination of the stereodefined o-CF3
alkylcopper 59 with 56 in a stereoretentive manner to give
enantioenriched 57, and (3) regeneration of L14CuH 58 by o-
bond metathesis of concurrently formed L14CuOBz with
HSiMe(OEt)2. The conceivable byproduct is the gem-
difluoroalkene 60, obtained by B-fluoride elimination from 59,
which is similar to the metal fluoride elimination from the a-CF3
metal enolate mentioned in Scheme 8. Actually, when
fluorophilic alkaline metal bases such as Li and Na were
employed instead of CsOAc, the undesired B-fluoride
elimination predominantly occurred via intermolecular metal
(M) to F interaction.** Thus, the lower fluorophilicity of the Cs
base#> is the key to success for functionalization at the o
position relative to CFs.

R2 Cu(OACc),*H,0 (10 mol%)
L14 (10 mol%
R1/\/CF3 BZO_N 56 Csoskc : R(\*»/CFs
+ R3 H
12 1,4-dioxane, rt SN
Ri=alkyl isive(OE, R "R

55 57
23-74%
PAry 92-98% ee
o

L14: Ar = 3,5-(t-Bu),-4-MeOCgH,

electrophilic amination

R2
BzO-N + CF.
Cu(OAc), ‘RSSG R
l HSiMe(OEt), /Aﬁ R Re
‘L14 H F ¥
1™\ CFs 55 T &F L14Cu=0Bz 7 pisive(OEN),
L14Cu—H — RITX-TF %8
58 hydrocupration L14Ci L14Cu—F
59 E
|
M i‘—L, R1’\¢C\F
| B-F elimination
H ('.: - 60
c:
R™ Yy °F

L14Cu
when M = Li, Na

Scheme 19 Cu-catalyzed, CsOAc-assisted asymmetric hydroamination of CFs-
substituted aliphatic alkenes with hydroxylamines and a hydrosilane

The same authors subsequently developed a related Cu-
catalyzed asymmetric hydroallylation with allylic chlorides 61
instead of the hydroxylamine 56 (Scheme 20).46 In this case, the
use of 18-crown-6 was crucial for the disruption of Cs-F
interaction?’ to suppress the undesired pB-F elimination. This is
one of the few successful examples of catalytic asymmetric
construction of non-allylic and non-benzylic CF3-substituted sp3
chiral carbon centers.

In addition to the CuH species, CuBpin also undergoes the
enantioselective addition reaction with simple CFs-substituted
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aliphatic alkenes. Hoveyda reported the Cu-catalyzed
enantioselective deuterioboration with pinB-Bpin and D20 in
the presence of the originally developed chiral NHC ligand L16
(Scheme 21),%8 albeit with only one successful example.

C|/\/ Cu(OAc), (10 mol%)

L15 (10 mol%)
5 .
RPN et R CsoPB-crown-6__ RO
RY = alky! R =H, Ar, alkyl THF, rt
55 e 2
A 48-93%
94-99% ee

PMHS

<

L15: Ar = 3,5-(+-Bu),-4-MeOCgH,

I
PAr, H F 0Ty

(6]

0 .F .

o PAr, via R‘J\*(C‘F (O/_‘:leff J
O

Scheme 20 Cu-catalyzed, 18-crown-6-Aasisted asymmetric hydroallylation of
CF3-substituted aliphatic alkenes with allyl chlorides and a hydrosilane

CuCl (10 mol%)

inB—Bi L16-HBF, (11 mol%) pinl§
Ar\/o\/\/CF3 pINE—BpIN cs0Ac Ar\/o\/;\*/c':s
+ e y
Ar = 4-MeOCgH, D,O 1,4-dioxane, rt 5

40%, >98:2 dr, 84% ee

MeO~ =

h, Ph
\o/}— Pho pinB
0 PhO OPh L16Cu

L16

Scheme 21 Cu-catalyzed asymmetric deuterioboration of CFs-substituted
aliphatic alkenes with a diboron and D20

Recently, Huang and Zhang reported the Cu/L17-catalyzed
enantioselective protoboration of CF3-substituted 1,3-dienes
with pinB-Bpin and EtOH.* Electronically activated, aryl-
substituted dienes were mainly employed, but successful
application to the aliphatic substrate 63 was also shown
(Scheme 22). After oxidative follow-up treatment of initially
formed 64 with NaB0O3e4H:0, the corresponding alcohol 65
bearing a chiral CF3-substituted sp3 carbon center was obtained
with good enantioselectivity. The proposed reaction
mechanism is as follows: the in-situ generated L17CuBpin
species adds to 63 regioselectively at the more sterically
accessible terminal position to generate the allyl Cu
intermediate 66. The observed protoborated product is
produced by subsequent enantioselective Sn2’-type protonation
with EtOH. Also in this catalytic process, the fluoride
elimination reaction potentially occurs, but DFT calculations
suggest that it is an energetically higher and kinetically less
favored pathway.

CuF;, (10 mol%)

oo L17 (11 mol%) ) CF.
\Wca LPUETEN Lote T P'“BW/\*LS
Ph
63 Ph  EtOH THF, rt 64
Ph,,
NaBOy4H,0 HO >y CFs P P
65 v Ph
66%, 84% ee “Ph L17
CF, - ~SR T
pinB X EtOH pInBW/\Ph
L17Cu Ph L17CU\O,H 64
66 Et

Scheme 22 Cu-catalyzed asymmetric protoboration of a CFs-substituted
aliphatic 1,3-diene with with a diboron and EtOH

Another successful application of unactivated CFz-substituted
aliphatic alkenes is in the Ir-catalyzed asymmetric C-H addition
reaction of 2-(methylamino)pyridine derivative 67 (Scheme 23),
as reported by Nishimura.>0 Under Ir/L18 asymmetric catalysis,
1,1-disubstituted CF3 substrate 68 was converted to the
enantioenriched amine 69 possessing a chiral CFs-substituted
sp3 carbon center. A plausible reaction mechanism includes the
pyridine-directed, oxidative addition of the N-Me C-H to Ir(I), in
which the ester moiety at the C3 position of the pyridine ring
plays an important role in the regulation of the substrate
configuration (70). The CFs alkene 68 then undergoes insertion
into C-Ir or Ir-H bond of 70, and final reductive elimination
affords the asymmetric hydroalkylation product 69. Although
the enantioselectivity was still moderate, this protocol receives
more attention because metalated and halogenated starting
substrates are not needed.

[IrCI(coe)s]» (2.5 mol%) N CO,Et

- COEt L18 (6 mol%) ‘
| CF, NaBAr, (10mole) L N
+
NZ > NH /I'\/\ph toluene, 80 °C EA
Me ¥ Ph
67 68 69

95%, 65% ee

P(4-MeCgH,), Na* B

] P(4-MeCgH,),

OEt
OEt
X ~0
XY N0 | H
| b _68 N™ N
N" N
: Ligir!!
Li8ir'| |[|
N 70 CF. Ph

Scheme 23 Ir-catalyzed asymmetric hydroalkylation of a CFs-containing 1,1-
disubstituted aliphatic alkene with a 2-(aminomethyl)pyridine derivative

4 Conclusion and Outlook

Recent development on chiral metal catalysts, organocatalysts,
and trifluoromethylation reagents, as well as the rational design
of reactions and substrates, has enabled significant progress on
the catalytic asymmetric construction of CFs-substituted chiral
sp3 carbon centers. Given the prevalence of CF3 groups in recent
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marketed drugs, the aforementioned advance are expected to
find wide application in more concise and stereoselective
synthesis of chiral CFs drug molecules. However, almost all the
reported protocols still require prefunctionalization, such as
halogenation, metalation, introduction of reactive functional
groups, or preinstallation of CF3, of the starting substrates. On
the other hand, the direct sp3 C-H trifluoromethylation has
recently been described by several research groups.>! Although
the reaction conditions and site-selectivity still need to be
improved, the direct substitution of simple and unactivated
aliphatic C-H bonds with a CF3 group is possible without any
preactivation steps, and thus requires additional attention from
a synthetic point of view. The further development of mild
reaction conditions and highly site- and enantioselective
catalysts is expected to enable the asymmetric sp3 C-H
trifluoromethylation of simple and late-stage
asymmetric introduction of CFs, which can open the door to the

substrates

discovery of new drug candidates based on CFs-substituted
chiral sp3 carbon centers.
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