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Increasing interests of difluorinated amino acids (DFAAs) have been raised in recent years due to their
widespread bio-organic and medical applications. However, to date, only few investigations focused
on their asymmetric synthesis. Exploring difluoromethyl reagent to tailor a novel pathway and devel-
oping efficient catalytic system are highly desirable for constructing structurally diverse chiral DFAAs.
Herein, a copper-catalyzed asymmetric difluorobenzylation of aldimine esters is described. By using oo -
difluorinated benzyltriflones as difluoromethyl reagents, this protocol allows the asymmetric synthesis of
«o-quaternary DFAAs with wide scope, good yields and excellent enantioselectivities (90%-98% ee). Control
experiments and DESI-MS analysis demonstrate the reaction probably proceeds via a key difluorocarboca-
tion intermediate. Moreover, polyfluoroarenes are found efficient candidates to polyfluoroaryl amino acids
via C-F activation. Gram-scale experiment, late-stage functionalization, synthesis of difluorinated dipep-
tides and bioactive molecular analogues revealed the utility of the protocol, thereby largely enriching the

structural diversity of FAAs and providing more potential opportunities in drug discovery.
© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The incorporation of fluorine or fluorine-containing motifs
into amino acids established a completely new class of amino
acids, fluorinated amino acids (FAAs) [1,2]. Compared to those
non-fluorinated amino acids, their unique properties provided
widespread bio-organic and medical applications, that exhibited
as biological tracers, mechanistic probes and enzyme inhibitors,
or used for blood pressure control, treatment of allergies, and tu-
mour growth, etc. (Scheme 1A, selected FAA drugs) [3-7]. Besides,
incorporation of FAAs constituted an important branch of peptide
and protein science [8-10]. Therefore, with the growing demand
of FAAs in life science, continuous efforts have been devoted to
their structural diversity synthesis, and impressive progresses have
been reached in recent years [11-13]. Notably, among these strate-
gies, asymmetric functionalization of pro-chiral amino acid precur-
sors by using available fluorinated reagents via C-C bond forma-
tion presented an efficient and direct strategy to access chiral FAAs
[14,15].

As an important component of FAAs, gem-difluorinated amino
acids (DFAAs) that containing difluoromethylene group (CF,R), gain
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increasing interests in recent years, due to the ability of CF,R
group to serve as hydrogen bond donor (CF,H) or metabolic biolog-
ically stable bioisostere of ethereal oxygens (CF,R), and presented
intriguing chemical structures and promising diverse biological ac-
tivities (Scheme 1A, selected difluorinated molecules) [16-18]. To
date, various difluoromethyl fragments (CF,R, R=H, alkyl, alkenyl,
alkynyl, ester, amide) could be introduced through a C-C bond
formation approach from readily available difluoromethyl reagents
[19-31]. These transformations always involved a difluorocarbene
intermediate or entailed a radical pathway, which limit broader
utility in asymmetric synthesis [27], especially difluorinated amino
acids synthesis (Scheme 1B) [19]. Till very recently, Guo et al. firstly
disclosed the asymmetric difluoromethylation through a key diflu-
orocarbene specie and provided a direct and efficient synthesis of
chiral DFAAs with excellent results [32]. From the respect of the
significance of DFAAs in bioactive molecules discover, searching
suitable difluoromethyl reagents to tailor a novel pathway seems
attractive to conquer the long-standing challenges in preparing
structure diverse chiral DFAAs.

o, -Difluorinated benzyltriflones (ArCF,SO,CF3), easily pre-
pared with efficient activator for fluorination and good leav-
ing group, were exhibited as elegant difluoromethyl reagent in
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(A) Selected FAAs drugs and difluoromethyl bioactive compounds
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(C) Asymmetric difluorobenzylation via [ArCF;,"]

F Control experiments

DESI-MS and ref [34]

:>"IiPrAr' F
R? No, A NH,
Cu(l)/L* p =—Cu- —_— 2
2
S copt T R B G _Z—R l@ R “COR'
1
This work

Synthesis of DFAAs by Cu-catalyzed asymmetric difluorobenzylation
< Asymmetric difluorobenzylation
+ Difluorobenzylated a-quaternary amino acids
+ Excellent results (43 cases, generally 90-98% ee)
Mechanistic insight by control experiments and DESI-MS

Scheme 1. (A) Selected FAAs drugs and difluoromethyl bioactive compounds. (B) Direct difluoromethylation using difluoromethyl reagents. (C) Asymmetric difluorobenzyla-

tion via [ArCF,*].

desulfonylative cross-coupling reactions [33,34]. In these cases,
a-difluorinated arylmethanes ArCF,X (X=Ar, 8F, Cl, Br, I, O, S)
were obtained through [ArCF,Pd] [33] or [ArCF,*] [34] interme-
diates, which were different from those traditional difluoromethyl
reagents that need to undergo carbene intermediates or radical
pathway. These results provided us opportunities to realize the
asymmetric difluorobenzylation from o,c-difluorinated benzyltri-
flones and further extend the diversity of chiral «-difluorinated
compounds, which has never been achieved.

Asymmetric a-C-alkylation of stabilized prochiral enolates from
o-imino esters and chiral catalysts presented the most fundamen-
tal and important approach for the construction of ubiquitous qua-
ternary o-amino acids [35-44]. Various alkyl reagents were em-
ployed via this strategy, where the produced «-amino acid deriva-
tives always provided conspicuous bioactivities. In particular, com-
pared to these non-fluorinated counterparts, rare studies were fo-
cused on the a-C-fluoroalkylation [32,43], especially difluoroalky-
lation, which furnished DFAAs and still remained blank. We envi-
sioned that in the presence of prochiral enolate, «,x-difluorinated
benzyltriflones (ArCF,SO,CF3) as difluoromethyl reagents could be
introduced to generate a carbocation intermediate [34] and conse-
quently underwent a nucleophilic substitution, as a result, chiral
o-quaternary difluorobenzylated amino acids (DFAAs) could be af-
forded (Scheme 1C). Herein, by using «,x-difluorinated benzyltri-
flones (ArCF,SO,CF3) as difluoromethyl reagents, we reported the
first Cu-catalyzed enantioselective difluorobenzylation of aldimine
esters. Structurally diverse DFAAs were achieved under mild condi-
tions with excellent enantio-control. In addition, polyfluoroarenes
were also found efficient candidates, provided polyfluoroaryl amino
acids as desired products in good results. Gram-scale experiment,
late- stage functionalization and useful product transformations
were carried out to reveal the utility of this protocol, which largely
enriched the structural diversity of FAAs and provided potential
opportunities in drug discovery.

We started our initial study by selecting imino ester 1a and
o,-difluorinated benzyltriflone 2a as model substrates (Table 1,
for details, see Supporting information). First, chiral ligands
were evaluated. By using SOPs (chiral sulfoxide phosphine [45-
49])/Cu(MeCN)4PFg (1:1.2, 10 mol%) as chiral catalyst, the de-
sired DFAA derivative 3aa was smoothly delivered, but unsatis-
fied enantio-control was obtained (entries 1 and 2, 31%—39% ee).
Subsequently, selected commercially available chiral ligands were
carefully screened. Biaryl-type ligands, such as (R)-BINAP (L3), (R)-
SEGPHOS (L4), provided poor results (entries 3 and 4). To our de-
light, chiral ligands with ferrocene skeleton flourished excellent
enantioselectivities and good yields, in which the substituents on

Table 1
Optimization of reaction conditions.?
J\ R F Cu(MeCN),PFg (10 mol%) YT
~ 2
S . S0,CF, L (12 mol% N
P SN Co,Me /©)< CoaCOs (1.5 equiv) Me’ COo,Me
NC solvent, 25°C,12h  NC

1a 2a 3aa

then HCI (1 moliL), 25 °C, 1 h
S

0 o
< O « )R
PPh. o} PPh N
2 2 PPh,

PPh, o PPh, Fe
MeO PR
ree OO 0 & e
L1, R="Pr L3 L4 L6, R =Pr
L2, R =Ph L7, R='Bu
Entry Ligand Solvent Yield (%) ee (%)°
1 L1 THF 32 31
2 L2 THF 78 39
3 L3 THF 35 52
4 L4 THF 58 23
5 L5 THF 75 92
6 L6 THF 75 96
7 L7 THF 73 96
8 L6 DCM 67 95
9 L6 DCE 83 94
10 L6 Dioxane 52 96
11 L6 Toluene 36 95
124 L6 THF:DCE (v/v, 1:1) 79 96
13d.e L6 THF:DCE (v/v, 1:1) 23 58
144.f L6 THF:DCE (v/v, 1:1) 84 96
154.f.¢ L6 THF:DCE (v/v, 1:1) 88 (80)h 96

@ Reaction conditions: 1a (0.15mmol), 2a (0.1 mmol), Cs,CO;3; (0.15mmol),
Cu(MeCN)4PFg (10 mol%) and L (12 mol%) in solvent (1 mL) at 25 °C for 12 h.

b Yields were determined before hydrolysis by crude 'H NMR using 1,1,2,2-
tetrachloroethane as an internal standard.

¢ The ee values were determined by chiral HPLC analysis.

4 THF:DCE (v/v 1:1, 0.5 mL) was used as solvent.

¢ The reaction temperature was 0 °C.

f The reaction temperature was 40 °C.

& (s,C0O3 (0.2 mmol) was used.

h Isolated yield in parenthesis.

the oxazole ring had little effect on reactivity and enantio-control
(entries 5-7, 73%—75% yields, 92%—96% ee). Next, various solvents
were evaluated (entries 8-11). All the cases provided excellent
enantioselectivities, while yields varied (36%—83% yields, 94%—96%
ee). Mixed solvent THF/DCE (v/v, 1:1) was optimal in the terms of
both yield and enantio-control (entry 12). Besides, this asymmetric
difluorobenzylation was found very sensitive to the reaction tem-
perature. The reaction was obviously suppressed when carried out
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F Cu(MeCN)4PF4/L6
(1:1.2, 10 mol%)
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Scheme 2. Asymmetric synthesis of difluorinated amino acids (DFAAs). Reaction conditions: 1 (0.15 mmol), 2
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(0.1 mmol), Cs,CO5 (0.2 mmol), Cu(MeCN)4PFs (10 mol%) and

L6 (12 mol%) in THF:DCE (v/v 1:1, 0.5mL) at 40 °C for 12 h. Isolated yields were provided. The ee values were determined by chiral HPLC analysis. 2 1a (0.25 mol) was used.

at 0 °C (entry 13, 23% yield, 58% ee). Furthermore, a slight increase
of yield was obtained when the reaction was conducted with 2.0
equiv. base at 40 °C (entries 14 and 15). Therefore, after systematic
evaluation, we finally confirmed the optimal reaction conditions:
Cu(MeCN)4PFg/L6 (1:1.2, 10 mol%), Cs,CO5 (2.0 equiv.) in THF/DCE
(vlv, 1:1, 0.5mL) at 40°C for 12h (Table 1, entry 15, 80% isolated
yield, 96% ee).

With the optimal conditions of this asymmetric difluorobenzy-
lation in hand, the substrate scope was carefully examined, and the
results were summarized in Scheme 2. For imino esters 1 (Scheme
2A), first, changing ester groups was found little effect on reac-
tivity with identical enantioselectivity (3aa-3ca, 71%—82% yields,
96% ee). Imino esters derived from various natural amino acids,
such as leucine (Leu), methionine (Met), aspartic acid (Asp), lysine
(Lys), were tolerated under the conditions, desired DFAAs were ob-
tained in acceptable yields and excellent enantioselectivities (3da-
3ga, 91%—-96% ee). Imino ester from glutamic acid (Glu) worked
smoothly, followed an ammonolysis cyclization to provide cyclic
DFAA 3ha, which was determined by X-ray analysis to confirm the
absolute configuration as (R). Norleucine (NLeu) and homopheny-
lalanine (HPhe) were competent with satisfied results (3ia-3ja,
94%—95% ee). Furthermore, imino esters containing CN, alkenyl and
alkynyl group were also successful candidates under the conditions
(3ka-3ma).

For difluorinated benzyltriflones 2 (Scheme 2B), substituent
NO, could be installed on the p-, m- and o-position of aromatic
ring, lower reactivity was detected in the case of o-substituted
substrate (3aa vs. 3ae), which indicated the reaction was sensitive
to steric effect from substrate 2 (3ab vs. 3ac-3ad). Next, various
electron-withdrawing groups were introduced at p-position and

found compatible to smoothly provide the corresponding DFAAs
(3af-3ai). Disubstitued DFAAs (3aj-3al, 90%—93% ee) were readily
produced with satisfactory enantio-control with reduced reactiv-
ity when o-position was occupied (3ak, 41% yield). Interestingly,
when 3,4,5-trifluoro substituted 2m was employed, another unex-
pected C-F bond activation occurred with excellent results (3am,
78% yield, 99% ee, dr 14:1), thus two amino acids could be in-
corporated, provide potential utility in bio- and medical chemistry.
Meanwhile, DFAA 3an with biologically active heterocycle quinine
could be afforded (75% yield, 96% ee).

Besides, cyclic imino esters could also undergo the asymmet-
ric difluorobenzylation reaction with «,x-difluorinated benzyltri-
flones 2a (Scheme 3, 3na-3ua, 90%—97% ee). Various substituents
(such as Me, pH, F, Cl, Br, CF3) could be installed at the p- and
m-position of the aromatic ring with no obvious electronic effect
and steric effect. While, moderate yield was provided in the case
of o-substituted cyclic imino ester was introduced (49% yield, 3ta
vs. 3na and 3ra).

Polyfluoroaryl amino acids, an important part of FAAs, could al-
ready been prepared by C-F bond activation of polyfluoroarenes
[50,51]. While, their asymmetric synthesis remains unrealized. As
mentioned above in Scheme 2 (3am), polyfluoroarene was compe-
tent electrophile via an unexpected C-F bond activation to produce
corresponding chiral polyfluoroaryl amino acid. Encouraged by the
results, we subsequently evaluated a series of polyfluoroarenes un-
der the conditions (Scheme 4). To our delight, polyfluoroarenes
with CN, NO,, COMe and benzoxazole were all tolerated, C-F bond
activation exclusively occurred at the p-position with little effect
on enantio-control (5aa-5ad, 94%—96% ee). Notably, when adjust-
ing the amount of 1a to 2.5 equiv., two continuous C-F bond ac-
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Scheme 3. Asymmetric synthesis of difluorinated amino acid derivatives. Reaction
conditions: 1a (0.15mmol), 2a (0.1 mmol), Cs;CO;3 (0.15 mmol), Cu(MeCN)4PFs (10
mol%) and L6 (12 mol%) in THF:DCE (v/v, 1:1, 0.5mL) at 20 °C for 12h. Isolated
yields were provided. The ee values were determined by chiral HPLC analysis.
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Scheme 4. Asymmetric synthesis of polyfluoroaryl amino acid derivatives. Reac-
tion conditions: 1 (0.1 mmol), 4 (0.12 mmol), Cs,CO5; (0.2 mmol), Cu(MeCN),PFg (10
mol%) and L6 (12 mol%) in THF:DCE (v/v 1:1, 0.5mL) at 20 °C for 12h. Isolated
yields were provided. The ee values were determined by chiral HPLC analysis. 2
1a (0.25mmol) and 4c¢ (0.1 mmol) were used. ® The reaction was carried out with
Cu(MeCN)4PFg (5 mol%) and L6 (6 mol%) at 0 °C.

tivations occurred in one pot with excellent diastereoselectivity
and enantioselectivity (5ae). These results provided opportunities
for the preparation of complex FAAs. In the cases of unsymmet-
ric polyfluoroarenes, the C-F bond activation regioselectively oc-
curred at the more electron-deficient position, which was con-
sistent with the computational regioselectivity (5af, 5ag) (orbital-
weighted Fukui index (OW-f") was computed, see Supporting in-
formation for details) [49,52]. In addition, when 1h was employed,
intramolecular cyclization to 5-membered lactam was achieved,
and further determination by X-ray analysis confirmed the abso-
lute configuration was (S)-configuration (5hd).
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(A) Gram-scale experiment

FF

1 RF SN

. Ar N

Standard conditions
PN COMe * SO,CF3 Me” CO,Me
then work up Ar = 4-CN-Ph
NC
3aa

1a 2a 113 g, 73%, 96% ee

(B) Late-stage modification of natural product derivatives

o Me" CO,Me
PN o F

3ao (from L-Menthol) 5ah (from cholesterol)
50% vyield, 98:2 dr 76% yield, 97.5:2.5 dr

(C) Synthesisi of (R)-DFMO analogue 3va (Ar = 4-CN-Ph)

NHCbz CO,Me

ArF,C,,
+ 2a Standard conditions HZZN/)\/\/NHC!)Z

PhAN CO,Me then work up
3va, 67% yield, 90% ee

v (R)-DFMO analogue

(D) Useful transformations of products 3aa (Ar = 4-CN-Ph)

ArF,C_ (NH,
07" “NHBoc o (p)-Ala " >\co o BOC(L-AlD O">NHBoc
ArF,C_ \NH "T e 2Vie b) > ArF,C NH
3aa, 96% ee
me’ “co,Me ? Me’ ‘co,Me
6, 56% yield c)| ArNCO, 7, 62% yield
Ar = 3,5-Cl,-Ph
Cl o)
N»\NH
SCRAr 8 75%, 96% ee
cl O Me BIRT-377 analogue

Scheme 5. Scale-up experiment and synthetic utility.

To demonstrated the utility of this protocol, difluorinated ben-
zyltriflones 2a was scaled up to 6 mmol, the corresponding product
3aa was obtained with good results (1.13 g, 73% isolated yield, 96%
ee) (Scheme 5A). Later, late-stage modifications of natural products
were carried out. Using this protocol, difluorinated benzyltriflone
20 (derived from L-menthol) and polyfluoroarene 4h (derived from
cholesterol) were all applicable with acceptable results (Scheme
5B). Further, under the standard conditions, imino ester 1v could
be smoothly delivered to the corresponding DFAA 3va, an analogue
of (R)-DFMO for treatment of African sleeping sickness [32,53,54],
with excellent enantio-control (90% ee) (Scheme 5C). In addition,
useful transformations of product 3aa were conducted. The in-
corporations of amino acids with DFAA 3aa provided the desired
difluorinated dipeptides (6, 7) in moderate yields. When treat-
ing 3aa with aryl isocyanate, BIRT-377 [55,56] analogue 8 could
be obtained under mild conditions, which might provide potential
bio-activity compared to the non-fluorinated counterparts (Scheme
5D).

Classical difluoromethylation from difluoromethyl reagents al-
ways involved a difluorocarbene intermediate or entailed a radi-
cal pathway [19]. First, radical trapping reagent TEMPO (5.0 equiv.)
was added, the desired DFAA 3aa still formed while in much less
yield (probably due to the oxidation of Cu(l) that destroy the cata-
lyst by TEMPO), and no radical product was detected. This indicates
the catalytic system did not promote the reaction via a radical
pathway, which is different from those traditional difluoromethy-
lation reactions (Scheme 6A) [19]. Thus, control experiments and
desorption electrospray ionization mass spectrometry (DESI-MS)
[57,58] were performed to gain the mechanistic insight (for de-
tails see Supporting information). First, «,«-difluorinated benzyl-
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(A) Radical trapping experiment

E
% ta g WNH; RF
SO,CF; _Standard conditions N com oN
"TEMPO (5.0 oquivy Me ,Me
TEMPO (5. iv.
NC 0 (5.0 equiv.) NG NG
2a 3aa, 24% 'H NMR yield 2a', not observed

(C) Competing experiments
(Hammett constant: NO, (5, = 0.78) > CN (5, = 0.66) > COPh (5, = 0.43))
FF
NH,

N

1a (1.0 equiv.) Me” CO,Me

2a (1.0 equiv) + 2d (1.0 equiv.) —Standard conditions .
3aa, R =CN, 25.7% yield

3ad, R = NO,, 58.4% yield
FF
1a (1.0 equiv) NHz
Standard conditions, me? "CO,Me
R

3ad, R = NO,, 82% yield
3af, R = COPh, N.D.

2d (1.0 equiv) + 2f (1.0 equiv.)

Chinese Chemical Letters 35 (2024) 109665

B) Control experiments (Hammett constant: ‘Bu (o, = -0.20
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Scheme 6. (A) Radical trapping experiment. (B) Control experiment. (C) Competing experiments. (D) Proposed transition state.

triflone with electron-donating group (2p) was introduced as di-
fluorobenzyl reagent, no corresponding product was obtained and
2p (99%) recovered (Scheme 6B). When 2a and 2d (with similar
Hammett constant: NO, (o,=0.78), CN (0 =0.66)) [59] in a 1:1
ratio were used as substrates under standard conditions, products
3aa and 3ad were obtained in 25.7% and 58.4% yield, respectively.
While in the case of 2d and 2f (with gaps in electronegativity: NO,
(o0p=0.78), COPh (o =0.43)), the less electron-withdrawing group
substituted difluorobenzyl reagent (2f) was suppressed with no de-
sired product was detected (Scheme 6C). These results obviously
suggested that (a) the electronegativity of substituents from diflu-
orobenzyl reagents 2 plays a crucial role for the reaction; (b) di-
fluorinated benzyltriflone with electron-donating group (2p) were
not suitable electrophile, probably due to the detrimental effect for
difluorinated reagent polarization and sulfonyl group leaving, that
lead difluorinated benzyltriflone recovered; (c) electron-deficient
substituent in the electrophiles might facilitate the reaction and
their electronegativity showed significant positive correlation with
the reaction rate.

To further confirm the key intermediate involved in the reac-
tion, DESI-MS analysis was employed (Fig. S7 in Supporting infor-
mation). Generally, the C(benzylic)-sulfonyl bond is easily cleaved
to generate benzylic cation. The desired difluorocarbocation inter-
mediate (2j*, calcd. for CgHgBrF,0, 262.9514, Found: 262.9514)
was detected when o, -difluorinated benzyltriflone (2j) was intro-
duced in the presence or absence of the catalytic system. Thus,
based on these experimental results and previous work [34], a
possible transition state was proposed to elucidate the enantio-
control. The in-situ formed difluorocarbocation was captured by
pro-chiral enolate, which was generated from «-imino esters 1a
and chiral catalyst by base. Due to the steric hindrance between
the aryl group (from difluoromethyl reagent) and isopropyl group
(from chiral ligand), the Re-face was shielded, difluorocarbocation
2j* approached to 1a from its Si-face to provide the desired prod-
uct (R)—3aj with good results (Scheme 6D).

In summary, we have developed the first Cu-catalyzed diflu-
orobenzylation of aldimine esters with o,«-difluorinated benzyl-
triflones as difluoromethyl reagents. This protocol opened us a
straightforward access to various DFAAs with «-quaternary cen-
ter in wide scope, good yields and excellent enantioselectivities
(90%—98% ee). Control experiments and DESI-MS analysis revealed
that the reaction probably proceed via a curial difluorocarbocation
intermediate (ArCF,*). Moreover, polyfluoroarenes were also found
competent electrophiles to provide the corresponding polyfluo-
roaryl amino acids with good results. Besides, gram-scale exper-

iment, late-stage modifications of natural products and efficient
synthesis of difluorinated dipeptides and bio-active molecule ana-
logues by product derivations were conducted with good efficiency.
These results largely enriched the structural diversity of FAAs and
provided more potential opportunities in drug discovery.
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