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ABSTRACT: A direct double functionalization involving both difluorination and hydroxylation of enamides is reported. With
the appropriate combination of an electrophilic fluorinating reagent and H,O, the most convenient and ecofriendly hydroxylating
agent, the preparation of 3-(difluoroalkyl)-3-hydroxyisoindolin-1-ones was achieved under basic or Bronsted acidic conditions.
Suitable conditions for trifluorination as well as C(sp*)—H fluorination were also identified. Subsequent asymmetric
functionalization of the obtained gem-difluorinated products has also been demonstrated.

Incorporation of fluorine into organic molecules imparts oMe o
unique physicochemical and biological properties.' Hence,

organofluorine compounds are of increasing interest in medicinal
chemistry.” gem-Difluoromethylene® compounds have drawn

o s

Fumaridine Lennoxamine

increasing attention as the —CF,— unit can serve as a bioisostere Me,N

to an oxygen atom in various functionalities such as alcohols, "

carbonyl groups, and phosphates.” The isoindolin-1-one

scaffold is present in many naturally occurring products® as [ /\V\(( O NAQ:}:&

well as designed pharmaceuticals,” and it plays a key role in their
specific biological properties (Figure 1). Surprisingly, methods
for the preparation of fluorinated isoindolinones are scarce.*”
Vicinal difunctionalization of unsaturated systems is one of the
most direct, atom-economical, and synthetically important
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Figure 1. Naturally occurring and FDA-approved isoindolin-1-ones.

transformations.'® Fluoro functionalization using pyridinium

poly(hydrogen fluoride) (PPHF, Olah’s reagent) in combination

with several electrophilic reagents stands as a powerful strategy proposed a-fluoroiminium intermediate A would enable facile

for the efficient preparation of fluorine-containing molecules.'' deprotonation, followed by subsequent oxyfluorination, resulting

The advent of electrophilic (or radical) fluorinating reagents'> in the preparation of a,a-difluoro-N,0-aminal products 2

(primarily N—F reagents) has allowed for several alternative (Scheme 1).

protocols.13 To validate this hypothesis, isoindolinone 1a was selected as a
Because of our longstanding interest in organofluorine and model substrate and reacted with several electrophilic fluorine

heterocyclic chemistry,'* we set out to develop a direct gem- sources (N—F reagents) under varied reaction conditions (Table

difluorination—hydroxylation protocol for the preparation of 1).

CF,-containing heterocycles. Inspired by an elegant work by

Toste and co-workers'* on oxyfluorination of enamides 1, we Received: December 22, 2017

envisaged that the increased acidity of the a-proton (H,) in the
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Scheme 1. Working Hypothesis
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Table 1. Selected Optimization Studies”

F source
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yield® (%)

oTf

F source time
entry (equiv) additive (equiv) (h) 2a 32 4a

14 1(2.0) K,CO; (1.2) 1 45 40 13
2 1(2.0) K,CO, (1.2) 1 24 63 3
3 1(3.2) K,CO; (1.2) 1 15 80

4 1(2.0) K,CO, (1.2), KF 1 14 80

(1.0)

5 11 (2.2) K,CO; (1.2) 0.5 90

6 I (2.2) K,CO; (1.2) 12 trace

7 IV(22) KCO,(12) 12 dec

8 vV (22) K,CO, (1.2) 12 dec

94 1(22) H,PO, (10) 40 94

10%¢ 1(22) TFA (10) 4 95

114 1(22) BF;,H,0 (10) comiplex mixture

124 1(22) TfOH (10) cor@plex mixure

“Reactions were carrled out with 1a (0.25 mmol) and 3 A molecular
sieves (250 mg). YDetermined by “F NMR using fluorobenzene
internal standard. “MeCN (0.05 M) was used “Reaction performed in
the absence of molecular sieves. “H,O (100 uL was added after 1 h at
50 °C. See the Supporting Information for full details. TFA =
trifluoroacetic acid, TfOH = trifluoromethanesulfonic acid.

Initials studies using Selectfluor, I (2.0 equiv), as the
electrophilic fluorine source and K,CO; (1.2 equiv) as the base
in anhydrous MeCN afforded a,a-difluoro-N,O-aminal 2a as the
major product (Table 1, entry 1). However, the selectivity
toward 2a was rather poor, and varying quantities of monofluoro
and trifluorinated derivatives (4a and 3a, respectively) were also
obtained.”” Performing the reaction in the presence of 3 A
molecular sieves inhibited the formation of 4a and afforded 2a
and 3a in 24% and 63% yield, respectively (Table 1, entry 2).

The reaction using 3.2 equiv of I provided 3a in 80% yield. A
similar result was obtained when the reaction was conducted with

I (2 equiv) in the presence of anhydrous KF (1 equiv) as an
external fluoride source'® (Table 1, entries 3 and 4). At this point,
our attention shifted to alternative electrophilic fluorine sources,
including F-TEDA-PF (II), N-fluorobenzenesulfonimide
(NFESI, IIT), and N-fluoropyridinium salts (IV and V) (Table
1, entries S—8). From these reagents, III afforded traces of 2a,
while the use of pyridinium salts IV and V led to decomposition

products. Notably, II emerged as the only reagent capable of
promoting formation of the desired product 2a, without the
detection of trifluorinated derivative 3a.'” The optimized
conditions were thus selected on the basis of this result (method
A, Table 1, entry 5).

As a suitable alternative approach to this process, we
envisioned that 1 could undergo a tandem hydroxyfluorina-
tion—dehydration—hydroxyfluorination sequence in the pres-
ence of Brensted acids to afford the corresponding a,a-difluoro-
N,0-aminal 2, without requiring strictly anhydrous conditions. A
practical, benchtop protocol can thus be developed via such a
tandem sequence (eq 1).

NHBz NF NHBz g NHBz NF
xR R —> R —~> 2 (a1
H,0 Ho)\“ (-H20) \“ H,0
4 F F

Toward this end, several Bronsted acids were examined using
commercially available Selectfluor (I) under benchtop con-
ditions (Table 1, entries 9—12). To our delight, it was found that
the use of trifluoroacetic acid (TFA) afforded 2a with 95% yield
in 4 h at 50 °C, whereas H;PO, required 40 h at room
temperature to provide a similar yield of 2a. Stronger acids such
as BF;-H,O or trifluoromethanesulfonic acid, provided complex
reaction mixtures. Therefore, TFA was selected for further
studies (method B, Table 1, entry 10)."® Next, the reaction scope
and limitations were examined using both methods A and B, and
the results are shown in Scheme 2.

A variety of N-substituted-3-benzylideneisoindolinones were
subjected to both optimized reaction conditions, and we found
that, except for N-OMe isoindolinone 1e, which failed to furnish
the desired gem-difluorinated product, both methods were
applicable to substrates bearing a variety of substituents on
nitrogen including N-Me, N-Bn, and free N-H groups (Scheme
2,2a—c). In the case of N—Ph substituted isoindolinone 1d, only
method A under basic anhydrous conditions proved effective.

Substitution at the benzylidene moiety was next studied, and
method A was found particularly effective for substrates bearing
electron-donating as well as electron-withdrawing and heteroaryl
functionalities. Accordingly, methoxy-, CF;-, fluoro-, bromo-,
acetyl-, and pyridyl-substituted isoindolinones 1f—k smoothly
reacted and afforded the desired gem-difluoro products 2f—k
after 30 min at room temperature (Scheme 2).

We next explored the effect of substituents on the
isoindolinone ring and were pleased to find that the Cl-
substituted substrate smoothly afforded the corresponding
product 2m. Similarly, both CF;- and Me-substituted gem-
difluoroisoindolinones 2l and 2n, respectively, could be easily
obtained in high yields. The use of halo-substituted (Br and CI)
isoindolinones 1i and 1m is notable, as it allows for further
product functionalization.

Next, parallel studies were performed using method B under
Bronsted acidic conditions. In this case, the reactions are
conveniently set up on the benchtop using commercially
available I. Upon formation of derivatives 4 as detected by '°F
NMR (1S min), addition of TFA (10 equiv) to this reaction
mixture effectively promotes a dehydration process, giving rise to
difluorinated products 2."> This approach was the method of
choice for the substrates containing N-Me, N-Bn and N-H
groups, affording the corresponding products 2a—c in excellent
yields, without any trace of monofluoro derivatives. Substrates
bearing electron-donating (OMe) and electron-withdrawing
groups (CF;, F, Br, and acetyl) at the benzylidene ring also
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Scheme 2. Tandem Difluorination—Hydroxylation of
Isoindolin-1-ones”
Method A:
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O 3 A molecular sieves O
MeCN, rt, 30 min
R3 N-Rfy ——MM = Ry N—R4
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R: . R
1 2 TFA (10 equiv) 2 PR
MeCN
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OH OH OH
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F F F

2a Method A: 90% 2b Method A: 95%
Method B (50 °C, 4 h): 95%  Method B (t, 20 h): 97%

2c¢ Method A: 79%
Method B (rt, 20 h): 80%

[o} (o)
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OH OH
F Ph F Ph
F F

2d Method A: 61% 2e Method A: 0%
Method B (65 °C, 60 h): 0% Method B (tt, 60 h): 0%

OMe

2h Method A: 85%
Method B (rt, 20 h): 83%

[o]

2f Method A: 85%
Method B (tt, 20 h): 65%

2g Method A: 80%
Method B (rt, 20 h): 71%

N—Bn

F N/

2i Method A: 89%
Method B (tt, 20 h): 66%

Substitution at the isoindolinone ring

2j Method A: 78% 2k Method A: 81%
Method B (t, 20 h): 76%  Method B (65 °C, 60 h): 55%

o] o] o
F3C Me
N—Bn N-Me N—-Me
OH cl OH OH
F~/~Ph F7~Ph F~/~Ph
F F F

21 Method A: 73% 2m Method A: 88%
Method B (65 °C, 60 h): 0%  Method B (1t, 20 h): 74%

2n Method A: 84%
Method B (rt, 20 h): 84%

“Reactions performed using 1 (0.25 mmol, 1 equiv). See the
Supporting Information for full details.

underwent the desired transformation after 20 h at room
temperature leading to 2f—j in good yields (65—83%). On the
other hand, 2-pyridyl-substituted isoindolinone 1k required
prolonged heating (60 h at 65 °C) to furnish 2k in $5% yield. In
some cases, slightly inferior yields were obtained compared to
method A (2f—j and 2m), but the practicality, scalability,"** an
ease of setup of method B make it an attractive approach.
Importantly, controlling the initial amount of H,O present in the
system at the onset of the reaction is critical for the success of this
method."®

The results obtained from these parallel studies showed that
both developed methods are complementary. In general, method
A allows for a rapid synthesis (30 min) of gem-difluorinated
products using II [F-TEDA-PF,] under basic anhydrous
conditions, and it is particularly effective in the cases where
method B proved to be challenging (e.g., 2d, 2k, and 21). On the
other hand, method B requires longer reaction times (4—60 h)
and in some cases elevated temperatures were also necessary to
afford products 2 in practical reaction times.

The utility of our approach was further demonstrated by the
preparation of a series of hitherto unknown fluoroolefins § and
trifluorinated products 3. A C(sp>)—H olefinic fluorination was
successfully performed under conditions similar to those of
method B, except that only 1 equiv of I was used. In addition, a
trifluorination reaction of isoindolinones was achieved by the
combination of I with KF as external fluoride source under basic,
anhydrous conditions (Scheme 3).

Scheme 3. C(sp?)—H Olefinic Fluorination and
Trifluorination of Isoindolinones

1 (2.5 equiv) o
o KF (2 equiv) 1 (1 equiv)
MeCN (dry) N—| TFA (10 equiv)
N Me 3AMS. 1 T MeCN (wet) (wet)
o
rt, 30 min 1 Ar 50-80°C, 24 h
R
3a: R' = H; 80% 5a:R;=R,=R3= H 98% (4:1)2
3b: R' = CF3; 73% 5b: Ry = Ry = H, R = Me; 97%; (4:1)2

3c: R' = OMe; 65%

5¢: Ry = Me, R, = Ry = H; 90% (2:1)
5d: R; = Me, R, = OMe, R; = H; 90% (3:1)?

“See the Supporting Information for full details. Z/E ratio shown in
parentheses.

Since iminium jon intermediates are prominent and well
established versatile species,'” accessing them from our products
could greatly expand the utility of our method and enable
molecular diversification by the addition of a variety of
nucleophilic species. Accordingly, products 2 derlved from this
protocol are very well suited for this purpose.”” To this end, 2b
was subjected to several chiral Brensted acid-catalyzed
nucleophilic addition reaction conditions.”’ An extensive
experimental investigation showed that catalyst A promotes the
enantioselective addition of p-methoxythiophenol (PMP- SH) in
moderate yield and high enantiomeric excess (Scheme 4). >

Scheme 4. Asymmetric Chemical Elaboration of 3-Hydroxy-3-
difluoroalkylisoindolin-1-ones”

o] o

1 9-anthryl
NH _cat. A (10 mol %) v QI o
— 1 [oN //
OH PMP-SH (5 equiv)

1 o-R
CFPh  DCM,50°C  PMP-S CF,Ph | CO NHT
2b (+) 6 ! 9-anthryl
(60%, 93% ee) i _____catA ;
unoptimized

“See the Supporting Information. Tf = trifluoromethanesulfonyl; PMP
= p-methoxyphenyl.

contrast to previously reported methodologies using 3-
hydroxyisoindolin-1-one derivatives as substrates for chiral
BINOL-derived phosphoric acid catalysis, 2b required the use
of more acidic triflimide derivative A.** This is not surprising
given the deactivating eﬁect of the gem-difluoro unit vicinal to the
hemiaminal functionality.”*

In conclusion, we have developed efficient methods for double
functionalization (fluoro-functionalization) of enamides. Two
complementary methods for difluorination—hydroxylation
(under basic or Brensted acidic conditions) were developed.
Moreover, with appropriate selection of the reaction conditions,
either an olefinic C(sp?)—H fluorination or a trifluorination
reaction can be accomplished. The utility of the obtained
products was further demonstrated with the synthesis of
enantioenriched N,S-aminal (+)-6.
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