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Stereoselective Synthesis of Chlorinated Methylene Oxindoles and
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Mark Lautens*

Abstract: Hexafluoroisopropanol (HFIP) was employed as an
additive for the generation of 3-(chloromethylene)oxindoles
via the chloroacylation of alkyne-tethered carbamoyl chlorides.
This reaction avoids the use of a metal catalyst and accesses
products in high yields and stereoselectivities. Additionally, this
reaction is scalable and proved amenable to a series of product
derivatizations, including the synthesis of nintedanib. The
reactivity of alkene-tethered carbamoyl chlorides with hexa-
fluoroisopropanol (HFIP) was harnessed towards the syn-
thesis of 2-quinolinones.

M ethylene oxindoles display a broad range of biological
activities and have become key targets in medicinal chemis-
try.'! As a result, several strategies have been developed for
their preparation.>? Further solidifying the importance of
these compounds is their synthetic versatility, which has been
exploited in the total synthesis of spirocyclic oxindole natural
products;™*°! scaffolds such as 3-(halomethylene)oxindoles
are useful intermediates for accessing these medicinally active
motifs.”! Nevertheless, highly stereoselective methods for
their preparation are scarce in the literature and commonly
require precious transition-metal-based catalysts. Conse-
quently, the development of metal-free methodologies for
the stereoselective synthesis of 3-(halomethylene)oxindoles is
of considerable interest.

In 2007, a Pd"-catalyzed carbonylative annulation of 2-
alkynylanilines was reported by Li and co-workers
(Scheme 1).1" This report employs CuCl, as a stoichiometric
oxidant and generates (E)-3-(chloromethylene)oxindoles in
moderate yields, displaying stereoselectivities ranging from
2.7:1 to >99:1. In 2015, our group reported a complementary
synthesis of these scaffolds via a Pd’-catalyzed chloroacyla-
tion of alkyne-tethered carbamoyl chlorides;® however,
sterically bulky alkynyl substituents were required to promote
a challenging C(sp®)-Cl reductive elimination.’'" Address-
ing this limitation, our group reported a Pd"-catalyzed
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Scheme 1. Strategies for the synthesis of 3-(chloromethylene)oxin-
doles.

synthesis of the corresponding Z-isomers in good yields and
excellent stereoselectivities.!

While cycloisomerizations from readily available organo-
halides are a powerful method to introduce molecular
complexity and retain the halide functionality, these reactions
typically require transition-metal catalysts which can impose
substrate limitations.*'¥) When searching for new method-
ologies for the synthesis of (E)-3-(chloromethylene)oxin-
doles, we found that fluorinated alcohol additives promote
the intramolecular carbochlorination of alkynes without
metal catalysts. We describe herein a metal-free, simple, and
effective cycloisomerization of alkyne-tethered carbamoyl
chlorides for the synthesis of these scaffolds.

We envisioned using alkyne-tethered carbamoyl chloride
1a as a substrate for an alkyne chloroacylation process similar
to previous reports from our group.’*!!l We discovered the
propensity of alkyne-tethered carbamoyl chlorides to cyclo-
isomerize in the presence of TFE at high temperatures.
Product 2a was generated in 52 % yield and high E-selectivity
by heating 1a in TFE (Table 1, entry 1). Notably, the olefin
stereochemistry was complementary to our previous Pd'-
catalyzed chloroacylation report.™) Alcoholic solvents lack-
ing fluorine atoms were ineffective in this reaction, which is
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Table 1: Synthesis of methylene oxindoles: Optimization of reaction conditions. Reactions were
performed on a 0.2 mmol scale. NMR yields and isomeric ratios determined using CH,Br, as internal

standard. Isolated yield given in parenthesis.
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aniline core was also investigated
(2i-20), and the corresponding
products were obtained in yields
ranging from 86 % to 97 % yield.
Products containing a variety
of alkyne substitutions were syn-
thesized (2p-2w). The acidity of

Me
1a (0.2 mmol) 2a HFIP may also be responsible for
— X X O-TBS cleavage in product 2s,
Entry Solvent (0.2 m) Temp. (°C) Additive Yield 2a (%) E/Z ratio . . S .
resulting in diminished yields.
1 TFE 100 None 52 20:1 Complementary to known meth-
2 HFIP 100 None 71 >20:1 ods for the synthesis of (E)-3-
3 HFIP 80 None 27 2201 (chloromethylene)oxindoles,*]
4 PhMe 100 HFIP (8 equiv) 96 (94) >20:1 yiene »
5 PhMe 100 HFIP (3 equiv) 34 ~20:1 products containing aryl substitu-
6 PhMe 100 PrOH (8 equiv) 1 N. D. ents at the alkene were obtained in
7 PhMe 100 None N. D. N. D. excellent yields and good selectiv-
8 MeCN 100 None 10 >20:1 ities. Product 2u, encompassing an
9 NMP 150 None N. D. N. D. unsubstituted phenyl group, was
10 PhMe 100 TFA (8 equw). 61 >20:1 formed in 80% yleld, and 71 E/Z
" PhiVle 100 ACOH (8 equiv) N.D. N.D. ratio. Excellent yield and stereose-
12 PhMe 100 BzOH (8 equiv) N. D. N. D. y.
130 PhMe 100 TFOH (8 equiv) N. D. N. D. lectivity was obtained when 1v was

N. D.=Not detected. [a] Complete decomposition of starting material.

attributed to the distinct physical properties of their fluori-
nated counterparts. These include increased acidity and
hydrogen bond-donating ability, reduced nucleophilicity,
and the ability to stabilize cationic species.’? With this
observation, an improved yield of 71% and >20:1 E/Z
selectivity was observed when HFIP was employed as the
solvent (entry 2).

Decreased yield and stereoselectivity was obtained at
a lower temperature (entry 3). The loss in stereoselectivity
suggests that higher temperatures lead to preferential for-
mation of the more stable isomer (vide infra). Ultimately,
8 equivalents of HFIP in toluene solvent gave the product in
96 % yield and > 20:1 E/Z (entry 4). The product was formed
in lower yield when 3 equivalents of HFIP were used
(entry 5). Interestingly, we observed product formation in
11% yield using a PhMe/’PrOH solvent system (entry 6).
Complete recovery of starting material was observed in the
absence of HFIP (entry 7). The product was formed in low
yields by heating 1a in acetonitrile (entry 8), while heating the
substrate in NMP at 150°C resulted in decomposition of the
starting material (entry9). TFA was an effective reagent,
generating the product in 61% yield and >20:1 E/Z
(entry 10). However, other protic acids were inefficient in
this process (entries 11-13).

The generality of this process was evaluated (Scheme 2).
Apart from products 2u and 2w, which displayed decreased
E/Z ratios, all products were furnished with complete E-
selectivity. Initially, we examined the effect of substitutions at
the nitrogen atom (entries 2a-2h). The corresponding prod-
ucts were obtained in good to excellent yields. The acidic
nature of HFIP is responsible for the decreased yields in 2d,
resulting from PMB-group cleavage. Increased HFIP loadings
and longer reaction times were required for complete
conversion in the presence of electron-withdrawing function-
alities (2e and 2f). The effect of various substituents on the
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employed, containing an electron-
rich -OMe substituent. Product 2w,
containing a p-fluoride on the aryl
moiety, was formed in 84% yield and 11:1 E/Z. X-ray
crystallographic analysis of 2w served to confirm the E-
stereochemistry of the products, while 'H NMR analysis was
applied for all other examples using characteristic chemical
shifts. Chlorinated methylene pyrrolidone 2x was isolated in
84% yield. In contrast to the oxindole products, the 2-
pyrrolidone scaffold was obtained with complete Z-selectivity
as determined by X-ray crystallographic analysis.*® The
synthesis of this class of compounds has not been achieved
by previous metal-catalyzed alkyne chloroacylation
reports. 67811

We sought to determine the substrate limitations of this
reaction. Unreacted starting material was observed when
substrate 1b-TIPS was subjected to the reaction conditions.
The bulky TIPS substituent likely hinders addition of the
chloride to the alkyne moiety. Similarly, no reaction took
place with substrate 1y, containing a bromide substituent
ortho to the carbamoyl functionality which may impact its
conformation. In addition, substrate 1z, containing an acid-
sensitive alkyl carbonate on the alkyne, led to complete
decomposition of the starting material.

The chloroacylation of 1a was successfully performed on
a 2mmol scale, forming product 2a in 90% yield and
complete E-selectivity (Scheme 3). The synthetic utility of
the chlorinated methylene oxindole products was determined
by carrying out various transformations. Nucleophilic sub-
stitution with p-anisidine resulted in generation of Z-3in 96 %
yield and complete Z-selectivity. When benzyl mercaptan was
used as a nucleophile, product E-4 was furnished in 87 %
yield.""" Employing dimethyl malonate as the nucleophile
generated product Z-5in 83 % yield and > 20:1 Z/E ratio. The
stereoselective formation of products Z-3, E-4, and Z-5 is
likely resulting from a stereoselective addition/elimination
mechanism to form the more stable isomer. This phenomenon
has been reported by Meyer and Cossy, who observed a shift
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Scheme 2. Scope for the HFIP-assisted chloroacylation of alkynes.
Reactions run on a 0.2 mmol scale. Values represent isolated yields of
2. Isomeric ratios determined by '"H NMR analysis of the crude
reaction mixture. “Reaction performed using 8 equivalents of HFIP,
PhMe (0.2 m), and heated at 100°C for 12 h. *Reaction performed
using 16 equivalents of HFIP, PhMe (0.2 m), and heated at 100°C for
24 h.
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Scheme 3. Scale-up and derivatization studies of 2a. Values represent
isolated yields. Isomeric ratios determined by "H NMR analysis of the
crude reaction mixture. Stereochemistry determined via 1D and 2D-
NOESY experiments.

in alkene stereochemistry when E-chlorinated methylene
oxindoles were reacted with amines.*! Finally, concomitant
reduction of both the olefin and C—Cl o-bond was performed
via palladium-hydride catalysis, accessing oxindole 6 in 82 %
yield. The alkene stereochemistry of all derivatization prod-
ucts was elucidated by 1D and 2D NOESY experiments.

Following stereochemical confirmation of derivatization
product Z-3, we sought to use the developed chloroacylation
methodology alongside stereoinvertive C-N coupling for the
synthesis of the medicinal agent, nintedanib (Scheme 4).'*! By
subjecting alkyne-tethered carbamoyl chloride 7 to the
reaction conditions, followed by PMB deprotection and
condensation with aniline 10, nintedanib was isolated in
21% yield (unoptimized). Developed by Boehringer Ingel-
heim, nintedanib is used in the treatment of idiopathic
pulmonary fibrosis and non-small-cell lung cancer under the
brand names Ofev™ and Vargatef™.['*13 Furthermore it has
demonstrated potential as a treatment of pulmonary fibrosis
associated with COVID-19 infection."! The developed syn-
thetic route represents a unique disconnection of the oxindole
moiety for the formation of this pharmaceutically relevant
scaffold.">!7!

Although HFIP has been employed in various processes
such as substitutions, Friedel-Crafts alkylations and acyla-

a) HFIP, PhMe
b) TFA, PhOMe

c) 10, DMF

MeN
Ll

NH
/

e L=
MeO,C N

N
O TN
HoN o K_nme Nintedanib

10 21% yield
over three steps

Scheme 4. Synthesis of nintedanib. Reagents and conditions: a) HFIP,
PhMe, 100°C; b) TFA, PhOMe, 80°C; c) 10, DMF, 80°C.
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tions, and others,™>'™ its application in haloacylation reac-
tions has not been described in the literature.”” We per-
formed DFT calculations (see supporting information for
computational details) to obtain further insight on the
stereoselective formation of methylene oxindole product 2a
(>20:1 E/Z) and methylene pyrrolidone 2x (>20:1 Z/E).
Ground-state analysis reveals that the products arising from
these two substrate classes are each the thermodynamically
favoured ones (Scheme 5). Additionally, we performed iso-
merization studies by independently reacting both E- and Z-
isomers of substrate 2bu with excess potassium chloride and
HFIP"'* No isomerization was observed in either experi-
ment, resulting in complete recovery of the starting material
(See supporting information for additional isomerization and
halide exchange experiments). These results indicate that
methylene oxindole products are formed stereoselectively
and irreversibly under the reaction conditions.’*”)

== energy minimization of 2a and 2x

Cl By 2a p-Tol al 2x
y/ (>20:1E/12) | (>20:1 ZIE)
O more stable than O more stable than

N its Z-isomer by N its E-isomer by

\
Me 3.27 kcal/mol p-Tol 1.69 kcal/mol
== isomerization experiments
Ph |
Cl . o R . c Ph
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o KCI (8 equiv) 1 i KCI (8 equiv) o
; -
N PhMe (0.2 M) |°Complete SM. 1 ppye 0 o m) N
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/\_/ Cl \_/\
"Bu Y "Bu
Z Z
1a —HFIP elc) ®}C,,o | o 2,
via hy. drpgen N isocyanate N
bonding Me cation Me

Scheme 5. Computational and experimental mechanistic investiga-
tions.

A possible pathway for the formation of 2a involves
HFIP-assisted ionization of la via a hydrogen bonding
interaction to form an isocyanate cation intermediate, with
concomitant release of chloride.”??! Addition of the latter
across the alkyne in a trans-chloroacylation stereoselectively
forms 2e as its E-isomer. Methylene pyrrolidone product 2x
can be generated with complete Z-selectivity following
formation of an isocyanate cation via two pathways: 1) cis-
chloroacylation across the alkyne, or 2) trans-chloroacylation
and subsequent isomerization. Additional studies are needed
on this latter class of substrates for a more concrete
mechanistic proposal.

We were intrigued to investigate the reactivity of carba-
moyl chlorides bearing a tethered alkene. Reaction of
substrate 11a with HFIP furnished 2-quinolinone product
12a in 98% yield through a vinylogous Friedel-Crafts
reaction (Scheme 6). The 2-quinolinone motif has been
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Scheme 6. Scope for the HFIP-assisted synthesis of 2-quinolinones.
Reactions run on a 0.2 mmol scale. Values represent isolated yields of
12. “Reaction performed using 8 equivalents of HFIP, PhMe (0.2 m),
and heated for 16 h. *Reaction performed using 16 equivalents of
HFIP, PhMe (0.2 M), and heated for 24 h.

applied in the synthesis of biologically active compounds
and in materials science.”” Various methods for their
preparation have been previously described,'>? including
arelated report from the Takemoto group, who synthesized 2-
quinolinones by heating alkene-tethered carbamoyl chlorides
in NMP with catalytic HBr at 150°C under microwave
conditions.”” We investigated the generality of the HFIP-
promoted process, and soon discovered the need for a higher
proportion of additive to obtain complete conversions. Using
this method, 12b-12k were obtained in yields ranging from
74% t0 99 %.

We have developed a metal-free, high yielding, and
stereoselective synthesis of chlorinated methylene oxindoles
and pyrrolidones using HFIP. This methodology was demon-
strated in the synthesis of various derivatives including
nintedanib. The application of alkene-tethered carbamoyl
chlorides in an HFIP-assisted synthesis of 2-quinolinones was
investigated. Additional experimental investigations to gain
further mechanistic insight are currently underway in our
laboratory.
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