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Abstract: A high-yielding procedure for the synthesis of isatins
has been developed. Sequential Pd-catalyzed double carbonyl-
ation of 2-iodoanilines with near stoichiometric amounts of CO
followed by acid-promoted cyclization readily affords an array
of isatins. The conversion of 2-iodoanilines to isatins in good to

excellent yields was found to proceed with good functional
group tolerance. This protocol proved adaptable to '*C-isotope
labeling of isatins, which was extended to the synthesis of the
3C-isotope labeled antiviral drug metisazone and the experi-
mental anti-schizophrenia drug ML137.

Introduction

Isatins (1H-indole-2,3-diones) are important structures found in
a wide range of natural products,"! pharmaceuticals,?>* and
dyes.’! Moreover, isatins are adaptable building blocks for the
synthesis of various heterocycles including quinolones,® ind-
oles,”” indolo[2,3-blquinoxalines,® isatoric anhydrides,® and
spiro-fused heterocyclic structures.'®'"! Although the first syn-
thesis of isatin was reported back in 1840 by Erdmann!'? and
Laurent,['3] the great versatility of isatins has led to the continu-
ous development of new and more efficient procedures for
their synthesis. To date, a variety of protocols for isatin produc-
tion have included i) oxidation of indoles,l™ i) C-H activation
protocols with anilines,"'® 2-oxo-N-arylacetamides,'® or a-
haloamides,'"”? jii) intramolecular oxidative cyclization using
preexisting ortho-substituents such as methyl ketones,!"®'! pri-
mary amides,"® and double/triple bonds,?! and finally iv) a
direct double carbonylation with subsequent cyclization via C-
H activation chemistry,2' (Scheme 1). However, despite the nu-
merous routes to isatins, these approaches suffer from a num-
ber of disadvantages: i) elevated reaction temperatures are re-
quired, ii) regioselective issues can be observed in the C-C
bond forming step to the aromatic ring, and Jii) these methods
are only applicable to the synthesis of N-substituted isatins.
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Herein, we report a mild, high-yielding transformation of 2-
iodoanilines to isatins. The detailed approach entails a room
temperature Pd-catalyzed double carbonylation using near stoi-
chiometric amounts of carbon monoxide (CO) followed by an
acid-promoted cyclization. This procedure generates isatins in
good to excellent yields and readily enables isotopic labeling
opportunities.
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Scheme 1. Literature precedented methods for isatin production.

Results and Discussion

Preliminary studies were undertaken to investigate the Pd-cata-
lyzed double carbonylation of 2-iodoaniline with n-hexyl-
amine.??! Successful amino double carbonylations employing a
CO atmosphere at room temperature were earlier reported by
Kondo,'?3! and then further adapted by us?* applying near-
stoichiometric amounts of CO generated ex situ from the solid
precursor 9-methylfluorene-9-carbonyl chloride (COgen).[2>261
Subjecting  2-iodoaniline  to  n-hexylamine,  Pd(dba),,
HBF4P(tBu)s;, DBU and CO (3 equiv.) in THF, provided the corre-
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sponding a-ketoamide 1 in 83 % yield (Scheme 2). However, by
exchanging COgen with another CO-surrogate, methyldiphenyl-
silanecarboxylic acid (SilaCOgen), which releases CO at a faster
rate at room temperature,?”! we were able to increase the yield
of 1 to 95 % (Scheme 2). At this point, substrate scope studies
were conducted to assess functional group tolerances for the
reaction. As expected, aryl iodides possessing electron-donat-
ing groups resulted in desired a-ketoamides 2, 3 and 5 in excel-
lent yields.!?® At slightly higher catalyst loadings, full conversion
of 2-iodoanilines with electron-deficient substituents was also
possible providing compounds 4, 7-9 in yields of 78-95 %.
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HBF4P(tBu); (3.0 mol-%)
nHexNH, (2 equw
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Scheme 2. The scope of the Pd-catalyzed double carbonylation with 2-iodo-
anilines. Reaction conditions: Chamber A: Aryl iodide (0.50 mmol), Pd(dba),
(2 mol-%), HBF,P(tBu)s (4 mol-%) dry THF (4 mL), n-hexylamine (1.00 mmol),
and DBU (1.00 mmol) in that order at room temperature for 16 h. Chamber
B: SilaCOgen (1.50 mmol), dry THF (3 mL), and KF (approx. 1.00 mmol) in that
order at room temperature for 16 h. [a] Pd(dba), (5 mol-%) and HBF,P(tBu);
(10 mol-%) used. [b]THF (3 mL) and MeCN (1 mL) as solvent.

Inspired by the literature,?” compound 1 was cyclized upon
treatment with 5 m hydrochloric acid through a trans-amidation,
yielding isatin 12 in nearly quantitative yield after 5 h at room
temperature (Scheme 3). For substrates carrying electron-defi-
cient substituents, an increase in temperature to 60 °C was nec-
essary to effect cyclization.

The corresponding isatins could, using this approach, be ob-
tained in yields ranging from 66 % to 99 %. Two pyridines were
successfully coupled in a double carbonylative manner and
identical yields of 94 % were obtained for compounds 10 and

1 (Scheme 2). However, these structures were recalcitrant to
cyclization under a variety of acidic and basic conditions (See
Supporting Information).

We next investigated the possibility of carrying out such
chemistry in a one-pot procedure. Gratifyingly, we found that
simple isatin 12 could be prepared in a 90 % yield (Scheme 4)
via a one-pot approach. However, in some cases this procedure
resulted in a decreased yield, and therefore an acidic wash was
introduced between the two steps. This increased the yield for
5-methylindoline-2,3-dione (17) from 75 % to 93 % (Scheme 5).
Using this sequential procedure, 2-iodoanilines with electron-
deficient substituents still yielded corresponding isatins in
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Scheme 3. Acid-mediated cyclization to Isatins. [a] Yield reported over two
steps. [b] Reaction at 60 °C.

yields of 74-88 % (Scheme 5, compounds 16, 19-21 and 25).
Additionally, 4-bromo-2-iodoaniline was readily transformed to
its corresponding isatin, 25 in 86 % yield, thereby enabling fur-
ther manipulation of the aryl bromide.
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Scheme 4. The scope of the one-pot procedure. Reaction conditions: Cham-
ber A: Aryl iodide (0.50 mmol), Pd(dba), (2 mol-%), HBF,P(tBu)s (4 mol-%)
dry THF (4 mL), n-hexylamine (1.00 mmol), and DBU (1.00 mmol) in that order
at room temperature for 16 h. Chamber B: SilaCOgen (1.50 mmol), dry THF
(3 mL), and KF (approx. 1.00 mmol) in that order at room temperature for
16 h. [a] Pd(dba), (5 mol-%) and HBF,4P(tBu)s (10 mol-%) used. [b] Cyclization
run at 60 °C. [c] Cyclization run at 70 °C.

Furthermore, by switching to Sila’3>COgen, it was possible to
introduce two '3C-carbon labels into the isatin structure in a
yield comparable to that obtained for compound 12
(Scheme 5). The transformation of 2-iodoaniline could also be
executed outside the glovebox under an argon atmosphere,
yielding 83 % of compound 12. Finally, we found that perform-
ing the reaction of 2-iodoaniline with substoichiometric
amounts of CO (1.5 equiv.) provided 12 in a yield of 90 % based
on the added CO (Results not shown, see Supporting Informa-
tion section). To further expand the scope of this reaction we
investigated whether or not N-substituted 2-iodoanilines could
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Scheme 5. The scope of the sequential procedure. Reaction conditions:
Chamber A: Aryl iodide (0.50 mmol), Pd(dba), (2 mol-%), HBF,P(tBu); (4 mol-
%) dry THF (4 mL), n-hexylamine (1.00 mmol), and DBU (1.00 mmol) in that
order at room temperature for 16 h. Chamber B: SilaCOgen (1.50 mmol), dry
THF (3 mL), and KF (approx. 1.00 mmol) in that order at room temperature
for 16 h. [a] Pd(dba), (5 mol-%) and HBF,P(tBu); (10 mol-%) used. [b] Cycliza-
tion at 60 °C.

undergo conversion to their corresponding N-substituted
isatins. Gratifyingly, a series of mono N-substituted 2-iodo-
anilines subjected to the reaction conditions used in Scheme 5
afforded products 24, 26-31 in good to excellent yields
(Scheme 6).
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Scheme 6. The scope of substrates with N-substitution. Reaction conditions:
Chamber A: Aryl iodide (0.50 mmol), Pd(dba)2 (2 mol-%), HBF,P(tBu); (4 mol-
%) dry THF (4 mL), n-hexylamine (1.00 mmol), and DBU (1.00 mmol) in that
order at room temperature for 16 h. Chamber B: SilaCOgen (1.50 mmol), dry
THF (3 mL), and KF (approx. 1.00 mmol) in that order at room temperature
for 16 h. [a] Pd(dba), (5 mol-%) and HBF4P(tBu)s (10 mol-%) used. [b] Cycliza-
tion step performed at 60 °C. [c] Cyclization step performed at 70 °C. [d] Un-
modified isatin isolated.

N-Methyl-2-iodoaniline could be transformed into corre-
sponding N-methyl isatin in excellent yields for both the '2C
and '3C versions, 26 and 26*, respectively. The presence of
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larger N-substituents on the aniline necessitated an increase in
temperature to 60-70 °C for the a-ketoamides to cyclize into
compounds 24 and 27-31. Notably, N-thiophenylmethyl and
N-furanylmethyl substituents did not retard the reaction and
products 30 and 31 were isolated in excellent yields.

To illustrate the versatility of the reaction, we turned our
attention to synthetic transformations of isatins and decided
to first explore the possibility of obtaining double '*C-isotope
labeled indoles. It was found that reduction of free isatin em-
ploying THF:BH; was troublesome. However, when using com-
pound 24, reduction was readily achieved to provide N-benzyl-
indole (32) in 82 % yield. Reduction of N-benzylisatin-2,3-'3C,
(24*) was performed using THF:BD; to afford a 93:7 mixture
of N-benzylindole-2,3-3C,-2-d and N-benzylindole-2,3-'3C, in a
comparable yield of 83 % (for 32%). Wolff-Kishner reduction>”
of 2C- and '3C-isatin generated 2-oxindoles 33 and 33* in
yields of 78 % and 70 %, respectively. Additionally, the antiviral
drug metisazone (34) was synthesized with isotopic labeling by
treating  N-methylisatin-2,3-3C,  with  thiosemicarbazide

(Scheme 7).1291
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Scheme 7. Chemical transformations of isatins.

Finally, our protocol was applied to the synthesis and '3C-
labeling of ML137, a potent M5-positive allosteric modulator
(Scheme 8).3'321 Hence, it was possible to synthesize '3C-iso-

Me~N'N\
= 1) 2-iodoaniline (1.5 equiv.)
o (20equiv.) B(OH), pyrrolidine (20 mol-%)
Pd(dppf)Cl (5.0 mol-%) || 3 A molecular sieves
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o
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99% 36 N MeCN, 80 °C 37% - 13C-ML137 (37%)

Scheme 8. Synthesis of 3C-ML137.
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topically labeled ML137 (37%) in a total yield of 22 % over three
steps from commercially available 2-iodoaniline (Scheme 8).

Conclusions

In conclusion, a new procedure for the facile formation of both
free and N-substituted isatins has been presented starting from
2-iodoanilines. Using a sequential Pd-catalyzed double carbon-
ylation with subsequent acid-mediated cyclization, it was possi-
ble to obtain isatins in good to excellent yields. The carbonyl-
ation reaction makes possible the installation of two '3C-carbon
isotopes. These products can, in turn, be transformed into a
triply labeled indole through reduction by THF:BDs. This ap-
proach was applied to generate selected examples of bioactive
isatins.

Experimental Section

o-Keto Amides

Chamber A: In an glovebox with argon atmosphere, to chamber A,
was added aryl iodide (0.50 mmol), Pd(dba), (4.44 mg, 0.01 mmol),
HBF4P(tBu); (4.35 mg, 0.02 mmol) dry THF (4 mL), n-hexylamine
(0.13 mL, 1.00 mmol), and DBU (0.15 mL, 1.00 mmol) in that order.
The chamber was sealed with a screwcap fitted with a Teflon seal.
Chamber B: To chamber B was added SilaCOgen (363.52 mg,
1.50 mmol), dry THF (3 mL), and KF (approx. 60 mg, 1.00 mmol) in
that order. The chamber was sealed with a screwcap fitted with a
Teflon seal and the loaded two-chamber system was removed from
the glovebox and stirred at room temperature for 16 h. The pH of
the reaction was adjusted to pH = 3 using 2 m HCl (ag) and H,0
(10 mL) was added. The reaction was extracted with CH,Cl, (3 x
10 mL), washed with brine (10 mL) and dried with MgSO,. Solvents
were removed in vacuo and flash column chromatography yielded
the desired product.

Isatins: The a-keto amide (0.1 mmol) was dissolved in THF (0.8 mL)
and 5 m HCl (aqg) (0.2 mL, 1.00 mmol) was added. The reaction was
stirred at room temperature for 2 h and H,O (2 mL) was added. The
product was extracted with EtOAc (3 X 5 mL) and concentrated in
vacuo, yielding the desired compound without further purification.

Isatins (One-Pot Procedure)

Chamber A: In an glovebox with argon atmosphere, to chamber A,
was added aryl iodide (0.50 mmol), Pd(dba), (4.44 mg, 0.01 mmol),
HBF4P(tBu); (4.35 mg, 0.02 mmol) dry THF (4 mL), n-hexylamine
(0.13 mL, 1.00 mmol), and DBU (0.15 mL, 1.00 mmol) in that order.
The chamber was sealed with a screwcap fitted with a Teflon seal.
Chamber B: To chamber B was added SilaCOgen (363.52 mg,
1.50 mmol), dry THF (3 mL), and KF (approx. 60 mg, 1.00 mmol) in
that order. The chamber was sealed with a screwcap fitted with a
Teflon seal and the loaded two-chamber system was removed from
the glovebox and stirred at room temperature for 16 h. 5 m HCl
(1 mL, 5 mmol) was added and the reaction was stirred for 5 h H,O
(10 mL) was added and the reaction was extracted with EtOAc (3 x
10 mL), washed with brine (10 mL) and dried with MgSO,. Solvents
were removed in vacuo and flash column chromatography yielded
the desired product.

Isatins (Sequential Procedure)

Chamber A: In an glovebox with argon atmosphere, to chamber A,
was added aryl iodide (0.50 mmol), Pd(dba), (4.44 mg, 0.01 mmol),
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HBF4P(tBu); (4.35 mg, 0.02 mmol) dry THF (4 mL), n-hexylamine
(0.13 mL, 1.00 mmol) and DBU (0.15 mL, 1.00 mmol) in that order.
The chamber was sealed with a screwcap fitted with a Teflon seal.
Chamber B: To chamber B was added SilaCOgen (363.52 mg,
1.50 mmol), dry THF (3 mL) and KF (approx. 60 mg, 1.00 mmol) in
that order. The chamber was sealed with a screwcap fitted with a
Teflon seal and the loaded two-chamber system was removed from
the glovebox and stirred at room temperature for 16 h. The pH of
the reaction was adjusted to pH = 3 using 2 m HCl (ag) and H,O
(10 mL) was added. The reaction was extracted with CH,Cl, (3 x
10 mL), and concentrated in vacuo. The crude material was trans-
ferred to an 8 mL vial using THF (4 mL) and 5 m HCl (aq) (1 mL,
5 mmol) was added. The reaction was stirred for 5 h after which
H,O (10 mL) was added. The reaction was extracted with EtOAc
(3x 10 mL), washed with brine (10 mL) and dried with MgSO,.
Solvents were removed in vacuo and flash column chromatography
yielded the desired product.
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