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The direct functionalization of C-H bonds is an important and long standing goal in organic chemistry. Such transformations can be very powerful
in order to streamline synthesis by saving steps, time and material compared to conventional methods that require the introduction and removal
of activating or directing groups. Therefore, the functionalization of C-H bonds is also attractive for green chemistry. Under oxidative conditions,
two C-H bonds or one C-H and one heteroatom-H bond can be transformed to C-C and C-heteroatom bonds, respectively. Often these oxidative
coupling reactions require synthetic oxidants, expensive catalysts or high temperatures. Here, we describe a two-step procedure to functionalize
indole derivatives, more specifically tetrahydrocarbazoles, by C-H amination using only elemental oxygen as oxidant. The reaction uses the
principle of C-H functionalization via Intermediate PeroxideS (CHIPS). In the first step, a hydroperoxide is generated oxidatively using visible
light, a photosensitizer and elemental oxygen. In the second step, the N-nucleophile, an aniline, is introduced by Bransted-acid catalyzed
activation of the hydroperoxide leaving group. The products of the first and second step often precipitate and can be conveniently filtered off. The
synthesis of a biologically active compound is shown.

Video Link

The video component of this article can be found at https://www.jove.com/video/51504/

Introduction

The direct functionalization of C-H bonds is an important and long standing goal in organic chemistry1. Such transformations can be very
powerful in order to streamline synthesis by saving steps, time and material compared to conventional methods that require the introduction and
removal of activating or directing groups. Therefore, the functionalization of C-H bonds is also attractive for green chemistryz. Under oxidative
conditions, two C-H bonds or one C-H and one heteroatom-H bond can be transformed to C-C and C-heteroatom bonds, respectively (Figure
1)3'9. Often these oxidative coupling reactions require synthetic oxidants, expensive catalysts or high temperatures. Therefore, many attempts
are made to develop methods that use cheap catalysts, benign conditions and oxygen or air as terminal oxidant®.
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Figure 1. Oxidative coupling reactions. Please click here to view a larger version of this figure.

y-H + H-gue

Many organic compounds react slowly with oxygen from air in autoxidation reactions which can functionalize C-H bonds by effectively inserting
0O,, forming a hydroperoxide moiety11'12. Autoxidation processes are used on industrial scale to generated oxygenated compounds from
hydrocarbon feedstocks, but autoxidation is also an unwanted process if it leads to decomposition of valuable compounds or materials. In
some cases, for example diethyl ether, hydroperoxides formed in air can also be explosive. Recentl‘}/, we discovered a reaction that utilizes

an autoxidation to form a new C-C bond from C-H bonds without need of a redox-active catalyst13'1 . Simply stirring the substrates under
oxygen in the presence of an acid catalyst leads to the formation of the new products. Key to the reaction is the facile formation of intermediate
hydroperoxides, which are substituted with the second substrate by acid catalysis15. The reaction, however, is restricted to xanthene and a few
related compounds that are easily oxidized under an atmosphere of oxygen and the products have so far not found applications. Nevertheless
inspired by this discovery, we developed a related oxidative coupling method that utilizes the principle of C-H functionalization via Intermediate
PeroxideS (CHIPS) to synthesize pharmaceutically active indole derivatives'®.

Indoles, especially tetrahydrocarbazoles 1, can be easily oxidized to hydroperoxides 2 in the presence of singlet oxygen17'19, which can be
generated using a sensitizer and visible Iightzo. A hydroperoxide moiety can in principle act as a leaving group if activated by acid catalysis and
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allow for the introduction of a nucleophile

21,22 . . . - .
““. Hydroperoxides are also known to undergo acid catalyzed rearrangement reactions as utilized in

the industrial synthesis of phenol from cumene, the Hock processz3. By careful optimization studies, we could find conditions to favor the desired
substitution reaction with N-nucleophiles like anilines 3 over the unwanted decomposition pathways by rearrangement16. Here, we describe this
two-step CHIPS procedure in detail, using only visible light, a sensitizer, oxygen and acid. Amongst the selected products are indole derivatives
4, which show high antiviral activity or inhibit the vascular endothelial growth factor (VGF), which can be important for tumor therapy24'26.

1. Synthesis of Tetrahydrocarbazole Hydroperoxides

Nookrw

8.

9.

The formation of the hydroperoxide is slowed down if the tetrahydrocarbazole is very colored. In this case, purify it by recrystallization using
toluene/pentane or by column chromatography to get a colorless starting material. For purification by column chromatography, pack a column
with a lower layer of silica gel and an upper layer of alumina. Put the tetrahydrocarbazole on top of the column and elute with toluene. All

the unwanted yellow and black colored byproducts are adsorbed on the column and colorless tetrahydrocarbazole is eluting. Immediately
evaporate the solvent and store the purified white product under an atmosphere of argon in the dark.

Weigh out 1 g of tetrahydrocarbazole or of a substituted tetrahydrocarbazole (1, synthesized according to reported methods16) into a 250 ml
flask. Add 100 ml toluene to this flask.

Weigh out Rose Bengal (2 mg) and add it into the above reaction mixture.

Add a stir bar and cover the flask with septa.

Add an oxygen balloon through the septum; this keeps a positive pressure of oxygen atmosphere on the reaction.

Irradiate the reaction mixture with a 23 watt lamp.

Check the progress of the reaction by thin-layer chromatography (TLC, using a mixture of hexane/ethyl acetate in 70:30 ratio; the Ry value

of the hydroperoxides described herein is between 0.2 and 0.3) or by "H NMR from a sample taken (evaporate the solvent on a rotary
evaporator and dissolve the residue in DMSO-d6). Reaction times can vary depending on the light source and the purity of the starting
material, as mentioned in part 1.1. Generally, full conversion of tetrahydrocarbazoles 1 takes 3 hr.

Filter the precipitated solid after full conversion of starting material. Washing of the solid can be done with pentane in order to remove most of
the toluene, but is not necessary for purification.

Dry the isolated solid under reduced pressure.

CAUTION: Although we never experienced any problem in working with or handling the compounds described in this work, precautions should
be taken when working with peroxides. In particular, it should be avoided as much as possible to expose neat peroxides to heat or to mix them
with metals or metal salts. Performing such reactions behind a blast shield is recommended.

2. Coupling Reaction — Method A Using 10 mol% Trifluoroacetic Acid in Methanol

Weigh out the hydroperoxide (0.49 mmol, 1.0 equiv. from step 1) and the desired aniline nucleophile (0.49 mmol, 1.0 equiv.) into a 12 ml vial
or a suitable round bottom flask.

Add 10 ml MeOH and subsequently 3.74 l trifluoroacetic acid (TFA, 0.049 mmol, 0.1 equiv.) to the vial or round bottom flask.

Close the container with a cap and stir the reaction mixture at room temperature for 4 hr.

Workup variant A1 (for products which precipitate over the course of the reaction):

Filter the precipitated solid to get the desired product. Wash the product with methanol (3 x 0.5 ml).

To obtain a second fraction of product, evaporate the methanol from the filtrate. Dissolve the crude product in 5 ml of ethyl acetate at 40 °C,
then cool to room temperature and add 3-5 ml of pentane The pure product precipitates.

Combine the different fractions of the product and dry them under high vacuum.

Workup variant A2 (for products which do not precipitate):

Evaporate the solvent directly after the reaction by using a rotary evaporator and purify the residue by column chromatography as specified
(silica gel, hexane / ethyl acetate / triethylamine) to obtain the desired product.

3. Coupling Reaction — Method B Using Acetic Acid

Weigh out the hydroperoxide (0.49 mmol, 1.0 equiv. from step 1) and the desired aniline nucleophile (0.49 mmol, 1.0 equiv.) into a 12 ml vial
or a suitable round bottom flask.

Add 10 ml acetic acid (AcOH) to the to the vial or round bottom flask.

Close the container with a cap and stir the reaction mixture at room temperature for 4 hr.

Workup variant B1 (for products which precipitate over the course of the reaction):

Filter the precipitated solid to get the desired product. Wash the product with AcOH (3 x 0.5 ml).

To obtain a second fraction of product, evaporate the acetic acid from the filtrate. Dissolve the crude product in 5 ml of ethyl acetate at 40 °C,
then cool to room temperature and add 3-5 ml of pentane The pure product precipitates.

Combine the different fractions of the product and dry them under high vacuum.

Workup variant B2 (for products which do not precipitate):

Evaporate the solvent directly after the reaction by using a rotary evaporator and purify the residue by column chromatography as specified
(silica gel, hexane / ethyl acetate / triethylamine) to obtain the desired product.

Copyright © 2014 Journal of Visualized Experiments June 2014 | 88 | 51504 | Page 2 of 7


https://www.jove.com
https://www.jove.com
https://www.jove.com

L]
lee Journal of Visualized Experiments www.jove.com

Representative Results

Synthesis of 1-(5-nitroindolin-1-yl)-2,3,4,9-tetrahydro-1H-carbazole (4a):

Synthesized according to Method A, R;= 0.63 (hexane/ethyl acetate 70:30).

Purification: Purify the product by using Method A, workup variant A1 (steps 2.4, 2.5, 2.6). Orange solid, Yield: 95%.

"H NMR (500 MHz, DMSO-d6): 6 10.90 (s, 1H), 7.97 (dd, J=8.9Hz, J=2.4 Hz, 1H), 7.86 (d, J = 2.2 Hz, 1H), 7.42 (d, J = 7.8 Hz, 1H), 7.27 (d,
J=8.0Hz, 1H), 7.05 (t, J= 7.8 Hz, 1H), 6.97 (t, J = 7.8 Hz, 1H), 6.53 (d, J = 8.9 Hz, 1H), 5.21-5.19 (m, 1H), 3.68-3.63 (q, J=18.7 Hz, J=9.3
Hz, 1H), 3.47-3.41 (q, J=17.8 Hz, J= 8.8 Hz, 1H), 3.05 (t, J = 8.6 Hz, 2H), 2.70-2.64 (m, 2H), 2.09-2.02 (m, 2H), 1.91-1.85 (m, 2H), ppm;

3¢ NMR (125 MHz, DMSO-d6): 5 156.5 (q), 136.3 (q), 136.2 (q), 131.5 (q), 130.7 (q), 126.6 (q), 126.4 (t), 121.1 (t), 120.1 (t), 118.3 (t), 118.0 (1),
111.6 (q), 111.1 (t), 104.0 (), 49.9 (1), 48.8 (s), 26.3 (s), 26.1 (s), 21.9 (s), 20.4 (s) ppm;

HR-MS (ESlIpos) m/z: M calcd. for CooH1gN3O,Naq [M+Na]': 356.136948; found: 356.137207.
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Figure 2. Representative "H-NMR spectrum of 4a (500 MHz, DMSO-d6). Please click here to view a larger version of this figure.
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Figure 3. Representative *C-NMR spectrum of 4a (125 MHz, DMSO-d6). Please click here to view a larger version of this figure.

T

Synthesis of 4-(6-bromo-2,3,4,9-tetrahydro-1H-carbazol-1-ylamino)benzonitrile (4b):
Synthesized according to Method A, reaction time was 12 hr, R¢ = 0.44 (isohexane/ethyl acetate 70:30).
Purification: Purification: Purify the product by using Method A, workup variant A1 (steps 2.4, 2.5, 2.6). Yield: 80%.

"H NMR (500 MHz, DMSO-d6): 5 11.14 (s, 1H), 7.61 (s, 1H), 7.49 (d, J = 8.5 Hz, 2H), 7.26 (d, J = 8.5 Hz, 2H), 7.16 (t, J = 8.6 Hz, 2 H), 6.81 (d, J
= 8.6 Hz, 2H), 4.88-4.90 (m, 1H), 2.68-2.71 (m, 1H), 2.58-2.61 (m, 1H), 1.98-2.03 (m, 1H), 1.89-1.92 (m, 1H), 1.81-1.83 (m, 2H) ppm;

3¢ NMR (125 MHz, DMSO0-d6): § 151.2 (q), 135.4.0 (q), 134.7 (q), 133.4 (t), 128.4 (t), 123.5 (t), 120.7 (q), 120.2 (t), 113.0 (t), 110.8 (q), 110.5
(q), 95.7 (q), 45.3 (q), 29.0 (s), 20.4 (s), 19.7 (s) ppm;

HR-MS-(El) (m/z): M+ calcd for C49H¢BryN3Na4, 388.041988; found 388.041996.

Synthesis of 4-(2,3,4,9-tetrahydro-1H-carbazol-1-ylamino)benzonitrile (4c):

Synthesized according to Method B, R;= 0.62 (hexane/ethyl acetate 70:30).

Purification: Purification: Purify the product by using Method B, workup variant B1 (steps 3.4, 3.5, 3.6), white solid. Yield: 80%.

"H NMR (500 MHz, DMSO-d6): 5 10.89 (s, 1H), 7.48 (d, J = 8.6 Hz, 2H), 7.43 (d, J = 7.8 Hz, 1H), 7.29 (d, J = 8.0 Hz, 1H), 7.13 (d, J = 8.1 Hz,
1H), 7.05 (t, J= 7.2 Hz, 1H), 6.96 (t, J = 7.2 Hz, 1H), 6.81 (d, J = 8.8 Hz, 2H), 4.88-4.87 (m, 1H), 2.75-2.70 (m, 1H), 2.64-2.59 (m, 1H), 2.02-1.96
(m, 1H), 1.95-1.90 (m, 1H), 1.87-1.80 (m, 2H) ppm;

3¢ NMR (125 MHz, DMSO-d6): 5 151.2 , 136.0, 133.5, 133.3, 126.4, 121.0, 120.6, 118.1, 117.8, 111.1, 110.5, 95.4, 45.2, 28.9, 20.6, 19.6 ppm;
HR-MS (ESlpos) m/z: M" calcd. for C4qH7N3Nay [M+Na]*: 310.131469; found: 310.131446

Synthesis of 6-bromo-N-phenyl-2,3,4,9-tetrahydro-1H-carbazol-1-amine (4d):

Synthesized according to Method B, reaction time was 12 h, R;= 0.79 (hexane/ethyl acetate 70:30).

Purification: Purification: Purify the product by using Method B, workup variant B2 (steps 3.7), using an eluent mixture of hexane, ethyl acetate
and triethylamine (90:5:5) for column chromatography. White solid. Yield: 60%.

"H NMR (500 MHz, DMSO-d6): 5 11.10 (s, 1H), 7.59 (d, J = 1.7 Hz, 1H), 7.26 (d, J=8.56 Hz, 1 H), 7.15 (dd, J= 8.51 Hz , J=1.90 Hz, 1 H), 7.10
(t, J= 7.4 Hz, 2H), 6.73 (d, J = 7.9 Hz, 2H), 6.56 (t, J = 7.3 Hz, 1H), 5.97 (d, J = 8.9 Hz, 1H), 4.79-4.77 (m, 1H), 2.70-2.66 (m, 1H), 2.62-2.57 (m,
1H), 2.02-1.93 (m, 2H), 1.85-1.77 (m, 2H), ppm;

3¢ NMR (125 MHz, DMSO-d6): 6 147.8, 136.8, 134.7, 128.5, 123.1, 120.1, 115.8, 113.0, 112.6, 110.6, 110.0, 45.9, 28.9, 20.5, 19.9, ppm;

HR-MS (ESlpos) m/z: M* calcd. for C4gH47BrN,Nays [M+Na]*: 363.046740; found: 363.046458
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Figure 4. Synthesis of tetrahydrocarbazole derivatives by C-H functionalization via Intermediate PeroxideS (CHIPS). Please click here to
view a larger version of this figure.

These representative results demonstrate how tetrahydrocarbazoles can be conveniently functionalized by C-H functionalization via Intermediate
PeroxideS (CHIPS). This method allows synthesizing coupling products with aniline nucleophiles, including pharmaceutically active compounds,
in a two-step procedure (Figure 4).

The first step is a well-known photocatalyzed oxidation of tetrahydrocarbazole (1) or its derivatives with elemental oxygen17’19, giving a
hydroperoxide 2. If performed in toluene, the hydroperoxide products precipitate and can be conveniently isolated by filtration. Further purification
is not necessary.

In the second step, the hydroperoxide 2 is treated with an aniline 3, acting as nucleophile, under acidic conditions, furnishing the final product 4
by acid-catalyzed substitution. Depending on the aniline nucleophile, the acidity for the final step has to be fine-tuned. Either catalytic amounts
of trifluoroacetic acid (TFA) in methanol as solvent are used, or the reaction is performed in acetic acid as solvent without any additional catalyst.
Some of the products of the second step precipitate as well (4a-c), in which case a large amount of product can be isolated by filtration and no
additional purification is necessary. The yield can be increased by evaporating the solvent from the mother liquor and recrystallizing the solid
residue. If the product does not precipitate (4d), column chromatography of the crude product is used for purification.

In summary, we could demonstrate that a C-H bond in tetrahydrocarbazoles can be conveniently functionalized to generate C-N-coupling
products in a two-step procedure.

The first step is a well-known photocatalyzed oxidation of tetrahydrocarbazole (1) or its derivatives with elemental oxygen17’19, giving a
hydroperoxide 2. If performed in toluene, the hydroperoxide products precipitate and can be conveniently isolated by filtration. Further purification
is not necessary.

The second step is an acid-catalyzed nucleophilic substitution reaction. A mechanistic rationale for this step is shown in Figure 5. The active
electrophile 6 is believed to be formed by imine-enamine-tautomerization, aided by acid catalysis. Potentially, the hydroperoxide 2 is protonated
and loses hydrogen peroxide under acidic conditions, forming carbocation 5. Tautomerization leads to a more stabilized carbocation 6 and
reaction with the nucleophile to the final product 4, restoring the aromatic indole core.
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Figure 5. Mechanistic suggestion for the acid-catalyzed transformation of hydroperoxides 2 to the final product 4.

Depending on the electronic nature of the aniline nucleophile, the conditions of the reaction have to be modified. For very electron poor anilines,
e.g. bearing a nitro group, catalytic amounts of trifluoroacetic acid in methanol is the method of choice. For moderately electron poor anilines,
e.g. bearing halogen substituents, acetic acid as solvent without additional acid catalyst is the method of choice. Please click here to view a
larger version of this figure.

A critical step within the protocol is the photooxygenation of the tetrahydrocarbazole starting material to the hydroperoxide. With dark yellow or
black tetrahydrocarbazole, as sometimes received from commercial sources, the photosensitized oxidation either does not work or only in very
low yields. In such cases, the starting material has to be purified as described in the protocol above (step 1.1).

The reaction is so far limited to tetrahydrocarbazole or some derivatives thereof. It is not successful with indole, however, 2,3-dialkyl substituted
indoles can be employed if the alkyl substituents are longer chains than methyl. A list of known accessible products has been published.16

The significance with respect to existing methods lies in the mild conditions, the simplicity of purification, the sustainability and the accessibility
of pharmaceutically active products. The reactions do not require elevated temperatures or protective groups and can afford the coupling
products 4 in high yields within 5-6 hours. Special purification or drying of starting materials and solvents is generally not necessary. The
strategy to functionalize C-H bonds via substitution of intermediate peroxides (CHIPS) formed by action of oxygen holds great potential for
sustainable chemistry — only catalysts, oxygen and visible light are required. Amongst the selected products are the pharmaceutically active
indole derivatives 4b-d. Product 4d is noteworthy, as it is active against human papilloma virus, hepatitis C virus and inhibits the vascular
endothelial growth facto 426,

The strategy of CHIPS should in principle be applicable to a variety of different substrate classes. Further investigations into the reaction
mechanism and extensions of this method to access other synthetically interesting products are now the focus of our ongoing efforts.

The authors have nothing to disclose.
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