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ABSTRACT: Polymer-supported 2-nitro-N-(2-oxo-2-
arylethyl)benzenesulfonamides, prepared from resin-bound
amines by sulfonylation with 2-nitrobenzenesulfonyl chlorides
followed by alkylation with α-bromoacetophenones, represent
advanced intermediates for the synthesis of different nitro-
genous heterocycles. We report their application for the
synthesis of 2-aryl-3-alkylamino-1H-indoles via base-mediated
C-arylation reactions followed by the reduction of the C-arylated intermediates. Linear precursors for C-arylation were prepared
on solid-phase support from simple, commercially available building blocks. The effects of different substituents on the amino
and aryl groups were addressed.
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■ INTRODUCTION

2-Nitrobenzenesulfonyl chloride (2-Nos-Cl) and 4-nitrobenze-
nesulfonyl chloride (4-Nos-Cl) were introduced as effective
protecting/activating groups for the regioselective N-mono-
alkylation of primary amines by Fukuyama et al.1 Smooth de-
protection occurs through a nucleophilic aromatic substitution
mechanism via the formation of a Meisenheimer complex by
treatment with a mercaptoethanol and 1,8-diazabicyclo[5.4.0]-
undec-7-ene (DBU) cleavage cocktail resulting in the desired
secondary amine. This three-step procedure involving amine
activation by Nos-Cl followed by alkylation of the activated ni-
trogen and then deprotection of the sulfonamide group became
the general method for selective N-alkylation reactions in solid-
phase synthesis. Initially, this method was primarily used in
peptide chemistry2,3 but was also later used in the synthesis of
polyfunctional nonpeptidyl molecules; for example, this
method has been used in the solid-phase synthesis of hetero-
cycles such as the 4,7,8-trisubstituted 1,2,3,4-tetrahydrobenzo-
[e][1,4] diazepin-5-ones (2-Nos-Cl)4 and trisubstituted benzo-
[1,4]diazepin-5-ones (4-Nos-Cl).5

Apart from using 2-Nos-Cl as a protecting/activating agent, it
can also serve as an advantageous building block that can be
effectively incorporated into the synthesis of heterocyclic com-
pounds. 2-Nos-Cl is typically converted into the corresponding
sulfonamide, and the nitro group is then reduced to an amino
group, which enables the final cyclization into heterocyclic
compounds derived from benzo[1,2,4]thiadiazine 1,1-dioxide,
I and II6,7 (Figure 1), or benzo[1,2,5]thiadiazepine 1,1-dioxide,
III, IV, and V.8−10 The synthesis of the anagrelide sulfonamide
analogues (II) was carried out on a solid support.6 Recently, we

reported the solid-phase synthesis of benzothiadiazepines (V)
obtained by the reduction of a sulfonamide precursor.8

While developing combinatorial libraries of drug-like
heterocyclic compounds, our group observed an unprecedented
difference in the reactivity of 2- and 4-Nos derivatives. Whereas
the 4-Nos group was cleaved by treatment with the conven-
tional cleavage cocktail of mercaptoethanol/DBU, the 2-Nos
derivatives (VI, Figure 2) underwent intramolecular C-arylation
followed by N−N bond formation resulting in indazole oxides,
VII, which were also deoxygenated to the corresponding
indazoles, VIII.11 The 2-Nos amides (VI) represent advanced
intermediates that can be converted into different heterocyclic
compounds by modifying the substituents and selecting the
appropriate reaction conditions. A further extension of the
tandem C−C, N−N bond formation reactions led to more
complex compounds, including pyrazino[1,2-b]indazol-oxides
(IX) and their indazoles (X), pyrazino[1,2-b]indazol-oxides-1-
one, XI (in the case of R3 = OEt), and polycyclic heterocycles
(XII and XIII). In subsequent research into the base-mediated
C−C bond formation, we observed a rearrangement of
the indazole oxides under mild conditions resulting in 2,3-
dihydro-1H-imidazo[1,2-b]indazoles (XIV). The original tan-
dem reaction was extended, when we discovered a new ring-
expansion of the indazole oxides substituted with an acidic
proton leading to quinazolines (XV;12 and references cited
therein).
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This report presents a further extension of the application of
the base-labile advanced intermediate VI; the C-aryl derivative
was subjected to a reduction of the nitro group13 followed by
the spontaneous cyclization to another class of heterocycles, the
indoles. The term advanced intermediate refers to a substrate
with two or three diversity positions that can result in the syn-
thesis of structurally unrelated molecular scaffolds by modifying
the peripheral substituents or reaction conditions.
Indole-containing molecules exhibit a remarkably wide range

of biological activities, and these compounds have been referred
to as privileged structures in medicinal chemistry.14 There are
many preparative methods for the solid-phase synthesis of
indoles based on either ring-forming reactions (Fischer,15

intramolecular Wittig,16 palladium-catalyzed cyclizations,17 and
many others18) or linking indoles that were prepared in solu-
tion onto a solid support.19 2-Aryl-3-alkylamino-1H-indoles can
be obtained using nitrilium chemistry, typically by the reaction
of isocyanide with aldimines in the presence of acid.20 Applying
the conditions of the interrupted Ugi reaction, Schneekloth
et al.21 reported that electron-donating groups are required for
the formation of the indole moiety. Interesting acid-triggered
transformations of quinazolinones leading to 2-alkyl/aryl-1H-
indol-3-yl-ureas have been described.22 The authors of an
international patent23 synthesized a 3-amino-1H-indole moiety
via the acid-assisted cyclization of phenyl-hydrazones and
declared that these indole derivatives substituted at position
2 by pyrazinone were biologically active in the treatment of
hyper-proliferative disorders and diseases associated with
angiogenesis. Another group of 1H-indoles substituted with
guanidine in position 3 and with an alkyl group in position 2
has been identified as a new class of antidiabetic agents.24

Recently, gold-catalyzed solid-phase synthesis of indole deriva-
tives was reported.25 Resin bound nitrobenzoic acid derivatives

were also reacted with alkenyl Grignard reagents as a key step
of indole synthesis.26

To the best of our knowledge, 2-aryl-3-alkylamino-1H-
indoles have not been prepared from 2-nitro-N-(2-oxo-2-
arylethyl)benzenesulfonamides via base-mediated C-arylation.
In this report, we describe an efficient and expeditious high-
throughput solid-phase synthesis compatible with Merrifield27

strategy leading to diverse 2-aryl-3-alkylamino-1H-indoles using
amino acids, 2-Nos-Cl, and α-bromoketones as conventional
building blocks.

■ RESULTS AND DISCUSSION

Synthesis. The syntheses were carried out on a solid-phase
support. While all the synthetic steps can be performed in
solution, we incorporated the specific advantages of solid-phase
synthesis, particularly the expeditious preparation of the target
compounds due to the very facile isolation of resin-bound
intermediates from soluble components by simple filtration
and washing the resin. Accordingly, any high-boiling reaction
solvent can be used and subsequently removed by filtration
rather than by evaporation.
Polymer-supported acyclic intermediates (3, Scheme 1) were

prepared from diverse resin-bound amines (1, Figure 3). The
synthesis of the acyclic precursors was carried out on Wang
resin28 and Rink amide resin29 containing linkers suitable for an
acid-mediated cleavage from the resin. Briefly, Fmoc-Ala-OH
(9-fluorenylmethoxycarbonyl) and Fmoc-β-Ala-OH were at-
tached to Wang resin using the N-hydroxybenzotriazole
(HOBt) and N,N′-diisopropylcarbodiimide (DIC) procedure
along with 4-(N,N-dimethylamino)pyridine (DMAP) as a
catalyst.30 Fmoc-4-aminobutyric acid was immobilized via the
HOBt/DIC31 peptide-coupling procedure on Rink resin. Then,
Fmoc was removed to give the resin bound amines 1{1−3}.

Figure 1. Nitrogenous heterocycles prepared via 2-Nos amides.

Figure 2. 2-Nos amide VI as an advanced intermediate leading to the various privileged structures VII−XV.
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Fmoc-β-alaninol (3-aminopropan-1-ol) was attached via an
ether linkage using trichloroacetimidate activation32 followed by
Fmoc cleavage, 1{4}. To further increase the diversity of the
resin-bound amines, 2-aminoethanol, ethylenediamine, propane-
1,3-diamine, and piperazine were attached to the Wang resin via
carbamate linkages using the carbonyldiimidazole (CDI)
activation method33 followed by reaction with Fmoc-protected
amino acids (Ala, Phe, Ser) under the conditions of conventional
peptide coupling techniques with HOBt and DIC resulting, after
Fmoc deprotection, in the immobilized amino acid esters 1{5}−
1{7}, secondary amides 1{8}−1{11} and a tertiary amide 1{12}
(Figure 3, L stands for an acid-labile linker).

A set of diverse resin-bound amines (1) were reacted with
2-Nos-Cl in the presence of 2,6-lutidine (Scheme 1), and the
resulting sulfonamides (2) were alkylated with α-bromoaceto-
phenones. The exposure of the acyclic precursors (3) to a base
induced the C-arylation of methylene activated by a neighboring
carbonyl group. Subsequently, the nitro group was reduced using
the sodium dithionite method.13 The target compounds (6)
were cleaved from the resin with a cleavage cocktail of trifluo-
roacetic acid (TFA) in dichloromethane (DCM) with the
addition of the carbocation scavenger triethylsilane (TES).34

Scope and Limitations. To determine the effect of substi-
tution on the C-arylation and subsequent reduction to indoles,

Figure 3. Structures of polymer-supported amines (1).

Scheme 1. Polymer-Supported Synthesis of Trisubstituted Indoles (6)a

aReagents and conditions: (i) 2-Nos-Cl, 2,6-lutidine, DCM, rt, overnight; (ii) α-bromoacetophenone, N,N-diisopropylethylamine (DIEA), DMF, rt,
overnight; (iii) base [triethylamine (TEA) or 1,4-diazabicyclo[2.2.2]octane (DABCO)], DMF, rt, 1 h or overnight (see Table 2); (iv) Na2S2O4,
K2CO3, tetrabutylammonium hydrogen sulfate (TBAHS), H2O/DCM (1:1), rt, 1 h or overnight; (v) TFA/DCM (1:1), rt, 1 h or TFA/TES/DCM
(5:1:4), rt, 1 h.
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we prepared a set of linear precursors (3) with different
substituents R1, R2, and R3. The substituent R1 represents the
anchor to the solid support (see Figure 3). To address the
effects of substituents on the aromatic rings, we prepared
acyclic precursors (3) from 2-Nos-Cls with R2 = H, OCH3, and
CF3 and from bromoacetophenones with R3 = H, OCH3, Cl,
and CH3 (Figure 4).

Alkylation. The resin-bound intermediates (3) were pre-
pared with all of the building blocks, although some alkylation
reactions were repeated to achieve good to excellent conversions
(see Table 3). In particular, this was required for compounds
prepared on amino acid amides.
We observed C-arylation and the formation of 4 after

repeated alkylation but did not observe any significant
formation of indazole oxides. The C-arylation was triggered
by DIEA present in the reaction mixture during the alkylation
with bromoacetophenones. In those cases, subsequent treat-
ment with a base was not necessary, and the next step was the
reduction of the nitro group.
All of the resin-bound alkylated sulfonamides (3) afforded

the expected products after cleavage from the resin, and only
the Ser-derived intermediates 3{7,1,1} and 3{10,1,1} had
indications of the formation of 3,4-dihydro-2H-1,4-oxazines
(8, Scheme 2).

Arylation. The critical step of the synthesis was C-arylation
leading to the resin-bound intermediates 4. We have already
reported that the exposure of 2-nitro-N-(2-oxo-2-arylethyl)-
benzenesulfonamides (3) to DBU leads to tandem C−C bond
formation followed by N−N bond formation and cyclization
to indazole oxides.11 Extended treatment with DBU resulted
in ring expansion and the formation of quinazolines when the
neighboring methylene group in position 2 of the indazole
oxide was activated.12 Thus, we focused on the optimization of
the reaction conditions to obtain C-aryl derivatives (9), while
preventing or minimizing the formation of indazole oxides (10)
and quinazolines (11; Scheme 3).
To address the effect of a base, precursor 3{5,1,1} was

exposed to 2,6-lutidine, DABCO, DMAP, TEA, DIEA, DBU,
N,N,N′,N′-tetramethyl-1,8-naphthalenediamine (a proton
sponge), 1,5-diazabicyclo[4.3.0]non-5-ene (DBN), or 2-tert-
butylimino-2-diethylamino-1,3-dimethylperhydro-1,3,2-diaza-
phosphorine (BEMP). The results indicated that 2,6-lutidine
and DMAP were too weak to trigger C-arylation (see Table 1),
and even after an overnight treatment, we detected the starting
material 7 as the major component in the TFA-cleaved crude
sample. Bases with similar structures TEA and DIEA led to
C-aryl formation resulting in product 9 with 89% and 75%
yields, respectively, after overnight treatment. An extended
exposure of up to 2 days or increased temperatures up to 50 °C
led to the formation of the indazole oxide 10. The proton
sponge did not provide sufficient conversion, and at 50 °C
overnight, there was a mixture of 7 (55%), 9 (30%), and 10
(15%). DABCO was more reactive and gave the indazole oxide
in excellent purity after overnight treatment. DBU, DBN, and
BEMP all exclusively led to a quinazoline derivative, and BEMP
provided the indazole oxide with the lowest crude purity. Based
on these results, we tested the reactivity of all of the other
sulfonamides (3) with TEA, DABCO, and DBU to address the
effects of the substituents and to find the optimal reaction
conditions for C-arylation.

R1 Effect. We prepared model compounds derived from
amino acids attached via esters, secondary amides, and tertiary
amides. A common feature of the compounds with ester linkers,
3{5,R2,R3} and 3{6,R2,R3}, was that a base was required for
C-arylation. In contrast, the compounds with secondary amide

Figure 4. Structures of the building blocks: 2-Nos-Cls and
bromoacetophenones.

Scheme 2. Synthesis of the Morpholine Byproducts (8)a

aReagents and conditions: (i) TFA/DCM (1:1), rt, 1 h.

Scheme 3. Exposure of the Advanced Intermediates 3 to a Base and Subsequent Cleavagea

aReagents and conditions: (i) 0.1−0.5 M base, DMF or DMSO, rt to 50 °C, 5 min to 48 h (Table 1); (ii) TFA/DCM (1:1), rt, 1 h.
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linkers, including compounds 3{8,R2,R3}, 3{9,R2,R3}, and
3{11,R2,R3}, already contained 40−80% of the C-arylated
structure (4) after reaction with α-bromoacetophenone.
Therefore, we did not expose the resin-bound alkylated com-
pounds to other bases because the basic conditions of the alkyl-
ation reaction step (DIEA) were sufficient. The only exception
was Ser 3{10,1,1}; a short treatment with a base was necessary
to induce the C-arylation of this compound. The amino acid
tertiary amides 3{12,R2,R3} and 3{13,R2,R3} required a short
treatment with a base for C-arylation.
The resin-bound intermediates (3) prepared using Fmoc-

amino acids and 3-(Fmoc-amino)-1-propanol (resins 1{1−4})
afforded the alkylated sulfonamides 3{1−4,1,1} with very high
purities (95%), and no C-arylated side-products were detected.
However, treatment with a base resulted in rapid C-arylation
and the subsequent spontaneous formation of indazole oxides
(when using TEA or DABCO) or, in the case of the Ala

derivative, quinazolines (when using DBU). Optimization of
the reaction conditions (different bases, solvents, and temper-
atures) did not provide the C-arylated compound with a
satisfactory purity, and only 32% of the C-arylated intermediate
9{1,1,1} was observed with 3{1,1,1} when using 0.5 M TEA
overnight. To avoid the formation of indazole oxides, we
protected the secondary amino group with an Fmoc group
(Scheme 4), reduced the nitro group, and subsequently cleaved
the protecting Fmoc group to yield the desired indoles (6).

Effect of R2 and R3. The synthesis was compatible with
both electron withdrawing and electron donating substituents
present on either aromatic ring. Electron withdrawing groups
accelerated not only the C-arylation but also the subsequent
undesirable cyclization to indazole oxides. An electron donating
group (OCH3) increased the stability of the sulfonamides, and
the rearrangement leading to C-arylation required several days.

Table 1. Formation of Sulfonamides (7), C-Aryl Derivatives (9), Indazole Oxides (10), and Quinazolines (11) from
Intermediate 3{5,1,1}

relative ratioa [%]

entry base time conc. solvent temp. 7 9 10 11 impuritiesb [%]

1 2,6-lutidine 30 min 0.5 M DMF rt 96 4 <1
onc 0.5 M DMF rt 91 9 <1

2 DMAP 30 min 0.5 M DMF rt 84 16 <1
on 0.5 M DMF rt 40 33 27 <1

3 TEA 30 min 0.5 M DMF rt 74 26 <1
on 0.5 M DMF rt 11 89 <1
2 days 0.5 M DMF rt 7 92 1 <1

4 DIEA 30 min 0.5 M DMF rt 82 18 <1
on 0.5 M DMF rt 25 75 <1
on 0.5 M DMF 50 °C 1 69 30 <1

5 proton sponge 30 min 0.5 M DMF rt 91 9 <1
on 0.5 M DMF rt 70 25 5 <1
2 days 0.5 M DMF rt 42 58 <1
on 0.5 M DMF 50 °C 55 30 15 <1

6 DABCO 30 min 0.5 M DMF rt 46 54 <1
on 0.5 M DMF rt 100 <1

7 DBU 5 min 0.5 M DMF rt 100 38
30 min 0.1 M DMF rt 100 45
30 min 0.1 M DMSO rt 100 39

DBN 5 min 0.5 M DMF rt 100 30
5 min 0.1 M DMSO rt 30 70 15
30 min 0.1 M DMSO rt 100 34

BEMP 30 min 0.5 M DMF rt 100 51
aRelative ratios of compounds 7, 9, 10, and 11 calculated from the LC traces at 234 nm. bPresence of other impurities. cOvernight.

Scheme 4. Fmoc Protection in the Synthesis of Indoles 6{2−4,1,1}a

aReagents and conditions: (i) 0.5 M DABCO, DMF, rt, 1−4 h (see Table 3); (ii) Fmoc-Cl, DCM, rt, 40 min; (iii) Na2S2O4, K2CO3, TBAHS, H2O/
DCM (1:1), rt, 1 h; (iv) piperidine, DMF (1:1), rt, 15 min; (v) TFA/TES/DCM (5:1:4), rt, 1 h.
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Stability of 4. The resin-bound intermediates (4) were
analyzed after exposure to a base and also after 2 weeks of
storage in a refrigerator at 5 °C. Although the resin was washed
very thoroughly to remove any residual base, we observed a
significant amount of spontaneous indazole oxide formation
upon extended storage. Therefore, we carried out the reduction
of the C-aryl derivatives without delay to prevent spontaneous
cyclization to indazole oxides.
Reduction. In the subsequent step, the nitro groups of the

resin-bound intermediates (4) were reduced using a sodium
dithionite method developed for solid-phase synthesis.13 The
effect of the reaction time was addressed by the LC/MS analy-
sis of samples cleaved from the resin (Table 2). An overnight

reduction of the amino acid ester-containing compounds
4{5,R2,R3} and 4{6,R2,R3} provided respectable purities of the
target indoles (71−90%). However, we observed an increasing
amount of a compound formed by the reduction of the ketone
to an alcohol (10−29%). Similar results were observed with
the secondary amide-derived compounds 4{8,R2,R3} and
4{10,R2,R3}. A 1 h reduction eliminated the formation of the
alcohol. In the case of the tertiary amide 4{12,R2,R3}, even a
long reduction time did not lead to a reduction to alcohol, and
the amine underwent cyclization to indole.
It is worth mentioning that the indazole oxide present in the

resin-bound intermediates was reduced to indazole, offering a
convenient method for the reduction of indazole oxides to
indazoles on a solid-phase support (Scheme 5). To confirm the

structures of the side-products, compounds 16{1,1,1} and
16{8,3,1} were isolated and purified, and the structures were
confirmed by NMR spectroscopy.

Cleavage. The last step of the synthesis was the cleavage of
the target compounds (6) from the resin with the cleavage
cocktail of a TFA solution in DCM with the addition of the
carbocation scavenger triethylsilane (TES) if appropriate.34

Indoles are known to be sensitive to acids. The LC/MS analysis
indicated a partial decomposition of the indoles after prolonged
treatment with TFA/DCM (1:1). To reduce the potential
alkylation of the indoles during acid-mediated cleavage, we
evaluated the effects of scavengers in cleavage cocktails of 95%
TFA in H2O and 10% TES in TFA/DCM. The best results
were provided by the addition of TES, and the LC/MS analysis
of the cleaved solution did not show any signs of deterioration
after 2 h.

Purification. Crude indoles were purified by semiprepar-
ative reversed-phase HPLC using the mobile phases of aqueous
ammonium acetate buffer and acetonitrile. A few target
compounds were purified using aqueous 0.1% TFA/acetonitrile
(see the Supporting Information) because of the improved
separation with an acidic mobile phase. Table 3 summarizes the
synthesized 2-aryl-3-alkylamino-1H-indoles with three positions
of diversification that were positioned at the amino group (R1),
the fused aromatic ring (R2), and the aromatic ring in position
2 of the indole (R3). The indoles containing basic amino groups
for the R1 substituent were isolated in the form of acetates or
trifluoroacetates. All the compounds were characterized by 1H
and 13C NMR spectroscopy and LC/MS analysis. The com-
positions of selected compounds were also confirmed by
HRMS.
It is important to mention that the ester-based indoles

6{5,R2,R3} and 6{6,R2,R3} purified in the ammonium acetate
buffer underwent an O−N shift upon storage at ambient
temperature for an extended period of time.8 To confirm the
formation of an amide, we isolated compound 17 formed from
ester 6{6,1,1} and characterized the amide (Scheme 6).
Purification in aqueous 0.1% TFA prevented the O−N shift.

Table 2. Side-Product Formation from Intermediate 4

indazole oxide 10a alcohol 15b

entry resin after reaction stored 14 d 1 h on

1 4{5,1,1} 11% NT 3% 25%
2 4{5,1,3} 7% 12% 11% 29%
3 4{6,1,1} <1% NT 10% 14%
4 4{8,1,1} <1% 28% <1% 50%
5 4{8,1,2} 29% 30% <1% 19%
6 4{8,1,3} 5% NT <1% 27%
7 4{8,1,4} <1% NT <1% 31%

aRelative amount of the indazole oxide 10 after reaction with a base
and after storage at 5 °C for 14 days. bRelative amount of the alcohol
15 after reduction for 1 h and overnight (on); NT, not tested.

Scheme 5. Side Products of Reduction: Alcohol Derivative (15) and Indazole (16)a

aReagents and conditions: (i) Na2S2O4, K2CO3, TBAHS, H2O/DCM (1:1), rt, overnight; (ii) TFA/DCM (1:1), rt, 1 h.

Scheme 6. O−N Shift of the Ester-Based Derivative (6)

ACS Combinatorial Science Research Article

DOI: 10.1021/co500167g
ACS Comb. Sci. 2015, 17, 137−146

142

http://dx.doi.org/10.1021/co500167g


Table 3. Synthesized Derivatives of 2-Aryl-3-amino-1H-indoles (6)
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As an endnote, the purities of the 3-alkylaminoindoles
deteriorated upon long-term storage at ambient temperature.
The LC/MS analysis indicated the formation of a product
formed by air oxidation, and the molecular ions corresponded
to N-alkyl-2-aryl-3H-indol-3-imines (18, Scheme 7). The
products of air oxidation were not isolated; the composition
of these compounds was verified by HRMS analysis (see the
Supporting Information). Analogous oxidations have previously
been reported.35,36

■ CONCLUSION
We describe an efficient route for the solid-phase synthesis of
2-aryl-3-alkylamino-1H-indoles from 2-nitro-N-(2-oxo-2-
arylethyl)benzenesulfonamide acyclic precursors via base-
mediated C-arylation followed by the reduction of the nitro
group and spontaneous cyclization. The synthesis proceeded
under mild conditions and used commercially available building
blocks: Fmoc protected amino acids, 2-nitrobenzenesulfonyl
chlorides, and bromoacetophenones. The synthesis encompassed

three diversification positions and tolerated a broad range of
substituents.

■ EXPERIMENTAL PROCEDURES
The solid-phase syntheses were carried out in plastic reaction vessels
(syringes, each equipped with a porous disc). The volume of the wash
solvent was 10 mL per 1 g of resin. For washing, the resin slurry was
shaken with fresh solvent for at least 1 min before the solvent was
changed. All of the reactions were carried out at ambient temperature
unless otherwise stated. Commercially available (Advanced Chem-
Tech, Louisville KY) Rink resin (100−200 mesh, 0.66 mmol/g) and
Wang resin (100−200 mesh, 1.0 mmol/g) were used. The yields of the
crude products were calculated with respect to the loading of the first
building block. The reaction conditions for the individual steps of
the syntheses were analogous to those reported in our previous
communications.8,11,13,37

Reaction with Nos-Cl (resin 2). Resin 1 (1 g) was washed three
times with DCM. A solution of Nos-Cl (3 mmol) and 2,6-lutidine
(3.3 mmol, 382 μL) in 10 mL of DCM was added to the resin, and the
slurry was shaken at ambient temperature overnight. The resin was
washed five times with DCM.

Alkylation with Bromoacetophenone (resin 3). Resin 2 (1 g)
was washed three times with DCM and then three times with DMF.
A solution of 0.5 M bromoacetophenone (5 mmol) and 0.5 M DIEA
(5 mmo, 870 μL) in 10 mL of DMF was added, and the syringe was
shaken at ambient temperature overnight. The resin was washed five
times with DMF and three times with DCM. If the conversion to resin
3 was not complete, the reaction with bromoacetophenone was
repeated.

Reaction with a Base (resin 4). Resin 3 (250 mg) was washed
three times with DCM and then three times with DMF. A solution of

Table 3. continued

aC-arylation conditions: 0.5 M base/time; NN = not necessary, after reaction with bromoacetophenone there was sufficient conversion to the C-arylated
structure. bPurity of crude indole estimated from the LC traces. cYield (%) after HPLC purification based on the initial loading of the resin.

Scheme 7. Air Oxidation of Indoles (6) to N-Alkyl-2-aryl-
3H-indol-3-imines (18)
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0.5 M base (350 μL of TEA or 280 mg of DABCO, see Table 3) in
5 mL of DMF was added, and the resin slurry was shaken at ambient
temperature for 1−72 h (see Table 3). Resin was washed three times
with DMF and three times with DCM.
Reduction of Nitro Group (Resin 5). Resin 4 (250 mg) was

washed three times with DCM. A solution of Na2S2O4 (525 mg,
3 mmol), K2CO3 (480 mg, 3.5 mmol), and TBAHS (85 mg,
0.25 mmol) in H2O/DCM (50%, 5 mL) was then added to the resin,
and the slurry was shaken at ambient temperature for 1 h. The resin
was washed three times with H2O/DCM (50%), three times with
MeOH/DCM (50%), and three times with DCM.
Cleavage and Isolation (6). Resin 5 (250 mg) was treated with

50% TFA in DCM (3 mL) for 1 h. The TFA solution was collected,
and the resin was washed three times with 3 mL of 50% TFA in DCM.
The extracts were combined and evaporated under a stream of
nitrogen. The oily products were dissolved in methanol (3 mL) and
purified by semipreparative reverse phase HPLC.

■ ASSOCIATED CONTENT

*S Supporting Information
Analytical data for individual compounds and copies of NMR
spectra associated with this article. This material is available free
of charge via the Internet at http://pubs.acs.org.

■ AUTHOR INFORMATION

Corresponding Author
*E-mail: vkrchnak@nd.edu.

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS

This research was supported by the Department of Chemistry
and Biochemistry, University of Notre Dame and by the project
P207/12/0473 from Czech Science Foundation (GACR). We
gratefully appreciate the use of the NMR facility at the
University of Notre Dame.

■ REFERENCES
(1) Fukuyama, T.; Jow, C.-K.; Cheung, M. 2- and 4-Nitro-
benzenesulfonamides: exceptionally versatile means for preparation
of secondary amines and protection of amines. Tetrahedron Lett. 1995,
36, 6373−6374.
(2) Biron, E.; Kessler, H. Convenient Synthesis of N-Methylamino
Acids Compatible with Fmoc Solid-Phase Peptide Synthesis. J. Org.
Chem. 2005, 70, 5183−5189.
(3) Miller, S. C.; Scanlan, T. S. Site-Selective N-Methylation of
Peptides on Solid Support. J. Am. Chem. Soc. 1997, 119, 2301−2302.
(4) Lemrova, B.; Soural, M. Solid-Phase Synthesis of 4,7,8-
Trisubstituted 1,2,3,4-Tetrahydro-benzo[e][1,4]diazepin-5-ones. ACS
Comb. Sci. 2012, 14, 645−650.
(5) Fulopova, V.; Gucky, T.; Grepl, M.; Soural, M. Solid-Phase
Synthesis of Trisubstituted Benzo[1,4]-Diazepin-5-one Derivatives.
ACS Comb. Sci. 2012, 14, 651−656.
(6) McMaster, C.; Fulopova, V.; Popa, I.; Grepl, M.; Soural, M. Solid-
phase Synthesis of Anagrelide Sulfonyl Analogues. ACS Comb. Sci.
2014, 16, 221−224.
(7) Peet, N. P.; Sunder, S.; Barbuch, R. J.; Huber, E. W.; Bargar, E. M.
Sulfonylcarbamimidic azides from sulfonyl chlorides and 5-amino-
tetrazole. J. Heterocycl. Chem. 1987, 24, 1531−1535.
(8) Fulopova, V.; Krchnak, V. Solid-Phase Synthesis of Tri-
substituted 2,5-Dihydrobenzo[f][1,2,5]thiadiazepine 1,1-Dioxide De-
rivatives. ACS Comb. Sci. 2014, 16, 412−420.
(9) Ogawa, K.; Matsushita, Y. Synthesis and antiarrhythmic activity of
2,5-disubstituted 2,3-dihydro-1,2,5-benzothiadiazepin-4(5H)-one 1,1-
dioxides. Chem. Pharm. Bull. 1992, 40, 2442−2447.

(10) Ramirez-Martinez, J. F.; Gonzalez-Chavez, R.; Guerrero-Alba,
R.; Reyes-Gutierrez, P. E.; Martinez, R.; Miranda-Morales, M.;
Espinosa-Luna, R.; Gonzalez-Chavez, M. M.; Barajas-Lopez, C.
Dibenzo[1,2,5]thiadiazepines are non-competitive GABA receptor
antagonists. Molecules 2013, 18, 894−913.
(11) Bouillon, I.; Zajicek, J.; Pudelova, N.; Krchnak, V. Remarkably
Efficient Synthesis of 2H-Indazole 1-Oxides and 2H-Indazoles via
Tandem Carbon-Carbon Followed by Nitrogen-Nitrogen Bond
Formation. J. Org. Chem. 2008, 73, 9027−9032.
(12) Krupkova, S.; Slough, G. A.; Krchnak, V. Synthesis of
quinazolines from N-(2-nitrophenylsulfonyl)iminodiacetate and
+–(2-nitrophenylsulfonyl)amino ketones via 2H-indazole 1-oxides. J.
Org. Chem. 2010, 75, 4562−4566.
(13) Kaplanek, R.; Krchnak, V. Fast and effective reduction of
nitroarenes by sodium dithionite under PTC conditions: application in
solid-phase synthesis. Tetrahedron Lett. 2013, 54, 2600−2603.
(14) Johansson, H.; Jorgensen, T. B.; Gloriam, D. E.; Braeuner-
Osborne, H.; Pedersen, D. S. 3-Substituted 2-phenyl-indoles:
privileged structures for medicinal chemistry. RSC Adv. 2013, 3,
945−960.
(15) Mun, H. S.; Ham, W. H.; Jeong, J. H. Synthesis of 2,3-
disubstituted indole on solid phase by the Fischer indole synthesis. J.
Comb. Chem. 2005, 7, 130−135.
(16) Hughes, I. Application of polymer-bound phosphonium salts as
traceless supports for solid phase synthesis. Tetrahedron Lett. 1996, 37,
7595−7598.
(17) Zhang, H. C.; Maryanoff, B. E. Construction of Indole and
Benzofuran Systems on the Solid Phase via Palladium-Mediated
Cyclizations. J. Org. Chem. 1997, 62, 1804−1809.
(18) Patil, S. A.; Patil, R.; Miller, D. D. Solid phase synthesis of
biologically important indoles. Curr. Med. Chem. 2009, 16, 2531−
2565.
(19) Smith, A. L.; Stevenson, G. I.; Lewis, S.; Patel, S.; Castro, J. L.
Solid-phase synthesis of 2,3-disubstituted indoles: discovery of a novel,
high-affinity, selective h5-HT2A antagonist. Bioorg. Med. Chem. Lett.
2000, 10, 2693−2696.
(20) Deyrup, J. A.; Vestling, M. M.; Hagan, W. V.; Yun, H. Y.
Reactions of imines with tert-butyl isocyanide. Tetrahedron 1969, 25,
1467−1478.
(21) Schneekloth, J. S.; Kim, J., Jr.; Sorensen, E. J. An interrupted Ugi
reaction enables the preparation of substituted indoxyls and
aminoindoles. Tetrahedron 2009, 65, 3096−3101.
(22) Klasek, A.; Lycka, A.; Holcapek, M. Molecular rearrangement of
1-substituted 9b-hydroxy-3,3a,5,9b-tetrahydro-1H-imidazo[4,5-c]-
quinoline-2,4-diones - an unexpected pathway to new indole and
imidazolinone derivatives. Tetrahedron 2007, 63, 7059−7069.
(23) Ladouceur, G. H.; Bear, B.; Bi, C.; Brittelli, D. R.; Burke, M. J.;
Chen, G.; Cook, J.; Dumas, J.; Sibley, R.; Turner, M. R. Preparation of
indolylquinoxalinones for treating hyperproliferative disorders and
diseases associated with angiogenesis. WO2004043950A1, May 27,
2004.
(24) Bahekar, R. H.; Jain, M. R.; Goel, A.; Patel, D. N.; Prajapati, V.
M.; Gupta, A. A.; Jadav, P. A.; Patel, P. R. Design, synthesis, and
biological evaluation of substituted-N-(thieno[2,3-b]pyridin-3-yl)-
guanidines, N-(1H-pyrrolo[2,3-b]pyridin-3-yl)-guanidines, and N-
(1H-indol-3-yl)-guanidines. Bioorg. Med. Chem. 2007, 15, 3248−3265.
(25) La-Venia, A.; Testero, S. A.; Mischne, M. P.; Mata, E. G. Gold
catalysis on immobilized substrates: a heteroannulation approach to
the solid-supported synthesis of indoles. Org. Biomol. Chem. 2012, 10,
2514−2517.
(26) Knepper, K.; Vanderheiden, S.; Brase, S. Synthesis of diverse
indole libraries on polystyrene resin - scope and limitations of an
organometallic reaction on solid supports. Beilstein J. Org. Chem. 2012,
8, 1191−1199 No.
(27) Merrifield, R. B. Solid phase peptide synthesis. I. The synthesis
of a tetrapeptide. J. Am. Chem. Soc. 1963, 85, 2149−2154.
(28) Wang, S. S. p-Alkoxybenzyl alcohol resin and p-alkoxybenzylox-
ycarbonylhydrazide resin for solid phase synthesis of protected peptide
fragments. J. Am. Chem. Soc. 1973, 95, 1328−1333.

ACS Combinatorial Science Research Article

DOI: 10.1021/co500167g
ACS Comb. Sci. 2015, 17, 137−146

145

http://pubs.acs.org
mailto:vkrchnak@nd.edu
http://dx.doi.org/10.1021/co500167g


(29) Rink, H. Solid-phase synthesis of protected peptide fragments
using a trialkoxy-diphenyl-methyl ester resin. Tetrahedron Lett. 1987,
28, 3787−3790.
(30) Neises, B.; Steglich, W. 4-Dialkylaminopyridines as acylation
catalysts. 5. Simple method for the esterification of carboxylic acids.
Angew. Chem. 1978, 90, 556−557.
(31) Konig, W.; Geiger, R. A new method for synthesis of peptides:
activation of the carboxyl group with dicyclohexylcarbodiimide using
1-hydroxybenzotriazoles as additives. Chem. Ber. 1970, 103, 788−798.
(32) Hanessian, S.; Xie, F. Polymer-bound p-alkoxybenzyl trichlor-
oacetimidates: reagents for the protection of alcohols as benzyl ethers
on a solid phase. Tetrahedron Lett. 1998, 39, 733−736.
(33) Hauske, J. R.; Dorff, P. A solid phase CBZ chloride equivalent. A
new matrix specific linker. Tetrahedron Lett. 1995, 36, 1589−1592.
(34) Pearson, D. A.; Blanchette, M.; Baker, M. L.; Guindon, C. A.
Trialkylsilanes as scavengers for the trifluoroacetic acid deblocking of
protecting groups in peptide synthesis. Tetrahedron Lett. 1989, 30,
2739−2742.
(35) Berti, C.; Greci, L.; Andruzzi, R.; Trazza, A. Direct amination.
Part 2. Reaction of 2-phenylindole with primary aromatic amines. A
chemical and electrochemical investigation. J. Chem. Soc., Perkin Trans.
1 1986, 607−610.
(36) Nawn, G.; Waldie, K. M.; Oakley, S. R.; Peters, B. D.; Mandel,
D.; Patrick, B. O.; McDonald, R.; Hicks, R. G. Redox-Active Bridging
Ligands Based on Indigo Diimine (“Nindigo”) Derivatives. Inorg.
Chem. 2011, 50, 9826−9837.
(37) Schuetznerova, E.; Oliver, A. G.; Zajicek, J.; Krchnak, V.
Polymer-Supported Stereoselective Synthesis of (1S,5S)-6-Oxa-3,8-
diazabicyclo[3.2.1]octanes. Eur. J. Org. Chem. 2013, 2013, 3158−3165.

ACS Combinatorial Science Research Article

DOI: 10.1021/co500167g
ACS Comb. Sci. 2015, 17, 137−146

146

http://dx.doi.org/10.1021/co500167g

