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In a new version of the Fischer indole synthesis, primary and secondary alcohols have been catalytically oxidized in the presence of phenyl-
hydrazines and protic or Lewis acids to give the corresponding indoles. The overall reaction can be accomplished in one step, and the use of
alcohols instead of aldehyes or ketones as starting materials has several advantages in terms of a large selection of reagents, easy handling, and

safety of the process.

The indole skeleton is a privileged molecular scaffold in
nature and plays a prominent role in drug discovery due
to its high receptor binding affinity." Although there are
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many powerful methodologies for the construction and
functionalization of indoles, there is still today a strong
demand for a versatile, efficient, and regioselective synth-
esis of these heterocycles.” The Fischer cyclization continues
to be one of the most popular approaches to indoles 130
years after its discovery due to its operational simplicity.’
A potential bothersome restriction of the reaction is the use
of enolizable aldehydes that may be unstable toward the
acids required in the process, causing side reactions.* Con-
sequently, synthetic equivalents such as acetals or imines
are often used in place of aldehydes to get in situ generation
of the free carbonyl group.’

In an effort to improve this well-established reaction, we
decided to investigate the possibility of completing the
overall Fischer indole synthesis starting from readily
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available and inexpensive alcohols, applying a “hydrogen
auto-transfer”® based protocol (also denoted as “borrowing
hydrogen”,” Scheme 1).

Scheme 1. Protocol for Indole Synthesis Starting from Alcohols
and Arylhydrazines
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With this approach, sensitive carbonyl compounds could
be generated in situ with high efficiency and in low concen-
tration starting from alcohols, minimizing both unwanted
side reactions and tedious purifications.® We report here
for the first time that it is possible to directly transform a
primary and a secondary alcohol into an indole, in the
presence of phenylhydrazine, through a one-pot tandem
Ru catalyzed H-transfer Fischer indole synthesis.” To
study the influence of different parameters such as the
nature of the metal, ligands, solvents, and temperature, the
reaction between N-methyl-N-phenylhydrazine 1a with
1-propanol 2a was investigated as a model system (Table 1).
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Table 1. Synthesis of Indoles: Optimization of the Reaction
Conditions”

entry catalyst solvent ¢(°C) H*  yield (%)°
1 Pd(PPhj), toluene 150 HySO4 -
2 PdCl,(PPhs), toluene 150 H,SO, —
3 RhCI1(PPhj3)s toluene 150 H,SO,4 7
4 RhH(CO)(PPhs)s toluene 150 HySO, 12
5 Rh(acac)s toluene 150 H,SO,4 15
6 [Cp*ClyIr], toluene 150 HySO, 35
7 [RuCly(p-cymene)l; toluene 150 H,SO4 18
8 RuHCI(CO)(PPhs); toluene 150 HySO,4 15
9 RuCly(PPhg)s toluene 150 HySO,4 11
10 Ru3(CO),» toluene 150 HySO4 53
11  Ruz(CO);o/BIPHEP toluene 150 H,SO, 77
12 Ru3(CO),o/BIPHEP toluene 150 H,SO4 75¢
13 Rug(CO);o/BIPHEP toluene 150 H,SO, 61¢
14 Ruz(CO),o/BIPHEP CPME 150 H,SO4 69
15  Ruz(CO);o/BIPHEP dioxane 150 H,SO, 65
16  Ruz(CO),;o/BIPHEP TAA® 150 H,SO4 84
17  Ruz(CO),o/BIPHEP TAA 150 AcOH 81
18 Rus(CO),o/BIPHEP TAA 150 ZnCl, 89
19 Rus(CO),o/BIPHEP TAA 150 ZnCly 86"
20  Rus(CO)1o/BIPHEP TAA 150 ZnCl, 92¢
21  Ruy(CO),»/BIPHEP TAA 130 ZnCly 93"
22 Rus(CO)1o/BIPHEP TAA 170 ZnCl, 90’
23  Rus(CO);o/BIPHEP TAA 100 ZnCl, 29/

“Unless otherwise specified, the reactions were carried out in a closed
vessel inserted in a preheated oil bath (one-pot reaction): N-Methyl-N-
phenylhydrazine (1.0 mmol), crotononitrile (1.0 mmol), catalyst (5 mol %),
ligand (15 mol %), acid additive (1.0 mmol) solvent (2.5 mL), under Ar,
150 °C, overnight. ?Yields of isolated pure product. “The catalyst
loading has been reduced to 2 mol % (BIPHEP: 3 mol %). ¢ Reaction
performed using 1 mol % of catalyst. “ TAA = 2-methyl-2-butanol (zerz-
amyl alcohol).” One-pot, two-step procedure. ¢ Reaction performed under
microwave dielectric heating (MW) at 150 °C (3 h). "MW at 130 °C (3 h).
"MW at 170 °C (3 h).” MW at 100 °C (3 h).

The screening started by examining different Pd, Rh, Ir,
and Ru based complexes, which are the most successfully
and widely used catalytic systems in the N-alkylation of
amines by alcohols via borrowing hydrogen methodology
(Table 1, entries 1—10).'” Preliminary results showed that
the ruthenium carbonyl cluster [Rus(CO);,] was the most
active catalyst giving 1,3-dimethyl indole in moderate yield
after heating reagents 1a and 2a in the presence of croto-
nonitrile (as the hydrogen acceptor) at 150 °C in toluene
overnight (Table 1, entry 10). The addition of phoshine
based ligands improved the yield, and BIPHEP'! gave the
best results in terms of yield and purity of the reaction

(10) (a) Hamid, M.; Hamidi, S. A.; Williams, J. M. J. Chem. Commun.
2007, 725-727. (b) Hollmann, D.; Béihn, S.; Tillack, A.; Beller, M.
Angew. Chem., Int. Ed. 2007, 46, 8291-8294. (c) Tillack, A.; Hollmann,
D.; Mevius, K.; Michalik, D.; Bihn, S.; Beller, M. Eur. J. Org. Chem.
2008, 4745-4750. (d) Hollmann, D.; Tillack, A.; Michalik, D.; Jackstell,
R.; Beller, M. Chem.—Asian J. 2007, 2, 403—410. (¢) Ledger, A. E. W.;
Slatford, P. A.; Lowe, J. P.; Mahon, M. F.; Whittlesey, M. K.; Williams,
J.M.J. Dalton Trans. 2009, 4, 716-722. (f) Bahn, S.; Tillack, A.; Imm, S.;
Mevius, K.; Michalik, D.; Hollmann, D.; Neubert, L.; Beller, M.
ChemSusChem 2009, 2, 551-557. (g) Bahn, S.; Imm, S.; Mevius, K.;
Neubert, L.; Tillack, A.; Williams, J. M. J.; Beller, M. Chem.—Eur. J.
2010, /6, 3590-3593. (h) Bahn, S.; Imm, S.; Neubert, L.; Zhang, M.;
Neumann, H.; Beller, M. ChemCatChem 2011, 3, 1853—1864. (i) Imm, S.;
Bihn, S.; Zhang, M.; Neubert, L.; Neumann, H.; Klasovsky, F.; Pfeffer,
J.; Haas, T.; Beller, M. Angew. Chem., Int. Ed. 2011, 50, 7599-7603.
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mixture (Scheme 2). It is worthy of note that some
phosphines promoted the N—N bond breakage with for-
mation of the aniline and contemporary decrease of the
indole yield.'? The catalyst loading was further reduced to
2 mol % without significantly affecting the yield of 3a
(Table 1, entry 12). Conversely, with 1 mol % Ru3(CO);,, a
sharp drop in yield occurred (Table 1, entry 13). Also, no
indole ring was obtained in the absence of the metal
catalyst.

Scheme 2. Influence of Various Phosphine Ligands on the

Indolization Reaction®
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©\ Rug(CO);2, CHsCH=CHCN
Phosphine
N NH, HO _~ Me

Toluene, Hy80, (cat.),150 °C

| v |
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P[Me3(CeHa)ls 0:10 BIPHEP 10:0
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“Ratio determined by GC/MS.

Although several olefins can be used as a hydrogen
acceptor, crotononitrile was preferred as a hydrogen sca-
venger on the basis of volatility of the alkene and its
hydrogenated product. At least 1.0 equiv of crotononitrile
was required for good results.'* Next, the influence of
different solvents on the reaction efficiency was checked,
observing that 2-methyl-2-butanol and toluene gave the
best results in terms of yield and purity (Table 1 entries 11
and 16). After these optimizations, a variety of acidic
catalysts were investigated (Table 1, entries 17—18), and
ZnCl, was found to be superior and of general applicability.
To these optimized reaction conditions, microwave di-
electric heating was applied finding that the reaction
worked well heating the reagents at 130 °C for 3 h in
2-methyl-2-butanol (93% see Table 1, entry 21). With
microwaves, a temperature increase had no appreciable
effects on the reaction yields, while reducing the tempera-
ture or shortening the reaction time reduced the amounts
of 3a obtained (Table 1, entries 22 and 23). Based on these
results, the reaction conditions described in entry 21 were
chosen as optimal.

Having developed a reliable method for the catalytic
synthesis of indoles from alcohols and arylhydrazines, the
reaction scope and limitations of the protocol were inves-
tigated. In order to evaluate the influence of substituents
on the aromatic ring, the reaction of 1-propanol with
various commercially available aryl hydrazines was ex-
plored (Scheme 3).

(11) (a) BIPHEP = 2,2'-bis(diphenylphosphanyl)-1,1’-biphenyl. (b)
dppp = 1,3-Bis(diphenylphosphino)propane. (c) Xantphos = 4,5-Bis-
(diphenylphosphino)-9,9-dimethylxanthene. (d) Davephos = 2-Dicy-
clohexylphosphino-2'-(N,N-dimethylamino)biphenyl.

(12) The N—N bond breaking of arylhydrazine may occur, as a side
reaction, when the alcohol oxidation is slowed down by different factors
producing the anilines as byproducts. However, this behavior is mini-
mized using the [Ru;(CO);,]/BIPHEP catalyst.

(13) Control experiments indicated that no reaction occurred with-
out the hydrogen acceptor.
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Scheme 3. Effect of Substituent on the Phenylhydrazine Ring
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These conditions allowed aryl functionalized indole deri-
vatives to be prepared in high yields. In general, both
electron-donating and -withdrawing groups, irrespective
of the position on the aryl ring, were tolerated and had no
significant impact on the yield, allowing the preparation of
different functionalized indoles (3b—3f in Scheme 3). As
expected, a meta substituted phenylhydrazine led to an
approximately equimolar mixture of both regioisomers 3f;
and 3f, in 80% overall yield (Scheme 3).'*

Encouraged by these results, the reaction of several
arylhydrazines with an array of commercially available
primary alcohols (C2—C3 indole fragment) was investi-
gated (Scheme 4). No remarkable variations in terms of
yields and purities of the corresponding indoles were
observed using a primary alcohol higher than 1-propanol
(Scheme 4, indoles 3g—3i). Good yields were also achieved
using benzyl alcohols and other aliphatic alcohols contain-
ing an aryl ring (Scheme 4, indoles 3j—3l). The use of the
unsubstituted phenylhydrazines was also possible provid-
ing NH-free indoles, albeit in moderate yields (Scheme 4,
indoles 3m—30). Secondary alcohols have also been used
to introduce additional substituents at both C-2 and C-3 of
the indole ring. Reaction of N-methyl-phenylhydrazine
with various commercially available symmetrical aliphatic
and cyclic secondary alcohols was carried out in the
presence of the Ru catalyst and ZnCl,. All of the substrates
were transformed into the corresponding 2,3-dialkylin-
doles in good vyields (Scheme 4, indoles 3p and 3v).
2-Hydroxyalkanes exclusively gave the indole'” derived
by cyclization on the more highly substituted side of the
corresponding hydrazones (Scheme 4, indoles 3r and 3s).
Conversely, other unsymmetrical secondary alcohols led
to the corresponding indoles as a 65/35 mixture of two
regioisomers'® (Scheme 4, indoles 3t; and 3t,). This pro-
tocol was also applicable to a variety of alcohols bearing an
additional functional group on the aliphatic chain, and
indoles 3u—3z were obtained in moderate to good yields
(Scheme 4).

The present method was mild enough to tolerate a wide
variety of common functional groups on starting materials,

g14) The regioisomer ratio (6/4) of indoles 3f; and 3f, was determined
by '"H NMR.

(15) Indoles 3r and 3s were prepared starting from 2-pentanol and
4-phenyl-2-butanol respectively.

(16) Indoles 3t; and 3t, were prepared starting from 3-heptanol. The
regioisomer ratio was determined by "H NMR.

Org. Lett, Vol. 14, No. 23, 2012



Scheme 4. Different Indoles Prepared from Arylhydrazines and
Alcohols”

R! R2
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N N
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“Reaction conditions: N-substituted-N-arylhydrazine (1.0 mmol),
crotononitrile (1.0 mmol), [Ruz(CO);»] (2 mol %), BIPHEP ligand
(3 mol %), ZnCl, (1 equiv), 2-methyl-2-butanol (2.5 mL), under Ar, MW
130 °C, 3 h. Yields of isolated products after column chromatography.

which may be subsequently subjected to further processing
in order to increase the molecular diversity of final pro-
ducts. Inspired by previously published mechanisms,’ the
most probable reaction pathway for the conversion of aryl
hydrazines and alcohols into indoles is outlined in Scheme 5.
We believe that the reactions may proceed via an initial
oxidation of alcohol 2 into the corresponding carbonyl
compound 5 by formal transfer of a hydrogen molecule to
crotononitrile with concomitant regeneration of the cat-
alyst. The in situ generated carbonyl compound 5, in the
presence of arylhydrazine, is immediately converted into
the corresponding hydrazone 6.'” The subsequent acid

(17) The hydrazone intermediate was isolated in the reaction per-
formed without the presence of the acid catalyst.

(18) Although suffering from the use of phenylhydrazines, this reac-
tion has the advantage of the use of a Ru catalyst (2 mol %), and it could
be considered a valid alternative to the recently developed Pd catalyzed
(5—10mol %) Fischer type indole synthesis based on anilines. (a) Wiirtz,
S.; Rakshit, S.; Neumann, J. J.; Droge, T.; Glorius, F. Angew. Chem.,
Int. Ed. 2008, 47, 7230-7233. (b) Neumann, J. J.; Rakshit, S.; Droge, T.;
Wiirtz, S.; Glorius, F. Chem.—FEur. J. 2011, 17, 7298-7303. (c) Shi, Z
Glorius, F. Angew. Chem., Int. Ed. 2012, 51, 9220-9222.
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catalyzed aromatic [3 + 3] sigmatropic rearrangement
gives access to the desired indole ring 3 (Scheme 5).

Scheme 5. Mechanistic Proposals for the Catalyzed Synthesis of

Indoles
R2
Arylhydrazine, crotononitrile R1\ x
HOY\RZ [Rus(CO},,/BIPHEP | N\ Re
2-Methyl-2-butanol, ZnCl, P N
R2 2 MW, 130 °C, 3h !
3 R
CH3CH,CH,CN
>< ZnCl,
RuH
CHyCH=CHCN (RuH,] Rl\

NH2

ek

B

In summary, we developed a simple, convenient, and
efficient method for the preparation of indole derivatives
combining the classical Fischer indole synthesis with the
innovative hydrogen autotransfer technology. The most
remarkable advantages in using alcohols in the place of
aldehydes or ketones as starting material are the easy
handling, the lower toxicity, the higher stability, and the
large selection of commercially available alcohols to be
employed in the reaction.'® The ability to easily incorpo-
rate on the indole ring a further element of molecular
diversity, which may be subsequently modified, makes this
synthetic protocol particularly attractive for increasing the
molecular complexity. In addition, microwave irradiation
significantly increases the reaction rate enhancing the final
indole yields.
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