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Abstract Iron(Il) and palladium(II) phthalocyanines
have been established as recyclable heterogeneous cata-
lysts for the reduction of aromatic nitro compounds to
corresponding amines using diphenylsilane/sodium boro-
hydride as hydrogen sources in ethanol. Various reducible
functional groups, such as acetyl, ester, cyano, amide,
sulphonamide and carboxylic acid etc. were well tolerated,
and the methods were applicable up to gram scale.
Mechanistic studies showed that reduction of nitro group
proceed through direct (nitroso) pathway and possibly iron
or palladium phthalocyanines activates nitro group for
reduction. FePc and PdPc also catalyzed the generation of
hydrogen from the combination of diphenylsilane/sodium
borohydride and ethanol.
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1 Introduction

The hydrogenation of nitroarenes to amines is one of the
important reactions in synthetic organic chemistry [1-3]
and industrially applied for the synthesis of dyes, bioactive
compounds and agricultural chemicals [4]. Total synthesis
of numerous pharmaceuticals (Fig. S1, see supporting
information) such as sildenafil [5], antibiotic linezolid [6],
the HIV protease inhibitor amprenavir [7] and nimesulide
[8] involve reduction of nitro group as the key step. Apart
from the traditionally used non-catalytic processes like
Bechamp or sulphide reduction [9], currently, transition
metals are frequently used for the selective reduction of
nitroarenes [10]. Transition metals such as Ni [11], Sn [12,
13], Cu [14], Co [14, 15], Zn [16-20], Au [21-29], Pd [30—
33], Sm [34-36], Mo [37, 38], Re [39], Rh [40, 41] Ir [42]
etc. has been widely explored for the reduction of nitroa-
renes. In recent years, iron due to its abundant availability
has been extensively applied for various catalytic methods
[43-50] and palladium complexes showed remarkable
efficiency towards reduction reactions [51-55]. Moreover,
iron compounds are relatively non-toxic, and inexpensive.

Although, combination of iron [43—49] and palladium
[30-33] catalysts has been applied for this conversion,
however, use of phosphine ligand, low yield of amines and
lack of selectivity limit their scope.

Recently, metal phthalocyanines (MPcs) have been
studied for their catalytic potential due to their cyclic tetra-
dentate framework, which helps in electron transport
mechanism for various redox reactions [56]. Additionally,
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Table 1 Screening of MPcs and their corresponding salts for the

reduction of 4-nitrotoluene
H;C

MPcs (1 mol%)

HAC NaBH, (2 mmol), ethanol (5 ml)

100°C, 12 h
Entry Catalyst Conv.(%)?* Sel.(%)*
1 - NR -
2 Fe(II)Pc 66 61
3 Fe(OAc), 28° 51
4 Fe(Il)Pc 41° 33
5 FeCl, 46 >99
6 Co(Il)Pc 99° -
7 Co(IN)Pc(t-Bu), 96° 1
8 CoCl, 20 15
9 Ni(I)Pc 14 10
10 NiCl, 37° 7
11 Cu(ID)Pc 220 2
12 CuS0, 43 >98
13 Zn(ID)Pc 35 95
14 ZnCl, NR -
15 Mg(II)Pc 65° 2
16 MgCl, 4 -
17 AI(INPcOH 95° -
18 IN[&IS 7 50
19 Pd(IT)Pc 98 >99
20 Pd(OAc), >99° -

Reaction conditions: 4-nitrotoluene (1 mmol), NaBH,; (2 mmol),
catalyst (1 mol%), EtOH (5 mL), and 100 °C temperature for 12 h

* Determined by GC using n-hexadecane as internal standard; and
also confirmed by GC-MS

" Intermediates were formed as major products (see Supporting
information Table S1)

they are highly stable towards heat, moisture, acidic and/or
basic conditions. More importantly MPcs works as hetero-
geneous recyclable catalysts without the need of any external
ligands as they itself acts as fabulous ligands.

In this context, recently, apart from the synthesis of
MPcs [57] we have reported their catalytic applications for
various important organic transformations [14, 57-63]. In
addition, during our studies, we observed iron and palla-
dium phthalocyanines (FePc and PdPc) in combination
with diphenylsilane and sodium borohydride, respectively,
provided the best results for the reduction of aromatic nitro
compounds to corresponding amines.

Herein, we disclose two new methods, first, selective
reduction of nitro compounds using inexpensive, highly
stable and abundantly available FePc with Ph,SiH, in
ethanol, and secondly, highly efficient PdPc with NaBH4
for the same reduction process. PdPc has been applied for
the first time for reduction process.
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2 Experimental
2.1 General Information

Metal salts used were purchased from Merck, Germany.
Iron phthalocyanines, palladium phthalocyanine, nitro
compounds, sodium borohydride and silanes were pur-
chased from Sigma to Aldrich USA. Silica gel
(60-120 mesh) used for column chromatography was
purchased from Sisco Research Laboratories Pvt. Ltd. India
and all other chemicals were purchased from Spectrochem,
India, Merck, Germany, and Sigma-Aldrich, USA and were
used without further purification. NMR spectra were
recorded on a Bruker Avance-300 and Bruker Avance-600
spectrometer. Mass spectra were recorded on QTOF-Micro
of Waters Micromass. The GC and GC-MS analysis was
carried out on a Shimadzu (QP 2010) series Gas Chro-
matogram-Mass Spectrometers (Tokyo, Japan), AOC-20i
auto-sampler coupled, and a DB-5MS capillary column,
(30 m x 0.25 mm i.d., 0.25 pm). The initial temperature
of column was 70 °C held for 4 min and was programmed
to 230 °C at 4 °C/min., then held for 15 min at 230 °C; the
sample injection volume was 2 pL in GC grade dichloro-
methane. Helium was used as carrier gas at a flow rate of
1.1 mL min-1 on split mode (1: 50). Melting points were
determined on a Barnstead Electrothermal 9100.

2.2 General Experimental Procedure for FePc
Catalyzed Reduction of Nitro Compounds

To a stirred suspension of FePc (1 mol%) and diphenyl
silane (3 mmol) in ethanol (5 mL) were added nitro com-
pounds (1.0 mmol) at room temperature and then temper-
ature was raised to 100 °C for 24 h. On completion of the
reaction (as monitored by TLC), reaction mixture was fil-
tered and passed through anhydrous Na,SO, and dried
under vacuum. The GC conversions and yields were
determined by internal standard technique. The isolation of
anilines was carried out by column chromatography on
silica-gel (60-120) with appropriate mixture of n-hexane
and ethyl acetate as an eluent.

2.3 General Experimental Procedure for PdPc
Catalyzed Reduction of Nitro Compounds

To a stirred suspension of PdPc (1 mol%) and NaBH,
(2 mmol) in ethanol (5 mL) were added nitro compounds
(1.0 mmol) at room temperature and then temperature was
raised to 100 °C for 12 h. On completion of the reaction (as
monitored by TLC), reaction mixture was filtered and
passed through anhydrous Na,SO, and dried under vac-
uum. The GC conversions and yields were determined by
internal standard technique. The isolation of anilines was
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Table 2 Screening of hydrogen sources with Pd(II)Pc and Fe(II)Pc for the reduction of 4-nitrotoluene

MPcs (1 mol%)

o
HAC hydrogen Source (x mmol)

ethanol (5 ml), 100°C, 12 h

H,C

Entry Hydrogen Source(mmol) FePc PdPc

Conv.(%)* Sel.(%)* Conv.(%)* Sel.(%)*
1 NR - NR -
2 CaH (2) NR - NR -
3 Na(CN)BH; (2) 10 64 <1 traces
4 NaBHy4 (2) 66 61 98 >99
5 NaH (2) 86 37 57 6
6 NH,-NH,.H,0 (2) 59 >99 <1 traces
7 HCOOH (2) NR - NR -
8 HCOOK (2) NR - 27 >99
9 HCOONH, (2) NR - NR -
10 DPS (2) 54 >99 23 78
11 TPS (2) >99 NR -
12 PMHS (2) 7 >99 <1 traces
13 MDES (2) 12 >99 <1 traces
14 TMDS (2) 4 >99 NR -

CH3 cH2

>

v
H

TMDS

CH;  CH;

H;C- Sl O+81 0+51 CH3

PMHS

o,
/\0,8‘1\0/\
H

MDES

Reaction conditions: 4-nitrotoluene (1 mmol), hydrogen source (2 mmol), PdPc or FePc (1 mol%), EtOH (5§ mL), and 100 °C temperature for 12 h

* Determined by GC using n-hexadecane as internal standard; and also confirmed by GC-MS

carried out by column chromatography on silica-gel
(60-120) with appropriate mixture of n-hexane and ethyl
acetate as an eluent.

3 Results and Discussion

3.1 Optimization Studies

Various combinations of catalysts, hydrogen sources and
solvents were screened to access the best reaction condi-
tions for the reduction of 4-nitrotoluene.

3.1.1 Catalysts Screening

Different MPcs and their corresponding metal salts were
screened to find the best catalyst for the reduction of

4-nitrotoluene to corresponding amine with NaBH, in eth-
anol (Table 1). As expected reaction did not initiate without
catalyst (Table 1, entry 1). Fe(II)Pc showed some promising
results out of the tested iron catalysts (Table 1, entries 2-5).
Excellent conversion was observed with Co(II)Pc and
Co(II)Pc(#-Bu),, however, reaction halted at intermediate
stage and did not provide the desired product (Table 1,
entries 6-7). The corresponding cobalt salt (CoCl,) was also
not found to be effective for the reaction (Table 1, entry 8).
Ni(IT)Pc, Cu(Il)Pc, Zn(I)Pc, MgI)Pc, AlIII)PcOH and
their corresponding metal salts did not give the satisfactory
conversions and selectivities for the desired product
(Table 1, entries 9-18). In case of Pd(II)Pc excellent con-
version and selectivity was observed (Table 1, entry 19).
The corresponding salt, Pd(OAc), of Pd(II)Pc also provided
the excellent conversion, albeit, reaction stopped at inter-
mediate stage without yielding the desired product (Table 1,
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entry 20). Hence, out of the tested MPcs, Fe(Il)Pc and
Pd(II)Pc afforded the satisfactory results for the reduction of
4-nitrotoluene to corresponding amine and selected for fur-
ther study.

3.1.2 Screening of Hydrogen Source

After MPcs screening, different hydrogen sources were
tested for the reduction of 4-nitrotoluene with selected
Pd(II)Pc and Fe(I)Pc (Table 2). As expected, reaction did
not proceed without hydrogen source (Table 2, entry 1).
CaH,, HCOOH and HCOONH, were completely ineffective
for the present reduction process (Table 2, entries 2, 7 and 9).
Traces to moderate yields were observed with Na(CN)BHj,
NaH, NH,-NH,.H,O, and HCOOK by both of the MPcs
(Table 2, entries 3, 5, 6 and 8). Good yield was observed with
NaBH,; by Pd(I)Pc and moderate by Pd(II)Pc (Table 2,
entry 4). Various silanes were also tested for the present
reaction by both of the selected MPcs. Very low yields were
observed with triphenyl silane (TPS), polymethylhydrosi-
loxane (PMHS), methyldiethoxysilane (MDES) and 1,1,3,3-
tetramethyldisiloxane (TMDS) by both of the MPcs
(Table 2, entries 11-14). Diphenyl silane (DPS) provided the
low yield with Pd(IT)Pc, while, moderate yield was observed
with Fe(II)Pc for the present reaction (Table 2, entry 10).
Hence, on the basis of the results obtained by screening of
various MPcs and hydrogen sources it has been postulated
that two methods including Pd(II)Pc with NaBH4 and
Fe(IT)Pc with DPS provided the best results for reduction of
4-nitrotoluene to corresponding amine.

3.1.3 Solvent Screening

Various green solvents were tested for the FePc and PdPc
catalyzed reduction of 4-nitrotoluene. Reaction did not
proceed in water with both the catalysts (Table 3, entry 1),
might be due to the insolubility of reactants. PEG-400, EG,
and 1,4-dioxane did not provide the satisfactory results for
the present reaction (Table 3, entries 4-6). Moderate con-
version and excellent selectivity was observed with ethanol
by FePc, while, PdPc provide the desired product with
excellent conversion and selectivity (Table 3, entry 2). In the
GC-MS analysis of FePc catalyzed reaction it was observed
that DPS remains unutilised, hence, we further increased the
reaction time up to 24 h that gave the desired product with
high conversion and excellent selectivity (Table 3, entry 3).

3.1.4 Optimization of DPS and NaBH4 Quantity
In order to optimize the minimum amount of hydrogen
sources required for FePc and PdPc catalyzed nitro

reduction process, different amount of DPS and NaBH,
were examined with the respective MPcs. It was observed
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Table 3 Screening of solvent for the reduction of nitro compounds

Q NO, MPcs (1 mol%) QNHZ
HAC hydrogen Source (2 mmol) HAC

solvent (5 ml), 100°C, 12 h

Conv./Sel.(%)* Conv./Sel.(%)*
Entry Solvent FePc/DPS® PdPc/NaBH,
1 Water NR NR
2 Ethanol 54/> 99 98/> 99
3 Ethanol 84/> 99°
4 PEG-400 80/38 75/1
5 EG 50/99 72/63
6 1,4-Dioxane 75170 21/< 1

Reaction condition: 4-nitrotoluene (1 mmol), NaBH,; or DPS
(2 mmol), FePc or PdPc (1 mol%), solvent (5 mL), and 100 °C
temperature for 12 h

PEG-400 polyethylene glycol-400, EG ethylene glycol

* Determined by GC using n-hexadecane as internal standard; and
also confirmed by GC-MS

® Reaction time 24 h

that 3 mmol of DPS and 2 mmol of NaBH, were required
for the reduction of 4-nitrotoluene to corresponding amine
(Fig. S2, see supporting information).

3.2 Fe(I)Pc/DPS Catalyzed Reduction of Nitro
Compounds

After the screening of MPcs, hydrogen sources and solvents,
we also investigated the effect of other iron based catalysts
for their comparison with FePc under the optimized condi-
tions (Table 4). It was observed that various iron salts gave

Table 4 Comparison of Fe(Il)Pc with other iron based catalysts for

reduction of 4-nitrotoluene
N02 NH2
/©/ catalyst (1 mol%) /©/
H,sC Ph,SiH, (3 mmol) H,C

ethanol (5 ml), 100°C, 24 h

Entry Catalyst Yield (%)*
1 FeSO4 38

2 FeCl, 10

3 Fe metal

4 KsFeCN,

5 Fe,04

6 Fe(OAc), 36

7 Fe(ll)Pc 91

8 Fe(lll)Pc 8

Reaction conditions: 4-nitrotoluene (1 mmol), DPS (3 mmol), catalyst
(1 mol%), EtOH (5 mL), and 100 °C temperature for 24 h

* Determined by GC using n-hexadecane as internal standard; and
also confirmed by GC-MS
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low yields of the desired product as compared to excellent
yield by Fe(I)Pc (Table 4, entries 1-7). Fe(IlI)Pc also pro-
vided the desired product in low yield (Table 4, entry 8).
With the optimized conditions in hand, the scope of the FePc
catalyzed method was investigated for the reduction of
various substituted nitro compounds (Table 5). 2- and
4-Nitrotoluenes was effectively reduced to corresponding
anilines with high yields (Table 5, entries 2a and 2b). Hal-
ogen substituted nitroarenes (F, Cl, Br, I) were efficiently
reduced to corresponding anilines in high yields (Table 5,
entries 2c—2 g). Importantly, no dehalogenation or decom-
position was observed in any case, often encountered with
several reduction methods [64-66]. Nitrobenzene was
hydrogenated to aniline in good yield (Table 5, entry 2 h).
The methoxy and hydroxyl substituted nitroarenes were
reduced to corresponding amines in high yields (Table 5,
entries 2i—2j). Interestingly, in contrast to some previous
reports, high yield [39, 43] and selectivity [67] of

Table 5 Fe(Il)Pc catalyzed reduction of various aromatic nitro
compounds™®

NO> NH;
Rl Y Fe(ll)Pc, Phy SiH2 RS
1 P 1 _
1 ethanol, 100°C, 24 h 2
2a, 82%, R1=2-Me 2j, 82%, R1=4-OH

2b, 90%, R4 = 4-Me
2¢, 75%,R 1 = 2-Cl
M2 2d, 89%, R =4-CI

2k, 89%, Ry = 4-CN
21, 78%,R = 4-CH,0H®
2m, 75%, R 1= 4-COCHg

i g

R 26,92%, R 1= 4-F 2n,79%, R 1 = 3-COOCHz
21,91%, R 1=4-Br 20,87%, R ;= 4-COOH
29,84%, R 1= 4-l

2p,90%, R 1=4-CONH,
2q,81%, R 1= =4-SO NH2
o2 87%, R 1= 3-Ph

CO GO ¢ ©

2s,89%

2h,90%, R {=H
2i,88%, R 4 = 4-OCH,

2t, 87%

0}
/©/\)‘\Ph
N 2w, 32 %9°
NH,

2xa, 91% "

2u, 86°/
2x, 86%, 2-NO,
2y, 88%, 3-NO,

ow-@
2z, 91%, 4-NO,
o
HoN

2za, 92%

# Reaction condition: nitro compound (I mmol), Ph,SiH, (3 mmol),
Fe(Il)Pc (1 mol%), EtOH (5 mL), and 100 °C temperature for 24 h

® Isolated yields

¢ Both aldehyde and nitro group were reduced

4 Both carbon-carbon double bond and nitro group were reduced

¢ 61 % Only carbon-carbon double bond reduced product obtained
T Both nitro groups were reduced using 6 equiv. of DPS

4-cyanoaniline were observed under the present reaction
condition (Table 5, entry 2 k). In case of 4-nitrobenzalde-
hyde, both nitro and aldehyde functional groups were
reduced by present protocol (Table 5, entry 2 1). Notably, the
other reducible functionalities such as acid, ketone, ester,
amide and sulfonamide remain intact during the reduction
(Table 5, entries 2 m-2q). The reduction of m-phenylnitro-
benzene gave desired product in good yield (Table 5, entry
2r). The reduction of I-nitronaphthalene, 2-nitrofluorene
[43] and 4-chloro-2-nitrophenol afforded the corresponding
amines in good yields (Table 5, entries 2s—2u). The present
protocol was also applicable for complex nitro compounds.
The reduction of 4-nitrobenzene-f-D-glucopyranoside pro-
vided the corresponding amine in good yield (Table 5, entry
2v). In case of 4-nitrochalcone, mixture of product was
observed corresponding to double bond reduction along with
nitro group (Table 5, entry 2w). Regioselective reduction of
dinitro compounds is one of the challenging tasks for the
development of reduction methodologies. Under present
reaction conditions, o-, m- and p-dinitrobenzenes were
regioselectively reduced to corresponding mono amines [20,
68-73] in good to high yields (Table 5, entries 2x-2z).
Interestingly, when reaction of dinitro compound was car-
ried out with the doubled of the optimized amount of DPS,
both nitro groups were reduced to corresponding diamines in
excellent yields (Table 5, entries 2xa and 2za). Unfortu-
nately, in case of aliphatic nitro compounds, promising
results were not observed for the reduction of nitro group
under present reaction conditions (Table S2, entries 1 and 2,
see supporting information).

Present reaction conditions are also applicable for the
reduction of nitro-substituted heteroaromatics (Table 6).
The reduction of 5-nitroisoquinoline and 5-nitroindole
gave the desired products in high yields (Table 6, entries 4a
and 4b). Also, high chemoselectivity was observed for nitro
group over carbonyl group in case of 5-nitrophthalide and
4-nitrophthalimide (Table 6, entries 4c and 4d). The
deoxygenation of 6-nitrobenzothiazole and 4-nitrobenzo-
thiadiazole was achieved in good yields (Table 6, entries
4e and 4f) to afford the biologically important precursors
[74-76] 6-aminobenzothiazole and 4-aminobenzothiadiaz-
oles. The reduction of 2-chloro-5-nitropyridine afforded
the desired product in high yield (Table 6, entry 4 g).

3.3 Pd(Il)Pc/NaBH, Catalyzed Reduction of Nitro
Compounds

Various palladium salts and complexes were screened to
compare their catalytic activity with Pd(II)Pc catalyzed
nitro reduction process (Table 7). Excellent conversion and
selectivity was observed with PdCl, (Table 7, entry 2),
however, Pd(OAc), from which PdPc was prepared
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Table 6 Fe(II)Pc catalyzed reduction of various heteroaromatic nitro
compounds

Table 7 Screening of palladium catalysts for the reduction of nitro

Fe(ll)Pc, Ph,SiH,

R_SNOQ ethanol, 100°C, 24 h 1 NH2
NH2 o O
< HeN HoN HoN
N o NH
_N N
H o
4a, 92% 4b, 88% 4c, 86% 4d, 75%
S N N
o s T
HoN N N N~ Cl
NH,
de, 74% af, 71% 4g, 88%

Reaction conditions: nitro compound (1 mmol), Ph,SiH, (3 mmol),
Fe(Il)Pc (1 mol%), EtOH (5 mL), and 100 °C temperature for 24 h.
Isolated yields

afforded the reaction intermediates as major products
(Table 7, entry 3). Excellent conversion and selectivity
were observed with PdPc (Table 7, entry 1). The combi-
nation of Pd(OAc), with other ligands (A-D) provided the
excellent conversion and high selectivity for the desired
product (Table 7, entries 4-7). Reaction was also carried
out with three palladium complexes (E-G) to compare with
PdPc, however, acceptable results were not observed
(Table 7, entries 8—10). Hence, PdPc was selected for the
further study.

The scope of PdPc catalyzed method was investigated by
the reaction of various substituted nitro compounds
(Table 8). Excellent yields were observed for the reduction
of nitrobenzene and 4-nitrotoluene (Table 8, entries 6a and
6b). In case of nitro benzaldehydes, both carbaldehyde and
nitro groups were reduced to corresponding amino alcohols
(Table 8, entries 6¢ and 6d). The high yields for amino
alcohols proposed the present method to be well suited for
the one step double reduction of nitro benzaldehydes. The
methoxy, cyano and amide substituted nitro benzenes
afforded the desired products in good to excellent yields
(Table 8, entries 6e—6g). Good yield of corresponding
product was observed for tri-substituted chloronitrophenol
(Table 8, entry 6h). The reduction of 2-nitrofullerene gave
the desired product in moderate yield (Table 8, entry 6i). In
case of 4-nitrochalcone, the reduction of nitro as well as
carbon—carbon double bond occurred in excellent yield
(Table 8, entry 6j). High selectivity was observed for the
reduction of nitro group in case of 7-nitro-3,4-benzocoum-
arin, however, product was obtained in moderate yield
(Table 8, entry 6 k). Transesterified amino product was
observed for the reduction of methyl-3-nitrobenzoate
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compounds®
NH,
catalyst (1 mol%), NaBH, (2 mmol) O
ethanol, 100°C, 12 h H;C

H;C

Entry Catalyst (mol %) ConV.[%]b Scl.[%]b
1 Pd(IT)Pc 98 >99
2 PdCl, >99 86
3 Pd(OAc), >99° ;

4 Pd(OAc),/A >99 88
5 Pd(OAc),/B >99 74
6 Pd(OAc),/C >99° 84
7 Pd(OAc),/D 98 77
8 E 93¢ 9

9 F 97¢ 70
1 G 82° 25
\ N
\ N

E = PdCl,(PPh;),

i

F = Najera Catalyst I

N
N

G = Pd(PPhy), PdPc

# Reaction condition: 4-nitrotoluene (1 mmol), NaBH, (2 mmol),
catalyst (1 mol%), EtOH (5 mL), and 100 °C temperature for 12 h

" Determined by GC using n-hexadecane as internal standard; and
also confirmed by GC-MS

¢ Intermediates were formed as other products

(Table 8, entry 61). High regioselectivity was observed for
the reduction of 1,3- and 1,4-dinitrobenzenes along with
good to excellent yields (Table 8, entries 6m and 6n). In case
of 1,3-dinitrobenzene 25 % of 1,3-diaminobenzene was also
observed (Table 8, entry 6m). When reaction of dinitro
compounds was carried out with doubled of the optimized
amount of NaBH, (4 equiv.), the reduction of both nitro
compounds was observed (Table 8, entries 6ma and 6na).
Hence, present method can efficiently be utilized for the
synthesis of diamines which are the precursors for the syn-
thesis of various heterocyclic compounds. Present method
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Table 8 Scope for the PdPc catalyzed reduction of nitro
compounds™®
~NO2 ~NHz

Pd(Il)Pc, NaBH,
ethanol, 100°C, 12 h

U

6

/©/NH2 NH,
HOH,C

6b, >99% (92%) 6c, 74%°

H,CO NC

6e 91% (86%) 6f, 95% (90%)

O'O NH,

6i, 57% 52°/o

)
Py

©/NH2

6a, >98% (93 %)

6d, 98%°

NH,

Q

H2NOC

69, >99% (94%) 6h, 89% (80%)

M@
NHz H,N 0

6k, 55% (50%) 61, >83%°

O ~
_N
60, >99% (91%)

; ::
I
o

6j, >99%°

6m, 74%' (70%)

(72%)

Z
I
[

6n, >99% (94%)

6ma, 91%°9 6na, 98% (90%)°
NH,
S =N,
S
a5 = ¢
HoN 0
NH HO
2 Hmo
OH
6p, (91%) 6q, >99% (92%) 6r, (87%)

# Reaction conditions: nitro compound (I mmol), NaBH, (2 mmol),
Pd(II)Pc (1 mol%), EtOH (5 mL), and 100 °C temperature for 12 h

Determined by GC using n-hexadecane as internal standard; and
also confirmed by GC-MS. Isolated yields given in parentheses

¢ Both aldehyde and nitro group were reduced

9 Both carbon—carbon double bond in side chain and nitro group were
reduced

¢ Transesterification of nitro reduced product was also occurred
25 % of diaminobenzene was observed
€ Both nitro group were reduced using 4 equiv. of NaBH,

was also applicable for the chemoselective reduction of
heterocyclic nitro compounds such as 5-nitroisoquinoline,
5-nitrobenzothiazole and 4-nitrobenzothiadiazole in high
yields (Table 8, entries 60—6q). The reduction of 4-nitro-
benzene--D-glucopyranoside afforded the corresponding
amine in good yield (Table 8, entry 6r). The reduction of
aliphatic nitro compounds was not observed under the
present reaction conditions (Table S2, entries 1 and 2).

120
100 28
™ - . _92-. - - 2’ - 86
89 [ -3 _ =
80 g 87— -
S ~
<
= 60
2
> a0
20
0
1 2 3 4 5

No. of Cycles

Fig. 1 Recycling of catalyst FePc (dahsed line) and PdPc (hyphen-

ated line)
H3C

Isolated Yield 87%
NaBH, (3 equiv.)

ethanol, 100°C, 12h  HsC

Isolated Yield 90%

Fe(ll)Pc (1 mol%)

Ph,SiH, (3 equiv.)
ethanol, 100 °C, 24 h

HsC

1.0gm

Pd(Il)Pc (1 mol%)

Scheme 1 FePc and PdPc catalyzed reduction of 4-nitrotoluene on
gram scale

3.4 Recyclability of Catalysts

The recyclability of FePc and PdPc catalysts was evaluated
by successive addition of 4-nitrotoluene and respective
hydrogen sources (DPS or NaBH,) and solvent to the
residue (see supporting information). FePc was recycled up
to four times, while, PdPc was recycled up to five times
without any significant loss of activity (Fig. 1).

3.5 Gram Scale Reactions

Further, the two methods were successfully scaled-up to
1.0 g with 4-nitrotoluene (Scheme 1, FePc method; yield
87 % for 1.0 g vs 90 % for 1 mmol scale and PdPc method,
yield 90 % for 1.0 g vs 92 % for 1 mmol scale). Although,
3 mmol of NaBH, was taken for 1.0 g scale reaction by
PdPc catalyzed method.

3.6 Mechanistic Study

In order to get insight, which pathway (direct route and
condensation route) [77] is going under present condition,
reduction of the possible reaction intermediates i.e., nitro-
sobenzene (direct route intermediate) and azobenzene
(condensation route intermediate), was carried out under
the standard reaction condition for two methods. For FePc
catalyzed method, nitrosobenzene provided aniline in 87 %
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Table 9 Hydrogenation of probable reaction intermediates

Entry Substrate Time (h) FePc/PdPc Yield of aniline® FePc/PdPc
! LN o 6/4 87 %/92. % 6/4 87 %192 %
2 2 _Ns__Ph 12/8 18 %/59 % 12/8 18 %/59 %

Ph N

Reaction condition: substrate (1 mmol), Ph,SiH, (3 mmol) or NaBH, (2 mmol), Fe(Il)Pc or Pd(II)Pc (1 mol%), EtOH (5 mL), and 100 °C

? Yield determined by GC using n-hexadecane as internal standard

yield in 6 h, whereas, azobenzene yielded only 18 % ani-
line even after 12 h. The same reduction pattern was
observed for PdPc catalyzed method for the same reactions
(Table 9, entries 1 and 2). These results indicated the
possibility of direct route.

Furthermore, the role of MPcs (FePc and PdPc) was also
investigated. Transition metal complexes are well known to
catalyzed generation of hydrogen from silanes/borohy-
drides and alcohols combination, leading to the formation
of silyl ethers/borates as by-product [78-84]. Diphenyl
silyl ethyl ether was observed in most of the FePc catalyzed
reactions under present conditions.

Since, MPcs are known for the electron transport processes,
based on these experimental observations and literature
reports it can be postulated that FePc and PdPc helps in
hydrogen generation from Ph,SiH,/ethanol with the forma-
tion of diphenyl silyl ethyl ether (Scheme S1a, see supporting
information) and NaBH,/ethanol with the evolution of sodium
tetraecthoxyborate (Scheme S1b, see supporting information),
respectively. To prove this, the model reaction was carried out
with some aprotic solvents (Table S3, entries 1-3, see sup-
porting information). The inhibition of the reactions under
aprotic solvent conditions proves the given hypothesis. Also,
reaction proceeded with H; instead of using other hydrogen
source, which implies the usage of hydrogen for the reduction
(Table S4, see supporting information). These observations
are also supported by the fact that reaction did not occur
without catalysts (Table 1, entry 1). The partial electron
transfer from the phthalocyanine macrocycle through two
nitrogen atoms to the iron or palladium atom promoted the
coordination of electron-deficient nitrogen atom and the
electron enriched oxygen atom of the nitro group [85]. It was
supported by the absence of nitro compound in mass spectra
recorded after the five minutes of reaction time. When the
nitro group is reduced to the electron-enriched amine group it
tends to leave the MPcs (FePc or PdPc). This coordination of
nitro compounds with MPcs is probably responsible for the
chemo- and regio-selectivity of the present methods. Thus, the
electronic character of MPcs possibly promotes the reduction
of nitro compounds to the corresponding amines (Scheme 2).
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M = Fe or Pd

[FePc] |—H2
or
[PdPc] | >H20
H, NO
) [FePc]
H,O or -
[PdPc]
[FePc] | ~H, o
or +
e 1 OO
H,O
NHOH [FePc] /Hz
or
L, @ [Pch]\‘Hzo
Ol
[FePc]|—H>
or
[PdPc]|>H,0 [FePq]
or |H2
NH, [PdPc]

[FePc] or [PdPc]
i — N—N
Hy H H
Scheme 2 Plausible reaction mechanism

4 Conclusions

In conclusion, iron and palladium phthalocyanines has
been established as the excellent catalysts for the chemo-
and regio-selective reduction of functionalized nitro
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compounds using Ph,SiH, and NaBH, as reducing agents.
Notably, the two methods are applicable to various aro-
matic and heteroaromatic nitro compounds tolerating a
large number of functional groups such as halo, cyano,
acetyl, amide, sulphonamide, hydroxyl, methoxy, ester,
phenyl and carboxylic acid etc. Such functional group
tolerance might omit the use of protecting groups for the
synthesis of large complex molecules. Furthermore, present
methods are highly regioselective for the reduction of
dinitrobenzenes. The other remarkable advantages of the
methods include recyclability of catalysts, no use of base or
ligands like phosphines, gram scale applicability, high
stability of catalysts, easy workup, high isolated yields and
green solvent system.

Acknowledgments Authors are grateful to Director of the institute
for providing necessary facilities. Financial support received from
CSIR-India (fellowship to P. K. V) and DST under Fast Track
Scheme (U. S.) is gratefully acknowledged.

References

1. Rylander PN (1985) Hydrogenation Methods. Academic Press,
London 104

2. Nishimura S (2001) Handbook of Heterogeneous Catalytic
Hydrogenation for Organic Synthesis. Wiley, Chichester 315

3. Adams JP, Paterson JR (2000) J Chem Soc Perkin Trans 1:3695

4. Kabalka GW, Verma RS (1992) In: Comprehensive Organic
Synthesis. Pergamon, Oxford 363

5. Dale DJ, Dunn PJ, Golighty C, Hughes ML, Levett PC, Pearce AK,
Searle PM, Ward G, Wood AS (2000) Org Process Res Dev 4:17

6. Brickner SJ, Hutchinson DK, Barbachyn MR, Manninen PR,
Ulanowicz DA, Garmon SA, Grega KC, Hendges SK, Toops DS,
Ford CW, Zurenko GE (1996) J] Med Chem 39:673

7. Al-Farhan E, Deininger DD, McGhie S, Callaghan JO, Robertson
MS, Rodgers K, Rout SJ, Singh H, Tung RD (1999) PCT Int.
Appl. W099/48885

8. Prasad A, Sharma ML, Kanwar S, Rathee R, Sharma SD (2005)
J Sci Ind Res 64:756

9. Blaser HU, Siegrist U, Studer M (2001) In: Fine chemicals
through heterogenous catalysis. Wiley-VCH, Weinheim 389

10. Blaser HU, Steiner H, Studer M (2009) ChemCatChem 1:210

11. Corma A, Serna P, Concepcion P, Calvino J (2008) J Am Chem
Soc 130:8748

12. Doxsee KM, Feigel M, Stewart KD, Canary JW, Knobler CB,
Cram DJ (1987) ] Am Chem Soc 109:3098

13. Tormo J, Hays DS, Fu GC (1998) J Org Chem 63:5296; c)
Zhou Y, Li J, Liu H, Zhao Z, Jiang H (2006). Tetrahedron Lett
47:8511

14. Sharma U, Kumar P, Kumar N, Kumar V, Singh B (2010) Adv
Synth Catal 352:1834

15. Sahiner N, Ozay H, Ozay O, Aktas N (2010) Appl Catal B Env
101:137

16. Matthews JM, Greco MN, Hecker LR, Hoekstra WJ, Rade-Gor-
don P, de Garavilla L, Demarest KT, Ericson K, Gunnet KW,
Hageman W, Look R, Moore JB, Maryanoff BE (2003) Bioorg
Med Chem Lett 13:753

17. Kim Y, Nam NH, You YJ, Ahn BZ (2002) Bioorg Med Chem
Lett 12:719

18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.
41.
42.
43.

44.
45.

46.
47.
48.
49.
50.
S1.

52.
53.

54.
. Chen QA, Ye ZS, Duan Y, Zhou YG (2013) Chem Soc Rev 42:497
56.
57.

58.

Edwards JP, Zhi L, Pooley CLF, Tegley CM, West SJ, Wang
MW, Gottardis MM, Pathirana C, Schrader WT, Jones TK (1998)
J Med Chem 41:2779

Neidlein R, Christen D (1986) Helv Chim Acta 69:1623

Liu Y, Lu Y, Prashad M, Repic O, Blacklock TJ (2005) Adv
Synth Catal 347:217

Corma A, Conceptcion P, Serna P (2007) Angew Chem Int Ed
46:7266

He L, Wang LC, Sun H, Ni J, Cao Y, He HY, Fan KN (2009)
Angew Chem Int Ed 48:9538

Corma A, Serna P (2006) Science 313:332

Corma A, Serna P, Garcia H (2007) J] Am Chem Soc 129:6358
Park S, Lee IS, Park J (2013) Org Biomol Chem 11:395
Mitsudome T, Kaneda K (2013) Green Chem 15:2636

Zhang Y, Cui X, Shi F, Deng Y (2012) Chem Rev 112:2467
Stratakis M, Garcia H (2012) Chem Rev 112:4469

Gkizis PL, Stratakis M, Lykakis IN (2013) Catal Commun 36:48
Lipowitz J, Bowman SA (1973) J Org Chem 38:162

Jovel I, Golomba L, Fleisher M, Popelis J, Grinberga S, Lukevics
E (2004) Chem Heterocycl Comp 40:701

Rahaim Jr RJ, Maleczka Jr. RE (2006) Synthesis 3316

Rahaim RJ Jr, Maleczka RE Jr (2005) Org Lett 7:5087

Banik BK, Mukhopadhyay C, Venkatraman MS, Becker FF
(1998) Tetrahedron Lett 39:7243

Yu C, Liu B, Hu L (2001) J Org Chem 66:919

Basu MK, Becker FF, Banik FF (2000) Tetrahedron Lett 41:5603
Spencer J, Anjum N, Patel H, Rathnam RP, Verma J (2007)
Synlett 2557

Spencer J, Rathnam RP, Patel H, Anjum N (2008) Tetrahedron
64:10195

de Noronha RG, Romao CC, Fernandes AJ (2009) J Org Chem
74:6960

Andrianov KA, Sidorov VI, Filimonov MI (1977) Zh Obshch
Khim 47:485

Brinkman HR, Miles WH, Hilborn MD, Smith MC (1996) Synth
Commun 26:973

Fan GY, Zhang L, Fu HY, Yuan ML, Li RX, Chen H, Li XJ
(2010) Catal Commun 11:451

Enthaler S, Junge K, Beller M (2008) Angew Chem Int Ed
47:3317

Gaillard S, Renaud JL (2008) ChemSusChem 1:505

Junge K, Wendt B, Shaikh N, Beller M (2010) Chem Commun
46:1769

Pehlivan L, Metay E, Laval S, Dayoub W, Demonchaux P,
Mignani G, Lemaire M (2011) Tetrahedron 67:1971

Cantillo D, Baghbanzadeh M, Kappe CO (2012) Angew Chem
Int Ed 51:10190

Wienhofer G, Sorribes I, Boddien A, Westerhaus F, Junge K,
Junge H, Llusar R, Beller M (2011) J Am Chem Soc 133:12875
Shi Q, Lu R, Lu L, Fu X, Zhao D (2007) Adv Synth Catal
349:1877

Plietker B (2008) Iron catalysis in organic chemistry. Wiley-
VCH, Weinheim

Nahra F, Mace Y, Lambin D, Riant O (2013) Angew Chem Int
Ed 52:3208

Wang DS, Wang DW, Zhou YG (2011) Synlett 947

Bae JW, Cho YJ, Lee SH, Yoon COM, Yoon CM (2000) Chem
Commun 1857

Franzoni I, Mazet C (2014) Org Biomol Chem 12:233

Sorokin AB (2013) Chem Rev 13:8152

Verma PK, Sharma U, Bala M, Kumar N, Singh B (2013) RSC
Adv 3:895

Sharma U, Kumar N, Verma PK, Kumar V, Singh B (2012)
Green Chem 14:2289

@ Springer



P. K. Verma et al.

59.
60.
61.
62.
63.
64.
65.
66.
67.
68.

69.

70.

Sharma U, Verma PK, Kumar N, Kumar V, Bala M, Singh B
(2011) Chem Eur J 17:5903

Bala M, Verma PK, Kumar N, Sharma U, Singh B (2013) Canad
J Chem 91:732

Bala M, Verma PK, Sharma U, Kumar N, Singh B (2013) Green
Chem 15:1687

Verma PK, Sharma U, Kumar N, Bala M, Kumar V, Singh B
(2012) Catal Lett 142:907

Kumar V, Sharma U, Verma PK, Kumar N, Singh B (2012) Adv
Synth Catal 354:870

Kantam ML, Bandyopadhyay P, Rahman A (1998) J Mol Catal
A: Chem 133:293

McLaughlin MA, Barnes DM (2006) Tetrahedron Lett 47:9095
Tafesh AM, Weiguny J (1996) Chem Rev 96:2035

Takasaki M, Motoyama Y, Higashi K, Yoon, Mochida I, Naga-
simha H (2008) Org Lett 10:1601

Sorribes I, Wienhofer G, Vicent C, Junge K, Llusar R, Beller M
(2012) Angew Chem Int Ed 51:7794

Westerhaus FA, Jagadeesh RV, Wienhofer G, Pohl MM, Radnik
J, Surkus AE, Robeah J, Junge K, Junge H, Nielsen M, Bruckner
A, Beller M (2013) Nature Chem 5:537

Lee JG, Choi KI, Koh HY, Kim Y, Kang Y, Cho YS (2001)
Synthesis 81

@ Springer

71.
72.
73.
74.
75.
76.
7.
78.
79.
80.
81.
82.
83.

84.
85.

Chandrasekhar S, Prakash SJ, Rao CL (2006) J Org Chem
71:2196

Iyer S, Kulkarni GM (2004) Synth Commun 34:721

He D, Shi H, Wu Y, Xu BO (2007) Green Chem 9:849
Weekes AA, Westwell AD (2009) Curr Med Chem 16:2430
Horton DA, Bourne GT, Smythe MY (2003) Chem Rev 103:893
Kuhler TC, Swanson M, Shcherbuchin V, Larsson H, Mellgard B,
Sjostrom JE (1998) J Med Chem 41:1777

Haber F (1898) Z Elektrochem 22:506

Kruger A, Albrecht M (2012) Chem Eur J 18:652

Mukharjee D, Thompson RR, Ellern A, Sadow AD (2011) ACS
Catal 1:698

Weickgenannt A, Mewald M, Muesmann TWT, Oestreich M
(2010) Angew Chem Int Ed 49:2223

Ito H, Takagi K, Miyahara T, Sawamura M (2005) Org Lett
7:3001

Ito H, Takagi K, Miyahara T, Sawamura M (2005) Org Lett
7:1869

Khalimon AY, Simionescu R, Nikonov GI (2011) J] Am Chem
Soc 133:7033

Luo XL, Crabtree RH (1989) J] Am Chem Soc 111:2527

Bialek B, Lee J (2007) J Korean Phys Soc 51:1366



	Iron and Palladium(II) Phthalocyanines as Recyclable Catalysts for Reduction of Nitroarenes
	Abstract
	Introduction
	Experimental
	General Information
	General Experimental Procedure for FePc Catalyzed Reduction of Nitro Compounds
	General Experimental Procedure for PdPc Catalyzed Reduction of Nitro Compounds

	Results and Discussion
	Optimization Studies
	Catalysts Screening
	Screening of Hydrogen Source
	Solvent Screening
	Optimization of DPS and NaBH4 Quantity

	Fe(II)Pc/DPS Catalyzed Reduction of Nitro Compounds
	Pd(II)Pc/NaBH4 Catalyzed Reduction of Nitro Compounds
	Recyclability of Catalysts
	Gram Scale Reactions
	Mechanistic Study

	Conclusions
	Acknowledgments
	References


