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ABSTRACT: We report an efficient catalytic protocol that chemo- FSC%N‘ . st
selectively reduces nitroarenes to arylamines, by using methylhy- N ] N CFs Syninest of catalyst

g . . . . . . . Co in gram quantities
drazine as a reducing agent in combination with the easily synthesized

and robust catalyst tris(N-heterocyclic thioamidate) Co(III) complex QN*S
[Co(kS,N-tfmp2S);], tfmp2S = 4-(trifluoromethyl)-pyrimidine-2-

NH;| selective reduction
thiolate. A series of arylamines and heterocyclic amines were formed || _ ; > @ ’ ﬁ'aé?.":?:f; smdild::rocess
in excellent yields and chemoselectivity. High conversion yields of ® | R=come | & up to 19 examples
nitroarenes into the corresponding amines were observed by using \% T o NHOH]
polar protic solvents, such as MeOH and PrOH. Among several | A [g
hydrogen donors that were examined, methylhydrazine demonstrated \f/ . ) observed
the best performance. Preliminary mechanistic investigations, ¢ .
supported by UV—vis and NMR spectroscopy, cyclic voltammetry, ez —emseteit

and high-resolution mass spectrometry, suggest a cooperative action of

methylhydrazine and [Co(xS,N-tfmp2S),] via a coordination activation pathway that leads to the formation of a reduced cobalt
species, responsible for the catalytic transformation. In general, the corresponding N-arylhydroxylamines were identified as the sole
intermediates. Nevertheless, the corresponding nitrosoarenes can also be formed as intermediates, which, however, are rapidly
transformed into the desired arylamines in the presence of methylhydrazine through a noncatalytic path. On the basis of the
observed high chemoselectivity and yields, and the fast and clean reaction processes, the present catalytic system [Co(xS,N-
tfmp2S);]/MeNHNH, shows promise for the efficient synthesis of aromatic amines that could find various industrial applications.

B INTRODUCTION tion compounds for the selective reduction of nitroarenes to
arylamines under homogeneous conditions are limited.
Specifically, catalytically active systems that involve phthalo-

9
(]

cyanine Co(1II) complexes,) '% trinuclear mixed valent Co(II)/

The selective reduction of a nitro group to an amino group in a
compound is a transformation of continuous interest, as the
amines serve as intermediates for the production of various

pharmaceutical molecules and rubber materials. The simplest Co(1I1)/Co(1l) complexes,'" or Co(IT) complexes of pyrrole
process to accomplish this transformation is via transition- carboxamide ligands,'” in combination with hydrazine hydrate
metal-catalyzed hydrogenation." The reduction of nitroarenes as a reducing agent, have been reported so far in the literature
to anilines’ often suffers from low chemoselectivity when other (Scheme 1B)."” Despite different Co(II) complexes used for
reducible functionalities are present; nevertheless, it continues such reduction process, the development of highly active,
to magnetize the scientific and industrial interest. During the selective, easily accessible, and stable Co(III)-based homoge-
past decade, cobalt catalysts have been successfully used in the neous catalytic systems remains a challenging task.

reducing transformation of nitroarenes into the corresponding Taking all of the above into account, and following our
arylamines under hydrogenation or transfer hydrogenation interest in this kind of reductive transformation,'® we report

conditions.” For the transfer hydrogenation process, among the
used hydrogen donor molecules, i.e., borohydrides, hydro-
silanes, formic acid, and CO/H,0 mixture,” hydrazine hydrate
is reported as the most studied H-donor both in organic and
aqueous media.’~"? Recently, the use of cobalt oxides with
hydrazine hydrate under heterogeneous photocatalytic con-
ditions has also been reported.'*

Except for the most used heterogeneous cobalt nanocatalysts
(Scheme 1A), examples incorporating cobalt-based coordina-

herein a new and efficient catalytic protocol that accomplishes
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Scheme 1. Hydrazine-Mediated Cobalt-Catalyzed Nitroarene Reductions in Heterogeneous and Homogeneous Processes

[A. Cobalt-nanocatalysts/hydrazine catalyzed processesJ

Co-Mo,C/AC

Co-Co,yB NPs
CO304 NPs

©/N02
W
O—«

(ref. 9 and 10)

NH,NH,

(ref.

Co NPs

@T

Ni-Co BMNPs

Et,N"*

12)

| N
~ Yo ol
N
S N, | N N, Cl
Co (Co‘ 4C°’CI
N N” | N N
f S N f N
z0 YT I o\
X
(ref. 11)

[B. Cobalt-complexes/hydrazine catalyzed processes]
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[C. Co(lll)-complexes/methylhydrazine cooperative catalyzed process]

the reduction of nitroarenes to arylamines by the combined
action of an easily synthesized and robust Co(III) complex that
bears three chelating N-heterocyclic thioamidate ligands,
[Co(xS,N-tfmp2S);], and methylhydrazine (Scheme 1C). To
the best of our knowledge, methylhydrazine is still an
unexplored reducing agent in cobalt-catalyzed nitroarene
reactions.” Furthermore, N-heterocyclic thioamidates as
ligands of transition-metal complexes, except the fact that
they are commercially available reagents, they also offer the
possibility of facile control of their stereochemical and
electrochemical properties, which, in combination with their
hemilability and versatile coordinating ability, renders them
ideal candidates for the synthesis of stable, robust, and
catalytically active cobalt complexes.'®
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B RESULTS AND DISCUSSION

Synthesis and Structure of the Catalyst C1. The
homoleptic, tris-chelating N-heterocyclic thiamidate Co(III)
complex [Co(kS,N-tfmp2S);] (C1) (tfmp2S = 4-(trifluor-
omethyl)-pyrimidine-2-thiolate) was chosen as a potential
catalyst for the conversion of nitroarenes to anilines, owing to
the hemilability and versatile coordination ability of its ligands,
easy access to the Co(III)/Co(II) redox shuttle, as well as its
simplicity, robustness, and its facile synthesis. Indeed, C1 was
synthesized in a simple and straightforward manner, from the
reaction of CoCl,-6H,O with 3 equiv of tfmp2SH, in the
presence of an excess of Et,NH, in MeOH under reflux
conditions in air, and isolated as a dark brown solid.
Recrystallization from CH,Cl,/hexane afforded the product

https://dx.doi.org/10.1021/acs.joc.0c02814
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of the reaction in high purity and high yield (ca. 70%) and,
more specifically, in the form of single crystals suitable for X-
ray diffraction analysis (crystal structure details and pertinent
geometrical parameters of C1-0.16CH,Cl, are provided in
Table S1).'” As shown in Figure 1, the complex consists of a

Figure 1. View of the molecular structure of [Co(kS,N-tfmp2S);]
(C1) (only one of the three symmetry independent molecules of the
asymmetric unit of the crystal structure is shown). Thermal ellipsoids
are shown at the 35% probability level. Hydrogen atoms are omitted
for clarity. Color code: Co, purple; S, yellow; N, blue; C, dark gray; F,
green.

Co(IIl) ion surrounded by three N-heterocyclic thioamidate
anions, tfmp2S~, bound through their exocyclic S and
heterocyclic N donor atoms in a chelating mode, resulting in
a distorted octahedral N;S; coordination environment. The

major cause for these geometric distortions is the small chelate
ring angles formed by the metal center and the donor atoms of
the tfmp2$ ligands, attributed to their narrow bite angles (the
sensitivity of these bond angles to crystal packing forces should
also not be neglected, too). The Co—N and Co—S bond
lengths fall in the ranges of 1.90—1.94 A and 2.25-2.31 A,
respectively (see Table S2), which are indicative of low spin,
octahedrally coordinated d® Co(III) ions. The relative
disposition of the three N-heterocyclic thioamidate ligands
results in a meridional arrangement of the S and N donor
atoms around the metal center, which is not unusual for
analogous homoleptic N-heterocyclic thioamidate Co(III)
complexes reported in the literature.'® The molecular structure
of C1, as well as its stability in solution, with respect to the
relative disposition of the N and S donor atoms, was also
verified by 'H and "*C{H} NMR spectroscopy.

Catalytic Conditions Evaluation. The present catalytic
protocol arose during the study of the title reaction using 4-
nitrotoluene (1a) and methylhydrazine in the presence of Cl.
Specifically, 1a (0.2 mmol) was placed into a S mL glass sealed
tube together with 1 mL of MeOH and 0.01 mmol of CI1.
Initially, the mixture was magnetically stirred at room
temperature for homogenization. Then the appropriate
amount of methylhydrazine was added, the tube was sealed,
and the reaction mixture was stirred for 2 h at 70 °C (Table 1).
Complex C1 was found to catalyze the reduction process
efficiently, resulting in the quantitative formation of the p-
toluidine (1b), in the presence of S equiv of methylhydrazine
and within 2 h (Table 1, entry 1). It is worth noting that
hydrazine hydrate, maybe the most common reducing agent
used in the literature in combination with cobalt-based
catalysts,” under the same reaction conditions led to a lower

Table 1. Conditions Evaluation of Hydrazine Mediated Reduction of 1a to 1b

Catalyst (5%mol)
hydrazines (5 equiv)
e .

N02
Me/©/ MeOH, 70°C, 2h

Me
Me

1a 1c 1d

entry catalyst/hydrazines® 1a (%) 1b (%) 1c (%) 1d (%)°
1 C1/MeNHNH, >99

2 C1/NH,NH,-H,0 70 30

3 C1/Me,NNH, 100

4 C1/TsNHNH, 100

S C1/PhNHNH, 64 22 14

6 C1/MeNHNH, (25 °C) 100

7 C1/MeNHNH, (MW, 20 min) >99

8¢ C1(2 mol %)/MeNHNH, >99

9° C1(1 mol %)/MeNHNH, >99

10" C1/MeNHNH, (3 equiv) 43 45 4

11 C1/MeNHNH, (3 equiv, S h) 29 S8 13

12 C1/MeNHNH, (4 equiv, S h) 88 12

13 no catalyst/MeNHNH, 100

14 C1/no MeNHNH, 100

15 [Co(acac);]/MeNHNH, 70 30

16 [Co(acac),]/MeNHNH, 25 50 10 15
17 Co(NO,),/MeNHNH, 32 45 9 14
18 Co(OAc),/MeNHNH, 40 60

19 CoCl,/MeNHNH, 22 59 12 7

“Reaction conditions: 1a (0.2 mmol), hydrazines (1 mmol), catalyst (5 mol %), in MeOH 1 mL, at 70 °C and for 2 h in a § mL sealed tube. “Yields
based on 'H NMR analysis from the integration of the corresponding diagnostic protons of products 1b, 1c, and 1d. €70 °C, t = 20 min. 4 =5h.°t
= 10 h. 'The corresponding N-(p-tolyl)hydroxylamine (1e) was formed in 8% relative yield, as determined by '"H NMR.
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Table 2. Solvent Evaluation in the Reduction of 1a Catalyzed by C1/MeNHNH,

C1 (5%mol)
MeNHNH, (5 mol)

solvent, 70°C, 2h

Me

1a 1b
entry solvent” la (%)IJ
1 MeOH
2 iPrOH
3 EtOH 36
4 CF;CH,0H 29
5 H,0 100
6 MeCN 100
7 DMC 100
8 DEC 100
9 1,2-DCE 100
10 THF 100
11 THF/H,0 (9:1) 18
12 THF/MeOH (9:1) 100
13¢ MeCN/MeOH (9:1) 26
14 MeCN/H,O (9:1) 48

Me

Me
o)
e . WLT
e aaen
Me 1c Me 1d
1b (%)° 1c (%)° 1d (%)
100
100
65 9
60 11
64 12 16
27
25 27

“Reaction conditions: 1a (0.2 mmol), methylhydrazine (1 mmol), C1 (5% mol), in various solvents, at 70 °C and for 2 h in a S mL sealed tube.
“Yields are based on 'H NMR analysis from the integration of the corresponding diagnostic protons. “The corresponding N-arylhydroxylamine

(1e) was observed in a 47% relative yield.

reaction conversion of 30% (Table 1, entry 2). No reduction
was observed by the utilization of 1,1-dimethylhydrazine
(Me,NNH,) or tosylhydrazine (TsNHNH,) (Table 1, entries
3 and 4), although phenylhydrazine (PhNHNH,) afforded the
desired product at a lower relative yield (22%) along with the
corresponding azoxyarene 1b in 14% yield, as a byproduct
(Table 1, entry S). When the reaction was performed at room
temperature in the presence of S mol % C1 and S equiv of
MeNHNH,, 1a was found to remain intact (Table 1, entry 6).
However, when the reaction was performed, under microwave
irradiation (MeOH, 70 °C), aniline 1b was observed as the
sole product within only 20 min (Table 1, entry 7). When C1
loading was reduced to 2 mol %, the reaction completion was
observed within S h (Table 1, entry 8), while, by lowering even
more to 1 mol %, the conversion was almost quantitative
within 10 h (Table 1, entry 9). By reducing the amount of
methylhydrazine (3 equiv), no reaction completion was
observed within 2 h (57% conversion of la), although
arylamine 1b was formed as the major product (44%),
accompanying with a small amount of the corresponding
azoxyarene (1c) (Table 1, entry 10). The corresponding N-(p-
tolyl)hydroxylamine (le) was also formed in 8% yield, as
determined by '"H NMR of the crude reaction mixture after
simple filtration over a short pad of silica. However, after the
prolonged time (ca. S h) and in the presence of 3 equiv of
MeNHNH,, no reaction completion was observed by 'H
NMR (19% of the remaining 1a), and the desired aniline 1b
was formed in a 68% vyield along with a 13% of the
corresponding azoxyarene lc (Table 1, entry 11). In addition,
using 4 equiv of MeNHNH,, the corresponding aniline 1b was
formed in 88% yield accompanying with 12% of the 1c (Table
1, entry 12). In the absence of either a catalyst or
methylhydrazine, under the same experimental conditions,
only the starting nitroarene la was observed in the reaction
mixture (Table 1, entries 13 and 14), results that confirm the
catalytic nature of the described transformation. It is worth
noting that the utilization of [Co(acac);] resulted only in the
partial conversion of the la to 1b (Table 1, entry 15);
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however; [Co(acac),] leads to a mixture of amine 1b and the
dimers 1c and 1d (Table 1, entry 16). Similar results were also
obtained, using cobalt salts, ie, Co(NO;),, Co(OAc),, and
CoCl, in the presence of MeNHNH, (Table 1, entries 17—
19).

The utilization of other types of hydrogen donor agents, and
specifically the 1,1,3,3-tetramethyldisiloxane (TMDS), triethyl-
silane (Et;SiH), dimethylphenylsilane (PhMe,SiH), ammo-
nium formate (HCOONH,) or formic acid and triethylamine
(HCOOH-Et;N), or ammonia-borane complex (H;N-BH;),
was found not to promote the desired catalytic transformation
(Table S3). Finally, under the same reaction conditions,
sodium borohydride (NaBH,) afforded an equimolar amount
of the desired amine 1b along with the azoxyarene 1lc (42%
and 44%, respectively), as evidenced by 'H NMR monitoring
of the crude reaction mixture (Table S3). All of the above
results indicate cooperation between complex C1 and
methylhydrazine, acting as an efficient catalytic system for
the selective reduction of nitro compound 1la to the
corresponding amine 1b.

For us to gain a better understanding of this catalytic
transformation, the catalytic efficiency of C1 was subjected to a
solvent screening (Table 2). Among the solvents studied, a
high conversion of la was observed by using MeOH and
‘PrOH, followed by EtOH and CF,CH,OH (Table 2, entries
1—4); however, in water, no reaction process was observed
(Table 2, entry S). In addition, in aprotic polar solvents,
CH;CN, 1,2-dichloroethane (1,2-DCE), dimethyl carbonate
(DMC), diethyl carbonate (DEC), or THF, the reaction did
not proceed (Table 2, entries 6—10). The solvent system
THF/H,0 (9:1) that is commonly used in similar trans-
formations underperformed under these conditions (Table 2,
entry 11). Similar results were observed when polar solvents,
methanol or water, were used in a ratio of 1:9 with THF or
MeCN (Table 2, entries 12—14).

After establishing the optimal reaction conditions, we
investigated the broadness of the application of the described
catalytic procedure toward various nitroarenes. Interestingly,

https://dx.doi.org/10.1021/acs.joc.0c02814
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this catalytic procedure shows a broad functional group
tolerance and a series of nitroarenes (la—19a) reduced
selectively into the corresponding arylamines (1b—19b) in
high yields after product isolation (85—92%) and excellent
selectivity (>99%), as depicted in Scheme 2. In all cases,

Scheme 2. Selective Reduction of Nitroarenes 1a—22a
Catalyzed by C1 in the Presence of Methylhydrazine

NO, NH

» C1 (5 mol%) @ 2

N MeNHNH (5 or 6 mol excess) Z
1a-19a MeOH (1mL), 70°C 1b-19b

(isolated yield, time)

Qj Q Cr
Me

Me

1b (92%, 4h) 2b 91% 4h) 3b (91%, 4h) 4b (88%, 6h)
"ot ot o™
MeO nO N
OMe
b (91%, 4h) 6b (90%, 4h) 7b (89%, 5h) 8b (92%, 8h)

O o L o, o

b (91%, 4h) 10b (90%, 4h) 11b (88%, 8h) 12b (80%, 18h)
Y[j @ o
SO,NH,
13b (89%, 18h) 14b (85%, 18h) 15b (89%, 10h) 16b (91%, 10h)

LS T O

17b (89%, Gh 18b (86%, 18h) 19b (85%, 24h)
X HoN
‘ P HN A~~~
H,NT N
20b (nd, 6h) 21b (nd, 18h) 22b (nd, 18h)

almost quantitative consumption of the starting nitroarene
(>98%) was observed by the '"H NMR spectra of the crude
reaction mixture at appropriate reaction times reported in
parentheses below each substrate in Scheme 2. Notably,
nitroarenes substituted with electron-donating groups, MeO,
BnO, and NH, (2a, 3a, Sa—8a), reacted at higher rates and
gave better yields when compared with nitroarenes bearing
electron-withdrawing substituents, i.e., carboxylate, carbonyl,
cyano-, and sulfonamide (12a—16a), which required a higher
mol excess of methylhydrazine (6 equiv instead of S equiv) and
prolonged reaction times. Importantly, chloro- and bromo-
substituted nitroarenes (9a—11a) were reduced without
undergoing any reductive dehalogenation, and the correspond-
ing halogenated-substituted anilines 9b—11b were formed in
high isolated yields (88—91%, Scheme 2). In addition,
carbonyl and cyano functionalities in nitroarenes (13a—15a)
remained intact, indicative of a highly chemoselective process.
In the case of 4-nitrophenylethanone (13a), the corresponding
4-aminophenylethanone (13b) was isolated in 89% yield
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without the isolation of the corresponding 4-nitrophenyl ethyl
methylhydrazone, from the reaction between the methylhy-
drazine and the carbonyl compound. Due to the simplicity of
the present catalytic protocol, we also attempted the reduction
of different heterocyclic nitro compounds (17a—19a), where
the corresponding amines (17b—19b) were isolated in high
yields, 85—89% (Scheme 2). The reactions for compounds
20a—22a were also performed under the same experimental
conditions but also for a prolonged reaction time (18 h).
Unexpectedly, 2-nitropyridine (20a) showed poor reactivity,
while the aliphatic nitroalkanes 21a and 22a gave a mixture of
unidentified products in ca. 10—15% conversion. However, in
all cases, the corresponding amines were not observed based
on the '"H NMR spectra of the crude reaction mixtures
(Scheme 2, nd = not detected).

To assess the scalability potential of this process, the
reduction of 4a was also carried out at a 1 mmol scale, with 5%
mol of C1, 6 mmol of methylhydrazine, and 7 mL of MeOH at
70 °C in a 15 mL sealed tube. After reaction completion (8 h),
monitored by TLC, the solvent was removed under reduced
pressure, and the reaction mixture was filtered over a short
path of Celite and silica gel with the assistance of ethyl acetate
(~15 mL) for separating the catalyst from the reaction
mixture. After solvent evaporation under reduced pressure, the
residue was purified with column chromatography, and the
corresponding amine 4b was isolated in 79% vyield. For
comparison reasons, a 0.5 mmol reaction scale under MW
conditions at 100 °C gave 4b in 85% isolated yield within 30
min, a result that supports further the potential use of the
present methodology in synthetic applications (Scheme 3).

Scheme 3. Lab-Scale Synthesis of 4b in the Presence of the
C1/Methylhydrazine Catalytic System

©/N02 C1 (5 mol%) NH,
MeNHNH; (6 equiv) ©/
4a MeOH 4b
“(Tmmol)  70°C 8h 79%
(0.5mmol) 100 °C/MW 0.5h 85%

Mechanistic Studies. An explanation of the catalytic
efficiency of C1 might be provided by considering the
properties of its ligands. The relatively low stability of the
four-membered chelate rings of its N-heterocyclic thioamidate
ligands and the weak Lewis base character of the tfmp2S
moieties contribute to their hemilability on the metal center.
Based on this fact, and in combination with their ability to
easily adopt different coordination modes (either monodentate
or bidentate), it is highly possible that they are amenable to
easily open a coordination site on the metal center to facilitate
the subsequent attachment of methylhydrazine or substrate. An
analogous mechanism of action for heterocyclic thioamidates
has been proposed in the literature for analogous tris(IN-
heterocyclic thioamidate) Ni(II) complexes that have been
utilized in the photocatalytic reduction of H' to H,."

(i) To get an insight into the mechanism of the reaction
and, in partlcular, the synergy between C1 and
methylhydrazine,”’ cyclic voltammetry (CV), UV—vis
spectroscopy, and high-resolution mass spectrometry
(HRMS) measurements were conducted. The cyclic
voltammogram of Cl1 in MeOH displays a nearly
reversible redox process with E;;, = —0.714 V (AE =
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0.159 V) vs Fc/Fc* (Figure 2, black line), which can be
assigned to the Co(IIl)/Co(Il) redox couple. The

—C1
——C1+ 1 eqMeHz
——C1+ 5 eqMeHz

r—r T TrrTT1rrT T TTTrTTrrTTr T T T T T T
43 12 11 10 09 08 -07 06 -05 -04 03 -02 -01 00
Potential (V) vs Fc'/Fc

Figure 2. Cyclic voltammetry data of C1 in MeOH after the addition
of 1 and S equiv of MeNHNH,. Potentials are referenced to E, ;,(Fc/
Fc') = 0.

relatively easily accessible reduction potential of Cl
suggests that C1 can be potentially easily reduced by
MeNHNH, at an initial stage of the reaction. UV—vis
spectroscopy measurements provide verification of this
assumption. A dark-brown-green solution of Cl1 in
MeOH displays, in the low energy region of 600—700
nm, a characteristic low-intensity absorption band (& =
163 M™' cm™), which can be assigned to a d—d
electronic transition. However, the addition of 1 equiv of
MeNHNH, results in a color change to lighter brown
and disappearance of this band, a fact that can be
attributed to a change in the electronic structure of the

3,0 4 —_C1

——C1+1eqMeHz
—C1+ 2 eq MeHz
= C1 + 3 eq MeHz
—C1+ 5 eq MeHz

2,5

2,0 H

Absorbance (a.u.)
o
1

0,5

0,0

M T T T T T T T T T T T T T T T T 1
300 350 400 450 500 550 600 650 700
Wavelength (nm)

Figure 3. UV—vis spectra of C1 in MeOH after addition of 1 to S
equiv of MeNHNH,.

complex, as a result of the reduction to Co(II) (Figure

3).
In the presence of 1 equiv of methylhydrazine, the cyclic
voltammogram of C1 (red line, Figure 2) shows a nearly

reversible Co(III)/Co(II) redox response, which is shifted to
more positive values compared to C1 (black line, Figure 2)

(—0.697 V, AE = 0.118 V vs Fc/Fc*). Such a fact suggests that
methylhydrazine coordinates to the metal center, and an
equilibrium formation of the methylhydrazine adduct is
established.”’ The formation of this adduct is supported by
HRMS measurements of the 1:1 mixture of Cl1 with
MeNHNH, in MeOH and the appearance of a mass peak at
m/z 642.9616, which can be assigned to the methylhydrazine
coordinated monocationic adduct [C1(CN,Hg)+H*]* (Figure
S2). The formation of such a methylhydrazine-coordinated
cobalt intermediate species may provide a way for methylhy-
drazine activation, possibly by weakening a N—H bond,
enabling H, evolution, and leading to the formation of a metal
hydride intermediate.” Despite the fact that, over the course of
our investigations, we observed the formation of H, by thermal
conductivity detector gas chromatography (TCD-GC) mon-
itoring of the reaction mixtures,°® we were not able to detect
any Co-hydride intermediate, e.g., by on-line monitoring the
"H NMR experiments described below (apparently due to its
low stability in the reaction medium).”” However, the
formation of such intermediate species might not be excluded,
as described by others in analogous reductive transformations
mediated by hydrazine and transition metal complexes.”®

Further addition of S equiv of methylhydrazine in a solution
of C1 resulted in the appearance of a new mass peak at m/z
507.003S, which can be assigned to a new monocationic cobalt
species formed by the removal of a tfmp2§ ligand from C1 and
the coordination of a CH;NHNH, and a CH,=NNH, (or
CH,;N=NH, diazene), i.e., [(C1-tfmp2S)(CN,H,)(CN,H,)]*
(Figure S3). The existence of such kind of intermediate species
might be responsible for the redox response of C1 with 5 equiv
of MeNHNH,, which shows a slightly different profile
compared to the other two voltammograms, and the
Co(IlI)/Co(Il) redox potential is positively shifted with
respect to C1 (blue line, Figure 2). An analogous metal-
diezene species has been previously reported in the literature
for other transition metal complexes.24 Besides, the formation
of CH,=NNH, has also been detected by 'H NMR
spectroscopy measurements, when 0.02 mmol of methylhy-
drazine was added into a 0.5 mL CD;OD solution containing
0.02 mmol of C1; the mixture was stirred for 1 h and then
monitored directly by 'H NMR (Figure S4), therefore,
providing another piece of evidence for the proposed
pathway.”

Overall, these findings suggest that the formation of a
methylhydrazine-coordinated cobalt intermediate species is a
crucial step for the catalytic reaction, as it imposes a
coordination-induced activation pathway”® that provides a
subsequent electron transfer (ET) between C1 and methylhy-
drazine, leading to a Co(II) species ([Co]), which takes an
active role in the catalytic reaction. Further studies underway
in our research groups are focused on a deeper understanding
of the mechanism of the catalytic reaction, both by
experimental and computational methods, as well as on the
study of the effect of metal coordination environment on the
catalytic efliciency.

(i) The generally accepted reduction scheme of aromatic
nitro compounds includes two different pathways:*’ a
direct route where the final amine is formed through the
formation of the corresponding hydroxylamine and
nitroso intermediates and a second condensation
route, where the corresponding dimers azoxy-, azo-,
and hydrazo-compounds that are initially formed

https://dx.doi.org/10.1021/acs.joc.0c02814
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Figure 4. Reaction profiles for the reduction of nitroarenes Sa (A) and 12a (B) catalyzed by C1 in the presence of methylhydrazine.

decompose into the final amine. Thus, we initially aimed
to determine the reduction pathway occurring herein, by
attempting the reduction of the corresponding dimers
azoxyarene lc, 1,2-diphenylhydrazine 4f, or hydrazo-
benzene 4d under the present conditions. However, no
conversion into the corresponding amines 1b and 4b
was observed, a result that supports a direct route
followed by the present reduction process (Figure SS).

Furthermore, experiments were performed in deuterated
methanol (CD;OD) in order to have a direct reaction
monitoring by "H NMR. For rich-substituted nitroarene 5a
(4-MeO), the intermediate N-arylhydroxylamine (N-AHA) Se
and the product 4-aminoanisol Sb were observed in almost
equal amounts within 1 h (26% and 30%, respectively);
however, a significant amount of the starting Sa (44%) was also
presented (Figure S6). On the other hand, in the reduction of
the nitroarene 12a bearing an electron-withdrawing group (4-
MeOOC), the corresponding N-AHA 12e was observed in
80% vyield, accompanied by the desired arylamine 12b in 20%
yield (Figure S7). Based on these results, it can be proposed
that, during the present reduction process, the corresponding
N-AHA was observed as the only observed intermediate; the
result further supports a direct mechanistic route.

(iii) To support the above-mentioned reduction scheme and
get a better understanding of the reaction kinetics, a
formal reaction profile analysis of the electron-rich (4-
MeO, 5a) and electron-poor (4-Cl, 9a, 4-CN, 14a, and
4-MeOOC, 12a) substituted nitroarenes was performed
(Figure S8). At appropriate times, a 100 uL aliquot of
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the reaction mixture was taken, and the relative yields of

the compounds were determined by 'H NMR. The

reduction kinetics of niroarenes were found to be heavily
affected by the nature of the substituent group (Figure

4). Thus, electron-poor substituted nitroarenes 9a, 12a,

and 14a were consumed within a shorter reaction time

than the electron-rich substituted nitroarene Sa (Figure

S8). In Figure 4, the reaction profiles for the reduction

of nitroarenes Sa (A) and 12a (B) were presented. In

addition to this result, a formal kinetic analysis was also
performed (Figure S9). Assuming a pseudo-first-order
dependence of the reaction rate on the nitroarene
concentration at a short reaction time (<1 h), eq 1 can
be applied:
In(x) = —kt (1)
where k is the rate constant, and « is the consumption of the
para-substituted nitroarene at reaction time t.

According to this equation, a plot of —In(x) versus time
should provide a linear curve with a slope equal to the rate
constant kx (Figure S9). Based on these measurements, the
reduction rates of 12a (4-MeOOC) and 14a (4-CN) were
found to be approximately nine and six times faster,
respectively, than the corresponding reduction of the 5a (4-
MeO), kCOOMe/kMeO = 9.1 and kCN/kMeO = 6.1 (Figure
S9). This result indicates the occurrence of a hydride transfer
or a negative charge in the transition state of the nitroarene
reduction, which is better stabilized by electron-withdrawing
substituents. Similar kinetic results were reported in previous

https://dx.doi.org/10.1021/acs.joc.0c02814
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literature works on the nltroarene reduction using the Au/
TiO,-hydrazine catalytic system.'®

(iv) Besides the N-AHA, which were observed as the only
intermediates by '"H NMR spectroscopy, the formation
of the nitrosoarene intermediates cannot be excluded.
For example, when nitrosobenzene 4g reacted with a 5
mol excess of methylhydrazine at the present conditions,
within 15 min and in the absence of the catalyst, the
corresponding amine 4b was formed in a high yield
(70%), accompanied by the corresponding N-phenyl-
hydroxylamine 4e in a smaller amount (30%) (Table 3,

Table 3. Reactions of Nitrosobenzene in the Presence of
Methylhydrazine in Methanol

no catalyst
@/NO MoNHNI, ©/NHOH ©/NH2 /@
MeOH, 15 min ©/
49
(0.2 mmol)
entry conditions (°C)* MeNHNH, (equiv) 4e (%) 4b (%) 4c (%)
1 70 S 30 70
2 28 S 53 47
3 28 3 54 42 4
4 28 2 S1 38 11

“The reactions were performed in 1 mL of MeOH and the relative
product yields were determined by 'H NMR.

entry 1). Of note is that the same noncatalytic reaction
proceeds even at a lower temperature, 28 °C, with §
equiv of methylhydrazine in MeOH, yielding to a
mixture of the N-arylhydroxylamine 4e and the amine
4b in almost equal amounts (Table 3, entry 2), as
determined by '"H NMR. In addition, when a lower
amount of methylhydrazine was used (3 or 2 mol
excess), N-AHA and the amine 4b were also formed as
major products, but also small amounts of azoxybenzene
4c were observed (Table 3, entries 3 and 4). Therefore,

nitrosoarene cannot be excluded as an intermediate in
the present catalytic reduction,” since it can be fast and
directly transformed into the desired aniline through a
noncatalytic pathway in the presence of methylhydrazi-
ne.

On the basis of the above experimental results, we propose a
plausible reduction mechanism that includes two pathways
following the direct route shown in Scheme 4. Initially, an ET
between methylhydrazine and Cl1 is taking place, leading to the
formation of a reduced Cobalt species [Co], which is
responsible for the catalytic reduction pathway. Subsequently,
methylhydrazine is transformed into the formyl hydrazone or
diazine species. A direct route is proposed, in which the final
amine is formed through the formation of the corresponding
N-AHA, as the only observed intermediate (Pathway I, Scheme
4). The electron poor-substituted nitroarenes are consumed
faster than the corresponding rich-substituted nitroarenes,
based on kinetic reaction profile experiments. Nitrosobenzene,
although not observed under the present reduction processes,
is directly reduced into the corresponding aniline in the
presence of methylhydrazine via a noncatalytic pathway
(Pathway 1I, Scheme 4). Finally, the observed intermediate
N-AHA is further reduced to the desired arylamine after its
insertion in the catalytic cycle.

B CONCLUSIONS

In conclusion, herein we report the synthesis of a homoleptic
tris(N-heterocyclic thioamidate) Co(II) complex [Co(xS,N-
tfmp2S),] and the utilization of such type of compound, for
the first time, as a catalyst for the reduction of nitroarenes into
the arylamines in the presence of methylhydrazine. The ability
of [Co(xS,N-tfmp2S);] to catalyze the reaction very efficiently
and in a chemoselective manner, under mild and clean reaction
conditions, reveals its potential as a simple, robust, and
effective catalyst for the particular reaction. A cooperative
pathway between the Co(III) complex and methylhydrazine is
proposed, based on preliminary experimental data, which
support a coordination activation pathway that leads to the

Scheme 4. Proposed Mechanism for the Reduction of Nitroarenes into Arylamines Catalyzed by [Co(kS,N-tfmp2S);]/

Methylhydrazine System
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formation of a reduced cobalt species ([Co]) that performs the
catalytic reaction. The corresponding N-AHA were found to be
the sole intermediates. Nevertheless, the corresponding
nitrosoarenes could also be formed, which, however, in the
presence of methylhydrazine, are rapidly transformed into the
arylamines through a noncatalytic path. On the basis of the
high chemoselectivity of the reaction, as well as the fast and
clean reaction processes, the catalytic system [Co(xS,N-
tfmp2S);]/MeNHNH, presented herein can be used for
various hydrogenation reactions, including the fine synthesis of
amines.

B EXPERIMENTAL SECTION

General Procedures and Chemical Reagents. Solvents and
nitroarenes were used without further purification, although the
appropriate solvents used for complex C1 synthesis were purified
according to established methods and allowed to stand over molecular
sieves for 24 h. 4-(Trifluoromethyl)-pyrimidine-2-thiol (tfmp2SH),
diethylamine (Et,NH), hydrazines, hydrosilanes, nitroarenes, nitro-
sobenzene, as well as CoCl,-6H,0, [Co(acac);], [Co(acac),],
Co(NO;),-6H,0 and Co(OAc),4H,0 were obtained from commer-
cial sources and used without any further purification.

Instrumentation. Elemental analyses were obtained on a
PerkinElmer 240B elemental microanalyzer. Infrared spectra were
recorded on a Nicolet FT-IR 6700 spectrophotometer in the region of
4000—400 cm™" as KBr pellets. UV—vis electronic absorption spectra
were obtained on a Hitachi U-2001 spectrophotometer. Cyclic
voltammetry measurements were carried out on an Autolab
electrochemical analyzer, using a platinum working electrode, a
platinum counter electrode, and an Ag/AgCl electrode saturated with
a KCl reference electrode in 10 mL of MeOH solutions with TBABF,
as a supporting electrolyte, with a scan rate of 100 mV s™'. Product
analysis was conducted by 'H NMR and *C{H} NMR spectroscopy
(Agilent AM 500 and Agilent AM 600, Agilent Technologies, Santa
Clara, CA, USA). Identification of the products was realized by
comparing the NMR spectra with those of the commercially available
pure substances. An LC—MS 2010 EV instrument (Shimadzu, Tokyo,
Japan) under electrospray ionization (ESI) conditions was used for
the determination of the mass spectra. The microwave (MW)
experiments were performed in a scientific focused MW reactor,
Biotage Initiator 2.0, United Kingdom, and online monitoring of the
reaction mixture temperature, pressure, and irradiation power was
based on the reactor’s readings. All of the reagents and solvents were
purchased from Sigma-Aldrich, Fluorochem, and Acros and used
without further purification. Thin-layer chromatography was
performed on Millipore precoated silica gel plates (0.20 mm thick,
particle size = 25 um). Chemical shifts for '"H NMR were reported as
& values, and coupling constants were measured in hertz (Hz). The
following abbreviations were used for spin multiplicity: s = singlet, br
s = broad singlet, d = doublet, t = triplet, q = quartet, quin = quintet,
dd = double of doublets, ddd = double doublet of doublets, and m =
multiplet. Infusion experiments were carried out on an Agilent Q-
TOF mass spectrometer, G6540B model with Dual AJS ESI-MS. All
of the compounds (dissolved in LC-MS grade, methanol) were
introduced into the ESI source of the MS with a single injection of 15
puL of the sample and with a flow rate of 300 xL/min of 100%
methanol as a solvent in the binary pump. The experiments were run
using a Dual AJS ESI source, operating in a positive ionization mode.
Source operating conditions were as follows: 330 °C = gas temp, 8 L/
min = gas flow, sheath gas temp = 250 °C, sheath gas flow = 10 L/
min, and 150 V = fragmentor. Data-dependent MS/MS analysis was
performed in parallel with the MS analysis in a centroid mode, using
different collision energies (10, 20, 30, and 40 V). All accurate mass
measurements of the [M + H] ions or the corresponding major ions,
in some cases, were carried out by scanning from 100 to 1500 m/z.
The Q-TOF was calibrated 1 h prior to the infusion experiments by
using a calibration mixture.
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Single-Crystal X-ray Structure Determinations. Single-crystal,
X-ray diffraction data were collected on a Bruker Apex II CCD area-
detector diffractometer, equipped with a Mo Ka (4 = 0.71073 A)
sealed tube source, at 295 K, using the ¢ and w scans technique. The
program Apex2 (Bruker AXS, 2006) was used in data collection, cell
refinement, and data reduction.” Structures were solved and refined
with full-matrix least-squares using the program Crystals.’® Aniso-
tropic displacement parameters were applied to all non-hydrogen
atoms (except for disordered atoms), while hydrogen atoms were
generated geometrically and refined using a riding model. Plots of the
molecular structures of all compounds were obtained by using the
program Mercury.31

Synthesis of [Co(k-S,N-tfmp2S);] (C1). CoCl,-6H,0 (0.119 g,
0.5 mmol) was dissolved in 15 mL of MeOH. To a 15 mL solution of
tfmp2SH (1.5 mmol) in MeOH was added Et,NH (1.5 mmol)
dropwise. The solution of the heterocyclic thioamide was stirred at
room temperature for 30 min, and then, it was transferred to the
cobalt-containing solution. The reaction mixture was stirred at 60 °C
for 3 h, in air. After filtration, the dark brown filtrate was set aside to
evaporate slowly at room temperature, leading, over a period of a few
days, to the deposition of a dark brown solid. Recrystallization from
CH,Cl,/hexane resulted in the formation of single crystals of C1-
0.16CH,Cl,. Yield: 0.417 g, 70%. Anal. Calcd for C;sH4CoFgNS;-
0.16CH,CL: C, 29.84; H, 1.05; N, 13.77. Found: C, 30.07; H, 1.26;
N, 13.53. FTIR (KBr, cm™!): 3415(mbr), 1637(w), 1617(w),
1572(s), 1555(s), 1421(m), 1364(s), 1328(s), 1194(sbr), 1150(sbr),
1112(s), 1018(w), 1010(w), 834(m), 831(m), 736(m), 688(m),
618(wbr), 525(w), 485(w). UV—vis (CH,CL,), A,,./nm (¢/M™!
cm™): 269 (40313), 642 (163). 'H NMR (600 MHz, CDCL,):
8.64 (s, 1H), 8.60 (s, 1H), 7.74 (s, 1H), 7.22 (s, 1H), 7.09 (s, 1H),
6.98 (s, IH). BC{H} NMR (151 MHz, CDCl,): 187.3, 185.6, 185.0,
161.0, 159.9, 158.0 (q, Jc—r = 36.4 Hz), 157.8, 157.5 (q, ¥Jc_p = 364
Hz), 157.1 (q, }Jc_r = 36.5 Hz), 119.09 (q, YJc_r = 276.9 Hz), 119.06
(g Yeor = 276.9 Hz), 119.0 (q, YJe_g = 277.1 Hz), 111.0 (q, *Jc_p =
2.1 Hz), 110.7 (q, ¥Jc_r = 2.2 Hz), 109.9 (q, ¥Jc_r = 2.1 Hz).

General Catalytic Reduction. To a sealed tube containing the
nitro compound (0.2 mmol) and 1 mL of methanol were added 1 or
1.2 mmol of MeNHNH, and the cobalt(IIl) catalyst C1 (5% mol).
The reaction was heated at 70 °C with the use of an oil bath for an
appropriate time. The reaction was monitored by TLC, and after
completion, the slurry was filtered under reduced pressure through a
short pad of silica gel to withhold the catalyst with the aid of ethyl
acetate that was also used as a washing solvent for the filter cake. The
filtrates and washings were pooled and then evaporated under a
vacuum to afford the corresponding amines in pure form. In the case
of further purification with column chromatography using silica gel, a
gradient mixture of hexane—EtOAc was used as described in detail in
each product below. The spectroscopic data (‘H NMR, “*C{H}
NMR) of amines (1b—19b) are in agreement with those previously
reported.

Lab-Scale Catalytic Reduction. To a 15 mL sealed tube
containing the nitro compound 4a (1 mmol) and 7 mL methanol
were added 6 mmol of MeNHNH, and the cobalt(III) catalyst C1
(5% mol). The reaction was heated to 70 °C with the use of an
aluminum heating block for an appropriate time and was monitored
by TLC; after completion (8 h), the slurry was filtered under reduced
pressure through a short pad of silica gel to withhold the catalyst with
the aid of ethyl acetate (~15 mL) for separating the catalyst from the
reaction mixture. After solvent evaporation under a vacuum, the
residue was purified with column chromatography using a gradient
mixture of hexane—EtOAc (10:1 to 1:5), and the corresponding
amine 4b was isolated in 79% yield (73 mg).

Catalytic Reduction under MW Conditions. To an appropriate
MW sealed tube containing the nitro compound 4a (0.5 mmol) and 4
mL methanol were added 3 mmol of MeNHNH, and the cobalt(III)
catalyst C1 (5% mol). The reaction mixture was irradiated, and
according to the MW reactor readings (infrared-sensor), 100 °C and
2 bar were reached within the first minute. The irradiation continued
at SOW, maintaining the reaction temperature at 100 °C and pressure
2 bar for a total time of 30 min. After that, the slurry was filtered
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under reduced pressure through a short pad of silica gel to withhold
the catalyst with the aid of ethyl acetate (~15 mL) for separating the
catalyst from the reaction mixture. After solvent evaporation under a
vacuum, the residue was purified with column chromatography using
a gradient mixture of hexane—EtOAc (10:1 to 1:5), and the
corresponding amine 4b was isolated in 85% yield (39 mg).

Characterization and Spectroscopic Data of Compounds
1b—19b. '

p-Toluidine (1b). The compound was isolated using a gradient
mixture of hexane—EtOAc (10:1 to 1:4) as a brown solid. Mp: 41—43
°C (20 mg, 92% yield). '"H NMR (500 MHz, CDCly): 6.97 (d,] = 7.6
Hz, 2H), 6.62 (d, ] = 7.6 Hz, 2H), 3.56 (br s, 2H), 2.25 (s, 3H).
BC{H} NMR (125 MHz, CDCl,): 143.9, 129.9, 127.9, 115.4, 20.6.

m-Toluidine (2b). The compound was isolated using a gradient
mixture of hexane—EtOAc (10:1 to 1:4) as a light yellow liquid: 19
mg, 91% yield. '"H NMR (500 MHz, CDCL,): 7.10 (t, ] = 7.6 Hz, 1H),
6.65 (d, ] = 7.5 Hz, 1H), 6.58—6.52 (m, 2H), 3.54 (s, 2H), 2.32 (s,
3H). ®C{H} NMR (125 MHz, CDCl,): 146.3, 139.1, 129.2, 119.5,
116.0, 112.3, 21.5.°

3,5-Dimethylaniline (3b). The compound was isolated using a
gradient mixture of hexane—EtOAc (15:1 to 1:4) as a light-yellow
liquid (22 mg, 91% yield). '"H NMR (500 MHz, CDCL): 6.43 (s,
1H), 6.34 (s, 2H), 3.48 (br s, 2H), 2.23 (s, 6H). *C{H} NMR (125
MHz, CDCL,): 146.5, 139.1, 120.6, 113.2, 21.4.*

Aniline (4b). The compound was isolated using a gradient mixture
of hexane—EtOAc (10:1 to 1:5) as a light-yellow liquid (16 mg, 88%
yield). '"H NMR (500 MHz, CDCl,) 7.16 (t, J = 7.8 Hz, 2H), 6.77 (t,
J=7.3 Hz, 1H), 6.70 (d, J = 7.8 Hz, 2H). *C{H} NMR (125 MHz,
CDCl,) 129.3, 126.7, 118.7, 115.2."%*

p-Anisidine (5b). The compound was isolated using a gradient
mixture of hexane—EtOAc (10:1 to 1:7) as a brown solid. Mp: §7—59
°C (22 mg, 91% yield). "H NMR (500 MHz, CDCly): 6.75 (d, ] = 8.7
Hz, 2H), 6.65 (d, ] = 8.7 Hz, 2H), 3.74 (s, 3H), 3.41 (br s, 2H).
BC{H} NMR (125 MHz, CDCL,): 153.0, 139.9, 116.6, 114.9, 55.9.">*

m-Anisidine (6b). The compound was isolated using a gradient
mixture of hexane—EtOAc (10:1 to 1:5) as a light-yellow liquid (22
mg, 90% yield). '"H NMR (500 MHz, CDCL,): 7.06 (t, ] = 8.0 Hz,
1H), 6.33 (d, ] = 8.0 Hz, 1H), 6.30 (d, ] = 7.7 Hz, 1H), 6.25 (s, 1H),
3.76 (s, 3H), 3.68 (br s, 2H). *C{H} NMR (125 MHz, CDCl,):
160.9, 147.9, 130.2, 108.0, 104.1, 101.2, 55.2.">*

4-(Benzyloxy)aniline (7b). The compound was isolated using a
gradient mixture of hexane—EtOAc (15:1 to 1:5) as a white solid:
Mp: 55—57 °C (35 mg, 89% yield). '"H NMR (500 MHz, CDCL):
7.53=7.32 (m, 4H), 7.34 (s, 1H), 6.84 (d, ] = 8.6 Hz, 2H), 6.65 (d,
= 8.6 Hz, 2H), 5.00 (s, 2H), 3.50 (br s, 2H). *C{H} NMR (125
MHZ{SCDC13): 152.1, 1402, 137.6, 128.6, 127.9, 127.6, 116.5, 116.1,
70.8.7>¢

p-Phenylenediamine (8b). The compound was isolated using a
gradient mixture of hexane—EtOAc (10:1) as a yellow-brown liquid
(20 mg, 92% yield). "H NMR (500 MHz, CDCL,): 6.56 (s, 4H), 3.25
(s, 4H). ®C{H} NMR (125 MHz, CDCl,): 138.7, 116.8."**

p-Chloroaniline (9b). The compound was isolated using a gradient
mixture of hexane—EtOAc (10:1 to 1:5) as a light-yellow solid. Mp:
69—72 °C (23 mg, 91% yield). '"H NMR (500 MHz, CDCl,): 7.09 (d,
J =8.1Hz, 2H), 6.60 (d, ] = 8.1 Hz, 2H), 3.68 (s, 2H). >*C{H} NMR
(125 MHz, CDCly): 145.1, 1292, 123.3, 116.4."

3-Amino-4-chloroanisole (10b). The compound was isolated
using a gradient mixture of hexane—EtOAc (10:1 to 1:7) as a
brown liquid—solid (28 mg, 90% yield). 'H NMR (500 MHe,
CDCl,): 7.11 (d, ] = 8.6 Hz, 1H), 6.31 (s, 1H), 6.27 (d, J = 8.6 Hz,
1H), 4.01 (s, 2H), 3.73 (br s, 2H). C{H} NMR (125 MHz,
CDCL,): 159.5, 143.8, 129.9, 111.5, 105.0, 101.5, 55.5.'%

p-Bromoanisole (11b). The compound was isolated using a
gradient mixture of hexane—EtOAc (10:1 to 1:5) as a brown liquid
(30 mg, 88% yield). "H NMR (500 MHz, CDCLy): 7.23 (d, ] = 7.9
Hz, 2H), 6.56 (d, ] = 7.9 Hz, 2H), 3.63 (br s, 2H). BC{H} NMR
(125 MHz, CDCl,): 145.6, 132.1, 116.8, 110.3."*

Methyl 4-Aminobenzoate (12b). The compound was isolated
using a gradient mixture of hexane—EtOAc (10:1 to 1:7) as a light-
yellow solid. Mp: 110—112 °C (24 mg, 80% yield). '"H NMR (500
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MHz, CDCly): 7.85 (d, J = 8.5 Hz, 2H), 6.63 (d, ] = 8.5 Hz, 2H),
4.07 (s, 2H), 3.85 (s, 3H). “C{H} NMR (125 MHz, CDCL,): 167.3,
150.9, 131.7, 119.9, 113.9, 51.7.">*

1-(4-Aminophenyl)ethenone (13b). The compound was isolated
using a gradient mixture of hexane—EtOAc (10:1 to 1:8) as a yellow
solid. Mp: 106—108 °C (28 mg, 89% yield). 'H NMR (500 MHz,
CDCl,): 7.81 (d, ] = 8.2 Hz, 2H), 6.66 (d, ] = 8.2 Hz, 2H), 4.31 (brs,
2H), 2.50 (s, 3H); *C{H} NMR (125 MHz, CDCl;): 196.6, 151.0,
130.9, 128.2, 114.0, 26.2."*

p-Aminobenzonitrile (14b). The compound was isolated using a
gradient mixture of hexane—EtOAc (10:1) as a dark-yellow solid. Mp:
84—86 °C (20 mg, 85% yield). "H NMR (500 MHz, CDCL;): 7.39 (d,
J = 8.5 Hz, 2H), 6.63 (d, ] = 8.5 Hz, 2H), 4.20 (br s, 2H). *C{H}
NMR (125 MHz, CDCl,): 153.0, 133.5, 121.0, 113.0, 95.5."'

m-Aminobenzonitrile (15b). The compound was isolated using a
gradient mixture of hexane—EtOAc (10:1) as a brown solid. Mp: 51—
53 °C (23 mg, 89% yield). "H NMR (500 MHz, CDClLy): 7.21 (t, ] =
7.9 Hz, 1H), 7.00 (d, ] = 7.4 Hz, 1H), 6.89 (s, 1H), 6.86 (d, ] = 7.9
Hz, 1H), 3.88 (br s, 2H). *C{H} NMR (125 MHz, CDCly): 147.1,
130.2, 122.1, 119.3(2C), 117.5, 113.0."**

(3-Aminophenyl)sulfonamide (16b). The compound was isolated
using a gradient mixture of hexane—EtOAc (S:1) as a yellow solid (31
mg, 91% yield). '"H NMR (500 MHz, CD;0D): 7.24 (d, ] = 7.8 Hz,
1H), 7.22, (s, 1H), 7.18 (d, ] = 7.5 Hz, 1H), 6.89 (d, ] = 7.8 Hz, 1H).
BC{H} NMR (125 MHz, CD,0D): 149.8, 145.2, 130.6, 119.3, 115.5,
112.7.%

6-Aminoisobenzofuran-1(3H)-one (17b). The compound was
isolated using a gradient mixture of hexane—EtOAc (5:1) as a yellow
solid. Mp: 178—180 °C (26 mg, 89% yield). '"H NMR (500 MHz,
CD,0D): 7.29 (d, ] = 7.6 Hz, 1H), 7.11- 7.04 (m, 2H), 5.23 (s, 2H).
BC{H} NMR (125 MHz, CD;0D): 174.3, 150.7, 137.3, 127.3, 123.8,
1232, 109.7, 71.3.1%¢

1H-Benzo[dJimidazol-5-amine (18b). The compound was isolated
using a gradient mixture of hexane—EtOAc (S:1) as a brown solid.
Mp: 107—-110 °C (24 mg, 86% yield). 'H NMR (500 MHz,
CD,0D): 7.99 (s, 1H), 7.36 (d, J = 8.6 Hz, 1H), 6.92 (s, 1H), 6.77
(d, J = 8.6 Hz, 1H). BC{H} NMR (125 MHz, CD,0D): 144.9,
140.9, 139.7, 117.2, 114.8(2C), 100.4.**

1H-Indazol-6-amine (19b). The compound was isolated using a
gradient mixture of hexane—EtOAc (5:1) as a yellow liquid (23 mg,
85% yield). "H NMR (500 MHz, CD,0D): 7.78 (s, 1H), 7.45 (d, ] =
8.6 Hz, 1H), 6.69 (d, ] = 1.8 Hz, 1H), 6.63 (dd, ] = 8.6, 1.8 Hz, 1H).
BC{H} NMR (125 MHz, CD;0D): 147.3, 142.1, 133.2, 120.7, 116.5,
1132, 91.9.%°
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