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1 | INTRODUCTION

Ankit Kumar Srivastava |

G. Narendra Babu |

Samudranil Pal

Synthesis, characterization, and physical properties of benzyl-N'-(4-R-ben-
zoyl)-N-(2,6-diisopropylphenyl)carbamimidothioates, HL' (R = H) and HL®
(R = Cl), and their nickel(IT) complexes having the general molecular formula
[Ni(L?),] (1 and 2) have been reported. Elemental analysis, magnetic suscep-
tibility, solution electrical conductivity, and various spectroscopic (IR, UV-Vis,
and "H NMR) measurements were used to characterize HL', HL?, and the two
complexes (1 and 2). The molecular structures of all four compounds were
determined by single-crystal X-ray crystallographic studies. The structures of
HL' and HL? showed the imino-ketone form of both compounds. In each of
1 and 2,

azomethine-N donor two (L

the six-membered chelate ring forming iminolate-O and
12y ligands form a square-planar trans-N,O, coor-
dination environment around the metal center. The spectroscopic characteris-
tics of HL', HL?, 1, and 2 are consistent with their molecular structures. Both
complexes were successfully employed as efficient catalysts in Kumada-Corriu
C—C cross-coupling reactions of aryl bromides with phenylmagnesium bro-
mide. The reactions provided biaryl products in good to excellent yields with a

good substrate scope.
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particular attention.'”! Generally, complexes of palla-

dium, the 4d-block transition metal in Group 10, are

Transition metal catalyzed cross-coupling reaction lead-
ing to the formation of C—C bond is a powerful and
widely used tool for the synthesis of natural products and
a variety of complex and structurally intricate organic
compounds with potential for use as agrochemicals,
pharmaceuticals, and functional materials."?! The biaryl
frameworks are widespread and play important roles in
deciding the properties and activities of these types of
compounds. Hence, in recent years, the syntheses of
biaryls via C—C cross-coupling reactions have attracted

found to be the most efficient catalysts for the various
cross-coupling reactions. However, due to the high cost
of palladium, there is a continuous quest for less expen-
sive and environment friendly alternative to these palla-
dium catalysts. As a result, complexes of nickel, the
lightest and inexpensive member of Group 10, have
attracted immense attention as catalysts for cross-
coupling reaction.*®! The first nickel catalyzed C—C
cross-coupling reaction using alkyl or aryl halides, and
Grignard reagents were reported independently by
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Tamao et al.®! and Corriu and Masse!* in 1972. Since
then, a large number of nickel complexes with a variety
of ligands such as Schiff bases, monophosphines/
diphosphines/triphosphines, diamines, f-diketonates, N-
heterocyclic carbenes, and various pincer ligands have
been employed for this cross-coupling reaction.>®
Thiourea, isothiourea, and thiopseudourea derivatives
are of considerable interest for their complexation
behaviors and applications as catalysts as well as for their
biological and biochemical properties leading to various
therapeutic and diagnostic applications.””®! In this work,
we have examined the coordination behavior of two
thiopseudoureas benzyl-N'-(4-R-benzoyl)-N-(2,-
6-diisopropylphenyl)carbamimidothioates (HL", where
n=1 and 2 for R=H and Cl, respectively) toward
nickel(IT) (Scheme 1) and the catalytic activities of the
resulting complexes in Kumada-Corriu cross-coupling
reaction. The deprotonated thiopseudourea system (L")~
can act as a bidentate six-membered chelate ring forming
ligand in two ways: via iminolate-O and thioether-S coor-
dination or via iminolate-O and azomethine-N coordina-
tion. Considering the moderately soft character of
nickel(I) and the sterically crowded environment of the
azomethine-N, it was anticipated that (L")” may prefer
the O,S-coordination mode rather than the O,N-
coordination mode. In a somewhat similar situation, it
has been found that N,N-dialkyl/diaryl-N'-(aroyl)
thioureates (L)~ provide square-planar nickel(IT) com-
plexes [NiL,], where (L)~ coordinates the metal center
through the O-atom and the less crowded S-atom instead
of the N-atom containing two alkyl groups.” It may be
noted that like the present ligand system, each of these
thioureates (L)~ also forms six-membered chelate ring at
the metal center in either O,S- or O,N-coordination
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SCHEME 1 Syntheses of HLY? and [Ni(L'?),] (1 and 2):
(i) PhCH,Br and NaH in tetrahydrofuran at 0°C for 3 h.
(ii) Ni(OAc),-4H,0 in MeOH-CHCl; (1:1) at 50°C for 24 h

mode. Interestingly, the present thiopseudourea ligand
system (L")~ behaves in the opposite way and acts as
O,N-donor in the two complexes having the general for-
mula [Ni(L"),] (1 and 2 where n = 1 and 2, respectively)
(Scheme 1). Herein, we report the syntheses, characteri-
zation, and X-ray structures of HL'? and their complexes
[Ni(L?),] (1 and 2). Application of both complexes as
effective catalysts in Kumada-Corriu C—C cross-coupling
reactions of aryl bromides with phenylmagnesium bro-
mide has been demonstrated.

2 | EXPERIMENTAL

2.1 | Materials

Aryl halides and phenylmagnesium bromide for the
cross-coupling reactions were procured from Sigma-
Aldrich and were used as received. The N-(4-R-benzoyl)-
N'-(2,6-diisopropylphenyl)thioureas (R = H and Cl) were
prepared in about 90% yields from 4-R-benzoyl chlorides
(R =H and CI), NH,SCN, and 2 6 -diisopropylaniline by
following a reported procedure. All other chemicals
used in this work were of reagent grade available com-
mercially and were used without further purification. All
solvents used were purified by standard methods. !

2.2 | Physical measurements

Elemental (CHN) analyses were performed on a Thermo
Finnigan Flash EA1112 series elemental analyzer. A
Sherwood scientific balance was used for the magnetic
susceptibility measurements. A Digisun DI-909 conduc-
tivity meter was used to measure the electrical conductiv-
ities in solution. The infrared spectra were recorded with
a Bruker TENSOR II FT-IR spectrophotometer. A
Shimadzu UV-3600 UV-Vis-NIR spectrophotometer was
used to collect the electronic spectra. The '"H NMR spec-
tra were recorded using a Bruker NMR spectrometer.

2.3 | Synthetic procedures

23.1 | Benzyl-N'-(4-R-benzoyl)-N-
(2,6-diisopropylphenyl)
carbamimidothioates (HL")

Benzyl bromide (0.36 ml, 518 mg, 3 mmol) was added
dropwise to a solution of N-(4-R-benzoyl)-N'-(2,-
6-diisopropylphenyl)thiourea (R =H or Cl) (3 mmol)
and NaH (60% in mineral oil, 200 mg, 5 mmol) in tetra-
hydrofuran (50 ml) and stirred at 0°C for 3 h. The
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reaction mixture was then neutralized with aqueous
NH,CI], and the organic layer was extracted with ethyl
acetate (2 x 50 ml), dried over MgSO,, filtered, and
finally, the filtrate was evaporated to dryness in vacuum
to obtain the crude product. It was then purified by col-
umn chromatography on silica gel using ethyl acetate-n-
hexane mixture (1:9) as the eluent. The solution obtained
was evaporated to dryness and the product was isolated
as white solid.

HL': Yield 1.1 g (85%). Anal. Calcd for C,;H3N,OS
(430.59) (%): C, 75.31. H, 7.02. N, 6.51. Found (%): C,
75.26. H, 7.12. N, 6.63. Selected IR bands (cm™): 3165
(NH), 1653 (C=0), 1598 (C=N). 'H NMR (CDClL.
500 MHz, § [J], ppm [Hz]): 12.45 (s, 1H, NH), 8.38 (8) (d,
2H, H>®), 7.55 (8) (t, 1H, H?), 7.48 (8) (dd — t, 2H, H*%),
7.39-7.35 and 7.29-7.23 (both m, 3H, 3H, H''"'>'), 7.21
(8) (d, 2H, H'®?), 4.55 (s, 2H, H**?), 3.14 (7) (sep, 2H,
H?**?%), 1.25 (7) (d, 6H, Me-protons of dipp), 1.18 (7) (d,
6H, Me-protons of dipp).

HL* Yield 1.2 g (86%). Anal. Caled for
C,7HN,CIOS (465.03) (%): C, 69.73. H, 6.29. N, 6.02.
Found (%): C, 69.85. H, 6.35. N, 6.12. Selected IR bands
(cm™): 3199 (NH), 1686 (C=0), 1598 (C=N). 'H NMR
(CDCls. 500 MHz, & [J], ppm [Hz]): 12.40 (s, 1H, NH),
8.29 (9) (d, 2H, H"®), 7.44 (9) (d, 2H, H**), 7.40-7.33
and 7.30-7.24 (both m, 3H, 3H, H'"'>1%), 7.22 (8) (d,
2H, H'®?), 4.52 (s, 2H, H**Y), 3.13 (7) (sep, 2H, H**?),
1.26 (7) (d, 6H, Me-protons of dipp), 1.18 (7) (d, 6H,
Me-protons of dipp).

2.3.2 | [Ni(LY/L?),] (1 and 2)

A methanol solution (30 ml) of Ni(OAc),-4H,0 (249 mg,
1 mmol) was added to a chloroform solution (30 ml) of
HL" (2 mmol), and the mixture was stirred at 50°C for
24 h. The reaction mixture was then evaporated under
reduced pressure, and the solid obtained was washed
with water and then dried in a vacuum desiccator. The
dry solid was dissolved in chloroform (15 ml). To this
chloroform solution methanol (15 ml) was added with
stirring. The light brown solid separated was collected by
filtration and dried in air.

[Ni(L"),] (1): Yield 630 mg (69%). Anal. Calcd for
Cs,HsgN,0,S,Ni (917.87) (%): C, 70.66. H, 6.37. N, 6.10.
Found (%): C, 70.65. H, 6.52. N, 6.15. Selected IR band
(cm™): 1589 (C=N). UV-Vis (CHCl;; Amax (nm) (e
[M~! cm™1))): 600%" (47), 502 (131), 395" (2.7 x 10%),
35550 (1.3 x 10%), 330" (1.9 x 10%), 303 (2.8 x 10%),
253 (2.1 x 10%). "H NMR (CDCls; 500 MHz, 6 [J], ppm
[Hz]): 7.42 (9) (t, 1H, H), 7.28 (8) (t, 1H, H?), 7.23-7.16
(m, 7H, HY>*>111319) 17 04 (9) (dd — t, 2H, H'*'Y), 6.74
(9) (d, 2H, H'™?), 4.35 (s, 2H, H**®), 4.15 (9) (sep, 2H,

Chemistry

H?**?%), 1.42 (9) (d, 6H, Me-protons of dipp), 1.33 (9) (d,
6H, Me-protons of dipp).

[Ni(L?),] (2): Yield 690 mg (70%). Anal. Calcd for
Cs4Hs6N,0,CLS,Ni (986.76) (%): C, 65.73. H, 5.72. N,
5.68. Found (%): C, 65.46. H, 5.85. N, 5.58. Selected IR
band (cm™): 1579 (C=N). UV-Vis (CHCls; Amax (nm) (&
M~ cm™1])): 600" (56), 502 (152), 400°" (2.3 x 10%),
357" (1.2 x10%, 330" (1.8 x 10%, 304 (2.3 x 10%),
252 (1.7 x 10%). 'H NMR (CDCl;; 500 MHz, & [J], ppm
[Hz]): 7.42 (8) (t, 1H, H'), 7.24-7.16 (m, 7H, H->'1719),
6.99 (9) (d, 2H, H*>"), 6.61 (8) (d, 2H, H'®%), 4.30 (s, 2H,
H*®) 4.11 (7) (sep, 2H, H**%), 1.40 (7) (d, 6H, Me-
protons of dipp), 1.33 (7) (d, 6H, Me-protons of dipp).

24 | X-ray crystallography

X-ray quality single crystals of HL' and HL® were
obtained by slow evaporation of their solutions in ethyl
acetate-n-hexane (1:10) mixture, whereas those for [Ni
(L"),] (1) and [Ni(L?),] (2) were grown by slow evapora-
tion of their solutions in chloroform-methanol (1:1) mix-
ture. Unit cell determination and intensity data collection
for each crystal were carried out at room temperature
(298 K) on a Bruker D8 Quest diffractometer fitted with a
Photon 100 CMOS area detector and an Incoatec Micro-
focus Source for graphite monochromated Mo Ko radia-
tion (4 = 0.71073 A). Data acquisition, integration, and
reduction were performed using the APEX3 software
package.™! The SADABS program!*? was employed for
an empirical absorption correction. In the case of HL!,
some residual absorption effect was treated with an addi-
tional correction using the XABS2 program.m] All four
structures were solved by direct method and refined on
F? using full-matrix least-squares procedures. The non-
hydrogen atoms were refined anisotropically. The hydro-
gen atoms were included at idealized positions and
refined as riding atoms with relative isotropic thermal
parameters of their parent atoms. The SHELX-97 pro-
grams'¥ available in the WinGX software suite!’®! were
used for structure solution and refinement. Mercury
package!'® was used to prepare the structural illustra-
tions. Selected crystallographic data for all four structures
are listed in Table 1.

2.5 | General procedure for the
Kumada-Corriu cross-coupling reaction

A mixture of aryl bromide (1.0 mmol), phenylmagnesium
bromide (1.2 mmol), and the nickel complex catalyst
(1 or 2) (0.05 or 0.1 mol%) in tetrahydrofuran (2 ml) was
stirred at room temperature (25°C) under nitrogen
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TABLE 1 Selected crystallographic data for HL', HL?, [Ni(L"),] (1), and [Ni(L?),] (2)

Compound HL' HL? 1 2

Chemical formula C,7H30N,0S C,7H»N,0CIS Cs4HsgN4O,S,Ni Cs4Hs¢N,O,CLS,Ni
Formula weight 430.59 465.03 917.87 986.76
Crystal system Triclinic Triclinic Triclinic Triclinic
Space group P1 P1 P1 P1

a(A) 9.591(2) 10.8061(4) 9.2963(10) 8.4743(6)

b (A) 10.479(2) 11.2035(5) 10.5788(11) 12.5662(9)
c(A) 13.109(3) 12.1252(5) 13.5217(14) 12.8658(9)
a(®) 72.223(7) 73.437(2) 68.971(3) 97.861(2)
Q) 86.174(9) 71.818(1) 80.553(4) 106.032(2)
r (©) 85.211(7) 71.212(2) 80.439(4) 97.242(2)
V(A% 1249.1(5) 1292.25(9) 1216.0(2) 1284.96(16)
zZ 2 2 1 1
p(gcm™) 1.145 1.195 1.253 1.275

u (mm™") 0.149 0.249 0.529 0.606
Reflections collected 17,449 31,846 34,745 45,530
Reflections unique 4228 4526 4259 4463
Reflections I > 26(I) 2289 3848 3451 4215
Parameters 280 293 290 299

R1, wR2 (I > 26(I))
R1, wR2 (all data)
GOF on F>

Apmaw Apmin (e A73)

0.0909, 0.1645
0.1962, 0.2038
1.048

0.403, —0.308

0.0470, 0.1182
0.0557, 0.1243
1.052

0.432, —0.440

0.0549, 0.1465
0.0702, 0.1599
1.078

0.915, —0.860

0.0342, 0.0911
0.0364, 0.0929
1.049

0.401, —0.397

atmosphere for the required time. After that, the solvent
was removed under reduced pressure, and the residue
was purified by column chromatography on silica gel
using n-hexane as the eluent to isolate the cross-coupled
product.

3 | RESULTS AND DISCUSSION
3.1 | Synthesis and some properties

Reactions of equimolar amounts of benzyl bromide and
N-(4-R-benzoyl)-N'-(2,6-diisopropylphenyl)thiourea

(R = H and Cl) in presence of excess (1.7 times) NaH in
tetrahydrofuran provided HL' and HL? in high yields
(~85%) (Scheme 1). The complexes 1 and 2 were synthe-
sized in good yields (~70%) by reacting one mole equiva-
lent of Ni(OAc),-4H,0 with two mole equivalents of HL
and HL? respectively, in MeOH-CHCIl; (1:1) mixture.
The elemental analysis data of all four compounds are in
good agreement with the corresponding molecular for-
mulas. Magnetic susceptibility measurements with pow-
dered samples of both complexes revealed their

diamagnetic character. The complexes are insoluble in
most of the common organic solvents such as methanol,
ethanol, acetonitrile, dimethylsulfoxide, and N,N-
dimethylformamide. However, they readily dissolve in
dichloromethane and chloroform and provide brown
solutions. In solution, they are electrically non-
conducting. The use of bivalent nickel starting material
for synthesis and the diamagnetic and nonelectrolytic
character indicate that both 1 and 2 are square-planar
nickel(IT) complexes.

3.2 | X-ray structures

All of HL', HL? 1, and 2 crystallize in the triclinic P1
space group. The asymmetric units of HL' and HL? con-
tain one complete molecule of the corresponding com-
pounds. On the other hand, each of the two complex
molecules is centrosymmetric, and the metal center
resides at the inversion center. Thus, the asymmetric
units of both 1 and 2 have half of the corresponding com-
plex molecules. The molecular structures of HL' and HL?
are illustrated in Figure 1, whereas those of 1 and 2 are
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FIGURE 1 Molecular structures of HL' (top) and HL?
(bottom). All nonhydrogen atoms are represented by their thermal
ellipsoids at the 40% probability level. Only selected atoms are
labeled for clarity

shown in Figure 2. Selected bond parameters are listed in
Tables 2 and 3.

Both HL' and HL? can have two forms amide and
imino-ketone (Scheme 1) due to amine-imine tautomer-
ism.!'”! The X-ray structures revealed that both molecules
exist in the imino-ketone form (Figure 1). The shorter C
(8)—N(1) bond length compared with the C(8)—N(2) bond
length indicates the double bond character of the former
(Table 2). The C(7)—0O(1) and C(7)—N(1) bond lengths
are consistent with double and single bond characters,
respectively. There is an intramolecular N—H---O hydro-
gen bond involving the amine and the keto-O leading to
the formation of a planar six-membered ring (rms devia-
tions: 0.02 and 0.08 A for HL' and HL?, respectively) in
each structure. The N---O distance and the N—H-:--O
angle are 2.638(3) A and 128° for HL' and 2.677(2) A and
126° for HL?. It appears that the imino-ketone form is
favored over the amide form due to this N—H---O

Chemistry

FIGURE 2 Perspective views of [Ni(L'),] (1) (top) and [Ni
(L?),] (2) (bottom). The thermal displacement ellipsoids of the
nonhydrogen atoms are drawn at the 40% probability level. Only
selected atoms are labeled for clarity

interaction. The remaining intramolecular bond lengths
and angles are unexceptional in both structures.

The structures of 1 and 2 confirm the deprotonation
of the migratory proton and the monoanionic state of the
ligands (L")~ and (L?)~ (Figure 2). In the complexes, the
C(7)—0(1) bond length is ~0.04 A longer and C(7)—N
(1) bond length is ~0.06 A shorter compared with the
corresponding bond lengths in HL' and HL? (Table 2).
Hence, the imino-ketone fragment of the ligand is in the
iminolate state in both 1 and 2."®' In contrast to HL'
and HL? the C(8)—N(1) is longer and C(8)—N(2) is
shorter in 1 and 2 (Table 2) indicating the single and dou-
ble bond characters, respectively. In each centrosymmet-
ric complex, the ligand coordinates the metal center
through the iminolate-O and the azomethine-N atoms
and forms a six-membered chelate ring with bite angle
close to 90° (Table 3). Because of the inversion center at
the coordinated metal atom, two ligands form a near per-
fect square-planar trans-NiN,O, coordination geometry
(Figure 2). The Ni—N and Ni—O bonds lengths are very
similar in 1 and 2, and they are within the ranges
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TABLE 2 Selected bond lengths (A) and angles (°) for HL', HL? 1, and 2

Compound HL' HL?

C(7)—0(1) 1.239(4) 1.229(2)
C(7)—N(1) 1.373(4) 1.364(2)
C(8)—N(1) 1.314(4) 1.312(2)
C(8)—N(2) 1.326(4) 1.327(2)
C(8)—S(1) 1.766(3) 1.768(2)

[Ni(LY,] @) [Ni(L?),] (2)
1.278(3) 1.272(2)
1.308(3) 1.309(2)
1.341(3) 1.343(2)
1.320(4) 1.314(2)
1.774(3) 1.771(2)

TABLE 3 Metal centered bond lengths (A) and angles (°) for 1
and 2

Complex 1 2
Ni(1)—0(1) 1.8215(19) 1.8342(12)
Ni(1)—N(2) 1.911(2) 1.9000(13)
Ni(1)—0(1")* 1.8215(19) 1.8342(12)
Ni(1)—N(2')? 1.911(2) 1.9000(13)
O(1)—Ni(1)—N(2) 91.58(9) 91.64(5)
O(1)—Ni(1)—0@")* 180.000(1) 180.00(7)
O(1)—Ni(1)—N(2')* 88.42(9) 88.36(5)
N(2)—Ni(1)—0(1')® 88.42(9) 88.36(5)
N(2)—Ni(1)—N(2)* 180.0 180.00(9)
0(1')*—Ni(1)—N(2')* 91.58(9) 91.64(5)

3Symmetry transformations used to generate equivalent atoms: —x, —y,
—z + 2 for 1 and —x, —y, —z for 2.

observed for nickel(I) square-planar complexes with
ligands having comparable coordinating atoms.**"!

A possible explanation for the observed O,N-
coordination mode instead of the O,S-coordination mode
of (L%~ in 1 and 2 despite relatively more steric
crowding around N-atom compared with that around S-
atom is as follows. The delocalization of the negative
charge by resonance is possible only in the O,N-
coordination mode, but not in the O,S-coordination mode
(Scheme 1). Further the C—O and C—N bond lengths in
the six-membered chelate rings of the two complexes are
in the range 1.272(2)-1.343(2) A. However, the average C
(8)—S(1) bond is ~0.46 A longer than these bonds in
HLY? as well as in the corresponding complexes 1 and
2 (Table 2). Hence, it is very likely that the effective delo-
calization of the negative charge of the ligand with the
formation of a relatively more uniform six-membered
chelate ring leads to the O,N-coordination mode over the
0,S-coordination mode of (LY?)” in the present com-
plexes. In the previously reported square-planar
nickel(II) complexes with N,N-dialkyl/diaryl-N'-(aroyl)

thioureates,”) which are somewhat analogous to the pre-
sent ligands, the opposite O,S-coordination was preferred
over the O,N-coordination. In these complexes, reso-
nance delocalization of the negative charge of the ligand
is possible only in the O,S-coordination mode but not in
the O,N-coordination mode. Thus, it appears that the
coordination mode of the reported thioureates as well as
the present deprotonated thiopseudoureas is dictated by
the delocalization of the ligand negative charge and not
by the steric crowding around the coordinating atom.

3.3 | Spectroscopic properties

Infrared spectra of HL', HL? 1, and 2 were recorded in
the range 4000-500 cm™' wusing the ATR mode
(Figures S1 and S2). The spectra display several bands of
various intensities. No attempt was made to assign all the
bands except for the following few. Both HL' and HL?
show a somewhat broad band at ~3180 cm™" due to the
N—H stretching. Two medium intensity bands at ~1670
and 1598 cm™' are assigned to the C=0 and C=N
stretches, respectively.'®*! In contrast, neither of 1 and
2 displays the N—H and C=O stretching bands. Absence
of these bands indicates the deprotonation of HL' and
HL? and formation of the iminolate states (L')™ and (L?)~
in the complexes. A medium intensity band observed at
~1584 cm™! for both complexes is attributed to the metal
coordinated C=N stretching.!*51°!

The electronic absorption spectra of 1 and 2 were
recorded using their chloroform solutions. The spectral
profiles of the two complexes are very similar (Figure 3).
In each spectrum, two low intensity absorptions, a shoul-
der at 600 nm and a peak at 502 nm, are followed by
three strong shoulders at ~400, ~355, and 330 nm and
two very strong peaks at 303 and ~250 nm. Square-
planar nickel(IT) complexes are reported to exhibit weak
spin-allowed ligand field transitions in the range 645-
460 nm.[1°*>2%1 Thys, the first two weak absorptions are
assigned to ligand field transitions. Considering that each
of HL' and HL? in chloroform displays an absorption
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maximum at ~295nm followed by a shoulder at
~260 nm both being very strong, three strong shoulders
observed for the complexes are attributed to ligand-to-
metal charge transfer transitions'>?°! and the last two

very strong highest energy peaks are assigned to intra-
ligand transitions.

The proton NMR spectra of HL', HL?, 1, and 2 were
recorded in CDCl;. The chemical shift data (numbering
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scheme in Scheme 1) are given in Section 2 under the
respective compounds, and the spectra of HL' and 1 are
depicted in Figure 4, whereas the spectra of HL? and
2 are shown in Figure S3. The spectrum of each of the
two complexes 1 and 2 clearly indicates that in solution
also the two ligands are equivalent as observed in the
corresponding X-ray structure. Both thiopseudoureas
HL' and HL? display a singlet at ~12.43 ppm due to the
NH group. As expected, neither of 1 and 2 shows this sig-
nal due to the deprotonation of the NH group and the
monoanionic state of the ligand. The tertiary H-atoms of
the two isopropyl groups of HL' and HL? appear as a
two-proton septate at ~3.14 ppm, whereas the two-
proton septate for the same H-atoms is shifted downfield
by ~1 ppm in the cases of 1 and 2. Unlike the single sig-
nal for the tertiary H-atoms, the methyl protons of the
two isopropyl groups resonate as two closely spaced six-
proton doublets for all four compounds. These two
doublets are observed at ~1.25 and 1.18 ppm for the
thiopseudoureas (HL' and HL?), while they move slightly
downfield to ~1.41 and 1.33 ppm for the complexes
(1 and 2). The methylene protons of the benzyl group
appear as a two-proton singlet at ~4.54 ppm for HL' and
HL?. However, in contrast to the protons of the isopropyl
groups, the two-proton singlet due to the benzylic methy-
lene protons in the complexes (1 and 2) appears slightly
upfield at ~4.33 ppm. The aromatic protons of HL' and
HL? resonate in the range 7.21-8.38 ppm whereas those
for 1 and 2 are observed in relatively upfield and some-
what narrow range of 6.61-7.42 ppm with the expected
splitting patterns.

3.4 | Catalytic studies

Optimization of the reaction conditions for C—C cross-
coupling was performed using 1-bromo-
4-methoxybenzene (1.0 mmol) and phenylmagnesium
bromide (1.2 mmol) as the model substrates and the com-
plexes 1 and 2 as catalysts in 2 ml of solvent (toluene and
or tetrahydrofuran) (Table 4). All the reactions were car-
ried out at room temperature (25°C). Using toluene as
solvent and 0.05 mol% of 1 under nitrogen atmosphere,
80% yield was obtained in 24 h (Entry 1). In the mixed
solvent toluene-tetrahydrofuran (1:1), the yield decreased
considerably (Entry 2). In contrast, better yield (88%) was
obtained in much less time in pure tetrahydrofuran
(Entry 3). However, if the reaction was conducted in air
keeping all other conditions the same as in Entry 3, the
yield decreased drastically (Entry 4). Doubling of the cat-
alyst loading increased the yield but by a very small
amount (4%). Both 1 and 2 showed good and comparable
catalytic activities and provided the coupling product in
essentially the same yield (88 and 90%) under the same
conditions (Entries 3 and 6). The homo-coupling product
biphenyl was also produced but in very little amount
(~4%). Therefore, the conditions used for Entry 3 were
found to be optimal for reactions of phenylmagnesium
bromide with aryl bromides using 1 or 2 as catalyst.

The substrate scope of the above coupling reaction
was probed using 1 as the catalyst. The results are sum-
marized in Table 5. Reactions of phenylmagnesium bro-
mide with para-substituted bromobenzenes (4-F, 4-Cl,
4-Me, and 4-OMe) and 2-bromonaphthalene produced

TABLE 4 Optimization of reaction conditions
MgBr
C [Ni(L"2) _INiL"),1 (1or2) (1or2) N, (tor2) . .
Solvent, 25 °C
Entry Catalyst Catalyst loading (mol%) Solvent Time (h) Yield* (%)
1 [Ni(LY),] (1) 0.05 Toluene 24° 80
2 [Ni(LY),] (1) 0.05 Toluene-THF (1:1) 24° 68
3 [Ni(LY),] (1) 0.05 THF 6° 88
4 [Ni(LY),] @) 0.05 THF 12¢ 40
5 [Ni(LY),] (1) 0.10 THF 6° 92
6 [Ni(L?),] (2) 0.05 THF 6° 90

Note: BrCsH,OMe: 1.0 mmol; phenylmagnesium bromide: 1.2 mmol; solvent: 2 ml.

“Isolated yield.
®In nitrogen.
“In air.
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TABLE 5 Coupling reactions of

phenylmagnesium bromide with

various aryl bromides MgBr R

R
@Br+ @

L") (1) /A
——ee——>
THF, 25°C N

Entry  Aryl bromide Product Time (h) Yield® (%)
1 1-Bromo-4-fluorobenzene 4-Fluorobiphenyl 6 96°
2 1-Bromo-4-chlorobenzene 4-Chlorobiphenyl 6 94°
3 1-Bromo-4-methylbenzene 4-Methylbiphenyl 6 93°
4 1-Bromo-4-methoxybenzene  4-Methoxybiphenyl 6 88°
5 2-Bromonaphthalene 2-Phenylnaphthalene 6 86°
6 1-Bromo-3-methylbenzene 3-Methylbiphenyl 12 92°
7 1-Bromo-3-methoxybenzene  3-Methoxybiphenyl 12 88°
8 1-Bromo-2-methylbenzene 2-Methylbiphenyl 24 86°
9 1-Bromo-2-methoxybenzene  2-Methoxybiphenyl 24 83¢

Note: Aryl bromide: 1.0 mmol; phenylmagnesium bromide: 1.2 mmol; THF: 2 ml.

“Isolated yield.
5[Ni(LY),]: 0.05 mol%.
°[Ni(LY),]: 0.1 mol%.

the desired products in 86-96% yields in 6 h (Entries 1-
5). The reactions of meta-substituted bromobenzenes
(3-Me and 3-OMe) with phenylmagnesium bromide also
provided high yields (92% and 88%) of the
corresponding products (Entries 6 and 7) but in double
reaction time (12 h) compared with that (6 h) required
for the reactions of the para-substituted bromobenzenes
with the same Grignard reagent. In contrast, the cross-
coupling reactions of ortho-substituted bromobenzenes
(2-Me and 2-OMe) with phenylmagnesium bromide
require much longer reaction time (24 h) and double
catalyst loading (0.1 mol%) compared with those needed
for the coupling of para- and meta-substituted
bromobenzenes with phenylmagnesium bromide to
afford the products 2-methylbiphenyl and
2-methoxybiphenyl in slightly lower yields of 86% and
83%, respectively (Entries 8 and 9). The observed
increase in the reaction time and the catalyst loading
with the change of the substituent position on the
bromobenzene from para to meta to ortho is in all like-
lihood to be due to the gradual increase of the steric
hindrance. It may be noted that room temperature
cross-coupling reactions for the synthesis of biaryls
using nickel complexes as catalysts are not very com-
mon.>®! The present catalyst system not only works at
room temperature but also provides as good as or
improved yields when compared with the yields
reported so far for nickel complex catalyzed reactions.

4 | CONCLUSIONS

In summary, two thiopseudoureas HL' and HL? and their
corresponding nickel(II) complexes [Ni(L'),] and [Ni
(L?),] have been successfully synthesized and character-
ized. The microanalytical data and diamagnetic and non-
electrolytic characteristics of the two complexes indicate
+2 oxidation state and square-planar coordination envi-
ronment of the metal center in each complex. The X-ray
structures of HL'? showed the imino-ketone tautomeric
form of both thiopseudoureas in the solid state, whereas
the X-ray structures of [Ni(L?),] confirmed the
iminolate-O and azomethine-N donor coordination mode
of the ligands (LY?)~ and a square-planar trans-N,O,
coordination geometry for both complexes. The spectro-
scopic features of all four compounds corroborate the
corresponding molecular structures. Both complexes
exhibit efficient catalytic activity toward Kumada-Corriu
cross-coupling reactions of phenylmagnesium bromide
with a variety of aryl bromides at room temperature. The
reactions provided good to excellent yields of the biaryls.
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