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ABSTRACT

In the aspect of more effective ruthenium based catalyst design, three new ruthenium(l1)
phosphino-hydrazone/thiosemicarbazone complexes (1-3) have been synthesized by the reactions
of cis-[RuCly(dmso),] or [RUHCI(CO)(AsPhs)s] with deprotonated 2-(2-
(diphenylphosphino)benzylidene)-2-thiophenecarboxylic acid hydrazone (PNO-Thy) or 2-(2-
(diphenylphosphino)benzylidene)-4-phenyl-3-thiosemicarbazone (PNS-Ph). The structures of the
complexes (2 and 3) were established by X-ray crystallography and spectroscopic methods
including elemental analysis, FT-IR and NMR (*H, *C & *'P). Single crystal XRD upshots of
complexes (2 and 3) revealed a distorted octahedral geometry around the ruthenium ion with
hydrazone/thiosemicarbazone acts as a monoanionic tridentate PNO/PNS donor fashion. The
catalytic study of complexes 1-3 towards regioselective N-alkylation reactions of amines was
completed, showing that all catalysts are active toward catalytic transformations. Notably,
complex 3 was found to be very efficient catalysts toward N-alkylation of a wide range of
heterocyclic amines with alcohols. This catalysis provides a clean, convenient and practical route
for the direct N-alkyl amine synthesis.
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1. Introduction

Hydrazones and thiosemicarbazones are versatile ligands of considerable attention with respect
to their variable coordination behavior and promising biological [1] and catalytic properties [2].
To tune the catalytic activity or increase the activity [3], the hydrazones/thiosemicarbazones
framework is functionalized by different group and studied in a number of cases [4]. Phosphino-
hydrazones/thiosemicarbazones [5] occupied prominent position among the several
functionalized thiosemicarbazone derivatives [6]. With the simultaneous presence of soft and
hard donors, the phosphino-functionalized ligands exhibit various coordination modes: PNS-
tridentate [7-9], P-S bidentate [10] and P-S bridge in binuclear compounds as well as in
oligomers [11]. This makes structural studies more interesting, which are the rational base for
structure-activity relationships. This variable mode of binding of phosphino-thiosemicarbazone
has encouraged us to explore its coordination chemistry further although a large number of
reports are available on the chemistry and biological activity of metal complexes containing
thiosemicarbazonates [12-15].

The interest in coordination complexes of ruthenium stems from their versatile electron-
transfer and energy-transfer properties [16]. Ruthenium offers a wide range of oxidation state
and the reactivity’s of the ruthenium complexes depend on the stability and inter convert ability
of these oxidation states which in turn, depends on the nature of the ligands bound to the metal.
Ruthenium complexes have also proved to be useful catalysts in many reactions such as
oxidation, hydrogenation, carboxylation and hydroformylation [17]. Phosphine based ligands
have found widespread application not only in coordination chemistry but also in industrial
applications of homogeneous catalysis. Particularly, ruthenium phosphine complexes are known

to possess catalytic properties which are of great value in organic synthesis [18].

The catalytic construction of C—N bonds via borrowing hydrogen methodology, have
recently received much attention since nitrogen functionalities occur in various compounds of
synthetic and pharmaceutical significance as well as in important biologically active molecules
[19-23]. In contrast with other transition-metal-catalyzed methodologies, e.g., amination of
organohalides (Buchwald-Hartwig amination) [24], reductive amination of carbonyl compounds
[25], hydroamination [26] and hydroaminomethylation [27] of carbon-carbon unsaturated

compounds, etc., [28] the N-alkylation of amines with alcohols, produced water as the sole by-



product, may serve as a relatively green and environmentally benign alternative [29]. Moreover
the use of alcohols as the alkylating agent is direct and simple as the alcohols are readily
available, highly stable, low in toxicity, easily stored and handled, low in cost, and relatively
high in atom efficiency. While both heterogeneous and homogeneous catalysts have been known
to promote the reaction [30-34], ruthenium [31-33] and iridium [34] complexes have constituted
a vast majority of the homogeneous catalysts because of their relatively high catalytic
performance with high product selectivity [35, 36]. Several iridium and ruthenium- catalytic
systems bearing phosphine ligands [37-41] have been reported to complete the N-alkylation of
amines with alcohols by means of good yields and selectivity. Some transition-metal-free
systems have been reported for the N-alkylation of amines with alcohols which worked under
mild conditions for shorter reaction times and also provide good yields [42]. However, certain
demerits of these systems such as availability, requirement of additives, poor selectivity,
economy, TON etc can be overcome or improved by transition metal catalysts as alternatives.

During our ongoing exploration of highly active transition metal complex catalysts for
homogeneous catalysis, we have disclosed that pyridine carboxamide, thiosemicarbazone and
hydrazones with ONS, NNS, PNS and O,N, functionalities [43] in Ru(ll) and Cu' complex
catalyst can show a remarkable acceleration effect on the N-alkylation amines. Based on the
above facts, the present work deals with synthesis, structures and catalytic activity of new
ruthenium(ll) complexes of multidentate phosphino-hydrazone/thiosemicarbazones. The new
complexes have been characterized by elemental analysis, spectroscopic and X-ray

crystallography studies. In addition, the complexes have also been subjected to catalytic activity.
2. Experimental
2.1 Materials and methods

All reagents were purchased from Aldrich as high-purity products and generally used as
received; all solvents were used as received as technical-grade solvents. Unless otherwise noted,
all reactions were performed under an atmosphere of air. Thin-layer chromatography (TLC) was
carried out on Merck 1.05554 aluminum sheets precoated with silica gel 60 F254 and the spots
were visualized with UV light at 254 nm or under iodine. Column chromatography purifications

were performed by using Merck silica gel 60 (0.063-0.200 mm). Elemental analysis (C, H, N, S)



were done on a Vario EL Il Elemental analyzer. Infrared spectra of the ligands and the metal
complexes were recorded as KBr discs in the range of 4000—400 cm * using a Nicolet Avatar
model FT-IR spectrophotometer. *H (300 and 400 MHz), **C (100 MHz) and *'P NMR (162
MHz) spectra were taken in DMSO-ds or CDCl; at room temperature with a Bruker AV400
instrument with chemical shifts relative to tetramethylsilane (*H, **C) and o-phosphoric acid
(*'P). Mass spectra were drawn on a LC-MS Q-ToF Micro Analyzer (Shimadzu), using

electrospray ionization (ESI) mode. The melting points were checked with a Lab India melting

point apparatus.

Crystals of 2 and 3 were mounted on glass fibers and used for data collection. Crystal
data were collected at 295 K using a Gemini A Ultra Oxford Diffraction automatic
diffractometer. Graphite monochromated Mo-Ka radiation (1 '=0.71073 A) was used throughout.
The absorption corrections were performed by the multi-scan method. Corrections were made for
Lorentz and polarization effects. The structures were solved by direct methods using the program
SHELXS [44]. Refinement and all further calculations were carried out using SHELXL. The H
atoms were included in calculated positions and treated as riding atoms using the SHELXL
default parameters. The non-hydrogen atoms were refined anisotropically, using weighted full-
matrix least squares on F2. In the solid state, a disorder is observed within the two different
enantiomeric forms in such a manner that only the carbonyl group and the chlorine atom share
the ligand positions mutually. The reported method was used for the synthesis of
[RUHCICO(AsPhs)3] [45] and cis-[RuCl,(dmso),] [46].

2.2 Synthesis of 2-(2-(diphenylphosphino)benzylidene)-2-thiophenecarboxylic acid hydrazone
(PNO-THy) ligand

To a solution of 2-(diphenylphosphino)benzaldehyde (0.290 g, 1 mmol) and 2-thiophene
carboxylic acid hydrazide (0.126 g, 1 mmol) in ethanol (20 mL) were added 2—3 drops of glacial
acetic acid. The resulting solution was heated under reflux over a 3 h period, and then
concentrated to ca. 3 mL. The white crystalline precipitate was filtered off, washed with diethyl
ether (2 x5 mL), and dried under vacuo. Yield: 87% (0.36 g). Mp: 197-199 °C. Anal. Calcd for
C24H19NLOPS: C, 69.55; H, 4.62; N, 6.76; S, 7.74. Found: C, 69.67; H, 4.58; N, 6.86; S, 7.69. IR
(KBr disks, cm™): 3195 (m, vnn); 1685 (s, Ve=o); 1583 + 1474 (s, ve=n + ven). 'H NMR (400
MHz, DMSO-dg, ppm): 6.83—7.50 (m, 14H, Ar H), 7.57 (t, 1H, J = 6.24, Hz Ar H), 8.05 (s, 1H,



Ar H), 8.15 (s, 1H, Ar H), 8.85 (d, IH, J = 3.6 Hz, -CH=N ), 9.13 (s, 1H, Ar H), 11.98 (s, IH,
—NH). **C NMR (100 MHz, DMSO-ds, ppm): 125.78 (Ar C), 128.91 (Ar C), 129.15 (Ar C),
129.47 (Ar C), 130.07 (Ar C), 133.30 (Ar C), 133.49 (Ar C), 134.12 (Ar C), 135.62 (Ar C),
138.25 (Ar C), 149.52 (-CH=N), 158.12 (C=0). *'P NMR (162 MHz, DMSO-ds, ppm): —17.14.

2.3 Synthesis of 2-(2-(diphenylphosphino)benzylidene)-4-phenyl-3-thiosemicarbazone (PNS-Ph)
ligand

To a solution of 2-(diphenylphosphino)benzaldehyde (0.290 g, 1 mmol) and 4-phenyl-3-
thiosemicarbazide (0.167 g, 1 mmol) in ethanol (20 mL) were added 2—3 drops of glacial acetic
acid. The pale yellow solution was heated under reflux over a 2 h period, and then concentrated
to dryness. The resulting yellow oil was treated with diethyl ether (2 x 5 mL). The pale yellow
precipitate was filtered off, washed with diethyl ether (10 mL) and dried under vacuo. Mp: 198
°C. Anal. Calcd for CyH1sN3P,S: C, 60.91; H, 4.60; N, 10.65; S, 8.13%. Found: C, 60.99; H,
4.62; N, 10.60; S, 8.16%. IR (KBr disks, cm™"): 3303 (m, vnn); 1594 + 1546 (s, ve=n + Ven); 744
(s, ve=s). 'H NMR (400 MHz, DMSO-dg, ppm): 6.80 (t, 1H, J = 4.8, Ar H), 7.16-7.45 (m, 12H,
Ar H), 7.52 (d, 2H, J = 7.6 Hz, Ar H), 8.31-8.34 (m, 1H, ~NHierminat), 8.79 (d, 1H, J = 4.4 Hz,
—CH=N), 11.94 (s, 1H, “NHpydrazinic): °C NMR (100 MHz, DMSO-ds, ppm): 125.26 (Ar C),
125.55 (Ar C), 127.44 (Ar C), 128.01 (Ar C), 128.78 (Ar C), 128.85 (Ar C), 129.01 (Ar C),
129.12 (Ar C), 129.87 (Ar C), 132.94 (Ar C), 133.36 (Ar C), 133.56 (Ar C), 135.60 (Ar C),
135.70 (Ar C), 136.05 (Ar C), 136.24 (Ar C), 137.24 (Ar C), 137.43 (Ar C), 138.82 (Ar C),
141.07 (-CH=N), 175.81 (C=S). *P NMR (162 MHz, DMSO-dg, ppm): —11.12.

2.4 Synthesis of [Ru(PNO-THYy),] (1)

A suspension of [RuCl,(dmso),] (0.2 g, 0.44 mmol) in CH,Cl, (20 mL) was treated with
PNO-THYy (0.364 g, 0.88 mmol) in ethanol (30 mL) and the mixture was gently refluxed for 6 h.
During this time the color changed to dark red. The solvent was removed on a rotary evaporator.
The residue was then chromatographed on alumina oxide with ethyl acetate/petroleum ether. A
red band was eluted with 6:4 ethyl acetate/ petroleum ether mixture and it was identified as 1
(yield 78%). Mp: 259 °C. Anal. Calcd for C4gH3sN4O2P2RUS;: C, 62.13; H, 3.91; N, 6.04; S,
6.91%. Found: C, 62.31; H, 3.98; N, 6.24; S, 6.98%. IR (KBr disks, cm™): 3441, 3204 (m, vnh);
1572 + 1481 (s, Ve=n + ve-n), 1276 (s, ve.o). *H NMR (400 MHz, DMSO-ds, ppm): 6.57 (m, 4H,



J=7.2 Hz, Ar H), 6.70 (t, 2H, J = 8.8 Hz, Ar H), 6.84 (t, 6H, J = 7.2 Hz, Ar H), 7.75-7.02 (m,
18H, Ar H), 7.86 (t, 2H, J = 7.2 Hz, Ar H), 8.46 (d, 2H, J = 8.3 Hz, —CH=N). *C NMR (100
MHz, DMSO-ds, ppm): 128.00 (Ar C), 128.10 (Ar C), 128.41 (Ar C), 128.64 (Ar C), 129.06 (Ar
C), 129.89 (Ar C), 130.32 (Ar C), 130.48 (Ar C), 131.03 (Ar C), 131.29 (Ar C), 131.38 (Ar-C),
131.68 (Ar C), 131.79 (Ar C), 132.80 (Ar C), 132.91 (Ar C), 133.12 (Ar C), 133.54 (Ar C),
133.79 (Ar C), 133.90 (Ar C), 134.00 (Ar C), 138.91 (C=N), 161.80 (C-0). *P NMR (162
MHz, DMSO-ds, ppm): 29.12 (s, PPh,). ESI-MS: m/z = 927.81 [M]".

2.5 Synthesis of [Ru(PNS-Ph);] (2)

A suspension of [RuCl,(dmso),] (0.2 g, 0.44 mmol) in CH,Cl, (20 mL) was treated with
PNS-Ph (0.386 g, 0.88 mmol) in ethanol (30 mL) and the mixture was gently refluxed for 6 h.
During this time the colour changed to dark red. The solvent was removed on a rotary
evaporator. The residue was then chromatographed on alumina oxide with ethyl acetate/
petroleum ether. A red band was eluted with 6:4 ethyl acetate/ petroleum ether mixture and it
was identified as 2 (65%). Single crystals of 2 were obtained by slow diffusion of diethyl ether
into a saturated solution of the complex in ethyl acetate. Mp: 262 °C. Anal. Calcd for
Cs2H42CINgOP2RUS;: C, 63.86; H, 4.33; N, 8.59; S, 6.56%. Found: C, 63.92; H, 4.38; N, 8.66; S,
6.26%. IR (KBr discs, Cmfl): 3430, 3204 (m, vnp); 1574 + 1482 (s, ve=n + Ven); 749 (s, Ve-s).
'"H NMR (400 MHz, DMSO-ds, ppm): 6.55 (t, 2H, J = 8.0 Hz, Ar H), 6.45 (t, 2H, J = 8.0 Hz, Ar
H), 6.62 (t, 1H, J = 7.6 Hz, Ar H), 6.89—6.86 (m, 1H, Ar H), 7.63—7.10 (m, 8H, Ar H), 7.91 (s,
1H, NHermina)), 8.41 (d, 4H, J = 8.1 Hz, —CH=N). **C NMR (100 MHz, DMSO-ds, ppm): 125.26
(Ar C), 125.55 (Ar-C), 127.44 (Ar C), 128.01 (Ar C), 128.78 (Ar C), 128.85 (Ar C), 129.01 (Ar
C), 129.12 (Ar C), 129.87 (Ar C), 132.94 (Ar C), 133.36 (Ar C), 133.56 (Ar C), 135.60 (Ar C),
135.70 (Ar C), 136.05 (Ar C), 136.24 (Ar C), 137.24 (Ar C), 137.43 (Ar C), 138.82 (Ar C),
138.91 (Ar C), 140.13 (-CH=N), 170.12 (C-S). *P NMR (162 MHz, DMSO-ds, ppm): & 28.78
(s, PPh,). ESI-MS: m/z = 978.57 [M]".

2.6 Synthesis of [RUCI(CO)(AsPh3)(PNO-THYy)] (3)

A suspension of [RUHCI(CO)(AsPhs)s] (0.2 g, 0.184 mmol) in ethanol (30 mL)
was treated with 2-(2-(diphenylphosphino)benzylidene)-2-thiophene carboxylic acid hydrazone
(0.072 g, 0.184 mmol) and the mixture was gently refluxed for 8h. During this time the color



changed to orange. The solvent was reduced to half of the volume on a rotary evaporator, and the
suspension was filtered, washed thoroughly with cold ethanol (10 mL) and diethyl ether (2 x 20
mL). The product was finally dried under vacuo. Crystals suitable for X-ray diffraction were
obtained by slow evaporation of a concentrated solution of 3 in CH,CI,/C;HsOH. Yield 81%
(0.163 g), Mp: 120—122 °C. Anal. Calcd for C43H33ASCIN,O,PRuS: C, 58.41; H, 3.76; N, 3.17;
S, 3.63. Found: C, 58.62; H, 3.82; N, 3.31 S, 3.69. IR (KBr disks, cm™*): 3323 (m, vn1); 1946 (s,
Veeo); 1592 + 1480 (s, ve=n + Veon); 1274 (s, veo); 1432, 1091, 695 (s, for AsPhs). *H NMR
(400 MHz, DMSO-ds, ppm): 6.37 (td, 1H, J = 7.2, 1.2 Hz, Ar H), 7.10-7.52 (m, 29H, Ar H),
7.67 (dd, 1H, J = 3.6, 1.2 Hz, Ar H), 8.12 (d, IH, J = 3.6 Hz, -CH=N), 8.93 (s, 1H, Ar H).
BNMR (100 MHz, DMSO-ds, ppm): 124.10 (Ar C), 128.50 (Ar C), 128.67 (Ar C), 129.92 (Ar
C), 130.5 (Ar C), 133.80 (Ar C), 133.20 (Ar C), 133.41 (Ar C), 133.560 (Ar C), 133.92 (Ar C),
143.40 (CH=N), 149.23 (C-0), 200.12 (C=0). *'P NMR (162 MHz, DMSO-ds, ppm): 32.19 (s,
PPh,). ESI-MS: m/z = 848.57 [M—CI]".

2.7 Typical procedure for N-alkylation of (hetero)aromatic amines with alcohols

In a 25 mL round bottomed flask were placed 0.5 mol % of ruthenium(ll) catalyst, 2
mmol of alcohol, 2 mmol of amine, 50 mol % of KOH and 2 mL of toluene. The reaction flask
was heated at 100 °C for 12 h.in an oil bath. Upon completion (as monitored by TLC), the
reaction mixture was cooled-at ambient temperature, H,O (3 mL) was added and the organic
layer was extracted with CH2Cl, (3 x 10 mL). The combined organic layers were dried with
magnesium sulfate and concentrated. The crude product was purified by column chromatography

(ethyl acetate/n-hexane). Reported isolated yields are an average of two runs.
3. Results and discussion

The ligand precursors (PNO-Thy and PNS-Ph) were synthesized by condensation of 2-
diphenylphosphinebenzaldehyde with 2-thiophenecarboxylic acid hydrazide and 4-phenyl-3-
thiosemicarbazide respectively, following the published procedure (Scheme 1) [47]. The
reactions of the isolated ligands with equimolar amounts of cis-[RuCl;(dmso)s] and
[RUHCI(CO)(AsPh3)] yielded the substituted products 1-3 respectively (Scheme 2). These Ru
complexes are air stable, were obtained in good yield (64-85%), and were characterized by
analytical, spectroscopic methods (IR, 'H, *C, *P-NMR and ESI-MS) and X-ray



crystallography for 2 and 3 as described further below. The analytical data of the complexes
agreed well with the proposed molecular formulae. Positive ion ESI-MS analysis of the isolated
products showed an intense peak for [M]" (m/z 927.81(1), m/z 978.57 (2)) or [M—CI]" (m/z
848.57 (3), which confirming the proposed nature of these complexes.
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Scheme 1 Synthesis of phosphino hydrazone and thiosemicarbazone ligands.
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Scheme 2 Synthesis of ruthenium(I1) complexes.
3.1 Crystal structure of the complexes

The crystal structure of the complexes 2 and 3 along with their numbering scheme are
given in figures 1 and 2. Crystallographic data and bond parameters are given in table 1. Single
crystals of 2 were obtained by slow diffusion of diethylether into a saturated solution of the
complex in ethyl acetate. A dark red crystal of approximate dimensions 0.23 x 0.04 x 0.03 mm
was isolated and the single crystal X-ray diffraction experiments were carried out at 295 K. From
the unit cell dimensions, it is clear that the crystal is monoclinic belonging to the 112/al space

group. The two PNS-Ph ligands around the metal centre in 2 are arranged in a mer—mer



configuration with the two nitrogen atoms trans to one another and the two phosphorus and two
sulfur atoms in a cis configuration. The average Ru—P, Ru-N and Ru-S bond lengths in 2 are
2.30, 2.06 and 2.37 A respectively, which compare well to those observed in related Ru"
complexes [43a] The average cis angles are S(1)—Ru(1)—S(1) = 87.24(8)°, P(1)-Ru(1)-S(1) =
88.66(5)°, P(1)~Ru(1)-P(1), 98.12(5)°, N(1)-Ru(1)-S(1) = 91.35(8)° and N(1)~Ru(1)=P(1) =
93.10(8)° respectively. The trans angles P(1)—Ru(1)—S(1) = 173.21(3)° and N(1)-Ru(1)-N(1) =
169.95(16)° deviate from linearity. The variations in bond lengths and angles lead to a
significant distortion from an ideal octahedral geometry for the complex.

The complex 3 was crystallized in monoclinic crystal system with the space group P2(1).
The phosphino hydrazone ligand is coordinated to ruthenium. by utilizing its phosphorous,
azomethine nitrogen and hydrazone oxygen atom. The O(2)-Ru(1)-P(1) [170.73(7)°], N(1)-
Ru(1)-As(1) [164.12(8)°] and C(1)-Ru(1)-CI(1) [174.11(11)] trans angles deviate significantly
from linearity and N,O chelation (five member ring) leads to N(1)-Ru(1)-O(2) bite angle,
77.68(10)°. This has resulted in significant distortion in RUCONOPAs core from the ideal
octahedral geometry. All the Ru-ligand distances, namely Ru(1)-C(1) 1.936(4) A, Ru(1)-N(1)
2.061 (3) A, Ru(1)-P(1) 2.2969(9) A, Ru(1)-0(2) 2.099 (2) A, Ru(1)-As(1) 2.4777 (6) A and
Ru(1)-CI(1) 2.4061(10) A are comparable with those found in complexes reported earlier. The
large deviation of the [P(1)—Ru(1)~P(2)] angle [99.78(3)] from 90 may be ascribed to the steric

repulsion between the two adjacent bulky phosphine and arsine molecules.
3.2 Spectral studies

The IR spectra of the ligands and the corresponding complexes provided significant
information’s about the metal ligand bonding. A strong vibration observed at 1594—1583 cm™ in
the ligands corresponding to vc=y was shifted to 1592—1572 cm™ in all the complexes indicating
the participation of azomethine nitrogen in bonding [43c]. A sharp band observed at 1685 cm™
and 744 cm™ ascribed to vc-ovc=s in the ligands, has completely disappeared in the spectra of the
new Ru complexes and the appearance of a new band at 1276-1274 cm™ and 749 cm™ due to
ve-o/ve-s indicate the coordination of the oxygen/sulfur atom after enolisation followed by
deprotonation [48]. The complex 3 displayed a medium to strong band in the region 1946 cm™,
which is attributed to the terminally coordinated carbonyl group and is observed at a slightly

higher frequency than in the precursor complexes. The IR spectra of all the complexes therefore



confirms the coordination mode of the phosphino-hydrazone/thiosemicarbazone ligand to the
ruthenium(ll) ion via the azomethine nitrogen, the imidolate oxygen/thiolate sulfur and the
phosphorous, along with the presence of triphenylarsine group.

The *H NMR spectra of the ligands and their complexes (1-3) show the signals in the
expected regions. The singlet’s that appeared for the N-NH-C=X (X=0 or S) proton of the free
ligands at 11.98-11.94 ppm are absent in the complexes, supporting the enolization and
coordination of the imidolate oxygen or thiolate sulphur to the Ru(ll) ion. The doublet due to
azomethine proton (8.46—8.12 ppm) in the complexes are slightly downfield compared to the
free ligands (8.85-8.79 ppm), suggesting deshielding upon coordination to-Ru(ll) ion. The **C
NMR spectra show the expected signals in the appropriate regions. For the uncoordinated
ligands, the C=N and C=0/C=S signals appear in the regions around 149.52—141.07 ppm and
158.12/175.81 ppm. Upon coordination and formation of the new Ru complexes, a downfield
shift is observed for the signals of the C=N (143.40-138.91ppm), while the C-O/C-S carbon atom
signals are appeared in the region between 161.80-149.23 and 170.12 ppm. This is consistent
with the PNO/PNS coordination and enolization of the C=0/C=S of hydrazone and
thiosemicarbazone moieties. The C=0 carbon resonating at 200.12 ppm is comparable with
earlier observations (for complex 3) [43b]. The presence of a residual phosphine coordinated to
Ru(l1) ion is confirmed by 3P NMR. The singlet observed at 32.19—28.78 ppm in complexes 1—
3, suggested the presence of phosphine heads in the hydrazone and thiosemicarbazone chains.
These signals are very significantly shifted downfield compared with the corresponding free

ligands (~40 ppm), being indicative of coordination through to the phosphorus atom [7].
3.3 Catalytic N-alkylation of amines

Initial studies were performed using 2-aminobenzothiazole and benzyl alcohol as
building blocks and toluene as the solvent, under various reaction conditions and the results are
depicted in Table 3. To ensure its catalytic role, a control experiment was performed in the
absence of base or ruthenium catalyst and, as expected, there was no reaction even after a
prolonged reaction time of 12 h (entries 1 and 9). Using K,COg3, Na,CO3, NaOH and KOtBu as
alternative base for the reaction, decreases in the yield were observed (entries 2—4 and 8).
Furthermore, considering the results when 0.5 mol% of catalyst was used, it is clear that

ruthenium complexes containing phosphino hydrazone ligand (Entry 11) lead to higher yields



than the other two ruthenium catalysts (Entries 6 and 10). This behavior indicates that the steric
effects or the lack of a vacant coordination site due to bischelation of ligands around the metal
centre may play an important role in terms of catalyst efficiency or in terms of generation of the

catalytically active species.

On the basis of the results obtained complex 3 shows relatively better catalytic activity
among the three complexes. Hence, complex 3 was selected as the model catalyst for the
regioselective N-alkylation of various heterocyclic amines, diamines with alcohols to afford the
corresponding secondary amines; the results are summarized in Table 4. When an equimolar
solution of 2-aminobenzothiazoles and 4-methylbenzyl alcohol with 0.5 mol % of 3 in toluene
was used, the reaction went smoothly to afford the expected N-(4-methylbenzyl)benzo[d]thiazol-
2-amine in excellent isolated yield (86%). 2-aminobenzothiazoles efficient alkylated with
benzylalcohol containing electron-donating substituents. The reaction of 2- aminobenzothiazoles
with 4-methoxybenzyl alcohol gave N-(methoxybenzo[d] thiazol-2-amine in 81% isolated yield.
Similarly, the N-alkylation of 2- aminobenzothiazoles and 4-chlorobenzyl alcohol yielded N-(4-
chlorobenzyl)benzo[d]thiazol-2-amine (98%). The N-alkylation with 2-bromo benzyl alcohol
proceeded to give the corresponding product with excellent yield as well (72%). The reaction
was also applied to 2-pyridylmethanol, affording the desired product with 96% vyield. The
compatibility of the catalytic system with heterocyclic diamine was demonstrated, and very good
result was obtained for the N N’-dialkylation of 2,6-diaminopyridine (Entry 4) with
benzylalcohol using the catalyst 3. Reaction of o-phenylenediamine with benzyl alcohol afforded

the desired 2-substituted benzimidazole in 76% (Entry 5) isolated yield.

A possible catalytic cycle is proposed in Scheme 3 on the basis of the results obtained
and available literature on similar ruthenium-catalyzed transformations [40]. This catalysis is
considered to proceed via the (benzyloxy)ruthenium intermediate I, which undergoes B-hydrogen
elimination to give the ruthenium hydride 11 and R;CHO. Dehydrative condensation of R;CHO
with amine forms R;CH=NR;. Insertion of R;CH=NR; into the Ru—H bond of Il, followed by
alcoholysis of the resulting (amido)ruthenium species 111, affords R;CH,NHR, as the N-
alkylation product and reproduces the (benzyloxy)ruthenium intermediate | and completes the

catalytic cycle.



4. Conclusions

Three new ruthenium(ll) phosphino-hydrazone/thiosemicarbazone complexes have been
designed and synthesized by the reactions of cis-[RuCly(dmso)4] or [RUHCI(CO)(AsPhs)s] with
deprotonated PNO-THy/PNS-Ph. The structure of the complexes (2 and 3) were established by
X-ray crystallography and spectroscopic methods. Single crystal XRD upshots of complexes
revealed a distorted octahedral geometry around the ruthenium = ion with
hydrazone/thiosemicarbazone acts as a monoanionic tridentate PNS donor fashion. The catalytic
study of complexes 1-3 towards regioselective N-alkylation reactions amines was completed,
showing that all catalysts are active toward catalytic transformations. Notably, complex 3 was
found to be very efficient catalysts toward N-alkylation of a wide range of heterocyclic amines
with alcohols. This catalysis provides a clean, convenient and practical route for the direct N-
alkyl amine synthesis in view of the following advantages: (1) The reaction proceeds smoothly
and effectively under mild conditions. (2) The catalyst is readily available, cheap and stable that
offers easy handling and ready work-up. (3) The present method is applicable in the synthesis of

various N-alkyl amines, including useful aromatic and heteroaromatic amines, in high yields.
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1588881 and 1588827 for complexes 2 and 3. This data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Supplementary data associated with this article can be found, in the online version, at http://



References

10.
11.
12.

(a) J. L. Hickey, P. S. Donnelly, Coord. Chem. Rev. 256 (2012) 2367-2380; (b) T. S.
Lobana, R. Sharma, G. Bawa, S. Khanna, Coord. Chem. Rev. 253 (2009) 977-1055; (c)
A. G. Quiroga, C. N. Ranninger, Coord. Chem. Rev. 248 (2004) 119-133; (d) J. S. Casas,
M. S. G. Tasende, J. Sordo, Coord. Chem. Rev. 209 (2000) 197-261; (e) S. Padhi, G. B.
Kauffman, Coord. Chem. Rev. 63 (1985) 127-160; (f) M. J. M. Campbell, Coord. Chem.
Rev. 15 (1975) 297-319.

(a) P. K. Suganthy, R. N. Prabhu, V. S. Sreedevi, Tetrahedron Lett. 54 (2013) 5695—
5698; (b) P. R. Verma, S. Mandal, P. Gupta, B. Mukhopadhyay, Tetrahedron Lett. 54
(2013) 4914-4917; (c) S. Datta, D. K. Seth, S. Gangopadhyay, P. Karmakar, S.
Bhattacharya, Inorg. Chim. Acta 392 (2012) 118-130; (d) P. Paul, S. Datta, S. Halder, R.
Acharyya, F. Basuli, R. J. Butcher, S.-M. Peng, G.-H. Lee, A. Castineiras, M. G. B.
Drew, S. Bhattacharya, J. Mol. Catal. A: Chem. 344 (2011) 62-73.

[3] G. Xie, P. Chellan, J. Mao, K. Chibale, G. S. Smith, Adv. Synth. Catal. 352 (2010)
1641-1647.

(a) J. Dutta, S. Bhattacharya, RSC Adv. 3 (20130 10707-10721; (b) J. Dutta, S. Datta, D.
Kumar Seth, S. Bhattacharya, RSC Adv. 2 (2012) 11751-11763; (c) P. Pelagatti, A.
Venturini, A. Leporati, M. Carcelli, M. Costa, A. Bacchi, G. Pelizzi, C. Pelizzi, J. Chem.
Soc. Dalton Trans. (1998) 2715-2721.

[5] U. Abram, K. Ortner, R. Gust, K. Sommer, J. Chem. Soc. Dalton Trans. (2000) 735-
744.

[6] G. Argay, A. Kalman, L. Parkanyi, V. M. Leovac, I. D. Brceski, P. N. Radivojsa, J.
Coord. Chem. 51 (2000) 9-19.

A. Castineiras, R. Pedrido, Dalton Trans. 41 (2012) 1363-1372.

A. Castineiras, R. Pedrido, Inorg. Chem. 47 (2008) 5534-5536.

A. Castineiras, R. Pedrido, G. Perez-Alonso, Eur. J. Inorg. Chem. (2008) 5106-5111.

A. Castineiras, R. Pedrido, Dalton Trans. 39 (2010) 3572-3584.

A. Castineiras, R. Pedrido, Inorg. Chem. 48 (2009) 4847-4855.

(@) S. Indoria, T. S. Lobana, H. Sood, D. S. Arora, G. Hundala, J. P. Jasinski, New J.
Chem., 40 (2016) 3642-3653; (b) T. S. Lobana, S. Indoria, H. Kaur, D. S. Arora, A. K.
Jassala, J. P. Jasinski, RSC Adv., 5 (2015) 14916-14936; (c) T. S. Lobana, Shikha Indoria,



13.

14.

15.

16.

17.

18.

19.

20.
21.

22.
23.

24,

25,

26.
217.

28.

A. K. Jassal, H. Kaur, D. S. Arora, J. P. Jasinski, Eur. J. Med. Chem.76 (2014) 145-154;
(d) M. Belicchi-Ferrari, F. Bisceglie, C. Casoli, S. Durot, I. Morgenstern-Badara, G.
Pelosi, E. Pilotti, S. Pinelli, P. Tarasconi, J. Med. Chem. 48 (2005) 1671-1675.

V. B. Arion, M. A. Jakupec, M. Galanski, P. Unfried, B. K.Keppler, J. Inorg. Biochem.
91(2002) 298-305.

J. Patole, S. Padhye, M. S. Moodbidri, N. Shirsat, Eur. J. Med.Chem. 40 (2005) 1052-
1055.

L. Otero, M. Vieites, L. Boiani, A. Denicola, C. Rigol, L., C. Olea-Azar, J. D. Maya,
A.Morello, L. Krauth-Siegel,O. E. Piro, E. Castellano, M. Gonzélez, D. Gambino,
H.Cerecetto, J. Med. Chem.49 (2006) 3322-3331.

R. Raveendran, S. Pal, Polyhedron, 24 (2005) 57-63.

T. A. Stephenson, G. Wilkinson, J. Inorg. Nucl. Chem. 28 (1966) 945-956.

S. I. Murahashi, H. Takaya, T. Naota, Pure Appl. Chem. 74 (2002) 19-24.

(@) S. Hong, T.J Marks, Acc. Chem. Res.37 (2004) 673-686; (b) T.E. Muller, M. Beller.
Chem. Rev. 98 (1998) 675-703; (c) D.M. Roundhill, Chem. Rev. 92 (1992) 1051-1069.
A.S. Veige, Polyhedron 27 (2008) 3177-3189.

P. Eilbracht, L. Barfacker, C. Buss, C. Hollmann, B.E. Kitsos-Rzychon, C.L. Kranemann,
T. Rische, R. Roggenbuck, A. Schmidt, Chem. Rev. 99 (1999) 3329-3366.

E.D. Cox, J.M. Cook, Chem. Rev.95 (1995) 1797-1842.

(@) J.W. Szostak, Nature 459 (2009) 171-172; (b) M.W. Power, B. Gerland, J.D.
Sutherland, Nature 459 (2009) 239-242.

J.P. Wolfe, S. Wagaw, J.O.P. Marcoux, S.L. Buchwald, Acc. Chem. Res.31 (1998) 805-
818.

(@) E.R. Burkhardt, K. Karl Matos, Chem. Rev.106 (2006) 2617-2650; (b) A.F. Abdel-
Magid, S.J. Mehrman, Org. Process Res. Dev. 10 (2006) 971-1031.

R. Severin, S. Doye, Chem. Soc. Rev. 36 (2007) 1407-1420.

(a) B.G. Gowenlock, G.B. Richter-Addo, Chem. Rev. 104 (2004) 3315-3340; (b) E.M.
Beccalli, G.Broggini, M. Martinelli, S. Sottocornola, Chem. Rev.107 (2007) 5318-5365.
K.A. DeKorver, H. Li, A.G. Lohse, R. Hayashi, Z. Lu, Y. Zhang, R.P.Hsung, Chem.
Rev.110 (2010) 5064-5106.



29.

30.

31.

32.

33.

34.

35.
36.

(&) M. H. S. A. Hamid, P. A. Slatford, J. M. J. Williams, Adv. Synth. Catal. 349 (2007)
1555. (b) G. W. Lamb, J. M. J. Williams, Chimica Oggi. 26 (2008) 17-19; (¢) T. D.
Nixon, M. K. Whittlesey, J. M. J. Williams, Dalton Trans. (2009) 753—762.

For selected reviews, see: (a) T. Suzuki, Chem. Rev., 111 (2011) 1825-1845; (b) R. H.
Crabtree, Organometallics. 30 (2011) 17-19; (b) G. E. Dobereiner, R. H. Crabtree,
Chem. Rev. 110 (2010) 681-703; (c) G. Guillena, D. J. Ramon, M. Yus, Chem. Rev. 110
(2010) 1611—1641; (d) T. D. Nixon, M. K. Whittlesey, J. M. J. Williams, Dalton Trans.
(2009) 753-765.

For selected examples, see: (a) S. Bahn, S. Imm, L. Neubert, M. Zhang, H. Neumann, M.
Beller, Chem. Eur. J. 17 (2011) 4705-4708; (b) M. Zhang, S. Imm, S. Bahn, H.
Neumann, M. Beller, Angew. Chem., Int. Ed. 50 (2011) 11197-11201; (c) A. Tillack, D.
Hollmann, K. Mevius, D. Michalik, S. Bahn, M. Beller, Eur. J. Org. Chem. (2008) 4745—
4750; (d) D. Hollmann, A. Tillack, D. Michalik, R. Jackstell, M. Beller, Chem. Asian J. 2
(2007) 403-410;

(@) A. J. A, Watson, J. M. J. Williams, Science. 329 (2010) 635-636; (b) M. H. S. A.
Hamid, C. L. Allen, G. W. Lamb, A. C. Maxwell, H. C. Maytum, A. J. A. Watson, J. M.
J. Williams, J. Am. Chem. Soc. 131 (2009) 1766-1774; (c) M. H. S. A. Hamid, J. M. J.
Williams, Chem. Commun. (2007) 725-727.

@ A. J. A Watson, A. C. Maxwell, J. M. J. Williams, J. Org. Chem. 76 (2011)
2328-2331; (b) D. Pingen, C. Muller, D. Vogt, Angew. Chem., Int. Ed. 49 (2010) 8130-
8133; (c) C. Gunanathan, D. Milstein, Angew. Chem. 120 (2008) 8789-8792.

For selected examples, see: (a) F. Li, H. Shan, L. Chen, Q. Kang, P. Zou, Chem.
Commun. 48 (2012) 603-605; (b) O. Saidi, A. J. Blacker, M. M. Farah, S. P. Marsden, J.
M. J.-Williams, Chem. Commun. (2010) 1541-1543; (c¢) R. Kawahara, K. Fujita, R.
Yamaguchi, J. Am. Chem. Soc., 132 (2010) 15108-15111; (d) C.-F. Chang, Fu, Y.-H.
Liu, S.-M. Peng, J.-T. Chen, S.-T. Liu, Dalton Trans. (2009) 861-867; () A. P. Da
Costa, M. Sanau, E. Peris, B. Royo, Dalton Trans. (2009) 6960-6966; (f) O. Saidi, A. J.
Blacker, M. M. Farah, S. P. Marsden, J. M. J. Williams, Angew. Chem., Int. Ed. 48
(2009) 7375-7378.

R. A. T. M. Abbenhuis, J. Boersma, G. V. Koten, J. Org. Chem. 63 (1998) 4282-4290.
C. Gunanathan, D. Milstein, Angew. Chem., Int. Ed. 47 (2008) 8661-8664.



37.

38.
39.

40.
41.
42.

43.

44,
45,

46.
47.

(a) D. Hollmann, S. Bahn, A. Tillack, M. Beller, Chem. Commun. (2008) 3199-3201,; (b)
S. Bahn, D. Hollmann, A. Tillack, M. Beller, Adv. Synth. Catal. 350 (2008) 2099-2103;
(c) D. Hollmann, S. Bahn, A. Tillack, R. Parton, R. Altink, M. Beller, Tetrahedron Lett.
49 (2008) 5742-5745; (d) D. Hollmann, S. Bahn, A. Tillack, M. Beller, Angew. Chem.
119 (2007) 8440-8444.

K. Fujita, Y. Enoki, R. Yamaguchi, Tetrahedron. 64 (2008) 1943-1954.

(a) B. Blank, S. Michlik, R. Kempe, Adv. Synth. Catal. 351 (2009) 2903-2911; (b) B.
Blank, S. Michlik, R. Kempe, Chem. Eur. J. 15 (2009) 3790-3799; (c) B. Blank, M.
Madalska, R. Kempe, Adv. Synth. Catal. 350 (2008) 749-758.

S. Agrawal, M. Lenormand, B. M. Matute. Org. Lett. 14 (2012) 1456-1459.

Y-H. Chang, Y. Nakajima, F. Ozawa, Organometallics. 32 (2013) 2210—2215.

(@) Q. Xu, Q. Li, X. Zhu, J. Chen, Adv. Synth. Catal. 355 (2013) 73-80; (b) F. Han, L.
Yang, Z. Li, C. Xia, Adv. Synth. Catal. 2012, 354, 1052-1060; (c) Q. Xu, Q. Li, X. Zhu,
J. Chena, Adv. Synth. Catal. 355 (2013) 73-80; (d) I. A. Khan, A. K. Saxena, J. Org.
Chem. 78 (2013) 11656-11669.

(a) R. Ramachandran, G. Prakash, S. Selvamurugan, P. Viswanathamurthi, J. G. Malecki,
W. Linert, A. Gusev, RSC Adv. 5 (2015) 11405-11422; (b) R. Manikandan, P. Anitha, G.
Prakash, P. Vijayan, P. Viswanathamurthi, R. J. Butcher, J. C. Malecki, J. Mol. Catal. A:
Chem. 398 (2015) 312-324; (c) R. Ramachandran, G. Prakash, S. Selvamurugan, P.
Viswanathamurthi, J. G. Malecki, V. Ramkumar. Dalton Trans. 43 (2014) 7889-7902;
(d) R. Ramachandran, P. Viswanathamurthi, Spectrochim. Acta, Part A 103 (2014) 53—
61; (e) G. Prakash, R. Ramachandran, M. Nirmala, P. Viswanathamurthi, W. Linert,
Monatsh . chem. 145 (2014) 1903-1912; (f) G. Prakash, P. Viswanathamurthi,
Spectrochim. Acta, Part A 129 (2014) 352-358; (g) R. Ramachandran, G. Prakash, P.
Vijayan, P. Viswanathamurthi, J. G. Malecki, Inorg. Chim. Acta 464 (2017) 88-93.

G. M. Sheldrick, Acta Crystallogr. A64 (2008) 112—122.

R. A. Sanchez-delgado, W. Y. Lee, S. R. Choi, Y. Cho, M. J. Jun, Transition Met. Chem.
16 (1991) 241-244.

I. P. Evans, A. Spencer, J. Wilkinson, J. Chem. Soc., Dalton Trans. 2 (1973) 204—2009.

J. E. Hoots, T. B. Rauchfuss, D. A. Wrobleski, Inorg. Synth. 21 (1982) 175-178.



48. R. Ramachandran, G. Prakash, M. Nirmala, P. Viswanathamurthi, J. G. Malecki, J.

Organomet. Chem. 791 (2015) 130-140.
49. C-C. Lee, W-Y. Chu, Y-H. Liu, S-M. Peng, S-T. Liu, Eur. J. Inorg. Chem. (2011) 4801—

4806.



S H H
H \ _N_ N
H,N
W [ j P T O
N
\N ‘
N =
C,H SOH CH3COOH C,HsOH, CH3;COOH N
reflux 3h reflux 3h

S

PNO-TH
y PNS-Ph

Scheme 1. Synthesis of phosphino-hydrazone and thiosemicarbazone ligands.

OOy el AL
‘ X cis-[RUCI,(dms0),] P [RUHCI(CO)(ASPhs)s] cll

h / - P N
1 N
P — ’ ~pZ—Ph Ethanol, Reflux, 6h \w Ethanol, Reflux, 8h Ru/\ |
RN Ny HN__R PhaAs l‘\ o

X

= - 3
LX0.R=TN s PNO-THy; X=0, R= —<\js

2; X=S, R=NHC4Hs PNS-Ph; X=S, R=NHCgHs

Scheme 2. Synthesis of ruthenium(I1) complexes.



Fig. 1. Molecular structure of [Ru(PNS-Ph),] (2) with thermal ellipsoids at the 50 % probability
level.



Fig. 2. Molecular structure of [RuCI(CO)(AsPhz)(PNO-THYy)] (3) with thermal ellipsoids at the
50 % probability level. The disordered chloride, carbonyl and thiophene group of the structure

have been omitted for clarity.
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Highlights

e Ru(ll) complexes with PNO/PNS donor ligands were designed and synthesized.
e The complexes efficiently catalyzed the N-alkylation of amines with alcohols.

e Water as a sole by product in this novel catalytic reactions.
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Ruthenium(11) complex bearing PNO ligand efficiently catalyses the N-alkylation of amines with
alcohols. The reaction works under mild condition with 0.5 mol % of catalyst and could be
performed on a small scale, providing an alternative to conventional alkylation reaction.
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e Ru(ll) complexes with PNO/PNS donor ligands were designed and synthesized.
e The complexes efficiently catalyzed the N-alkylation of amines with alcohols.

e Water as a sole by product in this novel catalytic reactions.



Tablel Crystal, measurement and refinement data for complexes 2 and 3

2 3
Formula Cs2Ha2NgP2RUS; Ca3H33AsCIN,OsPRUS
Fw 978.04 884.18
Cryst syst monoclinic Triclinic
Space group 112/l PI
a, A 18.1577(4) 11.1690(3)
b, A 11.2930(3) 18.3688(8)
c, A 22.6297(5) 20.2066(6)
a, deg 90 68.206(3)
B, deg 101.712() 87.070(2)
y, deg 90 77.349(3)
Vol, A® 4543.7(2) 3753.8(2)
Z 4 4
F(000) 2008 1784
Deated, g €M™ 1.430 1.565
Absorption coefficient 4.661 1.565
mm*
Scan range for data 4.3850 < 20 > 3.58t0 29.14
collection (deg) 67.4040
Index ranges 2l<=h<=17 -11<=h< =13
-13<=k< =13 -le<=k< =21
-l7<=1<=26 24< = |< =23
Reflections 24015, 12983, 0.0548 29559/13249,0.0361
collected/unique, Rint
Completeness to thetamax ~ 0.978 0.997
Data/restraints/parameters ~ 3654/0/273 13249/0/990
Goodness-of-fit on F? 1.081 1.033
Final R indices [I >24(1)]*> 0.0430, 0.1261 R; =0.0384,
wR, =0.0828
R indices (all data) R; =0.0584,

0.0504, 0.1261

WR, = 0.0828




Table 2 Selected bond lengths and bond angles for the complexes 2 and 3

2 3
Interatomic distances (A)
Ru(1)—C(1) 1.936(4) Ru(1)-S(1) 2.372(8)
Ru(1)-N(1) 2.061(3) Ru(1)-S(1) 2.3871(8)




Ru(1)-P(1) 2.2969(9)  Ru(1)-P(D) 2.3080(8)

Ru(1)-0(2) 2.099(2) Ru(1)-P(1) 2.3080(8)
Ru(1)-As(1) 24777(4)  Ru(1)-N(1) 2.065(3)
Ru(1)~CI(1) 2.4061(10)  Ru(1)-N(1) 2.065(3)

Bond angles(°)

CI(1)~Ru(1)—-As(1) 86.26(3) S(1)-Ru(1)-S(1) 87.24(5)
P(1)-Ru(1)-As(1)  101.14(3) P(1)-Ru(1)-S(1) 87.46(3)
P(1)-Ru(1)-CI(1)  94.51(3) P(1)-Ru(1)-S(1) 173.21(3)
O(2)-Ru(1)-As(1)  88.08(6) P(1)-Ru(1)-S(1) 173.21(3)
O(2)-Ru(1)-P(1)  170.73(7) P(1)-Ru(1)-S(1)  172.06(5)
N(1)-Ru(1)-As(1)  164.12(8) P(1)-Ru(1)-P(1) 98.12(4)
N(1)-Ru(1)-P(1)  93.26(8) N(1)-Ru(1)-S(1) 90.40(8)
N(1)-Ru(1)-0(2)  77.68(10) N(1)-Ru(1)-S(1) 92.32(8)
C(1)-Ru(1)-As(1)  96.16(10) N(1)-Ru(1)-S(1) ' 82.32(8)
C()~-Ru(1)~-CI(1)  174.11(11)  N(1)-Ru(1)-P(1) 93.10(8)
C(1)-Ru(1)-P(1)  90.30(11) N(1)-Ru(1)-P(1) = 93.10(8)
C(1)~Ru(1)—N(1) 90.35(13) N(1)-Ru(1)-N(1) 169.95(16)

Table 3 N-alkylation of 2-aminobenzothiazole with benzyl alcohol under various

conditions®

Catalyst Yield
Entry Catalyst (Mol%) Base (%)°

1 1 1.00 - 0

2 1 1.00 K,COs 35

3 1 1.00 Cs,CO3 43

4 1 1.00 NaOH 55

5 1 1.00 KOH 62




6 1 0.50 KOH 67
7 1 0.25 KOH 60
8 1 0.50 NaOtBu 51
9 - - KOH 0
10 2 0.50 KOH 64
11 3 0.50 KOH 92

Reaction conditions: 2-aminobenzothiazole (1 mmol), benzyl alcohol (1. mmol), Ru
catalyst, base (0.5 mmol), toluene (5 mL), at 100 °C for 12 h. "Isolated yield.

Table 4 N-alkylation of amines with various alcohols®
Entry Amine Alcohol Product Yield(%)"
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®Reaction conditions: amine (1 mmol), alcohol (1 mmol), Ru catalyst 3 (0.50
mol%), base (0.5 mmol), toluene (5 mL), at 100 °C for 12 h. *Isolated yield.




