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Abstract. Triazolopyridine ligand, {3-(2-pyridyl)-[1,2,3]triazolo[1,5-a]-pyridine}, L. was synthesized by
reaction of p-toulenesulphonyl hydrazine and dipyridyl ketone in the presence of acetic acid. Half-sandwich
ruthenium, rhodium and iridium complexes [1-4] have been synthesized by reaction of [{(arene)MCl, },] (arene
= p-cymene/benzene/Cp* and M = Ru/Rh/Ir) with ligand L in methanol. The reaction in 1:2 (M:L) ratio has
yielded all mononuclear cationic complexes such as [(arene)MLxﬁmNCl]PFﬁ, where {(arene)M} = (p-cym)Ru
(1), (benz)Ru (2), Cp*Rh (3) and Cp*Ir (4). All the complexes were characterized by spectral studies and the

solid state structures of complexes, 1 and 3 were unambiguously determined by crystallographic studies.
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1. Introduction

Platinum group metals containing heterocyclic nitrogen
based ligands exhibit significant photochemical prop-
erties, catalytic activities, electrochemical behaviour as
well as cytotoxic activities.!™ Triazolopyridine struc-
tures are fundamental building blocks for numerous
pharmaceutical and functional materials.'” In gen-
eral, the ligand under study i.e., [1,2,3]triazolo[1,5-a]
pyridines have been synthesized by the oxidative
cyclization of 2-pyridyl ketone hydrazones by using
oxidants such as Pb(OAc),, copper salts, MnO,, hyper-
valent iodine, Ag,O, Ni peroxide, etc.!'""> Synthe-
sis of this ligand is also possible by the reaction of
2-pyridyl ketone with tosylhydrazine in NaOH.'® In our
attempt to prepare a Schiff base by condensing tosylhy-
drazine with dipyridyl ketone using glacial acetic acid,
we ended up with the triazolylpyridine. Curiously, this
ring system has been ignored as a ligand in coordination
chemistry. There have been only a few reports of com-
plexes with a [1,2,3]triazolo[1,5-a] pyridine unit acting
as a donor to a metal centre.!””?! Ruthenium complexes
of the ligand under study were synthesized containing
2,2’-bipyridine (bipy) auxiliary ligands and their elec-
trochemistry were delineated.”? Hitherto, we have syn-
thesized numerous arene metal complexes of various
nitrogen donor ligands and explored their structures and
various bonding modes.?-?*

*For correspondence

triazolylpyridine; ruthenium; rhodium; iridium.

According to our knowledge, there are no reports of
complexes of arene metal complexes with the ligand
under study. We have synthesized and characterized the
ruthenium, rhodium and iridium arene complexes with
this ligand [1,2,3]triazolo[1,5-a] pyridine (L).

2. Experimental
2.1 Materials and methods

All the reactions were carried out without using any inert
atmosphere. Metal halides MCl3(H,0), (M = Ru, Rh and Ir)
were purchased from Arora Matthey Limited. Pentamethyl-
cyclopentadiene (Sigma-Aldrich), a-Phellandrene (Merck),
p-toluene sulphonyl hydrazine (Sigma-Aldrich), dipyridyl
ketone (Sigma-Aldrich), silica gel (Hi-Media) were used as
received. All the solvents used for syntheses were dried and
distilled prior to use according to the standard procedures and
stored over activated molecular sieves.?S Dichloromethane,
chloroform and hexane were dried over calcium chloride and
methanol was dried using calcium oxide. Precursor com-
pounds of ruthenium, rhodium and iridium were prepared
according to the literature methods.?®?’ Infrared (IR) spec-
tra were recorded on a Perkin-Elmer 983 spectrophotometer
with the compounds dispersed in KBr discs. '"H NMR spectra
were recorded with Bruker Avance 11 400 MHz spectrometer.
Chemical shifts for 'H NMR are reported using tetramethyl-
silane (TMS) as the internal standard and were recorded in
deuterated dimethyl sulphoxide (DMSO-d¢). UV-Vis spectra
were recorded by using Perkin-Elmer lambda 25 spectropho-
tometer. Mass spectra were recorded on Q-T of APCI-MS
HAB 273 instrument.
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Single crystals selected from the samples were analyzed
on Oxford Diffraction Xcalibur Eos Gemini diffractome-
ter using Mo-Ke radiation (A = 0.71073 A) in the whole
reciprocal sphere. Data reduction and processing were car-
ried out by CrysAlisPro (Agilent Technologies Ltd., Oxford-
shire, UK) suite of programs.?® All the structures were solved
by direct methods with SHELXS-9.2° (Géttingen, Germany)
and the molecular model refined by the full-matrix least
squares procedure on F? with SHELXL-97.%° All the non-
hydrogen atoms were refined anisotropically while hydrogen
atoms were placed in geometrically idealized positions and
constrained to ride on their parent atoms. The molecular
structures presented as ORTEP diagrams for all the com-
plexes were drawn with ORTEP-3 software.>! The packing
diagrams for the molecular structures of all the complexes
were drawn using Mercury 3.6 software.

2.2 Synthesis of ligand

A mixture of p-toulenesulphonyl hydrazine (200 mg,
1.29 mmol) and dipyridyl ketone (238 mg, 1.29 mmol) along
with two drops of glacial acetic acid was refluxed in
methanol for 6 h (Scheme 1). The solvent was removed using
rotavapor and the product, yellow oily mixture was passed
through silica gel column using hexane and methanol (1:1)
as solvents. The compound was obtained as yellow solid.
M.p.: 160°C. Yield: (75%). FTIR (KBr pellet, cm™): 3079
Vc—ny, 1631 vic=n), 1601 vc=c). 'H NMR (DMSO-ds, 400
MHz, §, ppm): 9.24 (d, 1H, Jug = 7.2 Hz), 8.75 (d, 1H,
Jun = 4.4 Hz), 8.53 (d, 1H, Jyy = 8.8 Hz), 8.37 (d, 1H,
Jun = 7.6 Hz), 8.20-8.13 (m, 2H), 7.67 (t, 1H, Jug = 7.6
Hz), 7.36 (t, 1H, Jug = 7.6 Hz). UV/Vis (MeOH) Ap,x, nm
(e, Mlem™!) =222 (2.12 x 10°), 264 (1.0 x 10%), 306
(1.21 x 10%). HRMS (ESI) m/z: caled.: 196.0749, found:
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197.0851 [M+H]*. Anal. Calcd. (%) for C;1HgN,4C, 67.34;
H, 4.11; N, 28.55. Found (%): C, 67.64; H, 3.91; N, 28.75.

2.3 Exemplified procedure for the synthesis
of complexes 1-4

A mixture of {(arene)MCI, }, (0.08 mmol), ligand L. (0.16 mmol)
and NH4PF¢ (0.16 mmol) in methanol (20 mL) was stirred at
room temperature for 6 h (Scheme 2). Yellow precipitate of
the compound was obtained during the course of the reac-
tion. The precipitate was filtered and washed with diethyl
ether (2 x 15 mL) and air-dried.

2.3a  Complex [(p-cym)RuLk}.y CIlIPFs (1): Yield:
(59%). FTIR (KBr pellet, cm™'): 2965 Vic—n), 1644 vc=n),
1611 V(C=0C)» 843 V(P—F)str» 557 V(P—F)ben- 1H NMR (DMSO-
dg¢, 400 MHz, ppm): 9.53 (d, 1H, Jyg = 6 Hz), 9.46 (d, 1H,
Jun = 5.6 Hz), 8.72 (d, 1H, Jyyg = 4.8 Hz), 8.52 (d, 1H,
Jua = 8 Hz), 8.25 (t, 1H, Jyg = 7.6 Hz), 7.93 (t, 1H, Jyg =
8.8 Hz), 7.64 (m, 2H), 6.20 (dd, 2H, Jyg = 6 Hz), 5.99
(t, 2H, Jug = 6.8 Hz), 2.68 (sept, 1H), 2.13 (s, 3H),
1.03 (d, 6H, Jug = 4 Hz). UV-Vis MeOH) A, nm (¢,
M~lem™) = 223 (1.0 3 x 10°), 294 (9.5 x 10%), 334
(6.42 x 10%). HRMS (ESI) m/z: caled.: 467.0576 [M-
PF¢]™; found: 467.0604 [M-PF4]". Anal. Calcd. (%) for
C,1H CIFgNy4PRu: C, 41.22; H, 3.62, N, 9.16. Found (%):
C,41.52; H, 3.32, N, 8.96.

2.3b  Complex [ {(benzene)RuLKI%mNCl} JPF¢ (2): Yield:
(49%). FTIR (KBr pellet, cm™'): 2925 Vic—H), 1644 vicany,
1612 V(C=0)» 843 V(P—F)str» 558 V(P—F)ben- 1I‘I NMR (DMSO-d6,
400 MHz, ppm): 9.65 (d, 1H, Jyg = 4 Hz), 9.50 (d, 1H,
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Schematic representation of the synthesis of ligand.
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Scheme 2. Schematic representation of the synthesis of complexes 1-4.



Triazalopyridine rhodium compounds

Jun = 8 Hz), 8.76 (d, 1H, Jyqg = 8 Hz), 8.55 (d, 1H,
Juu =8 Hz),8.29 (t, 1H, Jyy =8 Hz),7.97 (t, 1H, Jyy = 8 Hz),
7.69 (m, 2H), 5.56 (s, 6H). UV-Vis (MeOH) Ay, nm
(e, M~'em™) = 221 (9.0 x 10%), 293 (7.10 x 10%), 332
(5.23 x 10%). HRMS (ESI) m/z: caled.: 410.9950; found:
410.9964 [M-PF¢]*. Anal. Calcd. (%) for Ci7H;4CIFsN,4PRu:
C, 36.74; H, 2.54; N, 10.08. Found (%): C, 36.44; H, 2.84;
N, 9.95.

2.3¢c  Complex [Cp*RhLKI%mNCl]PF6 (3): Yield: (60%).
FTIR (KBr pellet, cm™"): 2945 vc_p), 1640 vc=n), 1609
V(c=0)» 842 V(P—F)str» 558 V(P—F)ben- 1H NMR (DMSO-dé, 400
MHz, ppm): 9.51 (d, 1H, Jgg = 8 Hz), 9.00 (d, 1H, Jyg =
8 Hz), 8.78 (d, 1H, Jyy = 8 Hz), 8.57 (d, 1H, Jyy = 8 Hz),
8.31 (t, 1H, Jyy = 8 Hz),7.96 (t, 1H, Jyy = 8 Hz), 7.76
(m, 2H), 1.78 (s, 15H). UV-Vis (MeOH) Ajax, nm (e,
M~'em™!) =222 (1.29 x 10%), 266 (4.51 x 10%), 320 (5.1 x
10*). HRMS (ESI) m/z calcd.: 469.0666; found: 469.0804
[M-PF¢]™". Anal. Calcd. (%) for C,; Hy; CIFsN4PRIC, 41.03;
H, 3.77; N, 9.11 Found (%): 41.33; H, 3.57; N, 9.31.

2.3d Complex [CP*IVLKI%IQNCZJPFG, (4): Yield: (42%).
FTIR (KBr pellet, cm™'): 2924 vc_y), 1644 vcon), 1614
V(C=0C)» 844 V(P—F)str» 558 V(P—F)ben- 1H NMR (DMSO-ds,
400 MHz, 8, ppm): 9.51 (d, 1H, Jyg = 8 Hz), 9.02 (d,
1H, Juy = 8 Hz), 8.84 (d, 1H, Jyg = 8 Hz), 8.70 (d, 1H,
Jua = 8 Hz), 8.33 (t, 1H, Jyg = 8 Hz), 8.0 (t, 1H, Jyg =
8 Hz),7.71 (m, 2H), 1.77 (s, 15H). UV-Vis (MeOH) A2x, NM
(e, M 'em™") = 221 (8.90 x 10%), 287 (6.89 x 10%), 333
(5.7 x 10%. HRMS (ESI) m/z calcd.: 559.1240; found:
559.1350 [M-PFs]". Anal. Calcd. (%) for Cy;Hy3CIFgN4PIrC,
35.82; H, 3.29; N, 7.96 Found (%): 36.05; H, 3.49; N, 815.
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3. Results and Discussion
3.1 Synthesis

During an attempt to synthesize a Schiff base ligand
by condensing p-toulenesulphonyl hydrazine with
dipyridyl ketone, we observed the formation of an unex-
pected triazole ligand (Scheme 1). Though the ligand
under study is reported by various methods using oxi-
dizing agents, refluxing in methanol with acetic acid
is not widely reported. Complexes 1-4 were obtained
by treating ligand L. with the corresponding precursor
compound in methanol (Scheme 2). All the complexes
were isolated as their hexafluorophosphate salts and
were obtained as yellow powders. They are insoluble in
chlorinated solvents such as dichloromethane and chlo-
roform, soluble in acetone, alcohols, acetonitrile and
dimethyl sulphoxide, soluble in hot water (up to 40°C)
and they are insoluble in diethyl ether and hexane.

3.2 Characterization by spectral studies

The IR spectra of the mononuclear complexes 1-4 show
the stretching frequencies of C=N, C=C and C-H at
around 1640, 1610 and 2925 cm™!, respectively. The
formation of ionic complexes with PF¢ counterion is
supported by the presence of P-F vibrational stretch-
ing frequency at 842-844 cm~! and vibrational bending
frequencies at 557-558 cm ™.

The '"H NMR spectra of complexes 1-4 exhibit sig-
nals corresponding to the ligand from 9.65-7.67 ppm

——Ligand
Complex 1
—— Complex 2
—— Complex 3
Complex 4

T - .
as0 400 450 500

Wavelength (nm)

Figure 1.

UV-Visible spectra of complexes 1-4 and ligand in methanol at 10 M concentration.
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comprising of doublets, triplets and multiplets corre-
sponding to the two pyridyl rings of the ligand. The lig-
and in the complexes experiences a downfield chemical
shift compared to that of free ligand attributed by the
electronegative effect of the metal(s). The presence of
the arene metal part is confirmed by the corresponding
signals. In complex 1, two doublets of doublets at 6.20

cin #?

and 5.99 ppm corresponding to thephenyl ring of the
p-cymene, a septet at 2.68 ppm, a singlet at 2.13 ppm
and a doublet at 1.03 ppm corresponding to the alkyl
groups of the p-cymene were observed (Figure S1 in
Supplementary Information). The presence of a sin-
glet of six protons at 5.56 ppm in complex 2, a sin-
glet of fifteen protons at 1.78 ppm in complex 3 and

13

Figure 2. The molecular structure of complex 1 as ORTEP diagram at 50%
thermal probability level. Hydrogen atoms and counterions are omitted for

clarity.

Figure 3. The molecular structure of complex 3 as ORTEP diagram at 50%
thermal probability level. Hydrogen atoms and counterions are omitted for
clarity.
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Table 1. Crystallographic and structure refinement parameters for complexes 1 and 3.
1 3

Emplncal formula Cz] H22C1F6N4PRU Cz] H23C1N4RhF6P
Formula weight 611.91 614.76
Temperature (K) 273(2) 293(2)
Wavelength (A ) 0.71073 0.71073
Crystal system Triclinic Monoclinic’
Space group P1 P21/c
Unit cell dimensions (A, °)
a 7.2151(4) 8.1467(16)
b 11.9054(7) 12.368(2)
c 14.8743(8) 24.463(5)
o 69.407(5) 90
B 76.898(5) 90
4 86.939(5) 90
Volume (A%), Z 1164.42(12), 2 2464.9(8), 4
Calculated density (mgm™3) 1.745 1.657
Absorption coefficient (mm~") 0.922 0.928
Crystal size (mm?) 0.29 x 0.25 x 0.12 0.31 x 0.21 x 0.21
Scan range 3.681 to 26.372 3.398 to 26.365
Reflections collected 7268 8922
Independent reflections (Riy) 4868 (0.0343) 49930(0.0194)
Refinement method Full-matrix least-squares on F* Full-matrix least-squares on F*
Data/restraints/parameters 4866/0/307 4993/0/307
Goodness-of-fit on F? 1.045 0.749

Final R indices [I > 20 (I)]*
R indices (all data)
Largest difference

peak and hole (e A~%)

R1 =0.0410, wR2 = 0.1007
R1 = 0.0466, wR2 = 0.1038
0.715 and —0.562

R1 =0.0555, wR2 = 0.0648
R1 =0.1668, wR2 = 0.1784
1.129 and —1.006

*Structures were refined on F2: wR2 = [S[w(F; — F2)?]/Sw(F;)*1"?, where w™! = [E(F})+ (aP)*+ bP] and P =

[max(F?, 0) + 2FC2]/3.

Table 2. Selected bond lengths and angles of complexes 1 and 3.

Complex 1 3
Bond distances (A)

Ru/Rh(1)-Centroid 1.679 1.783
Ru/Rh(1)-Arene,ye 2.1911 2.1568
Ru/Rh(1)-N(1) 2.118(3) 2.164(5)
Ru/Rh(1)-N(2) 2.059(3) 2.121(4
Ru/Rh(1)-ClI(1) 2.3939(10) 2.3913(15)
N(2)-N(@3) 1.321(4) 1.317(7)
N(3)-N4) 1.357(4) 1.374(7)
N(1)-C(11) 1.347(5) 1.332(7)
N(1)-C(15) 1.351(4) 1.377(7)
N(2)-C(16) 1.350(4) 1.359(6)
N4)-C(17) 1.374(4) 1.377(7)
Bond Angles (°)

N(1)-Ru/Rh(1)-N(2) 76.21(11) 76.11(15)
N(1)-Ru/Rh(1)-CI(1) 84.53(8) 87.78(12)
N(2)-Ru/Rh(1)-CI(1) 85.15(8) 89.88(12)
N(2)-N(3)-N4) 103.5(3) 104.6(4)
N(3)-N(2)-C(16) 112.8(3) 112.1(4)
N(1)-C(15)-C(16)-N(2) 5.49 0.45
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Table 3. Selected hydrogen bond distances (A) and angles (°) of complexes 1 and 3.

Complex D-H---A D-H(A) H---A(A) D---AA) <D-H--A(®)

1 C(1)-H(1)- - - CI(1)? 0.980 2.680 3.642(4) 168
C(18)-H(18)- - - CI(1)® 0.930 2.670 3.477(4) 145

3 C(15)-H(15)- - - CI(1)° 0.930 2.810 3.776(6) 154

*Symmetry axis: a= —1+x, y, z. b=2—x, 1—y, —z, c=1—Xx, —y, —z.

Figure 4. Intermolecular C-H- - - Cl interactions in complex 1.

2810 A HIS

Figure 5. Intermolecular C-H- - - Cl interactions in complex 3.
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that at 1.77 ppm in complex 4 confirm the presence of
benzene ruthenium, Cp*Rh and Cp*Ir portions of the
complexes (Figures S2-S4 in Supplementary Informa-
tion). Mass spectral study by HRMS has unambigu-
ously confirmed the formation of the complexes. The
molecular ion peaks in complexes 1-4 corresponding to
the [M-PF4]" were found at m/z 467.0604, 410.9964,
469.0804 and 559.1350 respectively (Figures S6-S9 in
Supplementary Information). UV-Vis spectra of the lig-
and and complexes 1-4 were recorded in methanol in
10 uM solutions. The electronic spectra of these com-
plexes are depicted in (Figure 1). The ligand exhib-
ited three bands at 222, 264 and 306 nm. The electronic
spectra of complexes 1-4 display three bands at 221—
223nm, 287-294nm and 320-334nm. There is a
significant bathochromic shift in the lower energy bands
from 264 nm to ~290 nm and from 306 to ~330 nm.

3.3 Structural studies by X-ray crystallography

The molecular structures of complexes 1 and 3 were
confirmed by X-ray structural analyses. The ORTEP
drawings with an atom labelling scheme are shown in
Figures 2 and 3. The summary of the crystallographic
data, bond lengths and angles for these complexes are
presented in Tables 1 and 2, respectively. The chelate
binding of the ligand and the formation of cationic com-
plexes are explicit in the crystal structures. The metal to
centroid distances in complexes 1 and 3 are 1.679 A and
1.783 A, respectively, which indicates a longer distance
of the arene and metal in the latter case.

In complexes 1 and 3, metal to nitrogen distances
around the metal viz., Ru/Rh-N1/N2 are in the range
2.059A to 2.164A and the metal chloride distances
are 2.393 A and 2.391 A, respectively. In the triazole,
the N-N distances viz., N2-N3 and N3-N4 in complex
1 are 1.321(4) A and 1.357(4) A, respectively, and in
complex 3 they are 1.317(7) A and 1.374(7) A, respec-
tively, which suggest that the N-N bond attached to
pyridine ring is longer than the exocyclic N-N bond
which is bound to the metal (Figures 2 and 3). The
bite angles around the metal N(1)-Ru/Rh(1)-N(2),
N(1)-Ru/Rh(1)-CI(1) and N(2)-Ru/Rh(1)-CI(1) are in
therange 76.11(15)° to 89.88(12)° which shows a slight
deviation from the octahedral geometry resulting in
pseudo-octahedral geometry for the complexes. The
complexes resemble a “piano stool” with arene occu-
pying the place of the seat and the two nitrogen atoms
and chloride as the three legs. The torsion angle at
N(1)-C(15)-C(16)-N(2) in complexes 1 and 3 are 5.49°
and 0.45° which suggests the existence of more strain
around the metal in the ruthenium complex compared
to that of rhodium. The packing diagrams of the crystal

structures of the complexes 1 and 3 show the inter-
molecular C-H- - - Cl interaction and 7 —7 interaction.
In complex 1, C1-HI- - - Cl was observed with 2.680 A
between the donor and acceptor and C(18)-
H(18)- - - CI(1) was observed with 2.670 A between the
donor and acceptor. In complex 3, C(15)-H(15)- - - CI(1)
was observed with 2.810 A between the donor and
acceptor (Figures 4 and 5) (Table 3).

4. Conclusions

In our attempt to synthesize a Schiff base ligand by
condensing tosylhydrazine with dipyridyl ketone using
glacial acetic acid, we ended up with triazolylpyri-
dine by nucleophilic substitution of the tosyl group by
pyridyl nitrogen (ligand L). All the three metal precur-
sors (M = Ru, Rh and Ir) form mononuclear cationic
complexes with the ligand in N, N-bidentate chelating
mode (k>N N N). The metal complexes 1-4 were syn-
thesized and characterized by spectroscopic and crys-
tallographic studies. Complexes under study exhibited a
significant bathochromic shift from ligand to complexes
in the lower energy region from 264 nm to ~290 nm
and from 306 to ~330 nm. Complexes 1 and 3 exhibited
intermolecular C-H- - - Cl and 7 — 7 interactions.

Supplementary Information (SI)

CCDC [1505760] and CCDC [1505761] contain the supple-
mentary crystallographic data for complexes 1 and 3. These
data can be obtained free of charge via www.ccdc.cam.ac.
uk/data_request/cif, by e-mailing data_request@ccdc.cam.ac.uk,
or by contacting The Cambridge Crystallographic Data Cen-
tre, 12, Union Road, Cambridge CB2 1EZ, UK; fax: 444
1223 336033. 'H NMR and mass spectra of the correspond-
ing complexes are given in the Supplementary Information,
which is available at www.ias.ac.in/chemsci.
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