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Four diorganotin complexes of the compositions [Me2Sn(L)]-0.5C¢HsCH3 (1), [n-BuaSn(L)] (2), [BnzSn(L)] (3)
and [n-OctySn(L)] (4) were synthesized by reacting RSnO (R = Me, n-Bu, Bn or n-Oct) with NZ,N6-bis(benzo [d]
thiazol-2-yl)pyridine-2,6-dicarboxamide (HaL, where Hy denotes the two acidic protons) in refluxing toluene.
Compounds were characterized by FT-IR (ATR mode), 'H, 13C and 11°Sn NMR spectroscopy, as well as high-
resolution mass spectrometry. The solid-state structures of compounds 1-3, along with their pro-ligand H,L,

were investigated through single-crystal X-ray diffraction studies. In compounds 1-3, the dianionic tridentate
pyridine dicarboxamide ligand acts as a k-N° tridentate chelator, coordinating to the equatorial plane, while the
coordination sphere of Sn(IV) ion is completed by two axial Sn-R ligands, resulting in a distorted trigonal

bipyramidal geometry.

1. Introduction

Benzothiazoles (1,3-benzothiazole) are bicyclic heterocyclic com-
pounds composed of fused benzenic and thiazolic rings, featuring
electron-rich heteroatoms nitrogen and sulfur. The unique methine
center in the thiazole ring makes benzothiazole one of the most
important heterocyclic structures. Benzothiazole derivatives are highly
effective with low toxicity, making the benzothiazole scaffold a crucial
component in medicinal chemistry [1-5]. In addition to their chemical
importance, 2-aminobenzothiazoles have shown a broad spectrum of
biological activities, including antiviral [6,7], antimicrobial [7-9],
antioxidant [10], anti-inflammatory [11,12], antidepressant [13,14],
anti-diabetic [15,16], antitumor [17-19], and antitubercular [20]
properties. They have also found applications in organic synthesis and
resin production [21,22]. Furthermore, the coordination chemistry of
benzothiazole with transition metals enables efficient catalytic processes
in organometallic catalysis, with applications spanning organic syn-
thesis to environmental protection [23].

On the other hand, pyridine-2,6-dicarboxamide ligands have
attracted considerable attention due to their distinctive characteristics.

* Corresponding authors.

These include the ability to form a pincer-like structure by combining
pyridine and amidic chelating groups, as well as the flexibility to
incorporate various substituents and functional groups such as bulky or
coordinating atoms onto the amidic nitrogen. This versatility allows for
the design of ligands with diverse coordination properties [24,25].
Consequently, these pro-ligand frameworks have been extensively
applied in coordinating transition metal ions in catalysis [24-34],
sensing [35-45], and other functional and biological fields [46-49].
However, reports on complexation of pyridine-2,6-dicarboxamide li-
gands with organometallic precursors for the synthesis of organome-
tallic architectures aimed at targeting various challenging organic
transformations and applications are limited. To the best of our
knowledge, only two reports describe the isolation of diorganotin
complexes with N2 NS-bis(pyridin-2-yl)pyridine-2,6-dicarboxamide and
NZ,Né-bis(thiazol-2-yl)pyridine-2,6-dicarboxamide [50,51]. The result-
ing discrete complexes from the former primarily supported catalytic
activity in the Baeyer-Villiger oxidation of cyclic ketones to lactones
[50], while the latter showed potential as cytotoxic agents against T-47D
breast cancer cells [51].

In the light of these considerations, we have integrated the
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Scheme 1. Reaction sequence for the preparation of pro-ligand N% N°-bis(benzo[d]thiazol-2-yl)pyridine-2,6-dicarboxamide (H,L) and diorganotin(IV) compounds
(toluene molecule in 1 is not shown), including the alignment of ligand L in compounds 1-4 in the solid state.

benzothiazole moiety with pyridine-2,6-dicarboxamide to synthesize
NZ,NG—bis(benzo[d]thiazol—2—yl)pyridine—2,6—dicarboxamide (HoL) and
explore its reactivity toward organotins (Scheme 1). The pro-ligand HaL
features electron-rich heteroatoms and extended n-delocalized systems,
in addition to two anionic N-amidate donors and a central N-pyridyl
donor, which could be advantageous for bonding and the generation of
supramolecular structures. We present the synthesis of the pro-ligand
H,L and its corresponding complexes: [Me,Sn(L)]-0.5C¢HsCHs (1), [n-
BuySn(L)] (2), [BngSn(L)] (3) and [n-Oct2Sn(L)] (4). All complexes were
synthesized and characterized using standard spectroscopic techniques.
However, single-crystal X-ray diffraction (SC-XRD) analysis was only
possible for compounds 1-3 and the pro-ligand HsL.

2. Experimental
2.1. Materials and physical measurements

Thionylchloride, 2,6-pyridinedicarboxylic acid (Spectrochem),
dimethyltin oxide (Sigma-Aldrich), di-n-butyltin oxide (Merck) and, di-
n-octyltin oxide and 2-aminobenzothiazole (Fluka) were used as
received without further purification. Dibenzyltin dichloride [52] and
dibenzyltin oxide [53] were synthesized according to established pro-
cedures, and their purity was verified through physical and spectro-
scopic characterization prior to use. Solvents used in the reactions were
of analytical reagent grade and dried according to standard procedures.
Toluene and hexane were distilled over benzophenone/sodium, while
methanol was distilled over activated magnesium.

Melting points were measured using a Biichi M-560 melting point
apparatus and are uncorrected. The Fourier Transform infrared (FT-IR)
spectra of the pro-ligand HoL and compounds 1-4 were recorded in the
range of 400 to 4000 cm ™! using a PerkinElmer Spectrum Two spec-
trometer equipped with UATR accessories, with a resolution of 0.5
em . Solution 'H (400.13 MHz), '3C (100.62 MHz) and ''°Sn (149.15
MHz) nuclear magnetic resonance (NMR) spectra were obtained in
CDCl3, unless stated otherwise, on Bruker Avance II 400, AMX 400 or
Avance IV 400 spectrometers. Chemical shifts for 'H, 13C and 1*°Sn were
referenced to Me4Si (6 0.00 ppm), CDCl3 (6 77.00 ppm), and Me4Sn (5
0.00 ppm), respectively. Absorption measurements of HoL and com-
pounds 1-4 were recorded using an Agilent Technologies Cary 60
spectrophotometer at room temperature in freshly prepared DMSO
(spectroscopy grade, Merck). High-resolution mass spectra of HaL and
compounds 1-4 were acquired on a Waters Xevo G2-XS QTOF mass
spectrometer employing electrospray ionization. The fluorescence
spectra of HoL and compounds 1-4 were measured in freshly prepared
DMSO solution using a PTIQM 40 (USA) spectrophotometer. The exci-
tation and emission slits were fixed at 1.25 and 5 nm, respectively, and

measurements were conducted in quartz cuvettes with a 10 mm optical
path length. Fluorescence quantum yields (¢f) were determined using
quinine hemisulfate monohydrate in 0.5 M HySO4 (with ¢gr = 0.546) as a
standard [54], based on the following equation:

AS ODR T]g

b g opens

where “A” terms denote the integrated area under the fluorescence
curve, “OD” denotes absorbance, “n” the refractive index of the medium,
and “¢” the fluorescence quantum yield. Subscripts “S” and “R” denote
the parameters for the studied sample and reference, respectively.
Crystallographic details are given below.

2.2. Synthesis of pro-ligand N? N°-bis(benzo[d]thiazol-2-yDpyridine-2,6-
dicarboxamide, HoL

The pro-ligand HsL can be synthesized through several methods: (i)
by reacting pyridine-2,6-dicarboxylic acid with 2-aminobenzothiazole
and triphenylphosphite (M. p.: 288-290 °C) [30]; (ii) by reacting 2-ami-
nobenzothiazole with oxalyl chloride [55]; or (iii) by reacting 2-amino-
benzothiazole with pyridine-2,6-dicarbonyl dichloride [31], following
the specified reaction conditions and workup procedures. For synthetic
convenience, an analogous procedure to the one we previously reported
for preparing N2 NO°-bis(pyridin-2-yl)pyridine-2,6-dicarboxamide and
N2,N6—bis(thiazol—2—yl)pyridine—2,6—dicarboxamide was used [50,51],
where 2-aminopyridine and 2-aminothiazole were replaced with 2-ami-
nobenzothiazole, respectively. Thus, in the present investigation,
pyridine-2,6-dicarboxylic acid, thionyl chloride, and 2-aminobenzothia-
zole are utilized and a detailed procedure is described below.

To a two-necked round-bottomed flask containing a stirring bar,
equipped with a condenser and a dropping funnel, 1.0 g (5.983 mmol)
pyridine-2,6-dicarboxylic acid was transferred and placed in an ice
bath. Thionylchloride (15 mL) was then added drop wise under stirring.
After the complete addition, the reaction mixture was refluxed with
stirring in an oil bath at 80 °C for 5 h. The solution gradually became
clear, and the color of the reaction mixture changed to light grey. The
reaction mixture was allowed to cool to room temperature, and the
excess thionyl chloride was removed under reduced pressure. The solid
mass was dissolved in anhydrous toluene (15 mL) and filtered into a 250
mL round-bottom flask containing a stirring bar, keeping the solution
hot. To this, a warm toluene solution (15 mL) containing 2-aminobenzo-
thiazole (1.8 g, 11.96 mmol) was added, resulting in the immediate
formation of an off-white precipitate. The reaction mixture was again
refluxed with stirring at 111 °C for 2 h in an oil bath, by which time the
evaluation of HCI had ceased. The precipitate was filtered, rinsed with
toluene (2 x 1 mL) and dried. Water was then added to the dried
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Table 1
Crystal data, data collection, and refinement statistics for diorganotin compounds 1-3, and the pro-ligand H,L-THF.

1 2 3 H,L-THF
Empirical formula Cs3H42N71004S4Sn, C29H29N50,S,5n C35H25N50,S,8n Ca5H21N503S,
Formula weight 1248.58 662.38 730.41 503.59
Temperature/K 100.0(2) 100.0(2) 100.0(2) 100.0(2)
Crystal system Monoclinic Orthorhombic Monoclinic Monoclinic
Space group

P2,/c Pbcn C2/c P2;/n
a/A 14.4749(4) 25.8335(8) 24.4608(4) 16.4044(5)
b/A 10.7677(2) 14.1829(3) 10.8422(2) 7.7248(6)
c/A 15.9218(4) 15.0724(4) 25.6841(4) 18.3966(8)
p/° 93.331(1) 97.456(1) 96.665(1)
v/ A3 2477.4(1) 5522.4(6) 6754.1(2) 2315.48(15)
V4 2 8 8 4
Pealea/cm® 1.674 1.593 1.437 1.445
u/mm™! 1.236 1.114 7.483 0.270
F(000) 1252 2688 2944 1048
Reflections collected 45,214 60,767 45,535 41,036
Independent reflections [Rint] 5675[0.0336] 6330[0.0539] 6899[0.0345] 5306[0.0557]

Data/restraints/ parameters
Goodness-of-fit on F2

Final R indexes:

5675 /45 / 364
1.095

Ry [I> 26 (D] 0.0205

WR,, [all data] 0.0484
(Apmax/Dpmin) / € A2 0.681/ —0.317
CCDC No. 2,431,628

6330 / 35 / 387
1.049

6899 / 0 / 408
1.176

5306 / 0 / 322
1.052

0.0224 0.0240 0.0313
0.0564 0.0542 0.0809
0.755/ —0.328 0.404/ —0.326 0.327/ —0.287
2,431,629 2,431,630 2,431,631

Fig. 1. Displacement ellipsoid plots (50 % probability) for (a) 1, (b) 2, (c) 3, (d) HoL-THF For the sake of clarity, disordered toluene (in 1) and minor n-butyl group
disorder (in 2) are not shown. For ease of comparison, the numbering schemes are consistent across all four structures.

material, which was filtered and transferred into a beaker with the aid of
small amount of water. The material was then neutralized with 50 mL of
a 10 % NaHCOs solution and filtered again. Finally, the residue was
washed with water until neutral, and then dried. The crude product was
crystallized from tetrahydrofuran to yield 1.35 g, (52 %) off-white pro-
ligand. M. p.: 290-291 °C. Anal. found: C, 58.66; H, 2.84; N, 16.32 %
Anal. caled. For C31H13N502Ss: C, 58.46; H, 3.04; N, 16.23 %. FT-IR
(ATR mode; v in cm’l): 3237 (w) v(IN—H), 1697 (s) Y(C=0)amide,
1596 (W) V(CN)py, 1537 (vs), 1442 (s), 1303 (m), 1272 (s), 1123 (m),

1066 (m), 1005 (m), 914 (m), 877 (w), 841 (w), 732 (s), 677 (vs), 518
(w). 'H NMR spectrum (DMSO-dg): 5 = 13.65 (s, 2H, H-4), 8.51 (d, 2H,
H-2), 8.39 (t, 1H, H-1), 8.10 (d, 2H, H-9), 7.91 (d, 2H, H-8), 7.53 (t, 2H,
H-10), 7.40 (t, 2H, H-7) ppm. '*C NMR spectrum (DMSO-de): 5 = 162.8
(C-5), 158.1 (C-4), 148.6 (C-11), 147.3 (C-3), 140.4 (C-1), 131.7 (C-6),
126.9 (C-9), 126.3 (C-8), 124.0 (C-2), 121.9 (C-7), 120.7 (C-10) ppm.
Electronic absorption data (DMSO, Apax [nm]; e(M_1 cm_l)): 313;1662.
Emission data (DMSO, Aex = 313 nm; Aey, [nm]; ¢5): 480; 0.517. HRMS-
ESI™ (m/z, %): found 438.1824 (100), calcd. For [M + Li]" 438.0671;
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Fig. 2. A least-squares overlay plot of the common cores (n-butyl and benzyl
groups in 2 and 3 are truncated at the first carbon) of the three tin complexes,
showing the similarity of conformations. The pro-ligand H,L is also included to
highlight the slight conformational change on binding to Sn.

found 414.0869 (50), calcd. For [M + H — Hy01" 414.0483.
2.3. Synthesis of diorganotin(IV) compounds

2.3.1. [MezSn(L)]-0.5CcH5CHs (1)

A 100 mL round-bottom flask was charged with HoL (0.15 g, 0.34
mmol), Me2SnO (0.057 g, 0.34 mmol), and 50 mL of anhydrous toluene.
The flask was equipped with a Dean-Stark trap and a water-cooled
condenser, and then heated to reflux. Gradually, the reaction mixture
turned pale yellow and became clear. Reflux was maintained for 6 h,
after which the mixture was filtered while still hot. The resulting filtrate
was evaporated to one-fourth of initial solvent volume using a rotary
evaporator and allowed to evaporate slowly at room temperature,
yielding pale yellow crystals of the desired product after two days. Yield:
0.12 g (28 %). M.p.: >300 °C. Anal. found: C, 51.28; H, 3.50; N, 11.02.
Anal. caled. For C53H45N1004S4Sno: C, 50.98; H, 3.39; N, 11.22 %. FT-IR
(ATR mode; v in em™1): 2926 (w) V(C—H)aliphatic; 1652 (W) Y(C=0)amide,
1639 (s), 1595 (m) U(CN)py, 1485 (s), 1439 (s), 1388 (s), 1318 (w), 1272
(w), 1221 (w), 1144 (w), 1032 (w), 985 (m), 930 (m), 751 (sh), 680 (sh),
575 (w). 'H NMR (CDCl3): 6 =8.73 (d, 2H, H-2), 8.54 (t, 1H, H-1), 7.95
(d, 2H, H-9), 7.87 (d, 2H, H-8), 7.48 (t, 2H, H-10), 7.33 (t, 2H, H-7), 7.26
(t, 1H, toluene), 7.16 (t, 2H, toluene), 2.35 (s, 1H, toluene), 1.32 (s, 2y
(*H-117/11%gn) 80 Hz, 6H, SnMes) ppm. '>C NMR (CDCl3): 6 = 162.7 (C-
5), 160.48 (C-4), 149.0 (C-11), 147.7 (C-3), 145.3 (C-1), 137.8 (C-6),
132.8 (C-9), 129.0 (C-8), 128.2 (C-2), 126.0 (C-7), 125.9 (C-10), 125.2
(toluene), 123.5 (toluene), 121.5 (toluene), 121.1 (toluene), 21.41
(toluene), 5.2 ({J(*3c-117/11%n) 664,/695 Hz, SnMe,) ppm. 119y NMR
(CDCl3): 6§ = —199.6 ppm. Electronic absorption data (DMSO, Apax [nm];
M ecm™1)): 329; 2940. Emission data (DMSO, lex = 329 nm; Aem
[nm]; ¢f): 405; 0.340. HRMS-ESI" (m/z, %): found 656.0516 (100),
caled. For [M — Me + toluene]™ 656.0237.

2.3.2. [n-BuySn(L)] (2)

An analogous method to that used for the preparation of 1 was fol-
lowed using H,L (0.2 g, 0.46 mmol) and n-BuySnO (0.115 g, 0.46 mmol).
Pale yellow crystals were obtained from the slow evaporation of the
mother liquor for two days. Yield: 0.19 g (63 %). M.p.: 242-243 °C.
Anal. found: C, 52.33; H, 4.55; N, 10.88. Anal. calcd. For
Co9Hy9N505S,8n: C, 52.58; H, 4.41; N, 10.57 %. FT-IR (ATR mode; v in
em™Y): 2924 (w) V(C—H)aliphatic; 1651 (s) (C=0)amide, 1638 (s), 1597
(W) U(CN)py, 1495 (s), 1443 (s), 1390 (s), 1365 (w), 1320 (w), 1302 (w),
1260 (w), 1160 (s), 1073 (w), 1031 (w), 972 (w), 799 (w), 677 (s), 624
(s), 525 (w). H NMR (CDCl3): 6 = 8.75 (d, 2H, H-2), 8.57 (t, 1H, H-1),
7.90 (m, 4H, H-8/H-9), 7.49 (t, 2H, H-10), 7.34 (t, 2H, H-7), 2.00 (m, 2J
(*H-117/119gn) 80 Hz, 4H, n-Bu-1), 1.54 (m, 3J(*H-117/119Sn) 80 Hz, 4H,
n-Bu-2), 1.21 (m, 4H, n-Bu-3), 0.67 (t, 6H, n-Bu-4) ppm. 3C NMR
(CDCl3): 6 = 162.9 (C-5), 160.9 (C-4), 149.0 (C-11), 148.0 (C-3), 145.1
(C-1), 133.1 (C-6), 126.1 (C-9), 125.9 (C-8), 125.5 (C-2), 121.6 (C-7),
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Table 2
Selected bond lengths, angles, and dihedrals in compounds 1-3, and the pro-
ligand H,L-THF.

Atoms 1 2° 3 H,LTHF®  JUYWUX®
Interatomic distances (A)
Sn1-N2 2.2130 2.2551 2.1984 - -
(15) a4 a4)
Sn1-N3 2.2166 2.2434 2.2338 - -
(15) (16) a14)
Sn1-N4 2.2305 2.2509 2.2455 - -
(15) a4 a4
Sn1-C22 2.1074 2.1379 2.1413 - -
(19) a7 (18)
Sn1-C23 2.1124 2.128(8) 2.1469 - -
(19) a7
N2...018¢ - - - 2.9341 2.975(5)
a4
N4...018¢ - - - 2.9106 2.916(5)
15)
Bond angles involving Sn (°)
N2-Sn1-N3 71.22(6) 69.98(5) 71.07(5) - -
N2-Sn1-N4 142.08(6) 140.75(5) 141.74(5) - -
N3-Sn1-N4 70.93(5) 70.79(5) 70.68(5) - -
N2-Snl- 97.08(7) 91.11(6) 99.79(6) - -
Cc22
N2-Snl- 97.51(7) 94.1(6) 96.85(6) - -
Cc23
N3-Snl- 110.45(7) 109.86(6) 116.01(6) - -
C22
N3-Snl- 112.23(7) 109.9(4) 104.09(6) - -
c23
C22-Snl- 137.30(8) 139.2(4) 139.68(7) - -
Cc23
N4-Snl- 98.07(7) 103.21(6) 95.85(6) - -
C22
N4-Sn1- 94.50(7) 97.9(6) 93.26(6) - -
Cc23
Dihedral angles (°)
BzT1°- 5.18(4) 8.19(6) 12.21(4) 1.47(3) 4.39(18)
pycif
BzT2%- 2.19(3) 5.85(6) 1.13(3) 20.31(4) 7.28(18)
pyc2f

@ Only the major disorder component is considered.

b Due to the absence of Sn in the pro-ligand, few parameters have analogues in
“H,L-THF (or JUYWUX).

¢ The numbering scheme in JUYWUX was different. The values given here are
the nearest equivalents to HoL.

4 Closest counterpart of Sn—N bonds for H,L-THF are the H-bond donor-
acceptor distances.

€ BzT1 is benzothiazole fragment N1,51,C1-C7; BzT2 is N5,52,C15-C21.

f PyCl1 is pyridine-2-carboxamide fragment O1,N2,N3,C8-C13; PyC2 is O2,N3,
N4,C9-C14.

120.9 (C-10), 27.3 (AJ(*3c-117/1%n) 42 Hz, n-Bu-2), 26.5 (LJ(13c-117/
19n) 600/628 Hz, n-Bu-1), 26.2 ((J(*3¢-117/11%n) 107 Hz, n-Bu-3),
13.5 (n-Bu-4) ppm. 119%n NMR (CDCl3): 6 = —227.3 ppm. Electronic
absorption data (DMSO, Apax [nm]; eM ! em™H): 330; 2714. Emission
data (DMSO, dex = 330 nm; Aeyy, [nml; ¢): 415; 0.222. HRMS-ESIT (m/z,
%): found 438.1862 (100), caled. For [M + Li]" 438.0671; found
664.0511 (1.83), calcd. For [M + H]" 664.0863.

2.3.3. [BnaSn(L)] (3)

An analogous method to that used for the preparation of 1 was fol-
lowed using HsL (0.2 g, 0.46 mmol) and BnpSnO (0.146 g, 0.46 mmol).
After filtration and subsequent evaporation, a crude product was ob-
tained. The crude product was dissolved in a minimum amount of
benzene, filtered and precipitated with hexane, which was repeated four
times. Crystallization from a mixture of anhydrous benzene and hexane
(2:1, v/v) at room temperature produced pale yellow crystals. Yield:
0.12 g (36 %). M. p.: 152-153 °C. Anal. found: C, 57.38; H, 3.66; N, 9.80
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®H,L
® JUYWUX

Fig. 3. A least-squares overlay plot of the pro-ligand H,L with bound THF (in
blue) and a polymorphic structure (JUYWUX) found in the CSD (Cambridge
Structural Database).
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Anal. caled. For C35Hs5N505S5Sn: C, 57.55; H, 3.45; N, 9.59 %. FT-IR
(ATR mode; v in cm™): 2924 (w) V(C—H)aliphaticc 1651 (s)
UC=0)amides 1639 (), 1594 (m) U(CN)py, 1485 (s), 1440 (5), 1375 (5),
1275 (m), 1251 (w), 1228 (w), 1081 (w), 1028 (m), 984 (m), 933 (w),
763 (sh), 684 (w), 549 (w). 'H NMR (CDCls): 5 = 8.20 (d, 2H, H-2), 8.19
(t, 1H, H-1), 8.07 (d, 2H, H-9), 7.96 (d, 2H, H-8), 7.57 (t, 2H, H-10), 7.41
(t, 2H, H-7), 6.68 (m, 6H, Bz-4/Bz-5), 6.52 (d, 4H, Bz-3), 3.53 (s, 2J
(1H-117/11%n) 84 Hz, 4H, Bz-1) ppm. >C NMR (CDCl3): § = 163.0 (C-5),
160.6 (C-4), 149.0 (C -11), 146.9 (C-3), 144.3 (C-1), 136.6 (Bz-2), 132.9
(C-6), 127.9 (Bz-4), 127.2 (Bz-3), 126.1 (Bz-5), 125.2 (C-9), 125.0 (C-8),
123.7 (C-2), 121.7 (C-7), 121.1 (C-10), 34.2 (SnBzy) ppm. '°Sn NMR
(CDCl3): 6 = —294.1 ppm. Electronic absorption data (DMSO, Amax [nm];
eM~! em™1)): 330; 1941. Emission data (DMSO, dex = 330 nm; Aem
[nm]; ¢¢): 415; 0.407. HRMS-ESI™ (m/z, %): found 732.0638 (57), calcd.
For [M + H]" 732.0550.

2.3.4. [n-OctzSn(L)] (4
An analogous method to that used for the preparation of 1 was

IS

0

Fig. 4. Partial packing plots for (a) 1, (b) 2, (c) 3, (d) HoL showing the most structurally important intermolecular interactions. Unconventional weak C-H...O
hydrogen bonds in 1, 2, 3 are shown as open dashed lines, x...n overlapped rings are indicated by single-dashed lines in 2 and H,L, and conventional N-H...Oryg
hydrogen bonds between the pro-ligand and THF solvent are shown as thick dashed lines.
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followed using HoL (0.2 g, 0.46 mmol) and n-Oct3SnO (0.167 g, 0.46
mmol). After filtration and subsequent evaporation, a crude product was
obtained. The crude product was dissolved in a minimum amount of
benzene, filtered and precipitated with hexane; this process was
repeated several times. Crystallization from hexane at room temperature
produced pale yellow microcrystalline material. Yield: 0.21 g (60 %) M.
p-: 140-141 °C. Anal. found: C, 57.55; H, 6.16; N, 8.84. Anal. calcd. For
C37H4sN50,S-8n: C, 57.37; H, 5.86; N, 9.04 %. FT-IR (ATR mode; v in
em™1): 2922 (w) UC—H)aliphatic; 1651 (W) U(C=0)amide, 1640 (s), 1600
(m) V(CN)py, 1490 (s), 1438 (s), 1370 (s), 1269 (m), 1226 (w), 1147 (w),
1015 (w), 984 (m), 929 (m), 796 (w), 751 (w), 683 (w). ‘H NMR
(CDCl3): 6 = 8.75 (d, 2H, H-2), 8.57 (t, 1H, H-1), 7.89 (m, 4H, H-8/H-9),
7.49 (t, 2H, H-10), 7.34 (t, 2H, H-7), 2.00 (m, 2J(*H-117/11%n) 76 Hz,
4H, n-Oct-1), 1.57 (m, 3J(*H-''7/11°Sn) 99 Hz, 4H, n-Oct-2), 1.12 (m,
12H, n-Oct-3/n-Oct-6/ n-Oct-7), 1.02 (m, 8H, n-Oct-4/n-Oct-5), 0.77 (t,
6H, n-Oct-8) ppm. >°C NMR (CDCls): 6 = 162.9 (C-5), 160.0 (C-4), 149.0
(C-11), 148.0 (C-3), 146.0 (C-1), 130.0 (C-6), 126.0 (C-9), 125.9 (C-8),
123.5 (C-2), 121.6 (C-7), 120.9 (C-10), 33.0 CJ(*3¢-117/11%n) 103 Hg,
n-Oct-3), 31.6 (n-Oct-6), 29.0 (n-Oct-5), 28.8 (n-Oct-4), 26.7 (n-Oct-1),
25.1 (A(3¢-11711%n) 41 Hz, n-Oct-2), 22.5 (n-Oct-7), 14.0 (n-Oct-8)
ppm. 119%n NMR (CDCls): 6 = —227.3 ppm. Electronic absorption data
(DMSO, Amax [nm]; € (M ™! em™1)): 330; 2014. Emission data (DMSO, Zex
= 330 nm; e [Nml; ¢p): 415; 0.278. HRMS-ESIT (m/z, %): found
776.2305 (0.39), calcd. For [M + H]" 776.2115.

2.4. X-ray crystallography

Single crystals suitable for X-ray structure determination were grown
from various solvent combinations: HsL from THF, 1 and 2 from toluene,
and 3 from benzene/hexane (2:1, v/v). In addition, crystals of 4 were
obtained from a solution in hexane, but proved to be unsuitable for X-ray
analysis. Suitable specimens of HyL, 1, and 2 were individually mounted
on nylon loops, whereas the crystal of 3 was mounted on a fine glass
fibre embedded in a copper-mounting pin [56]. Diffraction data were
collected at 100.0(2) K using a dual-microsource Bruker D8 Venture
diffractometer with MoKa radiation (A = 0.71073 A) for H,L, 1, and 2,
and CuKa radiation (A = 1.54178 f\) for 3. Data collection and reduction
[57] absorption correction [58,59], structure solution [60], and
refinement [61] were carried out using common programs and pro-
cedures. Crystals of HoL. were THF solvates; 1 contained disordered
toluene; 2 was solvent free; and 3 had poorly defined solvent, handled
using the SQUEEZE routine in PLATON [62].

3. Results and discussion
3.1. Design aspects, synthesis and spectroscopic characterization

Although the pro-ligand N?N®-bis(benzo[d]thiazol-2-yl)pyridine-
2,6-dicarboxamide (HzL) can be synthesized using methods described in
the literature [30,31,55], for synthetic convenience, in the present
investigation a two-stage process was followed. Initially, pyridine-2,6-
dicarboxylic acid was treated with thionyl chloride to produce
pyridine-2,6-dicarbonyl dichloride. This intermediate was then reacted
with two equivalents of 2-aminobenzothiazol in anhydrous toluene,
yielding the desired pro-ligand. The diorganotin compounds 1-4 were
prepared by refluxing equimolar quantities of HoL with the respective
R2SnO compounds (where R = Me, n-Bu, Bn, or n-Oct) in toluene. During
the reaction, water was removed via azeotropic distillation. The pale
yellow compounds of compositions [MeySn(L)]-0.5C¢HsCHs (1), [n-
BuySn(L)] (2), [BnaSn(L)] (3) and [n-Oct2Sn(L)] (4) were obtained upon
crystallization with the appropriate solvent(s) (Scheme 1).

These compounds have shown remarkable stability in both their
solid state and in solution, as confirmed by various analytical techniques
including X-ray diffraction, 119gn NMR and electronic spectroscopy. Pro-
ligand H,L displayed a prominent absorption peak at ca. Apax 313 nm in
DMSO, which is characteristic of an n — n* transition. In compounds
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1-4, this peak shifts to a longer wavelength (bathochromic shifts) and
settles at 330 nm (ESI Fig. S1) [30,31], suggesting that these compounds
retain similar five-coordinate geometries in solution. This was subse-
quently confirmed from the results of 11°Sn NMR (vide infra). Pro-ligand
H,L exhibited a sharp and intense emission spectral band at 480 nm,
while its complexes 1-4 exhibited spectral bands in a narrow range of
405-415 nm in DMSO (ESI Fig. S2). The fluorescent quantum yield for
the HoL was found to be 0.517, while lower yields were found for
compounds 1-4, i.e. 0.340, 0.222, 0.407, and 0.278, respectively. The
FT-IR (ATR mode) absorptions data detailed in the Experimental section
(ESI Figs. S3-S7), show that the v(NH) band present at 3237 cmlin H>L
is missing in compounds 1-4. This suggests that the deprotonated
Namidate atoms are involved in bonding in a tripodal fashion [51,63].
Additionally, the V(C=0)amide peak shifts from 1697 em™! in HsL to
1651 cm™! in compounds 1-4, providing further evidence for bonding
interaction. The characterization of both the pro-ligand HyL and com-
pounds 1-4 in solution were performed using 'H and '>C NMR spectra
(ESI Figs. S8-S17), while the solution behavior of compounds 1-4 was
assessed through '°Sn NMR (ESI Figs. $18-S21). In general, the 'H and
13C NMR spectra of HyL and compounds 1-4 exhibited a single set of
signals corresponding to the expected 'H and '3C resonance peaks in the
aromatic and aliphatic regions (for tin compounds). This suggests that,
in solution, both the ligand arms and the Sn-R groups are magnetically
equivalent. The 'H NMR spectrum of HpL shows a singlet at 5 13.65
ppm, corresponding to the N—H group. This signal is absent in com-
pounds 1-4, likely due to the doubly deprotonated state of the ligand
and coordination of the amidate nitrogen atoms to the tin atom [50,51].
Additionally, the 'H and '3C NMR spectra of HoL and its compounds 1-4
displayed various signals corresponding to the central N-pyridyl donor,
the pendant heterocyclic benzothiozoles rings, and the Sn-R groups,
which are not discussed further. The dialkyltin compounds 1, 2, and 4
exhibit a sharp singlet in the range of § —199.6 to —227.3 ppm, while
dibenzyltin compound 3 shows a signal at § —294.1 ppm (ESI Figs. S18-
$21). The 6(*1°Sn) values align well with the expected 5(11°Sn) values
for corresponding diorganotin compounds, which fall within the antic-
ipated range for five-coordinate geometries with a cognate pincer ligand
featuring a k-N° tridentate chelator [50,51]. The mass-to-charge ratios
of the ions for HoL and diorganotin compounds 1-4 were determined in
acetonitrile solution using high-resolution mass spectrometry (ESI
Figs. $22-526). The [M + Li]" ion, with a peak intensity of 100 %, was
most notably observed for the pro-ligand HyL and compound 2. Addi-
tionally, diorganotin compounds 2-4 displayed [M + H]™ ions, as well
as other peaks represented fragments of the parent ions due to the loss of
various groups, though these fragments could not be analyzed further.

3.2. Description of the solid-state structures

Crystal data, data collection and refinement statistics for 1-3, and
the pro-ligand HpL-THF are given in Table 1. Ellipsoid plots showing the
molecular structures of compounds 1-3, and HyL-THF are presented in
Fig. 1, additional packing plots are provided in ESI Figs. S27-S38. There
are no unusual bond lengths or angles in any of the structures (for full
tables, refer to the ESI Tables S1-S4).

In structures 1, 2, and 3, the Sn atoms are five-coordinate with dis-
torted trigonal bipyramidal geometries. In the equatorial plane, Snl
bonds to the pyridine N3 and carbons C22/C23 of the methyl (1), n-butyl
(2), or benzyl (3) ligands, with axial bonds to N2 and N4 of the chelating
L-ligand. The degree of distortion is similar in each case and is forced by
the substantial deviation of bonds N2-Sn1-N4 (142.08(6)°, 140.75(5)°,
141.74(5)° in 1, 2, 3, respectively) from the ideal axial angle of 180°.
This is shown in a qualitative way in Fig. 2 and quantified in Table 2. The
geometry about the Sn atom in each of 1, 2, 3 is in fact substantially
similar to those in a series of related Sn-thiazole compounds [51], for
which the N2-Sn1-N4 axial bond angles ranged between 142.19° and
143.66°. Equatorial distortions from the ideal 120° also follow similar
trends to those in the Sn-thiazole analogues. Due to the constraining
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nature of the chelating ligand, these angles range from 104.09(6)° for
N3-Sn1-C23 in 3 to 116.01(6)° for N3-Sn1-C22 in 3 (cf. 107.92(5)° to
118.35(9)° in the series of Sn-thiazoles) and 137.20(8)°, 139.2(4)°, and
138.68(7)° for C22-Sn1-C23 in 1, 2, 3 respectively (cf. 130.449(12)° to
137.47(6)° in the Sn-thiazoles). The crystal structure of 1 includes a
statistically (50:50) disordered toluene solvent molecule situated on an
inversion centre, but the Sn-complex itself is not disordered. Structure 2
is solvent free but includes two-component disorder of one of its pendant
butyl groups (refined occupancy factors are ~56 % and ~44 %). In 3,
the Sn-complex is fully ordered, but the crystal structure incorporates
solvent accessible regions that contained disordered solvent. These
crystals grew from a benzene/hexane mixed solvent system, for which
no satisfactory model could be made, so the solvent contributions were
subtracted using SQUEEZE in Platon [62].

The pro-ligand structure is not disordered but includes a THF solvent
molecule bound to the HoL pro-ligand by a pair of conventional
hydrogen bonds, N2-H2N...O1S and N4-H4N...01S, for which the
donor...acceptor distances are 2.9341(14) A and 2.9106(15) 10\,
respectively. A polymorph of the HoL-THF solvate crystal structure ex-
ists in the CSD, refcode JUYWUX [64]. These two structures have
different settings of the same type of space group (P2;/n in this work vs.
P2;/c in JUYWUX), but the structures are distinct (i.e., they cannot be
transformed onto one another by any valid crystallographic operation).
In the room-temperature JUYWUX structure, the THF is almost certainly
disordered, though it was not modelled as such; it is bound in a similar
way by two N-H...Oryr hydrogen bonds, but the conformation of the
H,L moiety is different, as shown in an overlay plot (Fig. 3) and quan-
tified in the dihedral angles between the benzothiazole and pyridine-2-
carboxamide fragments (Table 2).

In the crystal packing of 1, 2, and 3 there are no conventional
hydrogen bonds, but there are a number of weak C-H...O hydrogen
bonds and other types of intermolecular interactions (Fig. 4). In 1, two
such weak interactions are flagged as potential hydrogen bonds by
SHELXL [61], namely H-bonds C6-H6...01(-x + 2,-y + 1,-z + 1) and
C12-H12...02(-x + 1,-y + 1,-z), with long donor-acceptor distances (dp.
A) of 3.360(2) A and 3.213(2) A. Each occurs as inversion-related pairs,
leading to flattened chains that propagate parallel to [101], as shown in
Fig. 4a. No m...n-stacking is evident, but there are C—H..x close contacts
(as flagged by Mercury [65]) involving the disordered toluene but these
are unlikely to be structurally important. In 2, a long H-bond like contact
C20-H20...01(-x + 3/2,-y + 1/2,2 + 1/2), dp.a = 3.336(2)A joins 2;
screw-related molecules, while glide-related (-x + 3/2,y + 1/2,z) mol-
ecules exhibit weak =...n interactions (Fig. 4b) that asymmetrically
overlap pyridine and benzene rings giving centroid-centroid distances of
3.786 A and 3.896 A, but the pairs of stacked rings are not quite parallel
(dihedrals = 12.14(9)° and 6.22(10)°). For structure 3, weak in-
teractions of the form C6-H6...01(-x,y,-z + 3/2), dp.a = 3.380(2) 10\, link
pairs of molecules into loose dimers about crystallographic 2-fold axes
parallel to the b-axis (Fig. 4c). There are no other noteworthy intermo-
lecular contacts. Lastly, in the structure of HyL, other than the N-H...
Oryr hydrogen bonds mentioned above, the pyridine and thiazole (S1,
N1,C1,C2,C7) rings of adjacent (x,1 + y,z) molecules n-stack with a
centroid-to-centroid distance of 3.518 A to generate chains that propa-
gate parallel to the b-axis (Fig. 4d). Similar contacts occur in the poly-
morph, JUYWUX.

4. Conclusions

This article discusses a comprehensive study involving the design
and synthesis of a pioneering pyridine-2,6-dicarboxamide-based pincer-
type pro-ligand, specifically benzothiazole-appended 2,6-di picolina-
mide, and its diorganotin compounds. A series of stable, neutral dio-
rganotin compounds were efficiently synthesized and characterized
through elemental and spectroscopic analyses, as well as X-ray crystal-
lography (with the exception of compound 4). High-resolution mass
spectrometry (HRMS) confirmed the stability of all the five-coordinate
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Sn(IV) compounds in acetonitrile solution. The structural architectures
were carefully examined in both solution and solid state. X-ray diffrac-
tion analysis revealed that in diorganotin compounds 1-3, the dianionic
tridentate ligand forms x-N° chelates, giving a distorted trigonal bipyr-
amidal geometry around the tin atom. Tin NMR data shows that the five-
coordinate structures in the solid state are preserved in deuterated
chloroform solution. Diffraction results indicate that a pincer cavity,
featuring two pendant benzothiazole rings, comfortably accommodates
various RySn(IV) ions. This comprehensive research initiative has the
potential to transcend the confines of our laboratory, making a pivotal
step not only toward biological significance but also toward structural
and catalytic relevance.
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