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A B S T R A C T

A series of seven-coordinate pentagonal-bipyramidal (PBPY-7) Sn(IV) complexes with the pentadentate pyridine- 
based pro-ligand 2,6-diacetylpyridine bis(benzoylhydrazone), H2L, and different axial ligands have been syn-
thesized. Reactions of H2L with R2SnO (where R = Me, n-Bu, n-Oct, or Bz) in anhydrous toluene, or with RSnCl3 
(where R = n-Bu or Ph) in anhydrous toluene (or acetonitrile in the case of PhSnCl3), produced a series of novel 
seven-coordinate complexes: [Me2Sn(L)] (1), [n-Bu2Sn(L)] (2), [n-Oct2Sn(L)] (3), [Bz2Sn(L)] (4), [n-BuSn(L)Cl]⋅ 
0.5C7H8 (5), and [PhSn(L)Cl] (6). By taking advantage of lability of the axial Cl ligands in complex 5, two neutral 
PBP Sn(IV) complexes [n-BuSn(L)N3] (7) and [n-BuSn(L)NCS] (8) with different axial ligands were obtained and 
characterized. In a separate effort to obtain single crystals of the dibenzyltin compound [Bz2Sn(L)] (4), a few 
crystals were successfully extracted from crystallization experiments in chloroform. Diffraction studies of these 
crystals revealed a composition of [Sn(L)Cl2]⋅CHCl3 (9). In these complexes, the double-deprotonated chelating 
ligand occupies the equatorial plane, while the two axial ligands can be two R groups, two Cl ligands, or a 
combination of one R group with a Cl, N3, or NCS ligand. The compounds 1–8 (9 only by IR) were fully char-
acterized using Fourier transform infrared (FT-IR) spectroscopy, high-resolution mass spectrometry (HRMS), and 
solution-state Fourier transform nuclear magnetic resonance (FT-NMR) spectroscopy. Single crystal X-ray 
diffraction analysis confirmed that all complexes 1–9 exhibit a PBP geometry. Notably, all complexes display 
significant in-plane distortion of the SnN3O2 pentagon due to shifts in the Sn(IV) ion position.

1. Introduction

Schiff bases are considered privileged ligands due to their highly 
modular synthesis, which allows for precise control over donor atoms, 
denticity, chelating ability, as well as electronic and steric properties. 
Consequently, their metal complexes have been extensively studied for 
their unique physico-chemical and structural properties, including 
notable catalytic activity, selectivity, and stability [1,2]. Schiff-base li-
gands and their metal complexes with N3O2 and N2O3 donor sets are 
among the most frequently investigated due to their intriguing spin 
crossover phenomena [3–6].

Among these, the 2,6-diacetylpyridine bis(acylhydrazone) ligands 
stand out because they feature at least five donor atoms (N3O2) arranged 

in a way that facilitates the formation of seven-coordinated complexes 
with a pentagonal-bipyramidal (PBPY-7) geometry. While this PBPY-7 
geometry is commonly observed with these ligands, other geometries 
have also been documented [7]. The specific geometry of the complex 
depends on various factors, including the central metal ion, the 
conformational flexibility of the hydrazone ligand, and the reaction 
conditions [8]. Furthermore, the acidity of the hydrazone group in these 
ligands adds to the structural versatility of the resulting metal com-
plexes, allowing for coordination in non-deprotonated, partially 
deprotonated, or fully deprotonated forms [9].

The growing interest in transition metal and lanthanide complexes of 
2,6-diacetylpyridine bis(acylhydrazone) ligands is driven by their po-
tential in advanced molecular magnetic applications. These complexes 
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show significant promise as single-molecule magnets (SMMs) and single- 
chain magnets (SCMs) [10–12]. Beyond their magnetic properties, metal 
complexes of these ligands with a PBPY-7 have also demonstrated a wide 
range of biological activities. These activities include cytotoxicity 
against various cell lineages [13–15], superoxide dismutase (SOD) 
mimetic activity [16–18], and interactions with DNA/RNA, which can 
include nuclease activity [19–21] and antimicrobial properties [22–25].

The chemistry of tin complexes with 2,6-diacetylpyridine bis(acyl-
hydrazone) ligands is relatively unexplored compared to the chemistry 
of transition metals, main group metals, actinides, and lanthanides, with 
only a few examples characterized crystallographically, such as [n-Pr2Sn 
(L)] (L = 2,6-diacetylpyridine bis(2-hydroxybenzoylhydrazone)) [26], 
[n-BuSnCl(L1)], and [Ph2Sn(L1)] (L1 = 2,6-diacetylpyridine bis 
(2-aminobenzoylhydrazone)) [27], [Sn(L2)Cl2]⋅H2O (L2 = 2,6-diacetyl-
pyridine bis(picolinoylhydrazone)) [28], the ionic complex [Et2Sn 
(H2L3)][Et2SnCl3]Cl3⋅H2O (L3 = 2,6-diacetylpyridine bis(iso-
nicotinoylhydrazone)) [23] and the neutral tin(II) complex [Sn(L) 
(H2O)2]⋅4H2O, with the latter being obtained through an electro-
chemical procedure [29]. Although the literature contains only one 
report on tin(IV) complexes of 2,6-diacetylpyridine bis(benzoylhy-
drazone), the details on synthesis, isolation, and crystallographic char-
acterization are lacking. In some instances, tin NMR was employed to 
predict the structures [30]. Recently, we reported neutral tin(IV) com-
plexes using R2SnO (R = Me, n-Bu, n-Oct, Bz) and RSnCl3 (R = n-Bu or 
Ph) with the quinquedentate pro-ligand 2,6-diacetylpyridine bis 
(2-hydroxybenzoylhydrazone), finding this method effective for pre-
paring seven-coordinated tin complexes. Consequently, we recently re-
ported two types of neutral complexes: [R2Sn(L)] and [RSn(L)Cl] [31]. 
These complexes frequently adopt a PBPY-7 geometry around the cen-
tral tin atom. Thus, the flexibility in axial ligand substitution in PBPY-7 
tin complexes adds an extra layer of tunability, enabling the creation of 
complex, highly functionalized structures for diverse applications, such 

as catalysis and materials science, and biological applications. To 
advance our research, we have redirected our attention to 2,6-diacetyl-
pyridine bis(benzoylhydrazone), H2L, for the synthesis of various 
organotin derivatives: [Me2Sn(L)] (1), [n-Bu2Sn(L)] (2), [n-Oct2Sn(L)] 
(3), [Bz2Sn(L)] (4), [n-BuSn(L)Cl]⋅0.5C7H8 (5), [PhSn(L)Cl] (6), [n-BuSn 
(L)N3] (7), [n-BuSn(L)NCS] (8) and [Sn(L)Cl2]⋅CHCl3 (9).

2. Experimental

Materials, physical measurements, and the synthesis of the pro- 
ligand 2,6-diacetylpyridine bis(benzoylhydrazone) (H2L) are presented 
in ESI Text S1.

2.1. Synthesis of organotin(IV) compounds 1–9

The preparation of organotin(IV) compounds 1–9 (as depicted in 
Scheme 1), was carried out following the four general synthetic path-
ways outlined below.

2.1.1. Synthesis of [Me2Sn(L)] 1
Me2SnO (0.12 g, 0.75 mmol) was added to a suspension containing 

H2L (0.3 g, 0.75 mmol) in 50 mL of anhydrous toluene in a round-bottom 
flask fitted with a Dean-Stark moisture trap. The reaction mixture was 
heated to reflux for approximately 4 h. As the reaction progressed, the 
mixture gradually developed a pale yellow color and became clear. The 
solution was filtered while still hot, and the volatiles were removed 
using a rotary evaporator. The residue was washed with hexane (3 × 1 
mL) and dried in vacuo. Several recrystallizations using benzene, fol-
lowed by the slow evaporation of a clear solution, resulted in the for-
mation of a pale yellow crystalline product. Yield: 48 % (0.2 g). M. p.: >
300 ◦C. FT-IR (ATR mode; ν in cm− 1): 1584 (w) ν(CN)imine, 1548 (w) 
ν(C––N)py, 1503 (vs), 1429 (m), 1358 (vs), 1324 (s), 1296 (s), 1168 (s), 

Scheme 1. Reaction sequences for synthesizing tin compounds, including the alignment of ligand L2− in compounds 1–9 as observed in the solid state along with the 
atom numbering of the pro-ligand used for the assignment of the NMR signals.
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1052 (m), 996 (m) ν(N–N), 903 (m), 808 (s), 714 (vs), 678 (vs), 651 
(m), 572 (m). 1H NMR (400.13 MHz, CDCl3): δ = 8.43 (d, 4H, H-11), 
8.16 (t, 1H, H-4), 7.81(d, 2H, H-3), 7.46 (m, 6H, H-12, H-13), 2.75 (s, 
6H, H-6), 0.31 (s, 2J(1H-119Sn) 116 Hz, 6H, MeSn) ppm. 13C NMR 
(100.62 MHz, CDCl3): δ = 173.01 (C-9, C–O), 149.14 (C-2, C––N), 
144.98 (C-5, C––N), 141.27, 135.59, 130.99, 128.97, 127.93, 121.58, 
12.86 (C-6), 12.03 (MeSn). 119Sn NMR (149.15 MHz, CDCl3): δ = −

433.8 ppm. HRMS-ESI+ (m/z, %): found 548.1101 (100); calcd. for [M +
H]+548.1108.

2.1.2. Synthesis of [n-Bu2Sn(L)] 2
A method similar to that used for preparing compound 1 was 

applied, utilizing n-Bu2SnO (0.186 g, 0.75 mmol) and H2L (0.3 g, 0.75 
mmol). After filtration, the resulting solution was concentrated to one- 
third of its original solvent volume, which upon slow evaporation at 
room temperature, yielded orange crystalline material of compound 2. 
Yield: 70 % (0.33 g); M. p.: 236–237 ◦C. FT-IR (ATR mode; ν in cm− 1): 
2908 (m) ν(C–H)aliphatic, 1588 (m) ν(CN)imine, 1547 (m) ν(C––N)py, 
1499 (s), 1426 (m), 1356 (vs), 1319 (s), 1295 (s), 1166 (s), 1047 (s), 992 
(m) ν(N–N), 900 (m), 803 (s), 710 (s), 680 (vs), 621 (w), 550 (w), 527 
(w). 1H NMR (400.13 MHz, CDCl3): δ = 8.41 (d, 4H, H-11), 8.17 (t, 1H, 
H-4), 7.81 (d, 2H, H-3), 7.47 (m, 6H, H-12, H-13), 2.76 (s, 6H, H-6), 0.96 
(m, 12H, n-BuSn-1/2/3), 0.56 (t, 6H, n-BuSn-4) ppm. 13C NMR (100.62 
MHz, CDCl3): δ = 173.43 (C-9, C–O), 149.73 (C-2, C––N), 145.23 (C-5, 
C––N), 141.13, 135.84, 130.86, 128.96, 127.93, 121.39, 30.40 (n-BuSn- 
2), 27.32 (n-BuSn-3), 26.22 (n-BuSn-1), 13.51 (n-BuSn-4), 12.85 (C-6) 
ppm. 119Sn NMR (149.15 MHz, CDCl3): δ = − 440.2 ppm. HRMS-ESI+

(m/z, %): found 632.1987 (100); calcd. for [M + H]+632.2047.

2.1.3. Synthesis of [n-Oct2Sn(L)] 3
A method similar to that used for preparing compound 1 was 

applied, utilizing n-Oct2SnO (0.18 g, 0.50 mmol) and H2L (0.2 g, 0.50 
mmol). After filtration, the volatiles were removed using a rotary 
evaporator. The residue was washed with hexane (3 × 1 mL), dried in 
vacuo, and extracted by boiling with dichloromethane. The dichloro-
methane extract was concentrated to a minimum volume, and hexane 
was added to induce precipitation. The resulting solid was collected by 
filtration. This dissolution and precipitation procedure was repeated at 
least three times. Recrystallization from a toluene/ethanol mixture 
yielded orange crystalline material of compound 3. Yield: 75 % (0.28 g); 
M. p.: 134–135 ◦C. FT-IR (ATR mode; ν in cm− 1): 2922 (w) 
ν(C–H)aliphatic, 1586 (w) ν(CN)imine, 1548 (w) ν(C––N)py, 1500 (s), 1357 
(vs), 1324 (s), 1297 (m), 1170 (s), 1049 (s), 993 (w) ν(N–N), 902 (w), 
815 (s), 745 (w), 713 (vs), 679 (vs), 652 (w), 550 (w), 524 (w). 1H NMR 
(400.13 MHz, CDCl3): δ = 8.26 (d, 4H, H-11), 8.01 (t, 1H, H-4), 7.65 (d, 
2H, H-3), 7.32 (m, 6H, H-12, H-13), 2.61 (s, 6H, H-6), 0.95 (m, 4H, n- 
OctSn-1), and 0.85 (m, 24H, n-OctSn-2/3/4/5/6/7), 0.61 (t, 6H, n- 
OctSn-8) ppm. 13C NMR (100.62 MHz, CDCl3): δ = 173.40 (C-9, C–O), 
149.70 (C-2, C––N), 145.23 (C-5, C––N), 141.12, 135.79, 130.84, 
128.93, 127.91, 121.37, 33.15 (n-OctSn-3), 31.70 (n-OctSn-6), 30.53 (n- 
OctSn-5), 29.09 (n-OctSn-4), 28.89 (n-OctSn-1), 25.09 (n-OctSn-2), 
22.53 (n-OctSn-7), 14.01 (n-OctSn-8), 12.85 (C-6) ppm. 119Sn NMR 
(149.15 MHz, CDCl3): δ = − 440.2 ppm. HRMS-ESI+ (m/z, %): found 
744.3116 (75); calcd. for [M + H]+744.3299.

2.1.4. Synthesis of [Bz2Sn(L)] 4
A method similar to that used for preparing compound 1 was 

applied, utilizing Bz2SnO (0.11 g, 0.37 mmol) and H2L (0.15 g, 0.37 
mmol). After filtration, the resulting solution was concentrated to one- 
third of its original solvent volume, which upon slow evaporation at 
room temperature, yielded orange crystalline material of compound 4. 
Yield: 38 % (0.1 g); M. p.: 225–226 ◦C. FT-IR (ATR mode; ν in cm− 1): 
2933 (w) ν(C–H) aliphatic, 1585 (w) ν(CN)imine, 1555 (w) ν(C––N)py, 
1498 (s), 1418 (w), 1360 (vs), 1329 (s), 1298 (s), 1173 (s), 1052 (s), 996 
(w) ν(N–N), 901 (w), 798 (s), 764 (s), 708 (vs), 680 (vs), 554 (w), 529 
(w). 1H NMR (400.13 MHz, CDCl3): δ = 8.48 (d, 4H, H-11), 7.78 (t, 1H, 

H-4), 7.52 (m, 6H, H-12, H-13), 7.27 (d, 2H, H-3), 6.61 (m, 6H, BzSn- 
4,5), 6.21 (d, 4H, BzSn-3), 2.48 (s, 2J(1H-119Sn) 117 Hz, 4H, BzSn-1), 
2.42 (s, 6H, H-6) ppm. 13C NMR (100.62 MHz, CDCl3): δ = 172.76 (C- 
9, C–O), 148.51 (C-2, C––N), 146.00 (C-5, C––N), 140.72, 140.54, 
135.60 (BzSn-2), 131.08, 129.01, 128.01, 126.81 (4J(13C-117/119Sn) 27 
Hz, BzSn-4), 126.70 (3J(13C-119Sn) 50 Hz, BzSn-3), 122.86 (3J 
(13C-119Sn) 43 Hz, BzSn-5), 120.77, 38.22 (BzSn-1), 12.61 (C-6) ppm. 
119Sn NMR (149.15 MHz, CDCl3): δ = − 491.4 ppm. HRMS-ESI+ (m/z, 
%): found 700.2179 (100); calcd. for [M + H]+700.1734.

2.1.5. Synthesis of [n-BuSn(L)Cl]⋅0.5C7H8 5
A toluene solution (20 mL) containing n-BuSnCl3 (0.14 g, 0.50 mmol) 

was slowly added dropwise to a stirred suspension of H2L (0.2 g, 0.50 
mmol) in anhydrous toluene (20 mL), followed by reflux for 4 h. During 
this time, the heterogeneous mixture became clear. It was then filtered 
while still hot to remove any suspended particles. The resulting yellow 
solution was concentrated to one-third of its original solvent volume 
using a rotary evaporator. After standing at room temperature, yellow 
microcrystalline material formed. The crystals were separated from the 
mother liquor, thoroughly rinsed with hexane (4 × 1 mL), and dried in 
vacuo. Yield: 27 % (0.18 g). M. p.: >300 ◦C. FT-IR (ATR mode; ν in 
cm− 1): 2919 (w) ν(C–H)aliphatic, 1581 (w) ν(CN)imine, 1554 (w) 
ν(C––N)py, 1499 (s), 1417 (w), 1375 (vs), 1329 (m), 1298 (w), 1166 (s), 
1052 (m), 1024 (w) ν(N–N), 1000 (w), 937 (w), 903 (w), 811 (s), 712 
(vs), 686 (vs), 656 (m), 537 (m). 1H NMR (400.13 MHz, CDCl3): δ = 8.46 
(d, 4H, H-11), 8.22 (t, 1H, H-4), 7.85 (d, 2H, H-3), 7.49 (m, 6H, H-12, H- 
13), 2.78 (s, 6H, H-6), 1.01 (m, 4H, n-BuSn-1,2), 0.87 (m, 2H, n-BuSn-3), 
0.58 (t, 3H, n-BuSn-4) ppm. 13C NMR (100.62 MHz, CDCl3): δ = 172.59 
(C-9, C–O), 146.70 (C-2, C––N), 144.31 (C-5, C––N), 142.43, 134.08, 
131.73, 129.12, 128.00, 122.48, 29.53 (n-BuSn-2), 26.89 (n-BuSn-3), 
25.90 (n-BuSn-1), 13.40 (n-BuSn-4), 13.11 (C-6) ppm. 119Sn NMR 
(149.15 MHz, CDCl3): δ = – 565.7 ppm. HRMS-ESI+ (m/z, %): found 
610.1041 (79); calcd. for [M + H]+610.1032.

2.1.6. Synthesis of [PhSn(L)Cl] 6
A solution of acetonitrile (20 mL) containing PhSnCl3 (0.15 g, 0.50 

mmol) was added dropwise to a stirred solution of H2L (0.2 g, 0.50 
mmol) in acetonitrile (40 mL) at room temperature. The reaction 
mixture was then stirred in an oil bath at 80 ◦C for 3 h, during which it 
turned yellow. The yellow solution was filtered and concentrated to one- 
third of its original volume using a rotary evaporator. After standing at 
room temperature, a pale yellow microcrystalline material was ob-
tained. The product was rinsed with hexane (4 × 1 mL) and dried in 
vacuo. Yield: 45 % (0.14 g); M. p.: > 300 ◦C. FT-IR (ATR mode; ν in 
cm− 1): 1580 (w) ν(CN)imine, 1553 (w) ν(C––N)py, 1501 (s), 1418 (w), 
1376 (vs), 1327 (m), 1300 (m), 1268 (w), 1168 (s), 1054 (m), 999 (m) 
ν(N–N), 904 (m), 809 (s), 711 (vs), 688 (vs), 658 (m), 556 (m), 540 (m). 
1H NMR (400.13 MHz, CDCl3): δ = 8.48 (d, 4H, H-11), 8.16 (t, 1H, H-4), 
7.83 (d, 2H, H-3), 7.51 (m, 6H, H-12, H-13), 7.02 (m, 5H, PhSn-2,3,4), 
2.83 (s, 6H, H-6) ppm. 13C NMR (100.62 MHz, CDCl3 + DMSO‑d6): δ =
169.56 (C-9, C–O), 147.16 (C-2, C––N), 145.03 (C-5, C––N), 143.49, 
142.18, 131.76, 130.21, 130.16, 126.83, 126.73, 126.63, 126.47, 
122.93, 11.54 (C-6) ppm. 119Sn NMR (149.15 MHz, CDCl3): δ = – 612.2 
ppm. HRMS-ESI+ (m/z, %): found 630.0568 (100); calcd. for [M +
H]+630.0719.

2.1.7. Synthesis of [n-BuSn(L)N3] 7
Starting compound [n-BuSn(L)Cl] 5 (0.2 g, 0.49 mmol) was dissolved 

in chloroform (50 mL). Sodium azide (0.1 g, 0.49 mmol) in water (5 mL) 
was then added while stirring, and the resulting biphasic reaction 
mixture was stirred for 55 h. The aqueous phase was separated and 
washed with water (2 × 15 mL). The combined yellow organic phases 
were dried over anhydrous sodium sulfate. After filtration, the clear 
solution of the product was concentrated to a minimal volume, yielding 
a yellow microcrystalline solid. This solid was then recrystallized from 
anhydrous benzene to obtain the desired product. Yield: 40 % (0.08 g). 
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Note: Although no incident occurred while using azide during preparation and 
isolation, care in handling azides must be exercised owing to their potentially 
explosive nature. FT-IR (ATR mode; ν in cm− 1): 2917 (w) ν(C–H)aliphatic, 
2065 (vs) ν(N3), 1584 (w) ν(CN)imine, 1553 (w) ν(C––N)py, 1449 (vs), 
1415 (w), 1370 (vs), 1330 (w), 1293 (w), 1180 (s), 1054 (s), 999 (m) 
ν(N–N), 904 (m), 806 (m), 715 (vs), 686 (s), 657 (w), 535 (m). 1H NMR 
(400.13 MHz, CDCl3): δ = 8.36 (d, 4H, H-11), 8.17 (t, 1H, H-4), 7.81 (d, 
2H, H-3), 7.43 (m, 6H, H-12, H-13), 2.73 (s, 6H, H-6), 0.96 (m, 4H, n- 
BuSn-1,2), 0.86 (m, 2H, n-BuSn-3), 0.52 (t, 3H, n-BuSn-4) ppm. 13C NMR 
(100.62 MHz, CDCl3): δ = 172.55 (C-9, C–O), 146.64 (C-2, C––N), 
144.35 (C-5, C––N), 142.46, 134.06, 131.71, 129.09, 127.99, 122.50, 
29.52 (n-BuSn-2), 26.88 (n-BuSn-3), 25.89 (n-BuSn-1), 13.40 (n-BuSn- 
4), 13.10 (C-6) ppm. 119Sn NMR (149.08 MHz, CDCl3): δ = – 558.6 ppm. 
HRMS-ESI+ (m/z, %): found 574.2094 (100); calcd. for [M – N3]+

574.1265; found 617.2439 (2.6); calcd. for [M + H]+ 617.1435.

2.1.8. Synthesis of [n-BuSn(L)(NCS)] 8
A method similar to that used for preparing compound 7 was 

employed, utilizing [n-BuSn(L)Cl] (5) (0.16 g, 0.26 mmol) and ammo-
nium thiocyanate (0.1 g, 1.31 mmol). After the work-up procedure and 
recrystallization from benzene, the product was isolated as pale yellow 
crystals. Yield: 0.14 g (70 %), M. p.: 275–276 ◦C. FT-IR (ATR mode; ν in 
cm− 1): 2920 (w) ν(C–H)aliphatic, 2065 (vs) ν(NCS), 1584 (w) ν(CN)imine, 
1553 (w) ν(C––N)py, 1501 (vs), 1416 (w), 1372 (vs), 1330 (s), 1302 (m), 
1182 (s), 1055 (m), 1000 (w) ν(N–N), 906 (m) ν(C-S), 804 (m), 715 
(vs), 687 (s), 536 (w). 1H NMR (400.13 MHz, CDCl3): δ = 8.37 (d, 4H, H- 
11), 8.20 (t, 1H, H-4), 7.85 (d, 2H, H-3), 7.45 (m, 6H, H-12, H-13), 2.75 
(s, 6H, H-6), 0.94 (m, 4H, n-BuSn-1,2), 0.81 (m, 2H, n-BuSn-3), 0.51 (t, 
3H, n-BuSn-4) ppm. 13C NMR (100.62 MHz, CDCl3): δ = 173.05 (C-9, 
C–O), 146.82 (C-2, C––N), 145.47 (C-5, C––N), 142.81, 133.62, 131.99, 
129.09, 128.12, 122.65, 30.92 (acetone), 28.41 (n-BuSn-2), 26.64 (n- 
BuSn-3), 25.75 (n-BuSn-1), 13.33 (n-BuSn-4), 13.01 (C-6) ppm. 119Sn 
NMR (149.08 MHz, CDCl3): δ = – 599.1 ppm. HRMS-ESI+ (m/z, %): 
found 574.1479 (100); calcd. for [M – NCS]+; 574.1265; found 
633.1344 (3.8); calcd. for [M + H]+ 633.1095.

2.1.9. Synthesis of [Sn(L)Cl2]⋅CHCl3 9
Compound 9 was obtained from an attempted reaction where 10 mL 

of an acetonitrile solution containing Bz2SnCl2 (0.18 g, 0.50 mmol) was 
added to a hot, stirred solution of H2L (0.2 g, 0.50 mmol) in 30 mL of 
acetonitrile, aiming to produce [Bz2Sn(L)] 4. After evaporating the 
solvent, a crude material was obtained. Attempts to dissolve the crude 
material in chloroform through successive heating and filtration pro-
vided a few yellow crystals. M. p.: > 300 ◦C. FT-IR (ATR mode; ν in 
cm− 1): 1583 (w) ν(CN)imine, 1554 (w) ν(C––N)py, 1497 (s), 1361 (vs), 
1328 (m), 1298 (m), 1172 (m), 1052 (m), 1024 (w) ν(N–N), 995 (w), 
901 (m), 798 (m), 764 (s), 708 (s), 680 (s), 554 (m). Diffraction studies 
were conducted on the isolated yellow crystals, indicating a composition 
of [Sn(L)Cl2]⋅CHCl3 (see X-ray discussion). Several reaction trials to 
obtain more of 9 were unsuccessful and the product could not be 
reproduced.

2.2. X-ray crystallography

Single crystals of compounds 1–9 were grown by slow evaporation of 
various solvent systems, namely: 1 (dichloromethane/hexane, 2:1, v/v); 
2 (toluene); 3 (benzene/ethanol, 2:1, v/v); 4 (toluene/chloroform, 1:2, 
v/v); 5 (toluene/ethanol (2:1, v/v); 6 (acetonitrile); 7 (acetone); 8 
(benzene); 9 (chloroform). For each sample, a suitable crystal was 
mounted from oil (polyisobutene) on a fine glass fiber and flash-cooled 
[32] to either 100 K or 180 K (2 only, to avoid a destructive phase 
transition). Diffraction data were collected using a dual microsource 
Bruker D8 Venture diffractometer using MoKα (λ = 0.71073Å) or CuKα 
(λ = 1.54178Å) radiation (latter for 4 only). Data collection and 
reduction [33], absorption correction [34,35], structure solution [36], 

refinement [37], and validation [38,39] were by published methods. 
Crystals of 1 and 6 were twinned by reticular pseudo-merohedry and 
inversion, respectively, see e.g. in ref [40]. Data for 1 were processed 
following the recommendations of Sevvana et al. [41]. Crystals of 2, 5, 
and 8 had disorder of side-chains attached to their Sn atom, which was 
refined using separate PARTs in SHELXL [37]. Lastly, crystals of 7 and 8 
had severely disordered solvent occupying channels that was factored 
out of the refinement by the SQUEEZE routine in Platon [42].

3. Results and discussion

3.1. Synthesis and spectroscopy

We commenced our research into systematically developing syn-
thetic methods for producing various organotin compounds featuring a 
pentagonal bipyramidal geometry, facilitated by N3O2 donor atoms ar-
ranged in a pentagonal coordination plane. To begin, we used the well- 
known pro-ligand, 2,6-diacetylpyridine bis(benzoylhydrazone) (H2L), 
which we prepared by condensing 2,6-diacetylpyridine with two 
equivalents of benzoylhydrazine in ethanol, with minor modifications. 
The purity and integrity of the product was assessed using HRMS results. 
H2L is soluble in polar solvents such as acetonitrile, DMF, and DMSO. 
The 1H NMR spectrum of H2L in DMSO‑d6 solution exhibited a consis-
tent integral ratio among the NH, methyl singlet, and broad aromatic 
signals. The characteristic IR vibrations are included in the Experimental 
section, along with other data. Diorganotin(IV) complexes of formula-
tions [R2Sn(L)] 1–4 were synthesized by refluxing equimolar amounts of 
the corresponding R2SnO and H2L in toluene, following the removal of 
water. The gradual color change to yellow signaled the formation of 
complexes. The reactions of monoorganotin(IV) trihalides, such as n- 
BuSnCl3 and PhSnCl3, with H2L in benzene or acetonitrile resulted in the 
formation of [n-BuSn(L)Cl] 5 and [PhSn(L)Cl] 6. Compounds 5 and 6 
contain a neutral deprotonated equatorial ligand, n-Bu (or Ph) and Cl¡

ligands in axial positions. Organotin azide [n-BuSn(L)N3] 7 was pre-
pared by reaction of [n-BuSn(L)Cl] 5 with an excess of sodium azide in a 
water/chloroform biphasic mixture (Scheme 1). An analogous method 
to that of azido compound 7 was employed, involving NH4SCN and 
compound 5, which upon suitable workup, generated isothiocyanato 
compound [n-BuSn(L)NCS] 8. To our knowledge, complexes 7 and 8 
represent the first examples of PBPY-7 tin(IV) complexes of L with 
azido/isothiocyanato ligand(s) and monoorganotin(IV) compounds 
with axial locations.

The reaction between Bz2SnCl2 and H2L in equimolar amounts was 
conducted in boiling acetonitrile for 3 h to attempt the synthesis of 
[Bz2Sn(L)] 4. After evaporating the solvent, a crude material was ob-
tained. When this crude product was dissolved in chloroform and 
repeatedly crystallized through heating and filtering, a small quantity of 
yellow crystals of [Sn(L)Cl2] 9 was produced. During the crystallization, 
a possible facile double cleavage of the Sn-C bonds in the benzyl groups 
likely occurred due to the presence of incidental moisture, leading to the 
release of toluene and the formation of compound 9, which contains two 
labile Cl atoms [43]. It is worth noting that attempts to isolate a larger 
quantity of the product were unsuccessful, preventing further spectro-
scopic studies. Nevertheless, melting point and diffraction studies were 
performed on the isolated yellow crystals, confirming a composition of 
[Sn(L)Cl2]⋅CHCl3. The purity of compounds 1–8 in bulk was established 
using 1H, 13C, and 119Sn NMR analyses, with additional confirmation 
provided by HRMS results in acetonitrile. However, due to the limited 
number of available crystals and the insolubility of compound 9 in 
acetonitrile, NMR and HRMS analyses for this compound could not be 
carried out. To tackle the complex task of predicting the role of tin 
cations in the structures and the adaptability of flexible pentadentate 
ligands to various axial ligands, we focused on growing single crystals of 
the compounds. These crystals were subsequently analyzed using 
single-crystal X-ray diffraction, which definitively confirmed the for-
mation of the molecular complexes (see X-ray discussion, vide infra). 
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Compounds 1, and 5–9 are pale yellow solids, whereas compounds 2–4 
are orange solids. They appear to be stable in both solid form and in 
solution.

The Experimental section includes a complete set of FT-IR spectra 
(refer to ESI Figs. S1-S10). The IR spectrum of H2L displayed charac-
teristic bands at approximately 3186, 2929, 1664, 1603, and 1567 cm⁻¹, 
corresponding to ν(NH), ν(C–H)aliphatic, ν(C––O)amide/keto, ν(C––N)imine, 
and ν(C––N)py, respectively. The absence of ν(NH) and ν(C––O) vibra-
tions in compounds 1–9 indicates that the planar pentadentate ligand is 
bisdeprotonated, resulting in enolization of the amide carbonyl oxygen. 
Furthermore, the imino stretching frequencies ν(C––N) for the coordi-
nated ligand were observed in the range of 1584 to 1598 cm⁻¹, while 
ν(C––N) for the pyridine was noted at around 1550 cm⁻¹. This confirms 
coordination by both the imino nitrogen atoms and the nitrogen atom of 
the pyridine ring [44]. Compounds 7 and 8 deserve special mention. In 
addition to the vibrations of a fully deprotonated ligand coordinated to a 
Sn atom, the IR spectrum of organotin(IV) compound 7 shows a prom-
inent band at 2068 cm⁻¹, assigned to ν(N––N––N), indicating the pres-
ence of azide [45]. Additionally, the IR spectrum of compound 8 
exhibited a relatively strong, sharp band at 2070 cm⁻¹, corresponding to 
the ν(NC) vibration of the NCS¡ ion. The band associated with the ν(C-S) 
stretching frequency appears at 874 cm⁻¹. Therefore, the IR results 
suggest that 8 is an isothiocyanato complex, as indicated by the presence 
of N-bonded NCS, rather than a thiocyanato complex [46]. The struc-
tures of 7 and 8 were subsequently confirmed by diffraction studies (vide 
infra). The 1H and 13C NMR spectral data for compounds 1–8 are 
consistent with the proposed structure. In the 1H/13C NMR spectra of 
compounds 1–8 in CDCl3, the pentadentate ligand shows generally little 
change upon coordination to the tin atom (ESI Figs. S11-S27). In gen-
eral, only one set of signals is evident in the 1H and 13C NMR spectra of 
1–9, despite the presence of two arms in the ligand, implying that C2v 
symmetry is preserved in solution. In DMSO‑d6 solvent, the 1H NMR 
spectrum of H2L shows a broad singlet at 10.8 ppm, corresponding to the 
amide NH (H-8) protons. Absence of the amide NH (H-8) signal in 
compounds 1–9 confirms the doubly deprotonated state of the ligand 
L2− , likely due to amide-iminol tautomerism [31]. The 2J(119Sn,1H), 
which is 116 Hz, is greater than those found in six-coordinated dime-
thyltin compounds [47] and seems to be typical of seven-coordinated 
species [48]. A sharp singlet in the range of 2.4 to 2.9 ppm, attributed 
to methyl groups, was also observed in the 1H NMR spectra, alongside 
other ligand protons. In the ¹³C NMR spectra of compounds 1–9, the 
carbonyl carbon (C-9) resonates in the range of 168.0–173.4 ppm, while 
the C––N carbons (C-2 and C-5) resonate between 144.7–149.7 ppm and 
143.5–146.0 ppm, respectively. However, bonding information from the 
chemical shifts could not be determined due to the use of two different 
solvents (H2L in DMSO‑d6 for H2L and CDCl3 for 1–9) for the NMR 
analysis. The ligand methyl carbon signal appeared at approximately 13 
ppm. Aside from these observations, the 1H/13C NMR signals from Sn-R 
were found in the expected positions where they typically appear. 
Diorganotin(IV) compounds 1–3 exhibited sharp tin NMR signals in the 
range of − 433.8 to − 440.2 ppm (ESI Figs. 28–30), which aligns with 
observations for other structurally related organotin(IV) compounds 
containing the N3O2-chelating ligand [30,31,49]. Due to the presence of 
the N3O2-chelating ligand (L), the central tin atom in compounds 1–3 
can be considered seven-coordinate with a distorted pentagonal bipyr-
amidal geometry. The tin resonance in the dibenzyltin compound 4 
showed a sharp singlet at − 491.4 ppm (ESI Fig. 31), which is signifi-
cantly shifted upfield relative to the corresponding [R2Sn(L)] complexes 
(R = Me in 1; n-Bu in 2; and n-Oct in 3), consistent with the literature 
[31]. In contrast, the monoorganohalo compounds 5 (R = n-Bu/Cl), 6 (R 
= Ph/Cl), azido compound 7 (R = n-Bu/N3), and isothiocyanato com-
pound 8 (R = n-Bu/NCS) exhibited even greater upfield shifts in the tin 
signals at − 565.7, − 612.2, − 558.6, and − 599.1 ppm (ESI Figs. 32–35), 
respectively. These shifts are likely due to the increased acidity from 
electronegative substituents. Thus, the tin NMR data for complexes 1–8 
suggest that the central tin atom remains seven-coordinate in all cases. 

The mass-to-charge ratios of the ions for H2L and tin compounds 1–8 
(ESI Figs. S36-S44) were measured in acetonitrile solution using 
high-resolution mass spectrometry. The mass spectra of the pro-ligand 
and organotin compounds 1–6 displayed a prominent monocharged 
ion, corresponding to a protonated molecule [M + H]+. In contrast, the 
MS spectral patterns of azido compound 7 and isothiocyanato com-
pound 8 revealed [M-N3]+ / [M-NCS]+ as the main peak (100 % in-
tensity), featuring a characteristic isotopic tin cluster in the positive ion 
mode as a result of the disconnection of the azido and isothiocyanato 
bonds [50]. These results are consistent with the calculated isotopic 
distribution of tin in acetonitrile solution (refer to experimental), indi-
cating that compounds 1–6 remain stable in solution under high-energy 
electrospray conditions.

3.2. Description of the solid-state structures

The structures of compounds 1–9 were determined by low- 
temperature single-crystal X-ray diffraction. Crystallographic data and 
structure refinement statistics are given in Table S1. The compounds 
each feature a central Sn(IV) atom with an equatorially bound penta-
dentate L2− ligand acting as a κ-N3O2 donor, with axial groups that are 
either purely organic (1 = 2Me; 2 = 2n-Bu; 3 = 2n-Oct; 4 = 2Bz), 
organic/halide (5 = n-Bu/Cl; 6 = Ph/Cl), organic/pseudohalide (7 = n- 
Bu/N3; 8 = n-Bu/NCS), or dihalide (9 = 2Cl). Thus, the overall geometry 
about the Sn(IV) center in all cases is distorted pentagonal bipyramidal, 
with the degree of distortion dependent on the type of axial groups. 
Bond lengths and angles about the Sn(IV) centres are given in Tables 1 
and 2, and a least-squares overlay plot of the central cores of the nine 
structures (Fig. 1) highlights the similarities. Although the geometries 
are similar, there are systematic differences in some bonding parameters 
across the structures. For example, the Sn-O bond lengths (Table 1) are 
significantly longer in 1–4 (average = 2.2618 Å) versus 5–8 (average =
2.1442 Å) and 9 (2.1168 Å). Similar trends are also apparent in the Sn-N 
bond distances. The perpendicular distance of the Sn atom from the 
mean plane through the κ-N3O2 bonding atoms (Table 1) indicates that 
when both axial groups are the same (structures 1–4, and 9), the Sn is 
close to coplanar with the κ-N3O2 bonding atoms (out-of-plane deviation 
range 0.0042–0.0305 Å, average 0.0138 Å), but when they are different 
(structures 5–8), the Sn is markedly out of plane (deviation range 
0.1393–0.2098 Å, average 0.1754 Å). These axial-group dependent 
differences provide a convenient means of grouping of the structures, 
thereby simplifying the following descriptions.

The molecular structures of 1–4 are shown in Fig. 2. The symmetry of 
crystals of 1–4 are all related, i.e., monoclinic P21/c (1, 4) and P21/n (2, 
3), which are merely different settings of the same type of space group. 
Their unit cell parameters, however, are quite different (Table S1) and 
there are no consequential similarities between the crystal structures. 
Deviations from ideal (i.e., 180◦) for the axial substituents relative to the 
Sn centre range from 169.15(6)◦ in 3 to 177.64(8)◦ in 2, but there is no 
obvious correlation with the chemical nature or steric bulk of the axial 
substituents. The main differences in the molecular structures of 1–4, 
aside from the nature of the axial organic groups are the torsions of the 
phenyl rings (Ph1 = C2-C7 and Ph2 = C18-C23) relative to their 
attached metallocycle (M1 = Sn1,O1,C1,N1,N2 and M2 = Sn1,O2,C17, 
N5,N4). These range from 0.99(8)◦ (i.e., almost coplanar) for the dihe-
dral angle between M1 and Ph1 in 2 to 32.88(13)◦ between M1 and Ph1 
in 1. Full details are given in Table 2. Intermolecular contacts in 1–4 are 
mainly of the van der Waals type. There are no strong hydrogen bonds or 
π…π-stacking interactions in any of 1–4. In 3, however, a pair of weak 
contacts (C13-H13…O1sym and C12-H12-O2sym, sym = -x + 1, y - 1/2, -z 
+ 3/2) join screw-related molecules into chains running parallel to the 
b-axis (Fig. 3). Packing plots viewed down each of the crystallographic 
axes for 1–4 are given in Figs. S45-S56.

The molecular structures of 5–8 are shown in Fig. 4. These mixed 
axial-ligand crystal structures exhibit a range of space-group symme-
tries. Crystals of 5 have space-group type P21/n, those of 6 have space- 
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group type P212121 (the only Sohncke space group for any of 1–9), but 
the crystals are twinned by inversion. Both 7 and 8 are trigonal, space- 
group type R3. Structure 5 has disorder of its axial n-Bu group and in-
cludes a toluene solvent molecule statistically disordered about a crys-
tallographic inversion centre. The molecules loosely stack into columns 

parallel to the a-axis, which in turn creates solvent-accessible channels 
(also parallel to the a-axis), which are occupied by the disordered 
toluene (Fig. S57). Structure 6 is not disordered and is solvent free. The 
unit cell parameters of 7 and 8 are similar (Table S1), suggesting simi-
larity in overall packing (Fig. 5), but there are no obvious similarities 

Table 1 
Selected distances (Å) in compounds 1–9.

distance 1 2 3 4 5

Sn-LNO 0.0056(11) 0.0042(7) 0.0082(5) 0.0205(6) 0.1393(6)
Sn1-O1 2.273(2) 2.2246(12) 2.2756(9) 2.2803(12) 2.1629(11)
Sn1-O2 2.273(2) 2.2469(13) 2.2945(9) 2.2261(13) 2.1458(11)
Sn1-N2 2.335(2) 2.3530(16) 2.3401(11) 2.3460(15) 2.2766(14)
Sn1-N3 2.377(2) 2.3663(16) 2.3462(11) 2.3473(14) 2.3041(13)
Sn1-N4 2.334(2) 2.3336(15) 2.3626(11) 2.3116(15) 2.2819(13)
Sn1-C24 2.123(3) 2.1437(18) 2.1405(14) 2.1782(18) 2.1861(16)b

Sn1-C25 2.119(3) 2.146(2)b 2.1374(13) 2.1633(18) –
C1-O1 1.277(4) 1.281(2) 1.2814(15) 1.271(2) 1.2892(19)
C17-O2 1.284(4) 1.282(2) 1.2773(15) 1.281(2) 1.2933(19)
N1-N2 1.376(3) 1.380(2) 1.3760(16) 1.379(2) 1.3700(19)
N4-N5 1.373(3) 1.375(2) 1.3732(15) 1.370(2) 1.3740(18)
6 7 8 9a  
0.1800(8) 0.1724(8) 0.2098(7) 0.0305(8)  
2.1405(17) 2.1562(16) 2.1521(12) 2.1168(11)  
2.1339(17) 2.1282(16) 2.1337(12) –  
2.263(2) 2.292(2) 2.2763(15) 2.2441(13)  
2.2843(19) 2.3064(19) 2.3101(14) 2.2561(19)  
2.280(2) 2.284(2) 2.2686(15) –  
2.157(2) 2.143(2) 2.140(4)b –  
– – – –  
1.290(3) 1.285(3) 1.285(2) 1.2985(19)  
1.293(3) 1.290(3) 1.289(2) –  
1.377(3) 1.381(3) 1.371(2) 1.3706(18)  
1.377(3) 1.369(3) 1.3741(18) –  

a Missing entries in 9 are equivalent by mirror symmetry.
b Major component of disorder only.
LNO refers to the mean plane through L2− coordinating N and O atoms.

Table 2 
Selected angles (◦) in compounds 1–9.

angle 1 2 3 4 5

O1-Sn1-O2 89.06(7) 88.65(4) 89.65(3) 88.57(5) 81.34(4)
O1-Sn1-N2 68.52(8) 68.55(5) 68.13(4) 68.00(5) 70.33(5)
O2-Sn1-N4 68.57(8) 68.71(5) 67.26(4) 69.04(5) 70.60(4)
N2-Sn1-N3 67.00(9) 66.95(5) 67.62(4) 66.98(5) 68.67(5)
N3-Sn1-N4 66.89(9) 67.30(6) 67.38(4) 67.70(5) 68.28(5)
Rax-Sn1-Rax’ 175.44(12) 177.64(8)b 169.15(6) 173.44(7) 179.15(7)b

O1-C1-C2-C3 30.8(4) 0.1(3) 12.15(18) 16.1(2) 3.2(2)
O2-C17-C18-C19 17.6(5) 5.7(3) 7.54(18) 13.1(3) 7.9(2)
∠ LM1-LPh1 32.88(13) 0.99(8) 11.76(8) 20.14(8) 4.07(11)
∠ LM2-LPh2 18.72(16) 12.40(9) 9.63(7) 16.25(8) 8.35(8)
∠ LNO-LNR 89.33(6) 87.46(4) 88.39(3) 89.42(5) 89.78(4)
6 7 8 9a  
79.15(7) 81.82(6) 80.81(5) 78.07(6)c  
70.94(7) 69.97(6) 70.19(5) 71.43(4)  
70.62(7) 70.84(6) 70.93(5) –  
69.27(7) 68.19(7) 67.91(5) 69.53(3)  
68.71(7) 68.01(7) 68.37(5) –  
177.63(7) 176.04(9) 175.6(2)b 176.32(2)  
17.7(4) 0.0(3) 11.8(3) 3.2(2)  
10.2(4) 8.9(3) 1.4(3) –  
21.51(12) 6.65(14) 13.34(10) 10.39(9)  
11.36(11) 9.26(12) 4.17(9) –  
88.89(6) 88.25(6) 86.35(13) 90.000(2)  

a Missing entries for 9 have equivalents by crystallographic mirror symmetry.
b Major component of disorder only.
c This angle is O1-Sn1-O1m (m = x, 0.5-y, z).
Rax and Rax’ represent the axial-group atoms attached to Sn1.
LM1 and LM2 are the mean planes of metallocycles Sn1-O1-C1-N1-N2 and Sn1-O2-C17-N5-N4.
LPh1 and LPh2 are the mean planes of phenyl rings C2-C3-C4-C5-C6-C7 and C18-C19-C20-C21-C22-C23.
LNO is the mean plane through L2− atoms O1,N2,N3,N4,O2 coordinating to Sn1.
LNR is the mean plane through L2− atom N3 and the axial atoms attached to Sn1.
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Fig. 1. A least-squares overlay plot (fit through O1, O2, N2, N3, N4, and Sn1) for each of compounds 1–9. Axial groups attached to Sn1 were truncated at the first 
atom. The main differences are the torsions of the pendant phenyl rings.

Fig. 2. Ellipsoid plots (50 % probability) of compounds 1–4. Minor n-Bu disorder (~8 % occupancy) in compound 2 is omitted for the sake of clarity.
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Fig. 3. A partial packing plot of compound 3 viewed down the crystallographic c-axis, showing chains of molecules extending parallel to the b-axis formed by pairs of 
weak C–H…O interactions (dashed lines).

Fig. 4. Ellipsoid plots (50 % probability for 5 and 6, 30 % for 7 and 8) of compounds 5–8. In 5, a toluene solvent molecule disordered about a crystallographic 
inversion centre is omitted to enhance the clarity. Similarly, minor components of disorder in 5 (n-Bu, ~6.5 %) and 8 (n-Bu, two minor components of ~27 % and 22 
%; NCS, ~11 %) are omitted for the sake of clarity.
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with either 5 or 6. In both 7 and 8, molecules form loose columnar stacks 
parallel to the c-axis that generate solvent- accessible channels that also 
run parallel to the c-axis, which are evident in Fig. 5. The contents of 
these channels were extensively disordered; attempts to model chemi-
cally reasonable fragments were unsuccessful and so were removed 
using SQUEEZE [42]. Aside from the solvent channels, structure 7 is not 
disordered, whereas 8 shows extensive disorder of both its n-Bu axial 
group (three disorder components modelled major ~50.5 %; minor 27 % 
and 22.5 %) and the NCS axial group (two components, ~89 % and 11 
%). In 7, there is a weak contact between H11 of the L ligand and azide 

N8 of an adjacent (distance = 2.47 Å, via -y + 2/3, x-y + 1/3, z + 1/3) 
molecule. Structure 8 has weak contacts involving H9C and H11 to the 
thiocyanate S1, but the distances are longer (~2.81–2.99 Å) and the 
interactions are less distinct due to disorder. Similar to 1–4, there are no 
strong H-bonds or π…π-stacking interactions in 5–8, intermolecular 
contacts are mainly van der Waals-type interactions.

The molecular structure of the dichloro compound, 9, is shown in 
Fig. 6. The crystals have space-group type Pnma in which the molecule 
straddles the mirror plane, thus Z’ (the number of formula units per 
asymmetric unit) is 0.5. This contrasts with 1–8, where Z’ = 1. There are 

Fig. 5. Packing plots of (a) 7 and (b) 8 viewed down their crystallographic c-axes. Similar solvent accessible channels are present in both structures.

Fig. 6. An ellipsoid plot (50 % probability) of compound 9. The molecule straddles a crystallographic mirror plane, so only half the atoms are labeled. A chloroform 
solvent molecule has been omitted for the sake of clarity.
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no disordered atoms in 9, but there is a solvent chloroform molecule, 
which also lies on the mirror plane. It forms weak bifurcated hydrogen 
bonds of the form C1S-H1S…O1 = 3.456(3)Å (and to O1sym, sym = x, 1/ 
2 - y, z). The overall packing generates solvent-accessible channels 
parallel to the a-axis, occupied by the chloroform solvent (Fig. S68). As 
with 1–8, there are no strong H-bonds. Generic packing plots for 1–9 
viewed down each crystallographic axis are given in the supplementary 
information (ESI Fig. S45–70).

4. Conclusions

In conclusion, this study highlights the significant progress made in 
synthesizing and characterizing a variety of stable tin(IV) complexes 
using the 2,6-diacetylpyridine bis(benzoylhydrazone) pro-ligands (H2L). 
These complexes exhibit robust coordination chemistry, with the ligand 
acting as a κ-N3O2 donor and different axial ligands, resulting in a seven- 
coordinate, distorted pentagonal bipyramidal geometry around the tin 
center. The study systematically explores the effect of different axial 
ligands, such as alkyl groups (Me, n-Bu, n-Oct, Bz), chloride (Cl), azido 
(N3), and isothiocyanato (NCS) ligands, on the overall structure and 
stability of the complexes. X-ray diffraction analysis of the synthesized 
compounds confirms the asymmetrical arrangement of the two arms of 
the pentadentate L2− ligand, which is crucial in determining the steric 
and electronic properties of the resulting tin complexes. The steric in-
fluence of larger axial ligands, such as n-Oct and Bz, is particularly 
noteworthy, as they introduce significant strain into the complex, 
potentially causing greater distortion of the SnN3O2 coordination ge-
ometry. Additionally, the substitution of halide ligands with more 
electron-rich species, such as N3 or NCS, alters the electronic environ-
ment of the tin(IV) center, influencing both the stability and reactivity of 
the complexes. These electronic and steric factors play a crucial role in 
determining the behavior of the complexes, which is confirmed through 
various spectroscopic techniques, including 1H, 13C, and 119Sn NMR, as 
well as HRMS. The 119Sn NMR spectra reveal typical chemical shifts 
associated with hypercoordinated tin, ranging from − 433 to − 628 ppm, 
indicating strong coordination and shielding of the central tin atom. 
Both NMR and HRMS, and X-ray further confirm the monomeric nature 
and stable composition of the complexes both in solution and in solid- 
state forms, highlighting their potential for consistent synthesis and 
applications. Considering the potential applications of these tin(IV) 
complexes, future studies could aim to improve their catalytic activity 
and stability by manipulating axial ligands, thus paving the way for their 
use in a variety of catalytic processes. Furthermore, the unique prop-
erties of these complexes could be exploited in materials science, 
particularly in the development of materials with tailored electronic, 
magnetic, or optical properties. Additionally, their biological potential, 
including anticancer and antimicrobial effects, may offer an exciting 
opportunity for therapeutic research.
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crystal structures of two pentagonal-bipyramidal Fe(III) complexes with 
dihydrazone of 2,6-diacetylpyridine and Girard’s T reagent. Anticancer properties 
of various metal complexes of the same ligand, J. Inorg. Biochem 174 (2017) 
137–149.

[15] K.S.O. Ferraz, N.F. Silva, J.G. da Silva, L.F. de Miranda, C.F.D. Romeiro, E. 
M. Souza-Fagundes, I.C. Mendes, H. Beraldo, Investigation on the pharmacological 
profile of 2,6-diacetylpyridine bis(benzoylhydrazone) derivatives and their 
antimony(III) and bismuth(III) complexes, Eur. J. Med. Chem 53 (2012) 98–106.
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