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§ H,S Sensors

Diorganotin Compounds Containing a-Aminoacidato Schiff
Base Ligands Derived from Functionalized 2-Hydroxy-5-
(aryldiazenyl)benzaldehyde. Syntheses, Structures and Sensing

of Hydrogen Sulfide

Tushar S. Basu Baul,*® Anurag Chaurasiya,® Monosh Rabha,® Snehadrinarayan Khatua,
Antonin Ly¢ka,®! Dieter Schollmeyer, and Klaus Jurkschat*!!

Abstract: Three  novel  bicycloazastannoxides,  namely,
[nBu,Sn(L")] (1), [nBu,Sn(L?)] (2) and [Bz,Sn(L3)] (3) were synthe-
sized in one pot procedures by reacting diorganotin(lV) precur-
sors with a mixture composed of an a-amino acid with either
(E)-2-hydroxy-5-((4-nitrophenyl)diazenyl)benzaldehyde or (E)-2-
hydroxy-5-(phenyldiazenyl)benzaldehyde. Single-crystal X-ray
diffraction analysis reveal that compound 1 is monomeric, com-
pound 2 consists of both a monomer and a dimer, while com-
pound 3 is a coordination polymer for which two modifications
\BA and 3B were identified. The ''°Sn NMR chemical shifts

measured in CDCl; solutions indicate five-coordinate tin atoms for
1-3. Further, compounds 1 and 2 were found to be highly se-
lective for sensing hydrogen sulfide in UV/Vis channel in
CH3CN/H,0 (9:1) media. The development of orange red color
is likely the results of a Brgnsted-type acid-base reaction of H,S
with compounds 1 and 2, respectively, giving di-n-butyltin sulf-
ide and the corresponding pro-ligands H,L' and H,L?, respec-
tively. Theoretical calculations accompany the experimental
work.

/

Introduction

The structurally vibrant organotin(lV) compounds have at-
tracted immense interest in biological activity and catalysis.l"?
Among the organotin(lV) compounds, the use of carboxylate
ligands provided a great variety of structures ranging from dis-
crete mononuclear to polymeric complexes with the tin centers
showing different coordination numbers. Apart from traditional
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sustainable chemistry applications such as wood preservation
to organic syntheses,? carbon dioxide capture, *' homogene-
ous catalysts in PVC stabilization, polyurethane formation
and transesterification, strong cytotoxic agents and diverse
medicinal applications,”'>= organotin(lV) compounds have
reached distinct heights as well. Strong Lewis acidity, rich
molecular diversity and ease of synthesis led to the develop-
ment of organotin-based molecular receptors for anions and
jon pairs'® and others such as biomolecule functionalization,
material applications and ternary mixed-valance metal clus-
ters!''-13! etc. to mention a few. On the other hand, the design
and synthesis of multidentate bio-compatible amino acid deriv-
atives with rich functional groups, possessing chirality and
electronic asymmetry can offer fascinating properties and to-
pologies when employed as building blocks for organotin(IV)
compounds in supramolecular self-assembly, generating coordi-
nation polymers and multi-dimensional networks. Conse-
quently, a variety of structurally characterized motifs based on
diorganotin(lV) complexes of amino acetate Schiff bases were
categorized viz., [RySn(L)] (1), [RoSn(L)(solv)] (IN), [RySn(L)1, (),
[RoSn(L)SNR,]  (IV),  [RySn(L)(solv)], (V), [R,Sn(L)Is (VI), and
[RoSn(L)], (VIN), where R = alkyl or aryl, L = variously substituted
Schiff bases derived from a-amino acids and solv = donor sol-
vent."¥ Coordination modes in these complexes can vary from
five to seven, thus providing access to a large variety of struc-
tural entities. Accordingly, these complexes demonstrated obvi-
ous exciting progress in various fields, such as cytotoxicity and
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antibacterial activity,!'>=2% photophysical properties useful for
NLO applications,’?" fluorescent staining of silk fibroin,!"?! and
sensing!??! as well as the detection of warfare agents (organo-
phosphate based chemical weapons).?3! These multifaceted ap-
plications of organotin(lV) compounds resulted mainly from
their vast structural diversity.

During the course of writing this paper, a report describing
the sensing ability of organotin(IV) compounds towards various
metal ions such as Cu(ll) and Fe(lll) has appeared.*¥ However,
to the best of our knowledge, sensing of hydrogen sulfide, H,S,
involving organotin(lV) compounds is hitherto unknown. The
reasons for selecting H,S as sensing agent are of utmost impor-
tance since it is the third most essential biological messenger
(gasotransmitter) after NO and CO. H,S plays a vital role in vari-
ous physiological and pathological processes, such as vasodila-
tation, neuronal transmission, anti-oxidation, anti-apoptosis, in-
sulin signaling and oxygen sensing etc.!?’! Inversely, the exces-
sive level of H,S causes various diseases such as stroke, Alz-
heimer's disease, cardiovascular disease, diabetes and liver cir-
rhosis.?®) Recently, various colorimetric probes have been de-
veloped for highly selective and sensitive detection of H,S.
These probes are commonly based on H,S-induced specific re-
actions, such as, reduction of azide to amine,'2”-?8 thiolysis of
dinitrophenyl ether?? and nucleophilic 1,4-addition®°3"! and
also metal sulfide precipitation.'3>33! Consequently, ample stud-
ies on the development of advanced H,S probe for rapid, sensi-
tive and reliable detection techniques to know the physiologi-
cal functions of H,S is highly necessitated.
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Scheme 1. Schematic drawing of the pro-ligands H,L", H,L?, and H,L3.
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In previous studies we showed that the supramolecular
structure in the solid state of Schiff base-containing diorganotin
compounds can be controlled by using suitably functionalized
2-hydroxybenzaldehydes for the synthesis of the corresponding
Schiff bases.l'™ This prompted us to explore the coordination
chemistry of the deprotonated Schiff bases 2-((E)-{5-[(E)-(4-nitro-
phenyl)diazenyl]-2-oxidobenzylidene}amino)-3-phenylpropano-
ate, 3-(1H-indol-3-yl)-2-[(E)-({3-[(E)-(4-nitrophenyl)diazenyl]-6-ox-
idocyclohexa-1,3-dien-1-ylimethylene)amino]propanoate and 4-
methyl-2-((E)-{2-oxido-5-[(E)-phenyldiazenyl]lbenzylidene}-
amino)pentanoate derived from the corresponding pro-ligands
H,L', H,L2, and H,L3, respectively (Scheme 1).

Herein, we report the synthesis of three novel organotin
compounds viz., [nBu,Sn(L")] (1), [nBu,Sn(L?)] (2) and [Bz,Sn(L3)]
(3), and characterize these by means of NMR spectroscopy, elec-
trospray mass spectrometry, and single-crystal X-ray diffraction
analyses. We also study their behavior towards H,S.

Results and Discussion

Synthesis and Characterization of 1-3

Compounds 1 and 2 were obtained from one-pot reactions be-
tween di-n-butyltin oxide, L-phenylalanine and (E)-2-hydroxy-5-
[(4-nitrophenyl)diazenyllbenzaldehyde (for 1), and di-n-butyltin
oxide, (E)-2-hydroxy-5-(phenyldiazenyl)benzaldehyde and L-
tryptophan (for 2), respectively (Scheme 2).

In course of these reactions, the pro-ligands H,L' and H,L2
were generated in situ from (E)-2-hydroxy-5-[(4-nitrophenyl)-
diazenyl]lbenzaldehyde and (-phenylalanine (for H,L') or
L-tryptophan (for H,L2). Subsequently, these react with di-n-
butyltin oxide giving compounds 1 and 2, respectively. On the
other hand, compound 3 was obtained, again in a one-pot
reaction, from potassium leucinate, (E)-2-hydroxy-5-(phenyl-
diazenyl)benzaldehyde, and dibenzyltin dichloride, Bz,SnCl,
(Scheme 3). In course of this reaction, the pro-ligand KHL? was
formed which in turn reacted with Bz,SnCl, and triethylamine,
NEts, giving 3. The concept of using one-pot multicomponent
reaction avoids lengthy ligand preparation and characterization.
The generation of the ligands was evident from the results col-
lected from NMR spectroscopy and crystallography (vide infra).
Note: Attempts to prepare viable amount of the Schiff bases sepa-
rately was not achieved owing to the insolubility of the amino
acids in non-aqueous solvents and the possible formation of
imine-zwitterionic species during the reactions.

The compounds 1-3 were isolated in moderate yields upon
successive recrystallization in a suitable solvent. The brown col-
ored compounds are air-stable and possess good solubility in
common organic solvents. IR spectroscopy revealed characteris-
tic bands for the v,4m(0CO), v4,m(OCO) and v(C=N) vibrations
(see Experimental Section). The bonding mode of the carboxyl-
ate group was confirmed from the results of the single-crystal
X-ray diffraction (SCXRD) analysis described below.

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Scheme 2. Synthesis of the diorganotin compounds 1 and 2. The atom numbering refers to the assignment of the "H and '>*C NMR signals.
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Solid-State Molecular Structures of 1-3

Crystals suitable for single-crystal X-ray structure determination
for 1-3 were obtained from ethanol by the slow solvent evapo-
ration method. For compound 3, two polymorphs were identi-
fied; 3A (brown block) and 3B (yellow needle) from the same
batch of the crystalline material and both were investigated by
SCXRD analysis (Table 1). Figure 1, Figure 2, and Figure 3 illus-

Figure 1. Displacement ellipsoid (50 % probability level) plots of [nBu,Sn(L")]
(1) with partial atom labeling scheme. One of the butyl groups is disordered;
only the main component is shown. Selected interatomic distances [Al: Sn(1)-
C(29) 2.123(4), Sn(1)-C(33) 2.119(4), Sn(1)-O(15) 2.107(2), Sn(1)-O(20)
2.161(3), Sn(1)-N(17) 2.169(3), C(16)-N(17) 1.297(4), C(18)-N(17) 1.469(4),
C(19)-0(20) 1.296(4), C(19)-0(21) 1.213(4). Selected interatomic angles [°]:
C(29)-Sn(1)-C(33) 131.32(16), C(29)-Sn(1)-N(17) 114.88(12), C(33)-Sn(1)-
N(17) 113.80(14), O(15)-Sn(1)-0(20) 157.56(9).

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 1. Crystal data, data collection parameters and convergence results for compounds 1, 2, and 3 (modifications 3A and 3B).

1 2 3A 3B
Empirical formula C50H34N,055n CosH70N10070SN5, C55H33N5055n C55H33N5055n
C3,H35N505Sn
Formula weight 649.30 2065.01 638.34 638.34
Temperature/K 120 193 120 120
Crystal system Monoclinic Triclinic Orthorhombic Orthorhombic
Space group P2,/c P1 P2,2,2, Pna2,
a/A 9.1814(3) 13.5138(5) 9.4164 (2) 27.2350(12)
b/A 29.2681(12) 17.8691(6) 11.1870(3) 9.5755(5)
c/A 10.9610(4) 20.4456(7) 27.9969(9) 11.3148(5)
al° 920 76.500(3) 90 920
pr 98.769(3) 77.990(3) 90 920
y/° 920 82.406(3) 920 920
v/ A3 2911.03(19) 4677.5(3) 2949.23(15) 2950.8(3)
V4 4 2 4 4
Pealca/cm? 1.482 1.466 1.438 1.437
u/mm™! 0.923 0.867 0.9 0.9
F(000) 1328 2112 1304 1304
Crystal size/mm? 0.18 x 0.32 x 0.44 0.07 x 0.10 x 0.22 0.09 x 0.18 x 0.67 0.054 x 0.094 x 0.17
6 range for data collection/* 2.0 to 28.0 2.0 to 28.0 2.0 to 28.0 2.0 to 28.0
Index ranges -12<h<12 -17<h <17 -11<h<12 -35<h <30
-38 <k <38 -23<k<23 -14<k<12 -1 <k<12
-14</<11 -26</<26 36 </<32 12</<14
Reflections collected 16573 41931 12499 11133
Independent reflections [Ri,. 6905 [0.0178] 22156 [0.043] 7018 [0.0202] 6465 [0.0443]
Data/restraints/parameters 6905/40/382 22156/0/1204 7018/0/363 6465/1/363
Goodness-of-fit on F? 1.135 1.018 1.029 1.080
Final R indexes:
Ry [I=20 (N 0.0421 0.0509 0.0231 0.0592
WR, [all data] 0.1056 0.1233 0.0554 0.1529
Largest diff. peak/hole /e A3 2.47/ -1.59 0.88/ -0.9 0.34/ -0.43 0.94/ -1.86

Figure 2. Displacement ellipsoid (50 % probability level) plots of [nBu,Sn(L?)] (2) with partial atom labeling scheme. Hydrogen atoms and C42B attached to
C41B are omitted for clarity. The n-butyl groups C38A-C42A and C35B-C38B are disordered. Only major parts are shown. Also for clarity, the monomer
(containing Sn1C) and the dimer (containing Sn1A and Sn1B) both present in the unit cell are shown separately. Figure S2 shows the precise arrangement of
these two parts. Selected interatomic distances [Al: Sn(1A)-C(35A) 2.125(6), SN(1A)-C(39A) 2.123(5), Sn(1A)-O(13A) 2.184(3), Sn(1A)-O(23A) 2.079(3), Sn(1A)-
N(15A) 2.175(3), Sn(1B)-C(35B) 2.122(5), Sn(1B)-C(39B) 2.160(6), Sn(1B)-0(13B) 2.206(3), Sn(1B)-0O(23B) 2.143(3), Sn(1B)-N(15B) 2.218(3), Sn(1B)-O(14A) 2.717(3),
Sn(10)-C(35C) 2.116(5), Sn(1C)-C(39C) 2.147(5), Sn(1C)-0(13C) 2.145(3), Sn(1C)-0(23C) 2.096(3), Sn(1C)-N(15C) 2.164(3). Selected interatomic angles [°]:
C(35A)-Sn(1A)-C(39A) 127.5(2), C(35A)-Sn(1A)-N(15A) 102.58(19), C(39A)-Sn(1A)-N(15A) 129.25(17), O(13A)-Sn(1A)-0(23A) 151.72(13), C(35B)-Sn(1B)-C(39B)
159.6(2), O(13B)-Sn(1B)-0(23B) 154.55(11), O(14A)-Sn(1B)-N(15B) 155.19(11), C(35C)-Sn(1C)-C(39C) 128.82(18), C(35C)-Sn(1C)-N(15C) 116.27(16), C(39C)-
Sn(10)-N(15C) 114.82(16), O(13C)-Sn(1C)-0(23C) 158.18(12).

trate the molecular structures of 1-3, and the figure captions atoms occupying the axial and the N(17), C(29), and C(33)
contain selected interatomic distances and angles. atoms occupying the equatorial positions. The distortion from

the ideal trigonal bipyramidal geometry is especially evident
Compound [nBu,Sn(L’)], 1 from the O(15)-Sn(1)-0(20) angle of 157.56(9)° that considera-
The Sn(1) center in 1 is penta-coordinated and shows a dis- bly deviates from 180°. The Sn(1)-O(15) distance of 2.107(2) A
torted trigonal bipyramidal environment with the O(1) and O(2)  is shorter than the Sn(1)-0O(20) distance of 2.161(3) A. These
Eur. J. Inorg. Chem. 2020, 1803-1813
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Figure 3. Displacement ellipsoid (50 % probability level) plots of [Bz,Sn(L3)],
3A with partial atom labeling scheme. Hydrogen atoms were omitted for
clarity. Selected interatomic distances [Al: Sn(1)-C(26) 2.142(3), Sn(1)-C(33)
2.127(3), Sn(1)-0(15) 2.092(2), Sn(1)-0(20) 2.227(2), Sn(1)"-0(21) 2.449(2),
Sn(1)-N(17) 2.236(3). Selected interatomic angles []: C(26)-Sn(1)-C(33)
151.57(12), O(15)-Sn(1)-0(20) 155.28(9), N(17)-Sn(1)-0(21) 172.91(9), Sn(1)"-
0(21)-C(19) 135.08(19). Symmetry code for 021*: -x, -0.5 + y, 0.5 - z. Symme-
try code for Sn1**: -x, 0.5 + y, 0.5 - z.

distances are comparable to the values observed for structurally
closely related dimethyl [2-((E)-{2-oxy-5-[(E)-(4-nitrophenyl)-
diazenyl]benzylidenelamino)-3-phenylpropanoatoltin(lV) com-
pound [Sn-O,, 2.119(6) A, Sn-Opco 2.146(6) A] carrying trident-
ate ONO donor aminoacidato Schiff base ligand.'"" The carb-
oxylate moiety shows a monodentate coordination mode as the
0O(21) atom is not involved in any O—Sn interaction. The Sn(1)-
N(17) distance of 2.169(3) A reveals a strong N—Sn interaction.
A similar Sn-N distance [2.151(7) A] was reported for the related
dimethyltin(IlV) compound described above.'"® In the crystal,
compound 1 forms head-to-tail dimers via -7 interaction in-
volving the phenyl moieties C(1)-C(6) and C(9)-C(14) at a cen-
troid-to-centroid distance of 3.552(2) A (Figure S1).

Compound [nBu,Sn(L?)], 2

The asymmetric unit in the crystal structure of 2 consists of
three independent molecules corresponding to the metal cen-
tres Sn(1A), Sn(1B), and Sn(1C). Two of these molecules are con-
nected into a dinuclear unit through an intermolecular O—Sn
interaction. Similar to the Sn(1) center in compound 1, the
Sn(1A) and Sn(1C) centers are pentacoordinated and show
slightly different distorted trigonal bipyramidal environments
with C(35A), C(39A), N(15A) (at Sn1A) and C(35C), C(39C), N(15C)
(at Sn1C) occupying the equatorial and O(13A), O(23A) (at
Sn1A), and O(13C), O(23C) (at Sn1C) occupying the axial posi-
tions. The interatomic distances and angles involving the tin
centers are similar to those of compound 1. The O(13A)-
Sn(1A)-0(23A) and O(13C)-Sn(1C)-0(23C) angles of 151.72(13)
and 158.18(12) express the distortion from the ideal geometry.
As a result of intermolecular O(14A)—Sn(1B) interaction at a
distance of 2.717(3) A, the Sn(1B) is hexacoordinated with a
distorted octahedral environment. The distortion from the ideal
geometry is reflected by the C(35B)-Sn(1B)-C(39B), O(13B)-
Sn(1B)-0(23B), and O(14A)-Sn(1B)-N(15B) angles of 159.6(2),
154.55(11), and 155.19(11)°, respectively.

Eur. J. Inorg. Chem. 2020, 1803-1813 www.eurjic.org
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Compound [Bz,Sn(L3)], 3

Single crystals of compound 3 were obtained in two different
modifications 3A and 3B with the orthorhombic space groups
P2,2:2, and Pna2,, respectively. The geometric parameters of
these molecules differ only very little and consequently, only
the structure of 3A is discussed in detail (Figure 3, for 3B see
Figure S3). The Sn(1) center is hexacoordinated by C(26), C(33),
0O(15), 0(20), O(21), and N(17) and shows a distorted octahedral
environment with C(26)-Sn(1)-C(33), O(15)-Sn(1)-0(20), and
N(17)-Sn(1)-O(21) angles of 151.57(12), 155.28(9), and
172.91(9)°, respectively. The Sn(1)-O(15) distance of 2.092(2) A
involving the phenolic oxygen atom is similar as compared to
the corresponding distances in compounds 1 and 2. The Sn(1)-
0(20) distance of 2.227(2) A involving the carboxylate oxygen
atom is much longer. This is the result of the carboxylate moiety
coordinating two tin atoms in a bridging mode. The Sn(1)-0(21)
distance of 2.449(2) A (that causes both modifications of com-
pound 3 to be a one-dimensional coordination polymer, Figure
S4) indicates a stronger intermolecular O—Sn interaction than
observed for the dimer found in the structure of compound 2
[2.717(3) Al.

NMR Spectroscopic Characterization for 1-3

The characterization of the diorganotin(lV) compounds 1-3 in
solution was accomplished by means of their 'H, '3C, >N and
11950 NMR spectra (see Figures $S5-522). The unambiguous as-
signment of 'H and '3C chemical shifts was based on an appli-

Table 2. "H@® and '3C chemical shifts in compounds 1-3 in CDCl.!®!

Proton/ 1 2 3

Carbon H 13C H 13C H 3C
No

C(H)=N 7.70 172.3 743 171.7 7.82 171.9
1 - 116.3 - 116.3 - 116.5
2 - 1711 - 1731 - 172.4
3 6.84 123.7 6.85 123.8 6.88 123.1
4 8.06 1289 8.05 1289 8.11 130.1
5 - 143.8 - 143.6 - 143.8
6 7.57 135.9 7.39 135.6 7.54 1329
7 - 155.7 - 155.7 - 152.4
8,12 791 123.7 7.89 122.9 7.87 122.5
9 11 8.32 124.6 8.32 124.7 7.52 129.1
10 - 148.0 - 148.1 7.44 130.6
1 - 173.1 - 173.5 - 173.4
2 4.29 69.9 433 69.0 3.63 66.3
3 3.53,3.09 417 3.81,3.11 324 1.24,0.65 443
4 - 134.7 - 108.9 1.48 23.8
5 7.12 130.1 6.94 124.6 0.82 225
6’ 7.27 129.0 8.62 - 0.80 219
6a’ - - - 136.5 - -

7 7.27 127.6 7.62 118.6 - -

8’ - - 7.1 120.3 - -

9 - - 7.21 122.8 - -

10 - - 7.44 111.7 - -
10a” - - - 126.5 - -

[a] Proton signals were overlapped in 1D 'H NMR spectra and hence defini-
tive multiplicity and coupling constants in aromatic part could not be as-
sessed. [b] 'H, '3C and ''°Sn chemical shifts and "J(''°Sn, 3C) coupling con-
stants in di-n-butyltin(IV)- and dibenzyltin(IV) parts of compounds 1-3 in
CDCl; are given in Table 3.

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 3. 'H, '3C and ''°Sn chemical shifts and 2J(''°Sn, 'H) and 'J(''°Sn, '3C) coupling constants (in parentheses, Hz, £0.5 Hz) in di-n-butyltin(IV) and

dibenzyltin(lV) parts of compounds 1-3 in CDCls.

Compound 1* 2% 3% 4* 5%
1H 13C 1H 13C 1H 13C 1H 13C 1H 13C 119Sn
1 137 22.1 1.67 26.8 137 26.5 0.93 134 - - -197.0
(608.4) fal (95.6)
140 22.0 149 26.7 125 26.3 0.79 133
(596.3) fal (90.8)
2 139 223 1.67 26.9 139 26.6 0.94 13,5 - - -198.0
(611.5) fal (96.0)
142 22.1 1.50 26.8 126 26.4 0.81 134
(599.0) fal (89.4)
3 3114305 295 - 136.7 7.26 1282 7.21 128.8 7.08 125.6 -265.3
(579.1) (80.2) (40.5) (22.7) (27.1)
289+284 298 - 136.4 6.90 1225 6.93 1285 6.99 125.2
(545.6) (81.3) (38.5) (22.7) (26.9)

[a] Not observed.

cation of standard 1D and selected 2D NMR experiments, viz.,
gradient-selected (gs)-correlation spectroscopy (COSY), total
correlation spectroscopy (TOCSY), heteronuclear multiple-
quantum correlation (HMQC), HMQC-RELAY, HMQC-TOCSY and
heteronuclear multiple bond correlation (HMBC) allowing to as-
sign all "H and '3C resonances. Two sets of signals of equal
intensities for the nBu,Sn moieties in compounds 1 and 2 and
for the Bz,Sn moiety in compound 3 were observed because
of diastereotopic environments following from an aliphatic
stereogenic centre present in the ligand. Table 2 and Table 3
contain the "H and '3C chemical shifts.

The gs-HMBC technique was used to determine "H-">N corre-
lations with the experiment being optimized for coupling con-
stants of 4 Hz, since 3J(">N, "H) coupling constants are responsi-
ble for the formation of appropriate cross-peaks mainly in the
-N=N- fragment (Table 4). The expected number of >N reso-
nances was observed in the gs-HMBC spectra. The '°N chemical
shifts of N(a), N(B), C(H)=N and NO, are very similar in com-
pounds 1-3. The ''°Sn NMR spectra revealed sharp singlet reso-
nances at & = =197 (1), 6 = -198 (2), and 6 = -265 ppm (3),
respectively (Table 3). The ''9Sn chemical shifts indicate com-
pounds 1 and 2 being monomeric with five-coordinate tin at-
oms.3¥ The same is valid for the dibenzyl derivative 3.5 How-
ever, it cannot be excluded that each of the compounds 1-3 is
involved in @ monomer = dimer equilibrium which is fast on
the 77°Sn NMR time scale and in which the monomer domi-
nates under the experimental conditions (given concentration,
room temperature) used for the measurement. However, this
equilibrium was not investigated in more detail.

Table 4. 15N chemical shifts in compounds 1-3 in CDCls.

Nitrogen No. 1 2 3

N1 (o) 100.1 99.5 99.5
N2 (B) 129.7 129.2 115.1
C(H)=N -165.3 -165.1 -161.1
NO, -124 -12.6 -

NH - -256.1 -
J(*N, 'H) [Hz] - 98.6 -
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The following equation’®® was proposed for the estimation
of C-Sn-C angles in di-n-butyltin derivatives using absolute val-
ues of the J(1'°Sn, '3C) coupling constants:

'J(119Sn, 130)| = (9.99 + 0.73) 6 — (746 = 100)
(r=0.982;n=9)

Based on the two 'J('3C-""°Sn) coupling constants (608.4 and
596.3 Hz for 1; 611.5 and 599.0 Hz for 2), the calculated angles
6 are 135.6° and 134.4° (for 1), and 135.9° and 134.6° (for 2),
respectively.

Colorimetric Detection of Hydrogen Sulfide (H,S)

The compounds 1 and 2 are both faint yellow colored in aque-
ous CH5CN solution (CH5CN: H,0; 9:1, v/v), and they absorb at
386 nm and 381 nm, respectively. Firstly, the anion selectivities
of compounds 1 and 2 were evaluated by measuring their col-
orimetric responses toward various anions (F~, CI-, Br-, I, AcO~,
CN~, NO5~, OH~, H,PO,~ and HSO,") in aqueous CH3CN solution.
As shown in Figure 4a, the appearance of a new band at
450 nm accompanied by a significant development of orange
red color is observed only in the presence of 5 equiv. of H,S
(using NaHS as source of H,S), while other anions do not show
any color change. During the absorbance titration of 1 with
increasing amount of H,S (0-5.0 equiv.), the absorbance at
386 nm is gradually decreased and a band at 450 nm is in-
creased gradually with a red shift of 64 nm in aqueous CHsCN
solution (Figure 4b). No further enhancement of absorption was
observed even after the addition of more than 5.0 molar equiv.
of H,S, which confirms the completion of the reaction (Fig-
ure 4c). The linear enhancement of absorbance ratio at 450 nm
and 386 nm (A4s0/Asgs) With lower H,S concentration (0-25 um)
potentially allows H,S quantification. In analogy to 1, com-
pound 2 also shows H,S selectivity under similar condition, the
mixture of compound 2 and H,S absorbs at 455 nm and a red
shift of 64 nm was observed (Figure 5a and 5b). The plot of
Auss/Asgs Vs. HoS concentration shows linear enhancement of
absorbance ratio with lower H,S concentration (0-25 um) as
observed for compound 1 (Figure 5c). It is noteworthy that un-
der similar conditions, compound 3 did not show selectivity to

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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any analyte of our interest (vide supra) (Figure 6). We have no
explanation for this behavior.

0.4+
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Figure 6. UV/Vis spectra of a solution of 3 (10 um) in CH3CN:H,0 (9:1; v/v) to
which various anions (50 pum) had been added.

Monitoring the Reaction between Compound 1 and H,S
by Means of NMR Spectroscopy and Mass Spectrometry

To verify the mode of reactions of H,S with 1 and 2, and to
find the reasons for color change, the following methodology
was adopted. Firstly, 1 was mixed with NaHS (5 equiv.; Source
of H,S) in methanol/water (9:1) and the ESI-mass spectrum was
recorded (Figure S23). The ESI-MS spectrum displayed a mass
cluster centered at m/z 419.135 (calcd. m/z 419.140) corre-
sponding to [C,,H;gN4O5 + HI*, and confirming the formation
of the pro-ligand H,L". In view of these information, a plausible
Scheme 4 has been suggested where the formations of di-n-
butyltin sulfide [(n-C4,Ho),5nS],, and the corresponding H,L" has
been suggested. This was further verified by "H NMR titrations
(Figure 7).

0.0
N
H,S .
—’.
CH3CN/H,0 (9:1) + 5 [(n-CqHo),SnS],
o OH
\Nl san\/ \N
0 OH
0

(o]
Compound 1 HoL!

Scheme 4. Reaction of 1 with H,S showing the formation of H,L' and di-n-
butyltin sulfide [(n-C4Ho),SnS],.

"H NMR spectrum of compound 1 in [DgIDMSO displays six
sets of proton signals in the aromatic region. During the 'H
NMR titration with H,S (0-7 equiv.) in [Dg]DMSO/D,0 (9:1) mix-
ture, all the proton signals shifted downfield which is expected
to be the signals arising from the H,L' skeleton. To verify this,
"H NMR spectra of (E)-2-hydroxy-5-[(4-nitrophenyl)diazenyl]-
benzaldehyde, a mixture consisting of (E)-2-hydroxy-5-[(4-nitro-
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(a)

1+ 7 equiv. H,S in DMS0-d,:D,0

1+ 2 equiv. H,S in DMS0-d,:D,0

1+ 1 equiv. H,S in DMS0-d,:D,0

_‘ijh

1in DMSO-d,:D,0

1 in DMSO-d, ﬁ{

M
Ly
M

89 88 87 B6 85 84 83 B2 81 80 7.9 78 7.16?5 )75 74 73 72 71 70 69 68 67 66 65 64 63
ppm]

il

(b)

1+ 7 equiv. H,S

PL'+ Phenylalanine + § equiv. H,S

PL'+ Phenylalanine

|

PR

110 108 10.6 10.4 102 10.0 9.8 96 94 92 9.0 a.lb(s.s’ B4 B2 B0 7.8 7.6 74 72 70 68 66 64
ppm;

Figure 7. Parts of '"H NMR spectra of (a) compound 1 to which various
amounts of H,S had been added, and (b) (E)-2-hydroxy-5-[(4-nitro-
phenyl)diazenyllbenzaldehyde, a mixture of (E)-2-hydroxy-5-[(4-nitro-
phenyl)diazenyllbenzaldehyde and phenylalanine, and a mixture of
(E)-2-hydroxy-5-[(4-nitrophenyl)diazenyllbenzaldehyde, phenylalanine with
5 equiv. of H,S in [Dg]DMSO/D,0 (9:1).

phenyl)diazenyllbenzaldehyde and phenylalanine (1:1), and the
mixture consisting of (E)-2-hydroxy-5-[(4-nitrophenyl)diazenyl]-
benzaldehyde, phenylalanine (1:1) and H,S (5 equiv.) were re-
corded and compared. The "H NMR spectrum of the latter mix-
ture is found to be very similar to the spectrum that is observed
for 1 + H,S (1:7) mixture. This result clearly supports the forma-
tion of the ligand H,L' as a result of the reaction between 1
and H,S.

DFT Calculations

Time dependent-density functional theory (TD-DFT) calcula-
tions were performed to obtain insight into the electronic tran-
sitions responsible for the absorption spectra of compound 1
and deprotonated ligand L'. The calculated vertical excitation
energies, corresponding oscillator strength (f) and composition
of the related transitions assigned to the experimental UV/Vis
spectrum in CH3CN are collected in Table 5. The TD-DFT calcula-
tion indicates that the experimentally obtained spin allowed

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim



Chemistry
Europe

European Chemical
Societies Publishing

Full Paper

Eur]JIC . ..
doi.org/10.1002/ejic.202000177

European Journal of Inorganic Chemistry

Table 5. Calculated (selective) and experimentally obtained optical transitions for L' and compound 1.

Compounds Experimentally Computed vertical ~ F12) Transitions Cl)
observed  emission excitation transition
energy [eV(nm)] [eV(nm)]
(o) -
(9]
NeN/@; N o
o\+,©, 276 eV 2.74 €V (452 nm) 0.028 HOMO-5—LUMO 046
N (450 nm)
o
Ll
m’fnx)o) 321eV 3.27 eV (379 nm) 0.075 HOMO—LUMO+1  0.69
Ney, _N o (386 nm)
Qﬁ /[ j
o

Compound 1

[a] f = oscillator strength. [b] CI = coefficients are in absolute values.

m—7t* transition band at A,,.x = 386 nm (3.21 eV) is due to the
strong transitions from HOMO—LUMO+1 (f = 0.075) (379 nm,
3.27 eV) (Figure 8). After reaction with H,S, the compound 1
releases the pro-ligand (H,L'), which absorbs strongly at
450 nm generating orange red color. The orange red color
could be due to the spin allowed transition from HOMO-
5—LUMO (f = 0.028) (452 nm, 2.74 eV) (Figure 8). Thus, the
TD-DFT results evidently support the hypothesis that H,S
senses by changing the color to orange red owing to the gener-

ation of H,L'.
%

L 3

HOMO-5 LuUmo

4

-);"

HOMO

LUMO+1

Figure 8. Views of the frontier molecular orbitals (MOs) of L' and compound
1 obtained from TD-DFT calculation [isovalue = 0.03].

Conclusions

Simple and time-saving three-component one-pot reactions
were used for the syntheses of three novel intramolecularly co-
ordinated diorganotin compounds. Slight variations of the in
situ-formed ligand backbones on the one hand and variation
of the organic substituents at the tin center (n-butyl vs. benzyl)
caused different structures in the solid state. These ranged from
monomers with a pentacoordinated tin center in 1 via a combi-
nation of a coordination dimer and a monomer with both
penta- and hexacoordineted tin centers in 2 to a coordination
polymer with hexaccordinated tin centers in 3. Most impor-
tantly, compounds 1 and 2 react with H,S in a Brensted-type
acid-base reaction giving (nBu,SnS), and the corresponding
pro-ligands H,L'" and H,L? respectively. The reactions are ac-
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companied with a color change and enable easy detection of
H,S. The general concept of using organometallic compounds
for the detection of Brensted acids holds great potential for
future work. Tailor-made systems can be designed by compar-
ing the pK, values of the pro-ligands (H,L) the anion of which
is bound to the metal centers (giving ML) with the pK, value of
the Brensted acid HL (or H,L’) to be detected. The pK, value of
HL” (or H,L") should be lower than the pK, value of H,L, and
H,L should have a different color than ML.

Experimental Section
Materials and Physical Measurements

Reagents such as 4-nitroaniline, 2-hydroxybenzaldehyde, L-leucine,
L-phenylalanine, L-tryptophan (Spectrochem) and di-n-butyltin ox-
ide (Fluka) were used without further purification, while aniline (SD
Fine) was freshly distilled prior to use. All anionic salts used for
sensing studies were purchased from commercial suppliers (Aldrich,
Alfa Aesar, and Spectrochem) and were used as received without
further purification. The solvents used in the reactions were of AR
grade and dried using standard procedures. Toluene and hexane
were distilled from benzophenone/sodium, whereas methanol and
dichloromethane were distilled from activated magnesium and cal-
cium hydride, respectively. Dibenzyltin dichloride was prepared by
following the literature method.3”! Melting points were measured
using a Blichi M-560 melting point apparatus and are uncorrected.
Elemental analyses were performed using a Perkin Elmer 2400 se-
ries Il instrument. IR spectra in the range 4000-400 cm~" were ob-
tained on a Perkin EImer Spectrum BX series FT-IR spectrophotome-
ter with samples investigated as KBr discs (Figure $24-528). 'H, '3C,
5N and ("'°Sn NMR spectra in the case of compounds 1-3) were
recorded on a Bruker Avance lIl HD 400 spectrometer and measured
at 400.13 MHz, 100.62 MHz, 40.55 MHz and 149.12 MHz, respec-
tively, in CDCl; using a 5 mm tunable PRODIGY cryo probe. The
"H and "3C chemical shifts were referenced to internal Me,Si (0 =
0.00 ppm), while N and "°Sn chemical shifts were referenced to
external neat CH3NO, and external neat Me,Sn, respectively, in a
co-axial capillary (5 = 0.00 ppm). The ''°Sn NMR spectra of com-
pounds 1-3 in CDCl; solution were measured using inverse-gated
decoupling. All 2D experiments, viz.,, COSY, TOCSY, HMQC, HMQC-
RELAY, HMQC-TOCSY and HMBC were performed using manufac-
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turer's software (TOPSPIN 3.5). NMR and IR spectra are appended
in Figures S5-522 and Figures $24-528, respectively.

For sensing studies, "H NMR titrations were carried out on a Bruker
AVANCE Il 400 spectrometer and chemical shifts were expressed in
ppm using the residual protic solvent resonance as the internal
standard. UV/Visible spectra were recorded on an Agilent Cary 60
UV/Vis spectrophotometer with a quartz cuvette (path length =
1 cm). All spectroscopic measurements were performed in organic
solvent (CH3CN) and Millipore water. Stock solutions (1 mm) of com-
pounds 1-3 were prepared in CH;CN and diluted to 10 um using
millipore water (CH3CN/H,0; 9:1; v/v) for UV/Vis spectroscopic stud-
ies. Stock solutions (10 mm) of various anions were prepared using
their tetra-n-butylammonium or sodium salts in Millipore water.

Full geometry optimizations of compound 1 and ligand L' (refer to
Introduction for the abbreviation) were carried out using DFT
method with the Gaussian 09 program package in the ground
states. The B3LYP/6-31G (d,p)™®! basis set was assigned for all ele-
ments. Time dependent density functional (TD-DFT) calculations,
using the polarizable continuum model (PCM)B*! non-equilibrium
version, were performed with a spin-restricted formalism to exam-
ine low-energy excitations at the ground-state geometry in CH3;CN
at the same level of calculation as employed for geometry optimiza-
tions.

Synthesis of (E)-2-Hydroxy-5-[(4-nitrophenyl)diazenyl]benz-
aldehyde and (E)-2-Hydroxy-5-(phenyldiazenyl)benzaldehyde:
These compounds were prepared by reacting the appropriate aryl-
diazonium chloride with 2-hydroxybenzaldehyde, following previ-
ously reported procedures!'#4%41 and the purities were established
by their physical and spectroscopic characterization prior to use.

Synthesis of Di-n-butyltin(lV) Compounds 1 and 2: The di-n-
butyltin(IV) compounds 1 and 2 (Scheme 1) were prepared follow-
ing one pot reaction by the same synthetic route and, hence, only
the general procedure is outlined here. A 100 mL three necked
round-bottomed flask was charged with a mixture of the amino
acid (L-phenylalanine or L-tryptophan) (0.60 mmol), (E)-2-hydroxy-5-
[(4-nitrophenyl)diazenyllbenzaldehyde (0.60 mmol), and di-n-butyl-
tin(lV) oxide (0.60 mmol), fitted with a Dean-Stark moisture trap
and a water-cooled condenser. After addition of anhydrous toluene
(50 mL) whilst stirring, the suspension was heated to reflux for
around 1 h. After that time, complete dissolution of the reactants
was accomplished giving a clear solution in both cases. The mixture
was heated at refluxed for additional 5 h to ensure reaction comple-
tion, and filtered while hot. Then, the filtrate was evaporated to
dryness using a rotary evaporator and the residue was dried in
vacuo. The solid mass was extracted into a minimum amount of
benzene and precipitated with hexane and this process was re-
peated thrice. After filtration, the residue was dried in vacuo which
afforded brown powder.

Compound 1: The initial reaction product was recrystallized from
ethanol to give brown microcrystalline product of 1. Yield: 0.30 g,
76 %. M.p.: 164-165 °C. Anal. calcd. (%) for C5oH34N,O5Sn: C 55.49,
H 5.28, N 8.63; found C 55.89, H 5.38, N 8.60. IR absorption (cm™):
1689 Vasym(OCO), 1614 v(C=N), 1524, 1469, 1390, 1340, 1197, 1159,
1145, 1113, 1105, 854, 697, 604.

Compound 2: The initial reaction product was recrystallized from
ethanol to give brown microcrystalline product of 2. Yield: 0.35 g,
84 %. M.p.: 170-171 °C. Anal. calcd. (%) for CogHy0sN;50,55n3:
C 55.83, H 5.12, N 10.17; found C 55.77, H 5.20, N 10.50. IR absorp-
tion (cm™): 3435 V(NH), 1667 V,5,m(OCO), 1615 v(C=N), 1520, 1469,
1385, 1340, 1253, 1193, 1143, 1106, 854, 749, 604.
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Compound 3: A methanol solution (20 mL) of potassium hydroxide
(0.043 g, 0.752 mmol) was added dropwise to a stirred suspension
of L-leucine (0.1 g, 0.752 mmol) containing 20 mL of methanol and
the clear solution was filtered in a 100 mL round-bottomed flask.
To this clear solution, a methanol solution (20 mL) of (E)-2-hydroxy-
5-(phenyldiazenyl)benzaldehyde (0.17 g, 0.752 mmol) and methanol
solution (5 mL) of Bz,SnCl, (0.28 g, 0.752 mmol) were added succes-
sively whilst stirring conditions. The reaction mixture remained clear
for about half an hour and triethylamine (0.08 g, 0.752 mmol) was
added and then the reaction mixture was heated to reflux for
6 hours. The reaction mixture was filtered while hot and the solvent
was removed using rotary evaporator and dried in vacuo giving a
solid residue. The latter was extracted in anhydrous benzene and
purified by precipitating with hexane and the process of precipita-
tion was repeated thrice. The crude product was crystallized using
ethanol, which upon slow evaporation afforded yellowish brown
microcrystalline material. Yield: 0.30 g, 62 %. M.p.: 175-176 °C. Anal.
calcd. (%) for C33H33N3055n: € 62.09, H 5.21, N 6.58; found C 61.89,
H 5.44, N 7.42. IR absorption (cm™): 1618 Vasym(OCO), 1607 v(C=N),
1533, 1473, 1377, 1194, 1135, 1110, 767, 755, 699, 595, 499.

X-ray crystallography

Intensity data for compounds 1-3 were collected at low tempera-
ture with Mo-K,, radiation (1 = 0.71073 A) on a STOE IPDS 2T diffrac-
tometer with image plate detector. The data were processed using
the standard STOE software. All structures were solved using
SIR-2004 (direct methods) and were refined with SHELXL-2018. For
further details see Table 1.

CCDC 1936179 (for 1), 1936180 (for 2), 1936181 (for 3A), and
1936182 (for 3B) contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre.
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