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Intramolecularly O,N,0-Coordinated Tin(ll) Salts: Syntheses,
Structures, Cyclization, and Transition Metal Complexation
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Dieter Schollmeyer,” Roman Jambor,*®™ Alexander Hoffmann,* and Klaus Jurkschat*®

Dedicated to Prof. Michael Veith on the occasion of his 80th birthday

We report the syntheses of tin(ll) salts of the types [L'SnX]SnX;
[L'=2,6-{(i-Pr0),(0)PLCsH;N: 1, X=Cl; 2, X=Br], [L*SnClISnCl,
[L? = 2-{(i-PrO)Ph(0)P}-6-{(i-PrO),(O)P}CsH;N: 3], [L*SnX]SnX; [L*=
2,6-{MeO(0)C},CsH;sN: 4, X=Cl; 5, X=Br], [L*SnX]SnX; [L*=2,6-
{Et,N(O)C},CsHsN: 6, X=Cl; 7, X=Br]. These compounds were
obtained by addition of SnX, to the corresponding ligand
inducing autoionization of the respective tin(ll) halide. The
thermal stability of 1, 3, and 4 was elucidated, giving, under
ester cleavage and cyclisation, the tin(ll) derivatives 8-12. The

Introduction

The chemistry of heavier carbene homologues has been
extensively studied in the last decades. Like p-block element
cations in general,"? in recent years subvalent group XIV
element cations in particular have attracted considerable
interest. This is due to the assumption that the positive charge
increases the electrophilicity of the metal centre, while the lone
pair keeps its nucleophilic character.? Hence, such compounds
are a playground for fundamental studies concerning the
bonding and reactivity of such species. Jutzi and coworkers
opened this field in the early nineteen eighties and showed
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reaction of [L'SnClISnCl; (1) with W(CO),(thf), afforded the
tungsten tetracarbonyl complex [{L'SnCI{SnCI}W(CO),] (13),
representing the first example in which a tin(ll) stannate anion
and a tin(ll) stannylium cation simultaneously coordinate to a
transition metal centre. The compounds were characterized by
single crystal X-ray diffraction analyses and in part by elemental
analyses, IR and NMR spectroscopy, electrospray ionization
mass spectrometry. DFT calculations accompany the experimen-
tal work.

that it is possible to stabilize cations of the type [RM"]* (M=Si,
Ge, Sn) by utilization of bulky cyclopentadienyl groups.”
Moreover, these studies revealed that covalently bound sub-
stituents on cationic centres of heavier group XIV elements are
required to provide electronic stabilization to protect positively
charged species from reactions with solvents and counter
anions.” A valuable approach in this regard represents the
concept of Lewis base-mediated autoionization of MCl, giving
salts containing [MCI]™ cations and [MCl;]~ anions. Scheme 1
illustrates randomly selected (not complete) prominent exam-
ples of such complexes.

In 2008, Stalke et al. reported the tin® complex A based on
diphenyl(2-picolyl)phosphane.” Roesky et al., and shortly there-
after we ourselves and Fischer et al., published diketiminato-
supported germanium and tin salts (B), which are stabilized by
a tridentate pincer-type architecture.® In a similar approach,
Jambor et al. reported closely related complexes of types C and
| by the use of Schiff base-type chelating ligands as did
Majumdar and co-workers for similar compounds.”’ Autoioniza-
tion of SnCl, was also achieved by employing an o-phenylene-
backboned organoarsane ligand, as illustrated in D.®! Notably,
Reid and co-workers demonstrated that the corresponding
organophosphane gave the simple SnCl, complex as a Cl-
bridged dimer® We published the complex E containing a
redox-active ferrocene moiety.”” Driess etal. presented the
[SnBrl* cation F stabilized by a xanthene-backboned bis-
phosphinidene®™ whereas Inoue et al. studied tin cations of
types G and H®¥. Tetrylenium salts with the cations stabilized
by a bulky carbazolyl substituent were reported by Hinz.™?
Troponimines,®’ B-diketiminates,® bipyridine,*™ p-
dimethylaminopyridine,”’ secondary amides,® crown ethers,*™
and cryptands® were also used as ligands respectively sub-
stituents to stabilize Sn" cations. Finally, Pietschnig and co-

© 2024 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Scheme 1. Examples of group 14 donor-stabilized M"* cations A-J, the heteroleptic organostannylenes K' and K? and of the novel complexes L and M

reported in this manuscript and being isoelectronic to K', K% The MX;™ (for A-l, K? L, M) and AIBrCl;~
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(for J) counter anions are omitted for clarity.

© 2024 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH

858017 SUOWIWOD SAIEaID 3(edl|dde auy Aq peusenob ake sapiiie YO ‘9Sn Josajn. Joy Akl 8ul|uO A8|IA LD (SUONIPUD-PUE-SWBIAL0D" AB | 1M AR Ul |UO//ScIY) SUOIPUOD PUe SULB | 8L 89S *[9202/20/82] Uo ARIqIT8ullUO A8]IM ‘PUnWMOQ BelSieAIN 8UdSIUYe | A 085007202 WeYd/Z00T 0T/I0p/w0d Ae|im Akeid jpuluoado.ne-Ansiweyo//:sdny wo.y pepeojumod ‘s ‘Y0z ‘S9.ET2ST



Chemistry
Europe

European Chemical
Societies Publishing

Research Article

Chemistry—A European Journal doi.org/10.1002/chem.202400580

workers found 1,1"-bis(diphenylphosphino)ferrocene, dppf, to
ionize SnBr, under assistance of the Lewis acid AlCl;, giving the
complex J.o™

In continuation of our ongoing interest in subvalent organo-
tin compounds of types K' and K? including tin® cations,"” the
concept of isoelectronic species in mind (C is isoelectronic with
N), and inspired by the work of Novosad and co-workers!'?
reporting the complexes [2,6-{Ph,(0)P},C;H;NSnCl;1SnCl;, herein
we present the novel O,N,0-coordinated tin® complexes of
types L and M, and of related derivatives, and discuss their
structures in the solid state and in part in solution. The
influence of the substituent X as well as of the ligand-backbone
on the structures is elucidated, helping to expand the knowl-
edge of this exciting subchapter of group XIV element
chemistry. Notably, during the writing of this manuscript, a
paper appeared reporting the use of the ligand 2,6-[(i-
PrO),(0)P1,CsH;N as chelators for trivalent f-elements."™™ And
most recently, we and others, in a parallel study, reported the
use of phosphorus-containing non-symmetric N,N’,0-chelating
ligands for the stabilization of Sn(ll)* cations."'” Last but not
least, a recent review by Inoue et al. illustrates the ongoing
interest in donor-stabilized main group element cations."'?

Results and Discussion

Synthesis of the Pyridine-backboned Ligands L'and L? and
the Intermediate L*

The ligands L' and L? were synthesized according to the Hirao
cross-coupling reaction™" (Scheme 2).

Heating 2,6-dibromopyridine with two molar equiv. diiso-
propyl phosphite, triethyl amine, palladium acetate, and 1,1'-
bis(diphenylphosphino) ferrocene (dppf) in acetonitrile at 90°C
for 24 h gave 2,6-{P(0)(OiPr),},CsH;N, L', in high yield. Perform-
ing the reaction in a one-to-one stoichiometry provided the
mono-phosphorylated pyridine intermediate 6-Br-2-[P(O)(Oi-
Pr),JCsH,N, L%, Subsequent reaction of the latter with one molar
equiv. diisopropyl phosphite gave the unsymmetrically substi-

tuted ligand 2-[(i-PrO)Ph(O)P1-6-[(i-PrO),(0)PICsH;N, L. The
ligands L' and L? as well as the intermediate L* are brownish
solid materials. They are soluble in common organic solvents
such as hexane, THF, chloroform, dichloromethane, and
toluene. Their *'P{"H} NMR spectra in C,D¢ (L' and L?) and CDCl,
solutions (L%), respectively, show singlet resonances at & 7.7
(L"), 0 22.3 [L? P(O)(QiPr)Ph] and 6 7.2 [L? P(O)(QiPr),], and o
6.5 ppm (L¥). The 'H and C NMR spectra given in the
experimental part further support the identity of these com-
pounds.

The intermediate L? crystalized from its solution composed
of methyl acetate and iso-hexane in the monoclinic space group
P2,/n with four molecules per unit cell. Figure 1 shows a cut-out
of the crystal structure and the caption contains selected
interatomic distances and angles.

The P1 centre shows a distorted tetrahedral environment
(average angle 109.2°) with angles ranging from 117.18(11) (O1-
P1-02) to 101.16(10)° (02-P1-C6). A remarkable feature of the
crystal structure is the intermolecular P=O—Br (O1 A—Br)
interaction at a distance of 3.017(17) A being shorter than the
sum of the van der Waals radii (3.35 A)'? of the atoms
involved; a case of halogen bond being a topic of high interest
in the last decade. '**-"

Synthesis and Structures of the P-containing tin(ll)
Complexes 1-3

The treatment of the ligand 2,6-[P(0)(OiPr),l,CsH;N (L") with
SnX, in toluene at room temperature gave the novel tin(ll)
complexes [L'SnX]SnX; (1, X=Cl; 2, X=Br) as air-stable solid
materials in good to excellent yields (Scheme 3).

They show good solubility in common organic solvents
such as toluene, benzene and THF. Single crystals of 1 and 2
suitable for X-ray diffraction analysis were obtained by slow
evaporation of their saturated toluene solutions. They crystal-
lized in the orthorhombic space group Pbca (1) and the
monoclinic space group C2/c (2), both with eight ion pairs in
the unit cell. On the other hand, at 263 K compound 1

& i
BroNsy BT Pioantonine PNy P
| e PrO™ Y[ Y L OiPr
_ ~NEtz-HBr iPrO _ OiPr
_NEtz-HBr| HP(O)(OiPr), L1
Pd(OAc),/dppf/NEt;
5 Q i
2 HP(0)(OiPr)Ph
Br N\ F;l"OiPr Pd(OAC),/dppf/NEt; PrO(:P Q ll"Ph
| J orr s Po ) oir
L2i L2

dppf = 1,1'-bis(diphenylphosphino)ferrocene.

Scheme 2. Synthesis of the pyridine-backboned ligands L' and L? and of the intermediate L.
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Figure 1. Cut-out of the crystal structure of compound L* (ORTEP presentations at 50% probability of the depicted atoms and atom numbering scheme). The
hydrogen atoms have been omitted. Selected interatomic distances (A): P1-O1 1.4584(17), P1-02 1.5598(17), P1-03 1.5702(17), P1-C6 1.803(2), Br1-O1 A
3.017(17). Selected interatomic angles (°): N1-C6-P1 116.07(14), P1-C6-C5 120.77(16), O1-P1-C6 113.42(9), O1-P1-02 117.18(11), O1-P1-03 114.64(11), 02-P1-C6

101.16(10), 02-P2-03 102.75(9), 03-P1-C6 106.10(9), C2-Br1-O1 A 165.04(10). Torsion angles (°): O1-P1-C6-C5 11.4(2), O1-P1-C6- N1 169.57(18). Symmetry

codes: * 14+x,y, 1+ % —14xy, —1+2z“2+x,y,2+.

0 0
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Scheme 3. Synthesis of the complexes 1 and 2.

crystalized as its toluene solvate 1-C;Hg in the triclinic space
group PT with two ion pairs in the unit cell. Figures 2-4 show
the molecular structures of 1, 1-C;Hg, and 2, respectively,
including the connectivity patterns induced by intermolecular
chlorine (for 1, 1.C;Hg) and bromine (for 2) bridges. The figure
captions contain selected interatomic distances and angles.
Considering the lone electron pair at Sn1 being stereo-
chemically active and all the interatomic Sn1-Cl, Sn1-Br, Sn1-N,
and Sn1-0 distances given in the captions of Figures 2 and 4,
and being shorter than the sums of the van der Waals radii"'*™
of these atoms (SnCl 3.92, SnBr 4.00, SnN 3.72, SnO 3.69 A), the
Sn1 centre in 1 can be seen with caution as pseudo eight-
coordinate, and the Sn1 in both 1-C;H; and 2 as pseudo seven-

Chem. Eur. J. 2024, 30, 202400580 (4 of 26)

1: X=Cl, 2. X=Br

coordinate with the last two in strongly distorted pentagonal
bipyramidal environments. In these, the N1, O1, 04, 04B, and
the lone electron pair (in 1-C;Hg) and N1, O1, O4, Br1 A, and the
lone electron pair (in 2) occupy the equatorial positions while
the CI1 and CI2 (in 1-C;Hg) and the Br1 and Br2 (in 2) occupy the
axial positions. One way to rationalize the coordination environ-
ment about Sn1 is to see it as a bicapped pseudo octahedron in
which CI3 A and Cl4 A approach the Sn1 via the trigonal faces
defined by O1, CI1, lone electron pair and 04, Cl1, lone electron
pair, respectively. Figure 5 illustrates these coordination envi-
ronments. The intramolecular Sn1-O distances are similar and
vary between 2.3535(14) (Sn1-O1 in 1-C;Hs) and 2.399(4) A (Sn1-
O4 in 1). The Sn1-NT1distances vary between 2.4261(16) (1-C;Hg)

© 2024 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Cl4

Figure 2. Molecular structure (upper part) and intermolecular connectivity
(lower part) of compound 1 (ORTEP presentations at 50 % probability of the
depicted atoms and atom numbering scheme). The hydrogen atoms in the
upper part and the hydrogen atoms and i-propyl substituents in the lower
part have been omitted. Selected interatomic distances (A): Sn1-Cl1
2.4958(14), Sn1-Cl2 3.1538(17), Sn1-CI3 A 3.7042(19), Sn1-Cl4 A 3.4658(17),
Sn1-01 2.375(4), Sn1-04 2.399(4), Sn1-N1 2.526(4), Sn2-Cl2 2.5540(16), Sn2-
Cl3 2.4681(17), Sn2-Cl4 2.4968(16), Cl1-Sn2 A 3.2708(14), Sn2-CI1B
3.6198(14), P1-0O1 1.470(4), P2-04 1.476(4). Selected interatomic angles (°):
Cl1-Sn1-Cl2 156.62(4), C1-P1-01 108.6(2), P1-O1-Sn1 125.3(2), 0O1-Sn1-04
140.84(12), Sn1-04-P2 125.0(2), 04-P2-C5 107.8(2), P2-C5-N1 115.2(4), C5-N1-
C1117.9(4), N1-C1-P1 114.7(4), C3-N1-Sn1 176.4(1). Symmetry codes: A 1/2 —X,
Y,z =% o=y, 1= =%, =y, 1=z =1+ %y, 1—x, -y, 1-z
P x = =y 120 o= a4y, 2 % o=y 1=z = =
+y,z) =% 1=y, 1-z,%x, =1 +y, z

and 2.526(4) (1). In fact, the bigger distances in 1 support the
interpretation of Sn1 having a high coordination number (vide
supra).

Despite the fact that 1 and its toluene solvate 1-C;Hg show
similar interatomic distances and angles, their crystal structures
differ (Figures 2, 3). In 1, there are additional intermolecular
Sn1-CI3 A, Sn1-Cl4 A, CI1-Sn2 A, and Cl1-Sn2H interactions at
distances of 3.7042(19), 3.4658(17), 3.2708, and 3.620(2) A,
respectively, linking two [L'Sn1CI1]" cations centrosymmetric.
In 1-C;Hg, the [L'SnClISnCl; units are alternatingly linked via

Chem. Eur. J. 2024, 30, 202400580 (5 of 26)

Sn2-CI3A—Sn2A and Sn1-O4B—Sn1B bridges at Sn2-CI3 A and
Sn1-04B distances of 3.5845(6) and 3.1015(16) A, respectively,
giving an infinitive chain (Figure 3). The disordered toluene
molecules occupy the space between the chains (see Support-
ing Information, Figure S1). In the crystal structure of 2 (Fig-
ure 4) the [L'SnBrISnBr; forms a head-to-head centrosymmetric
dimer via unsymmetrical Sn1-Br1-Sn1 A/Sn1-Br1A—Sn1A bridge
[Sn1-Br1 2.6476(3) A, Sn1-Br1A 3.745(3) Al. The two terminal
[SnBr;]~ anions (containing Sn2 and Sn2A) of this dimer link it
to symmetry-related dimers giving a two-dimensional honey
comb-like network. The Sn2 centre is pseudo hexacoordinate
by Br2, Br3, Br4, Br3D, Br4D and the lone electron pair at Sn—Br
distances ranging in between 2.6447(3) (Sn2-Br4) and 3.862(3) A
(Sn2-Br4D).

Exemplarily, a '"H NMR spectrum of a solution of compound
1 in CD,Cl, shows the signal for the para (6 8.63 ppm) and meta
(0 8.30 ppm) protons of the pyridine moiety shifted downfield
in comparison to the corresponding signals of the free ligand L'
(0 791, 7.81 ppm). The CHMe, protons appear as complex
pattern centred at ¢ 5.07 ppm and the CH; protons show two
equally intense doublet resonances at ¢ 1.31 [*J('H-C—C—'H)
6 Hz] and 6 1.49 ppm [*J('H-C—C—"H) 6 Hz], respectively. A "*C
NMR spectrum of the same solution reveals for the CH; carbon
atoms two doublet resonances at ¢ 24.0 [*J("*C—'P) 3 Hz] and
23.9 ppm [*J(®C-'P) 5 Hz], and a doublet for the CH carbon
atoms at 0 77.2 [J(PC'P) 6Hzl. A doublet of doublet
resonance at 6 147.8 ppm [J(*C—>'P) 217 Hz, *J("*C->'P) 18 Hz]
belongs to C, while the doublet of doublet resonance at d
132.8 ppm [2J(3C="P) 19 Hz, *J("*C->'P) 3 Hz] is assigned to C,.
The C, carbon atom shows a triplet resonance at 0 143.0 ppm
BJ(C-'P) 9 Hz]. The *P{'"H} NMR spectra of 1 and 2 display
singlet resonances at 6 17.9 (1) and § 16.3 (2) ppm being
downfield shifted compared to free L' (5 7.9 ppm). No "°Sn{'H}
NMR resonance was observed at 298 K, apparently indicating
kinetic lability of the P=O—Sn and N—Sn interactions on the
%Sn NMR time scale. However, a "'°Sn{'H} NMR spectrum of a
CD,Cl, solution of compound 1 at 193 K revealed two equally
intense resonances at & —90 (SnCl;") and 8 —701 ppm (L'SnCl™).
These signals are high field shifted as compared to the related
tin complexes [2,6-{C(CH;) =N(CgH;-2,6-i-Pr,)}2-CsH;NSNCIISNCl,
(6"Sn —60 and —435 ppm)® and [2-{C(CH,) =N(C4H;-2,6-i-
Pr,)}-6-(OCH;)-C4H;NSNCIISnCl; (0'°Sn —73 and —330 ppm).”!

The reaction of the unsymmetrically substituted pyridine
phosphonate 2-{(i-PrO)Ph(0)P}-6-{(i-Pr0),(0)P}CsH;N  (L?) with
two molar equivalents SnCl, furnished the complex
[LSnClISnCl;  (3), containing two stereogenic  centres
(Scheme 4).

It was obtained as colourless solid material, showing a good
solubility in toluene, acetonitrile and THF. Slow evaporation of
its saturated toluene solution provided single crystals suitable
for X-ray diffraction analysis. Figure 6 shows the molecular
structure and the intermolecular connectivity in the crystal by
C—H--O interactions. The figure caption contains selected
interatomic distances and angles.

Compound 3 crystallized in the monoclinic space group Pc
containing two ion pairs in the unit cell. Both Sn1 and P1 are
stereogenic centres. Consequently, the two cations in the unit

© 2024 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Figure 3. Molecular structure (upper part) and intermolecular connectivity (lower part) of compound 1-C,H; (ORTEP presentations at 50 % probability of the
depicted atoms and atom numbering scheme). The toluene solvate molecule, the hydrogen atoms (upper part), and the hydrogen atoms and the i-propyl
substituents in the lower part have been omitted for clarity. Selected interatomic distances (A): Sn1-Cl1 2.4646(5), Sn1-CI2 3.3071(6), Sn1-O1 2.3535(14), Sn1-
04 2.3760(14), Sn1-04B 3.1015(16), Sn1-N1 2.4261(16), P1-O1 1.4802(15), P2-O4 1.4834(15), Sn2-Cl2 2.4858(6), Sn2-Cl3 2.4670(5), Sn2-Cl4 2.4644(6), Sn2-CI3 A
3.5845(6). Selected interatomic angles (°): CI1-Sn1-CI2 166.08(2), CI2-Sn2-CI3 A 166.35(2), C1-P1-O1 106.80(9), P1-O1-Sn1 123.90(8), 01-Sn1-04 144.89(5), Sn1-
04-P2 123.40(8), 04-P2-C5 106.89(9), P2-C5-N1 115.71(14), C5-N1-C1 118.09(17), N1-C1-P1 116.08(15), C3-N1-Sn1 179.5 (1). Symmetry codes: * 2—x, 1—y, 1z ©
1-x1-y, 2=z 1+x,y, —1+z

Figure 4. Molecular structure (left) and intermolecular connectivity (right) of compound 2 (ORTEP presentations at 50% probability of the depicted atoms and
atom numbering scheme). The hydrogen atoms in the upper part and the hydrogen atoms and i-propyl substituents in the lower part have been omitted.
Selected interatomic distances (A): Sn1-Br1 2.6476(3), Sn1-Br(2) 3.319(3), Sn1-Br1 A 3.745(3), Sn1-O1 2.3574(17), Sn1-04 2.3731(18), Sn1-N1 2.458(2), Sn2-Br2
2.6991(3), Sn2-Br3 2.6480(3), Sn2-Br4 2.6447(3), Sn2-Br3D 3.605(3), Sn2-Br4D 3.862(3), P1-O1 1.4828(18), P2-O4 1.4801(19). Selected interatomic angles (°): Br1-
Sn1-Br2 163.08(1), N1-Sn1-Br1 A 163.76(5), C1-P1-O1 108.53(11), P1-01-Sn1 123.01(10), O1-Sn1-04 143.26(6), Sn1-04-P2 124.19(10), 04-P2-C5 107.08(11), P2-
C5-N1 115.30(19), C5-N1-C1 117.9(2), C3-N1-Sn1 173.9(1). Symmetry codes: * 1—x, 1=y, 1=z 8 1—x, —y,1-z " x, =14y, z " ', —x, ='/s +y, o=z F /s +x,
VoY oz T V=, 42 ¢ X =1y, 2

cell are diastereomers existing as pair of enantiomers P(R)Sn(S)/  and CI2 in a distorted pseudo octahedral environment with O1
P(S)Sn(R). The Sn(1) centre is coordinated by N1, O1, 04, CI1, and 04, and Cl1 and CI2 being trans with angles of 146.0(3) and

Chem. Eur. J. 2024, 30, e202400580 (6 of 26) © 2024 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Figure 5. Simplified/reduced presentation of the coordination environment about the Sn1 centres in the compounds 1, 1-C;Hg, and 2 considering the Sn-
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Scheme 4. Synthesis of [L>SnCI]SnCl; (3).

157.00(3)°, respectively. The N1 is trans to the lone electron pair
at Sni.

The structure resembles that of the complex 1 with the
essential difference that in 3 the Sn1—04 distance of 2.295(9) A
is much shorter than the Sn1—01 distance of 2.406(8) A. This
indicates a superior donor capacity of the PhP(O)(OiPr) versus
the P(O)(OiPr), moiety, as it was also reported by Weichmann
et al. for 2,2-functionally disubstituted triorganotin chlorides."
An interesting aspect in the structure of 3 is the o-n interaction
between Sn2 and the phenyl ring with distances to the carbon
atoms C(18), C(19) and C(20) of 3.7928(90), 3.6629(85), and

Chem. Eur. J. 2024, 30, 202400580 (7 of 26)

3.7348(75) A, respectively, being slightly shorter than the sum
of the van der Waals radii (3.87 A)"*" of the atoms involved. In
the crystal, 3 forms an infinite chain by a H2.-O4 contact at a
distance of 2.5011(13) A (C2--04 3.371(1) A). The chains are
connected by intermolecular Sn2--Cl1 interactions at a distance
of 3.7625(34) A.

A 'H NMR spectrum (400.25 MHz, 298 K) of a solution of 3 in
CD,Cl, show complex resonances for the o-, m, and p-protons
of the phenyl substituent centred at d 8.15, 8.27, and 8.60 ppm,
respectively. The pyridine protons appear at 0 7.74 (H,) and
7.64 (H,) ppm. The resonances for the different OCH protons

© 2024 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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at room temperature but slow at 193 K on the corresponding
NMR time scales.

Synthesis and Structures of the Carbmethoxylate- and
Carbamide-containing tin(ll) Complexes 4 and 5, and 6 and 7,
respectively

Similar to the syntheses of compounds 1-3, the reaction of 2,6-
[MeO(0)C],CsH;3N (L%) and 2,6-[Et,N(O)CI,CsH;N (L*), respectively,
with the corresponding tin(ll) halides in toluene at room
temperature provided the novel tin(ll) salts 4-7 of types
[L>SnX]SnX; (4, X=Cl; 5, X=Br) and [L*SnX]SnX; (6, X=Cl; 7, X=Br)
(Scheme 5).

The compounds 4-7 were isolated as pale-yellow solid
materials showing good solubility in common polar solvents
such as methanol, acetonitrile and THF. Single crystals suitable
for X-ray diffraction analysis of 4, and of the acetonitrile solvates
4-CH,CN and 5-CH;CN were obtained by storage of their
saturated acetonitrile solutions at room temperature. Single
crystals of 6 and 7 were grown by slow evaporation of their
methanol solutions. The Figures 7-11 show the molecular
structures, the intermolecular connectivity in the crystals, and
the corresponding figure captions contain selected interatomic
distances and angles. Figure 12 illustrates in a simplified
manner the coordination environment about the Sn1 centres in
these compounds.

Figure 6. Molecular structure (upper part) and intermolecular connectivity

(lower part) of compound 3 (ORTEP presentations at 50 % probability of the O O
depicted atoms and atom numbering scheme). With exception of H2, the
hydrogen atoms have been omitted for clarity. Selected interatomic /C N C\
distances (A): Sn1-Cl1 2.4780(31), Sn1-Cl2 3.2154(35), Sn1-N1 2.4045(91), Sn1- V) V)
01 2.406(8), Sn1-04 2.295(9), Sn2-Cl2 2.529(4), Sn2-CI3 2.454(4), Sn2-Cl4 |

2.455(4), Sn2-CITF 3.7625(34), P1-O1 1.468(5), P1-02 1.558(6), P1-03 1.554(6), /

P2-04 1.489(6), P2-05 1.553(6), H(2)-O(4 A) 2.5011(13) A. Selected interatom- 3. . _

ic angles (°): CI1-Sn1-Cl2 157.0(1), N1-Sn1-CI1 82.6(2), C1-P1-O1 107.1(5), P1- L ' y - OMe
01-Sn1 122.4(5), O1-Sn1-04 146.0(3), Sn1-04-P2 124.4(5), O4-P2-C5 105.9(5), L4. —_ NEt
P2-C5-N1 115.1(8), C5-N1-C1 118.8(9), N1-C1-P1 117.5(6), C3-N1-Sn1 173.4(1). . y - 2
Symmetry codes: * 1+x,¥,z224+xy, % 1-y, 'h +z° 14+x 1-y, -

+Z 5 14% 1=y, h+z 1=y, Y +7° 14Xy, 2

2 SnX2
toluene
are superimposed and show a complex pattern centred at 6
5.07 ppm. The coupling patterns of these resonances were not _ . -
analysed in detail. The CH; protons show six doublet resonances \ .
at 0 1.52, 1.50, 1.46, 1.37, 1.33 and 1.27 ppm, respectively, with ]Sn —
3J(H-C—C—"H) of 6 Hz. A *P{'H} NMR spectrum of the same 9 A (I?
sample at room temperature displayed two equally intense ,C N C\ SnX3
singlet resonances at ¢ 36.7 and 15.8 ppm, respectively, which Yy | N Yy
are shifted downfield as compared to the respective signals of _
free L2 (5 22.3 and 7.2 ppm). At 193 K, de-coalescence of the
resonance at 35.8 ppm into two almost equally intense signals B -
at d 37.4 and 36.7 ppm takes place while the signal at 15.8 ppm 4 X= Cl: y= OMe
shifted slightly to 6 17.0 ppm but remained sharp. A '"°Sn NMR 5. X=Br,y=0Me
spectrum at room temperature did not reveal any signal, but at 6: X=Cl, y= NE’(2
193 K three resonances at § —89, —673, and —681 ppm were 7: X =Br, y= NEt2

observed. The results are interpreted in terms of compound 3
existing as two diastereomers the epimerization of which is fast ~ Scheme 5. Syntheses of the tin salts 4-7.
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Figure 7. Molecular structure (left) and intermolecular connectivity (right) of compound 4 (ORTEP presentations at 50% probability of the depicted atoms and
atom numbering scheme). The hydrogen atoms have been omitted for clarity. Selected interatomic distances (A): Sn1-Cl1 2.4799(9), Sn1-CI2 2.994(1), Sn1-Cl4
3.151(1), Sn1-CI2 A 3.391(1), Sn1-O1 2.478(3), Sn1-04 2.554(2), Sn1-N1 2.460(3), O1-C6 1.221(4), 02-C6 1.314(4), 03-C8 1.318(4), 04-C8 1.217(4), CI3D—C8
3.102(3), Sn2-Cl2 2.6517(9), Sn2-Cl3 2.4596(9), Sn2-Cl4 2.4851(9), Sn2-Cl1 3.8363(10). Selected interatomic angles (°): CI1-Sn1-Cl2 85.52(3), Cl1-Sn1-Cl4 80.69(3),
N1-Sn1-Cl2 141.68(7), N1-Sn1-Cl4 142.74(7) C1-C6-01 122.0(3), C1-C6-02 113.1(3), 01-C6-02 124.9(3), C6-01-Sn1 118.7(2), O1-Sn1-04 129.88(8), Sn1-04-C8
117.5(2), 03-C8-C5 112.5(3), 04-C8-C5 122.5(3), 03-C8-04 125.0(4), C8-C5-N1 113.5(3), C5-N1-C1 118.2(3), N1-C1-C6 113.0(3), C3-N1-Sn1 173.7(1). Symmetry
codes: " 1—x, 1=y, 1=z 8 s 4%, 1 =y, 12,V fy—x, = +y. zz° =y +x, 1 —y, 1=z 1 ,—x, = +y, z

Figure 8. Molecular structure (left) and intermolecular connectivity (right) of compound 4-CH,CN (ORTEP presentations at 50% probability of the depicted
atoms and atom numbering scheme). The hydrogen atoms have been omitted for clarity. Selected interatomic distances (A): Sn1-Cl1 2.4775(11), Sn1-CI2
3.275(11), Sn1-CI3B 3.521(11), Sn1-CI4E 3.172(11), Sn1-01 2.489(2), Sn1-04 2.545(2), Sn1-N1 2.392(2), O1-C6 1.227(3), 02-C6 1.316(3), 03-C8 1.314(3), 04-C8
1.219(3), N2-C8 3.086(2), CI4B—C6 3.122(2), Sn2-Cl1 3.454(11), Sn2-Cl2 2.4993(11), Sn2-CI3 2.5158(13), Sn2-Cl4 2.5320(11), Sn2-04 3.004(2). Selected interatomic
angles (°): 01-Sn1-04 131.56(6), O1-Sn1-Cl1 81.26(6), 01-Sn1-Cl2 150.17(6), 01-Sn1-N1 66.76(7), N1-Sn1-Cl1 86.23(7), N1-Sn1-Cl2 130.96(7), Cl1-Sn1-CI2
77.05(6), CI3-Sn2-04 162.16(6), N2-C8-C5 81.71(6), N2-C8-03 95.21(6), N2-C8-04 92.64(6), 03-C8-04 125.8(3), 03-C8-C5 112.3(2), 04-C8-C5 121.9(2), 01-C6-02
125.3(3), 01-C6-C1 122.1(3), 02-C6-C1 112.7(2). Symmetry codes: * 2—x, ', +v, =28 2—x, =, +Y, o—2 2%, 1=y, 1-2,°x, o=y, o+, x, 15—y, ' +2

Compound 4 crystallized in the orthorhombic space group
Pbca with eight ion pairs per unit cell. The Sn1 cation is
coordinated by N1, O1, 04, and Cl1 at distances of 2.460(3),
2.478(3), 2.554(3), and 2.4799(9) A, respectively. In addition,
there are weak Sn1—Cl2 (2.994(3) A), Sn1—Cl4 (3.151(3) A) and

Chem. Eur. J. 2024, 30, 202400580 (9 of 26)

Sn1—Cl2 A (3.391(3) A) interactions giving, under participation
of its lone electron pair, the Sn(1) a pseudo-eightfold coordina-
tion (Figures 7, 12). The Sn(2) centre is four-coordinate by the
chlorine atoms Cl1-Cl4 at distances ranging between 2.4596(9)
(Sn2-CI3) and 3.8363(10) A (Sn2-Cl1) with the latter being only

© 2024 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Figure 9. Molecular structure (upper part) and intermolecular connectivity (lower part) of compound 5-CH;CN (ORTEP presentations at 50% probability of the
depicted atoms and atom numbering scheme). The hydrogen atoms have been omitted for clarity. Selected interatomic distances (A): Sn1-Br1 2.6330(6), Sn1-
Br4 3.2478(5), Sn1-Br2B 3.4328(6), Sn1-Br3 A 3.7211(6), Sn1-Br4 A 3.8234(6), Sn1-O1 2.548(3), Sn1-04 2.478(3), Sn1-N1 2.397(3), O1-C8 1.219(5), O1-Sn2B
3.0718(30), 02-C8 1.321(5), 03-C6 1.313(5), 04-C6 1.222(5), N2-C8 3.0863(72). Selected interatomic angles (°): Br1-Sn1-Br4 86.8(2) Br1-Sn1-Br4 A 138.0(1), C1-
C8-01 122.5(4), C1-C8-02 112.3(4), 01-C8-02 125.2(4), C8-01-Sn1 114.6(3), O1-Sn1- 04 130.96(10), SN1-04-C6 116.6(3), 03-C6-C5 112.7(4), 04-C6-C5 122.0(4),
03-C6-04 125.3(4), C6-C5-N1 113.4(4), C5-N1-C1 118.5(4), C3-N1-Sn1 173.7(1), N1-C1-C8 113.5(4), N1-Sn1-Br4 143.4(1). Symmetry codes: A _x, 1-y, 1-z Bx,
=y, Az =%y, =2 =%, —y, 1=z 5%, =1 +y, zF —x, =4y, o=z % oy, =+ 2

slightly shorter than the sum of the van der Waals radii’* of
these atoms (vide supra). Considering participation of the lone
electron pair, the Sn2 adopts a pseudo trigonal bipyramidal
environment.

In the crystal structure, two [L’SnClISnCl; moieties form a
centrosymmetric dimer via intermolecular Sn1-Cl2 and Sn1-
Cl2 A at distances as mentioned above. Notably, there is an
intermolecular CI3D--C8 interaction (Figure 7) at a distance of
3.102(3) A. This distance is shorter than the sum (3.45 A) of the
van der Waals radii"* of the atoms involved. The interaction is
exclusively electrostatic as it has no significant effect on the
angles about C8. The 03-C8-04 [124.97(1)°], 03-C8-C5
[122.51(1)°], 04-C8-C5 [112.51(1)°] and C1-C6-0O1 [122.09(1)], C1-
C6-02 [113.06(1)], and O1-C6-02 [124.84(1)] angles differ only
negligible.

Chem. Eur. J. 2024, 30, 202400580 (10 of 26)

The acetonitrile solvate 4-CH;CN crystallized in the mono-
clinic space group P2,/c with four ion pairs [L’SnClISnCl; in the
unit cell. Indeed, the solvate molecule influences the coordina-
tion pattern of the ion pair. Whereas in 4 the [L;SnCl]" cation
and the SnCl;~ anion are linked by three Sn—Cl--Sn bridges, in
4-CH;CN there are two such bridges (Sn1-Cl1--Sn2, Sn1--Cl2-
Sn2) plus a Sn1-04--Sn2 bridge at Sn1-Cl2, Sn2-CI1, and Sn2-04
distances of 3.275(11), 3.454(11), and 3.004(2) A, respectively, all
of these being shorter than the sums of the van der Waals
radii"* of the participating atoms. The N2 donor atom of the
acetonitrile solvate molecule approaches the C8 atom and the
Cl4B the C6 atom at distances of 3.086(2) and 3.122(2) A,
respectively. Both interactions do not disturb the trigonal planar
geometry of the corresponding carbon centres indicating these
interactions being purely electrostatic.

© 2024 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Figure 10. Molecular structure (upper part) and intermolecular connectivity
(lower part) of compound 6 (ORTEP presentations at 50% probability of the
depicted atoms and atom numbering scheme). The hydrogen atoms have
been omitted for clarity. Selected interatomic distances (A): sn1-Ch
2.4738(7), Sn1-Cl2 3.3218(7), Sn1-N1 2.316(2), Sn1-0O1 2.2448(18), Sn1-02
2.4051(17), 01-C6 1.257(3), 02-C7 1.256(3), CI1-Sn2 A 3.6242(7), CI3-C7
3.2408(28), N2-C7 1.317(3), N3-C6 1.325(3), Sn1-Sn2E 4.2756(3). Selected
interatomic angles (°): CI1-Sn1-CI2 153.61(2), CI1-Sn2A—CI3A 158.54(2), C1-
C7-02 116.1(2), C7-02-Sn1 117.59(16), 02-Sn1-01 136.98(6), SN1-CI2-Sn2
106.30(2), Sn1-Cl1-Sn2 A 138.26(2), Sn1-01-C6 115.41(16), 01-C6-C5 116.4(2),
01-C6-N3 121.7(2), C5-C6-N3 121.8(2), C6-C5-N1 110.0(2), C1-N1-C5 120.2(2),
C3-N1-Sn1 162.8 (1), N1-C1-C7 110.0(2), C1-C7-N2 122.9(2), C1-C7-02
116.1(2), N2-C7-02 120.9(2), C5-C6-N3 121.8(2), C5-C6-01 116.4(2), O1-C6-N3
121.7(2). Symmetry codes: * x, 1+y,z 8 x, —1+y,z %, 24y, z°1'4,—x, -,
+Y, o=z E V=% oY =z F V=% 1 +y, =2

A "H NMR spectrum (400.25 MHz, CD,Cl,, 298 K) of 4 shows
a singlet resonance for the CH,; protons at ¢ 4.02 ppm. The
pyridine protons appear as triplet (H,) and doublet (H,)
resonances at 8.08 and 8.31 ppm, respectively. Compared to the
signals observed for the free ligand L [6 3.98 (CH,), 8.00 (H,),
(8.25 pm (H,)], these resonances shifted to lower field as
induced by the electron withdrawing Sn™ centre.

The analogous bromine derivative 5-CH,CN crystallized in
the monoclinic space group P2,/c with four formula units in the
unit cell. Again, the Sn1 cation is coordinated by N1, O1, 04,
and Br1 at distances of 2.397(3), 2.548(3), 2.478(3), and 2.6330(6)
A, respectively, with the Sn—N1 distance being shorter than the
corresponding distance in 4, and the Sn—O distances differing
among each other but being close to those in 4. In analogy to
4.CH,CN (vide supra), the N2 atom of the acetonitrile solvate
molecule points to the C8 carbonyl carbon atom at almost the
same distance of 3.0863(72) A. Despite this distance being

Chem. Eur. J. 2024, 30, 202400580 (11 of 26)

shorter than the sum of the van der Waals radii’* of nitrogen
(1.55 A) and carbon (1.70 A), the interaction does not influence
the other distances and angles C8 is involved in. They are within
the experimental errors equal to the corresponding values for
ce.

The contact of Sn1 to its counter anion SnBr;~ is realized by
a Sn1-Br4 interaction at a distance of 3.2478(5) A being shorter
than the sum of the van der Waals radii"* (4.00 A) of the
atoms involved. In contrast to the Sn2-bound chlorine atom Cl2
in 4, the Br2 in 5-CH;CN does not interact with Sn1 but,
together with Br3 and O1 serve to build the supramolecular
crystal structure by intermolecular Br—Sn and O—Sn interactions
at distances of 3.4328(6), 3.7211(6), and 3.0718(30), respectively.

Compound 6 containing the carbamide-substituted pyridine
ligand L* crystallized in the monoclinic space group P2,/n with
four formula units in the unit cell. The N1, O1, 02, CI1 and CI2
atoms coordinate the Sn1 centre at interatomic distances of
2.316(2), 2.2448(18), 2.4051(17), 2.4738(7), and 3.3218(7) A,
respectively, giving it a distorted pseudo octahedral coordina-
tion environment with CI1 and CI2, and O1 and O2 trans, and in
which the lone electron pair at Sn1 occupies the position trans
to N1. The [L*SnClI]SnCl; ion pairs form an infinite chain along
the y-axis via a weak intermolecular Cl1-Sn2 A interaction at a
distance of 3.6242(7) A being shorter than the sum of the van
der Waals radii"® (3.92 A) of these atoms. The Sn1 centres of
one chain interact with the Sn2 centres of a neighbour chain at
a Sn—Sn distance of 4.2756(3) A which is just below twice the
van der Waals radius"® of Sn (4.34 A). A second remarkable
feature is the CI3-C7 distance of 3.2408(28) A being 0.21 A
below the sum of the van der Waals radii’?< of C (1.70 A) and
Cl (1.75 A). In analogy to the N8-C8 interaction in 5-CH,CN, the
CI3-C7 interaction is electrostatic as its influence on the angles
about the C7 centre is negligible when compared with the
situation about C6 lacking an interaction with a Cl atom.

A 'H NMR spectrum (600.29 MHz, 298 K) of a solution of 6 in
CD;CN showed a triplet resonance at 6 8.56 ppm for the H,
proton and a doublet resonance at & 8.28 ppm for the H,
protons of the pyridine ring. The NEt, protons showed two
equal intensity sets of signals at ¢ 3.81 and 3.72 ppm (NCH,CH,),
and & 1.49 and 1.33 ppm, respectively. Compared to the
corresponding resonances for the ligand L* (7.93, 7.50, 3.50,
3.25, 1.20, 1.08 ppm), these signals shifted downfield. A *C NMR
spectrum (150.94 MHz, CD5CN) of the same solution indicated
the non-equivalence of the ethyl groups as well, showing in
addition to the resonances for the carbonyl and pyridine carbon
atoms (0 167.8, 146.8, 144.4, 129.7 ppm), signals at 6 46.4 and
44.8 ppm (NCH,CH,), and 6 13.9 and 12.3 ppm (NCH,CH,). A
9S50 NMR spectrum (149.26 MHz, CD;CN, 298 K) revealed two
rather broad resonances at —35 (v, ~6000 Hz) and —523 (v,
~7000 Hz) ppm, respectively. The latter data indicate 6 at the
onset of kinetic lability on the '"®Sn NMR time scale.

Compound 7, the bromine-substituted analogue of 6, also
crystallized in the monoclinic space group P2,/n with four
formula units in the in the unit cell. Its structure resembles that
of 6 with the difference that the secondary Sn1-Sn2B interaction
of 4.1772(6) A is shorter than the corresponding distance in 6
(vide supra). However this distance is longer than the secondary
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Figure 11. Molecular structure (upper part) and intermolecular connectivity (lower part) of compound 7 (ORTEP presentations at 50% probability of the
depicted atoms and atom numbering scheme). The hydrogen atoms have been omitted for clarity. Selected interatomic distances (A): Sn1-Br1 2.6332(7), Sn1-
Br2 3.4083(7), Sn1-01 2.244(3), Sn1-02 2.429(3), Sn1-N1 2.321(4), 01-C6 1.249(5), 02-C7 1.266(5), O1-Br1D 3.2734(36), Sn1-Br2 3.4083(7), Br1-Sn2 A 3.6285(7),
Br1-Sn2B 3.9848(8), C6-Br3 3.4045(50), Sn1-Sn2B 4.1772(6). Selected interatomic angles (°): Br1-Sn1-Br2 157.11(2), Br1-Sn2A—Br3A 159.61(2), Br1-Sn2B—Br4B
171.87(2), C1-C7-02 116.1(4), C7- 02-Sn1 115.2(3), 02-Sn1-01 136.85(11), Sn1-01- C6 119.3(3), 0O1-C6-C5 115.4(4), C6-C5- N1 110.5(4), C5-N1-C1 120.3(4), C3-
N1-Sn1 160.6(1), N1-C1-C7 110.7(4). Symmetry codes: * x, 1+y, 2 17, —x, ' +y, o=z 1fo—x, 1 +y, o=z ° 1 fh—x, =y +y. fo—2.

ci h Br1 N
sn2e® @snz8

Figure 12. Simplified/reduced presentation of the coordination environment about the Sn1 centres in the compounds 4, 4-CH;CN, 5-CH;CN, 6, and 7
considering the Sn-halogen, Sn—O, Sn—N, and Sn—Sn distances being shorter than the sums of the van der Waals radii"* of the atoms involved. The methyl

(in 4 and 5-CH,CN) and ethyl (in 6 and 7) substituents and the hydrogen atoms have been omitted for clarity, as has been the CH;CN in 5-CH,CN.
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Sn—Sn interactions with distances of 3.6809(4), 3.5953(4),
3.8876(3), and 3.8379(5) A, respectively, observed for [4-tBu-2,6-
{P(0)(OiPr),},CeH,ISNX (X=Br,™ |14 S 119 Tl10),

Thermally Induced Cyclization of the tin(ll) Complexes 1, 3,
and 4

The thermal stability of the donor-stabilized stannylium
trihalogenido stannate salts was exemplarily studied. Thus,
heating of toluene solutions of the chlorinated representatives
1 and 3 yielded, via ester cleavage under elimination of 2-
chloropropane the novel heterocyclic tin(ll) derivatives 8 and 9,
respectively, as solid materials (Scheme 6). Most remarkably, the
formation of stereogenic centres at the phosphorus P1 (for 8),
and P1 and P2 (for 9) and tin atoms (for both 8 and 9)
accompany the cyclization reaction. The Figures 13 and 14
show the molecular structures of 8 and 9, respectively, the
intermolecularconnectivity in the crystals, and the correspond-
ing figure captions contain selected interatomic distances and
angles.

Compound 8 crystallized in the triclinic space group PTwith
two molecules in the unit cell representing, in analogy as
observed for 3 (vide supra), two diastereomers as pair of
enantiomers P1(R)Sn(R)/ P1(5)Sn(S). The Sn(1) centre is coordi-
nated by N1, O1, 04, Cl1, and Cl2 in a distorted pseudo
octahedral environment at interatomic distances of 2.4205(17),
2.2647(14), 2.4437(14), 2.5315(6), and 3.1297(6) A, respectively,
and with O1 and 04, and CI1 and CI2 being trans with angles of
145.91(5) and 155.30(2)°, respectively. The N1 is trans to the
lone electron pair at Sn1. The Cl1 atom coordinates both the
Sn2 A and Sn2B centres at distances of 3.1716(5) and 3.631(5) A

which, together with the Sn1-O1B [3.1366(18) A] create a two-
dimensional coordination polymer.

A *'P NMR spectrum of a solution of compound 8 in C,D; at
room temperature showed two signals of equal integral at ¢
13.4 (v, ~12Hz) and 189 (v, ~7 Hz) ppm, respectively. A *'P
NMR spectrum at 193 K of 8 dissolved in C,D, revealed two
resonances at ¢ 12.2 [JG'P—O—""7"°Sn)=85 Hz, unresolved]
and 17.8 [YG'P—O-""""°Sn)=53 Hz] ppm, respectively. The
satellite-to-signal-to-satellite  integral  ratio of  aprox.
1.00:4.62:1.02 for the former signal indicates it to belong to
the SnO(iPrO)POSNCl, phosphorus atom which couples with
two tin sides. The second resonance belongs to the (iPrO),PO
phosphorus atom which interacts with one tin side (aprox.
satellite-to-signal-to-satellite integral ratio 0.64:5.34:0.63). A
950 NMR spectrum (C¢D,, T=298 K) showed two resonances at
0 —208 and —587 ppm, respectively, and a spectrum of 8 in
C,Dg at T=193 K two resonances at 6 —267 (v, ~600 Hz) and
—639 (v, ~500Hz) ppm, respectively. These data indicate
kinetic lability of the P=O—SnCl, and P=O—SnCl interactions at
room temperature on the *'P NMR time scale but kinetic
inertness at 193 K.

Compound 9 crystallized in the triclinic space group P1 as
well, with two molecules in the unit cell and, in analogy as
observed for 3 and 8 (vide supra), again representing two
diastereomers as pair of enantiomers P1(R)Sn(R)P2(R)/ P1(5)Sn-
(S)P2(S). Unlike in 3 and 8, in addition to Sn1, both P1 and P2
are stereogenic centres. Consequently, eight diastereomers (as
four pairs of enantiomers) should be possible. However, only
one pair was isolated as the single crystal actually investigated
by X-ray diffraction. The supramolecular structure resembles
that of 8.

i N | | sn S
Sn toluene n n
o7y Te | e 97T 97478
P _N_ _P_ 16 h P _N_ P P _N_ P
— = Sn 2 Sn 2
1, R=i-Pr, X=S8nCl3 8
i Nk | toluene \Sn* \SG?\*
Sn N — .~ prd .~
0 ™0 80 °C, vl A
I I 16 h _PL_N_ P _P__N_ P
PN P [ X —— RO Ny |\ Ph <=—> RO | Ny |\ Ph
RO LPh ™ kel | J oR o | OR
~ Nz
L . Sn 2 Sn 2
3, R=i-Pr, X=S8nCl3 9

Scheme 6. Syntheses of compounds 8 and 9 by heating the tin salts 1 and 3, respectively.
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Figure 13. Molecular structure (upper part) and intermolecular connectivity
(lower part) of compound 8 (ORTEP presentations at 50% probability of the
depicted atoms and atom numbering scheme). The hydrogen atoms have
been omitted for clarity. Selected interatomic distances (A): sn1-Ch
2.5315(6), Sn1-Cl2 3.1297(6), Sn1-O1 2.2647(14), Sn1-04 2.4437(14), Sn1-N1
2.4205(17), Sn1-01B 3.1366(18), Sn2-Cl2 2.4633(6), Sn2-Cl3 2.4980(6), Sn2-03
2.2691(15), P1-O1 1.5078(15), P1-02 1.5745(15), P1-03 1.5071(16), P2-O4
1.4808(16), P2-05 1.5632(15), P2-06 1.5596(15), CI1-Sn2 A 3.1716(5), Cl1-
Sn2B 3.631(5). Selected interatomic angles (°): CI1-Sn1-Cl2 155.30(2), N1-Sn1-
0O1B 146.07(5), C1-P1-O1 105.30(9), P1-O1-Sn1 123.25(8), O1-Sn1-04
145.91(5), Sn1-04-P2 121.32(8), 04-P2-C5 108.45(9), P2-C5-N1 115.14(15), C5-
N1-C1 118.21(18), C3-N1-Sn1 171.2(1), N1-C1-P1 114.66(15), P1-03-Sn2
125.93(9), Sn1-Cl2-Sn2 111.65(2). Symmetry codes: * —14x,y,z % 1—x, 1—y,
2-zx1-y,2-z°14+xy, 2 ~1-x, 1-y, 2—z

The thermal behaviour of compound 4 appeared more
complex. Heating at reflux a suspension of 4 in toluene caused
the greenish colour of the solid to change to colourless.
Filtration and extraction with acetonitrile of the solid obtained
gave the mono-heterocycle 10 as green crystalline material.
After re-crystallization from DMSO respectively DMSO/THF of
the solid precipitate from which 10 had been separated, the
DMSO-coordinated bicyclic heterocycles 11 and 12 as greenish
respectively colourless crystalline materials have been obtained
(Scheme 7). Compound 10 shows moderate solubility in
acetonitrile, and 11 and 12 are soluble in DMSO.

Figures 15-17 show the molecular structures of 10-12 and
the corresponding figure captions contain selected interatomic
distances and angles.

Compound 10 crystallized in the triclinic space group PT
with one asymmetric unit in the unit cell. It is an intra-

Chem. Eur. J. 2024, 30, 202400580 (14 of 26)

CHF
Q

Figure 14. Molecular structure (upper part) and intermolecular connectivity
(lower part) of compound 9 (ORTEP presentations at 50% probability of the
depicted atoms and atom numbering scheme). The hydrogen atoms have
been omitted for clarity. Selected interatomic distances (A): sn1-Ch
2.5023(8), Sn1-Cl2 3.2649(9), Sn1-01 2.265(2), SN1-04 2.430(2), Sn1-N1
2.425(2), Sn1-01 A 3.2325(27), P1-01 1.502(2), P1-02 1.571(2), P1-03
1.504(2), P2-04 1.485(2), P2-05 1.564(2), Sn2-03 2.239(2), Sn2-CI2 2.4968(8),
Sn2-Cl3 2.4621(8), Sn2-Cl1 A 3.6889(11), Sn2-Cl1B 3.2597(7). Selected
interatomic angles (°): CI1-Sn1-CI2 151.77(2), Sn1-01-Sn1 A 112.76(9), O1-
Sn1-01 A 67.24(7), 03-Sn2-Cl1B 170.92(5), C1-P1-O1 105.52(13), P1-O1-Sn1
123.73(12), O1-Sn1-04 146.00(7), Sn1-04-P2 121.95(11), O4-P2-C5 107.54(13),
P2-C5-N1 115.0(2), C5-N1-C1 118.4(3), C3-N1-Sn1 171.2(1), N1-C1-P1 115.0(2).

Symmetry codes: * 1-x, 1-y, =z —14x,y,z  —x 1-y, ~z® 14+x,y,z "

2% 1=y, =z F —24x,y,2 ¢ =1-x, 1-y, -z

molecularly N1—Sn1 (2.420(5) A)- and 04—5Sn1 (2.736(5) A)-
coordinated 2-carbmethoxy-6-carboxychlorostannyl(ll)pyridine.
It forms a centrosymmetric dimer via Sn1-O1 A interaction at an
interatomic distance of 2.516(5) A. The chlorine atoms in this
dimer are trans. The dimers form an infinite two-dimensional
coordination polymer by intermolecular Sn1-02B/Sn1C—02A
and secondary Sn1-Sn1 C interactions at interatomic distances
of 3.4684(51) and 4.0947(9) A, respectively. The latter distance is
even shorter than the corresponding distance in 7.

From DMSO, compound 11 crystallized in the orthorhombic
modification 11a (space group Pbcn with four molecules in the
unit cell). From DMSO/THF solution, crystals of the triclinic
modification 11b (space group PT with two molecules in the
unit cell) were obtained.
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Scheme 7. Syntheses of compounds 11 and 12 by heating the tin salt 4. *Obtained as orthorhombic (11a) and triclinic (11 b) modifications by re-crystallization

from DMSO respectively DMSO/THF of the precipitate formed in course of the

reaction and from which compound 10 had been separated. *Also obtained by

re-crystallization from DMSO/THF of the precipitate formed in course of the reaction and from which compound 10 had been separated.

In 114, the Sn1 is five-coordinated in a strongly distorted a
pseudo-octahedral coordination environment with O1, O1 A, N1
and the lone electron pair in the equatorial plane and the
DMSO-oxygen atoms O2 and O2 A coordinating the Sn1 axially
trans at a Sn1-02 distance of 2.3802(12) A. This distance is
almost equal to the corresponding Sn—O distances of 2.382 (5)
and 2.371 (5) A reported for [(Me,S0O),SnCl,1,." The 02-Sn1-
02 A angle of 154.07(5)° reflects the stereochemical influence
of the lone electron pair at the Sn" centre.

The major difference in the structure of 11b as compared to
11a is the formation of a centrosymmetric dimer in the former
by weak intermolecular O—Sn interactions at a Sn1-O2 A
distance of 3.373(1) A being shorter than the sum of the van
der Waals radii (3.69 A)"%9 of the atoms involved. This gives
the Sn1 a [5+ 1]-coordination in a distorted pseudo-pentagonal
bipyramidal environment. The intramolecular interatomic dis-
tances in 11a and 11b fall within narrow ranges with the
exception that in 11b as result of the intermolecular O—Sn
interactions the intracyclic Sn1-O1 [2.3452(11) A] and Sn1-02
distances [2.2786(11) A] differ. Also different is the Sn1-02-S1
angle of 130.80(6)° in 11a versus the Sn1-03-S1 [127.00(7)°]
and Sn1-04-S2 [113.76(6)°] angles in 11b.

The mono-DMSO-coordinated compound 12 crystallized in
the monoclinic space group P2,/c with four asymmetric units in

Chem. Eur. J. 2024, 30, 202400580 (15 of 26)

the unit cell. Unlike the doubly-DMSO-coordinated complex 11
(both modifications), 12 is a zig-zag shaped coordination
polymer realized by intermolecular carboxylate bridging at Sn1-
O5B distance of 2.4238(11) A. The Sn1-O1 distance of
2.4248(11)A is almost equal and indicates the carboxylate
bridge being symmetric. This is further manifested by the
almost equal C7-O1 and C7-O5 interatomic distances of
1.2589(17) and 1.2610(17) A, respectively. The corresponding
distances (Sn1-02, C6-02, C6-04) for the carboxylate moiety
being not involved in the bridging mode are quite different
[2.2419(11), 1.2952(17), 1.2252(18) Al. The Sn1-N1 and Sn1-03
distances of 2.2775(12) and 2.3542(11) A, respectively, are close
or slightly shorter as compared to the corresponding distances
in 11a and 11b. Like in 11a, the Sn1 in 12 shows a strongly
distorted pseudo-octahedral coordination environment with
the lone electron pair at Sn1 causing the 03-Sn1-O5B angle of
150.27(4) ° deviating from 180°.

In contrast to the P-containing compounds 8 and 9 which
complex the SnCl, formed in course of the ester cleavage by
intermolecular P=0—Sn coordination, no complexation of SnCl,
by the C=0 carboxylate oxygen atoms of compounds 10-12 is
observed. A "'°Sn NMR spectrum of a solution in DMSO/THF
(approx. 1:1) of the solid precipitate from which compound 10
had been removed by extraction with acetonitrile (vide supra)
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Figure 15. Molecular structure (upper part) and intermolecular connectivity
(lower part) of compound 10 (ORTEP presentations at 50% probability of the
depicted atoms and atom numbering scheme). The hydrogen atoms have
been omitted for clarity. Selected interatomic distances (A): Sn1-Cl1
2.4447(18), Sn1-01 2.231(5), Sn1-04 2.736(5), Sn1-N1 2.420(5), Sn1-01 A
2.516(5), Sn1-02B 3.4684(51), Sn1-Sn1 C 4.0947(9), C6-03 1.314(8), C6-04
1.200(8), C8-O1 1.286(8), C8-02 1.208(8). Selected interatomic angles (°): C1-
C8-01 114.6(6), C8-0O1-Sn1 119.1(4), O1-Sn1-04 131.62(16), Sn1-04-C6
114,87(46), 04-C6-C5 121.9(6), C6-C5-N1 114.2(6), C5-N1-C1 118.8(6), C3-N1-
Sn1172.7(1), C8-C1-N1 115.6(6), O1-Sn1-02B 112.74(2), 04-Sn1-01 A
160.04(2), CI1-Sn1-Sn1 C 133.37(5). Symmetry codes: * 1—x, 1—-y, 1-z % —1
% Y,.2% 1=y, 1=z 14%xy, 5  —1-x1-y, 1=z 2—x, 1-y, 1-2z, ¢ -2
+X Y Z

showed a major intense broad signal at & —336 ppm (integral
1.00, v, 3300 Hz), accompanied by low intense resonances at 0
—420 and —427 (total integral of both signals 0.03), —624
(integral 0.011), and —659 ppm (integral 0.03). A '°Sn NMR
spectrum of SnCl, in the same solvent mixture revealed one
single resonance at 0 —332 ppm. With caution, the almost
identical resonances (0 —336 and —332 ppm) indicate the
formation of SnCl, in course of the ester cleavages according to
Scheme 7.

Comparison of 11a, 11b, and 12 with Related Diorganotin(IV)
Derivatives

There are several diorganotin(lV) derivatives of pyridine-2,6-
dicarboxylic acid such as [R,Sn{2,6-C;H;N(COO0),}(H,0)l,
(R=Ph,I"* n-By,"4-9 vinyl,*"), [Me,Sn{2,6-CsH;N-
(CO0),}(MeOH)1,™ and [Me,Sn{2,6-CsH;N(CO0),}1,"™" reported

Chem. Eur. J. 2024, 30, 202400580 (16 of 26)

11a (orthorhombic)

C10A C11A c9
C8
S2A
S1
06

&b 04A

11b (triclinic)

Figure 16. Molecular structures of the orthorhombic (11a) and triclinic (11b)
modifications of compound 11 (ORTEP presentations at 50 % probability of
the depicted atoms and atom numbering scheme). The hydrogen atoms
have been omitted for clarity. Selected interatomic distances (A): 11a: Sn1-
01 2.2963(12), Sn1-02 2.3802(12), Sn1-N1 2.2661(16), C4-O1 1.2783(17), C4-
03 1.2311(16), S1-02 1.5305(11); 11b: Sn1-01 2.3452(11), Sn1-02 2.2786(11),
Sn1-02A 3.373(1), Sn1-03 2.4046(12), Sn1-04 2.3967(11), Sn1-02A 3.373(1),
Sn1-N1 2.2714(12), C6-O1 1.2793(19), C6-05 1.2385(18), C7-02 1.2849(18),
C7-06 1.2349(18), S1-03 1.5368(11), S2-O4 1.5380(11) Selected interatomic
angles (°): 11a: 01-Sn1-O1 A 139.88(5), 02-Sn1-02 A 154.07(5), 01-C4-03
126.59(13), O1-C4-C3 114.70(11), O3-C4-C3 118.72(13), Sn1-02-S1 130.80(6),
Sn1-01-C4 120.99(8); 11 b: O1-Sn1-02 139.64(4), 03-Sn1-04 151.58(4), N1-
Sn1-02A 115.06(4), 02-Sn1-02 A 63.91(4), Sn1-02-Sn1 A 116.09(4), 01-C6-O5
126.81(14), 01-C6-C1 115.04(13), O5-C6-C1 118.15(14), 02-C7-06 126.39(14),
02-C7-C5 114.40(12), 06-C7-C5 119.21(13), Sn1-03-51 127.00(7), Sn1-04-S2
113.76(6), N1-Sn1-02 A 115.06(6). Symmetry codes: A1—x, y, 1.5—z (for 11a);
1-x, 1-y, 2—z (for 11b).

in the literature, in part as their aqua™? respectively

chloroform™9 solvates. The water- respectively methanol-
coordinated derivatives dimerize via intermolecular O—Sn
interactions involving the SnOC(O) rather than the SnOC(O)
oxygen atoms, similar as observed for 11b. The dimethyltin
derivative™ lacking water or methanol coordination trimerizes
via C=0—Sn bridges similar as observed for polymeric 12, with
the carboxylate moiety coordinating at Sn1-O11, Sn1-012, and
Sn3-011 interatomic distances of 2.661(4), 2.415(4) and 2.462(4)
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Figure 17. Structure in the solid state of compound 12 (ORTEP presentations
at 50 % probability of the depicted atoms and atom numbering scheme).
The hydrogen atoms have been omitted for clarity. Selected interatomic
distances (A): Sn1-0O1 2.4248(11), Sn1-02 2.2419(11), Sn1-03 2.3542(11), Sn1-
O5B 2.4238(11), Sn1-N1 2.2775(12), C6-02 1.2952(17), C6-04 1.2252(18), C7-
01 1.2589(17), C7-05 1.2610(17), S1-03 1.5379(11). Selected interatomic
angles (°): 01-Sn1-02 139.45(4), 03-Sn1-0O5B 150.27(4), Sn1-O5B—C7B
117.34(9), Sn1-03-S1 124.57(6), Sn1-01-C7 118.13(9), Sn1-02-C6 121.56(9),
01-C7-05 126.23(13), 01-C7-C5 116.78(12), C5-C7-05 116.99(12), 02-C6-04
126.34(14), 02-C6-C1 114.19(12), C1-C6-04 119.47(13). Symmetry codes: * x,
Y =142 % =y, oz %y Az P ey VM h+z ey, T4z,

A, respectively. The 011-C21 and 012-C21 interatomic distances
are 1.255(6) and 1.242(7) A. For more details including the
distances for Sn2 and Sn3 see Supporting Information, Fig-
ure S77.

Reaction of the Stannylium Trichlorido Stannate 1 with
W(CO)s(thf)

The reaction (Scheme 8) of 1 with freshly prepared tungsten
pentacarbonyl-thf complex W(CO)s(thf), gave a yellow reaction
mixture a *'P NMR spectrum of which showed a single
resonance at 6 13.4 ppm.

Chem. Eur. J. 2024, 30, 202400580 (17 of 26)
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Scheme 8. Reaction of 1 with W(CO)s(thf).

After the work-up procedure, a few single crystals of
complex 13 suitable for X-ray diffraction analysis were obtained.
Figure 18 shows its molecular structure and the figure caption
contains selected interatomic distances and angles.

Complex 13 crystalized in the triclinic space group PT with
two molecules per unit cell. The W(1) centre adopts a distorted
octahedral environment, coordinated by four carbon monoxide
ligands (C41-C44), the SnCl;~ anion and the L'SnCI™ cation with
the two latter being cis. To the best of our knowledge, this is
the first such example in which a tin(ll) stannate anion and a
tin(ll) stannylium cation simultaneously coordinate to a tran-
sition metal centre. The Sn(1)—W(1) and Sn(2)—W(1) distances
of 2.7070(4) and 2.6907(4) A, respectively, are slightly shorter as
reported for (OC)sWSn(OCH,CH,),NR [R=Me: 2.7275(12); R=t-
Bu: 2.7490(5) A1"® and also shorter than the sum of the covalent
radii of tin and tungsten (2.77 A)."* The Sn(1)—0(1), Sn(1)—O-
(4), Sn(1)—N(1), and Sn(1)—Cl(1) distances of 2.233(3), 2.291(3),
2.336(3), and 2.3656(12) A, respectively, are shorter as compared
to the corresponding distances in the parent compound 1.
Apparently, coordination to the tungsten centre increases the
Lewis acidity of the stannylium L'SnCI™ cation.

DFT Calculations

To gain a deeper understanding of the electronic structure of
the complexes 1, 3, 6, 8,9, 10 and 13 density functional theory
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Figure 18. Molecular structure (upper part) and intermolecular connectivity
(lower part) of compound 13 (ORTEP presentations at 50% probability of the
depicted atoms and atom numbering scheme). Hydrogen atoms have been
omitted for clarity. Selected interatomic distances (A): Sn1-W1 2.7070(4),
Sn1-Cl1 2.3656(12), Sn1-01 2.233(3), Sn1-04 2.291(3), Sn1-N1 2.336(3), P1-01
1.485(3), P1-02 1.545(3), P1-03 1.541(4), P2-0O4 1.486(3), P2-O5 1.551(4), P2-
06 1.541(3), Sn2-W1 2.6907(4), W1- C18 1.972(5), W1-C19 1.980(5), W1-C20
2.013(5), W1-C21 2.044(5). Selected interatomic angles (°): Sn1-W1-Sn2
91.085(11), CI1-Sn1-W1 130.96(3), N1-Sn1-W1 138.33(9), C1-P1-O1 105.6(2),
P1-01-Sn1 124.44(18), 01-Sn1-04 148.28(11), Sn1-04-P2 123.84(18), 04-P2-
C5105.3(2), P2-C5-N1 115.4(3), C5-N1-C1 118.4(4), C3-N1-Sn1 176.7(1).

(DFT) calculations and natural bond orbital (NBO) analyses,"®

and furthermore for compound 13 an energy decomposition
analysis (EDA)"” were performed. The calculated structures with
the functional TPSSh"® with the basis set def2-TZvP " and
with an effective core potential (ECP) for the heavier atoms
Sn?% and W2 and empirical dispersion correction with Becke-
Johnson damping®" are in agreement with the molecular
structures determined for the solid state by single X-ray

diffraction analysis (see Tables S4-S7). Table S8 contains the
NBO charges for selected atoms of the complexes 1, 3, 6, 8, 9,
10, and 13. Except for 13, the NBO charges for the tin centres in
the [L"SnCI]* cations are in the range of 1.24 to 1.29 e units and
0.98 to 1.19 e units for the Sn centres of the SnCl;™ anions. In
accordance with a previous study® the NBO charges of 1.24 to
1.29 e units indicate the Sn in [L"SnCI]* to be in the oxidation
state +1I. The Sn—Cl bonds in the SnCl;~ anions exhibit more
covalent character. Consequently, the NBO charges of 0.98 to
1.19 e units define the oxidation state of the Sn centres in these
to be +1l as well.

The charge transfer energies obtained by NBO analysis
(Table S8) together with the Wiberg bond order indices
(Table S9) give an impression about the covalency of the
corresponding bonds. The Sn—Cl bonds have a more covalent
character whereas the N—Sn or O—Sn interactions are donor
acceptor interactions. The N—Sn or O—Sn interactions are in
the same range of electron density donation to the Sn atom
(e.g. 46 kcal/mol for the N—Sn interaction and 44-47 kcal/mol
for the O—Sn interactions in compound 1).

In complex 13, the NBO charge (Table S8) of the Sn in the
[L'SnCI]" cation is 4 1.55 e units and therefore higher than the
NBO charges of the tin centres in the [L"SnCI]™ cations in the
complexes discussed above. It imposes the question after the
oxidation state for this Sn™ cation. In addition, the NBO analysis
revealed a 3-center-4-electron bond between the Sn and the W
atom and the CO groups. Thus, the bond order calculation is
difficult. Figure 19 depicts the three possible oxidation states
for the W and Sn centres in compound 13: (i) both cationic and
anionic moieties with Sn(ll) and W(0), (ii) cationic moiety with
Sn(lll), anionic moiety with Sn(ll) and W(—I), and (iii) cationic
moiety with Sn(IV), anionic moiety with Sn(ll) and W(—II).

With the energy decomposition analysis of the fragment-
based wavefunction methodology the orbital interaction energy
E., can be determined. The fragmentation with the smallest E,
represents the best chemical description of the complex. For
the complex 13, this is the case for the situation with Sn(ll) for
both the cationic and anionic moieties, and W(0) for the
tungsten tetracarbonyl moiety.

Sn(ll) w(0) Sn(ll) w(-1) Sn(l1) W(-11)
Sn Sn >1aSn
3 CcO 3 (0{0) 3 CO
S ee ) N
Wo o Wl
o CO N / CO = 010)
0"} 70 0"} 70 o~ } ™0
Il 1] Il I 1 [l
=P N P< .. - N P . O N Po ..
iPro™ | | ~ \ OiPr iPro” | I N\ OiPr iPrO™ | | N\ OiPr
iPrO _ OiPr iPrO P OiPr iPrO P OiPr
1 11 11

E,., = —87.3 kcal/mol

E,, =—124.7 kcal/mol

E,rp = —472.8 kcal/mol

Figure 19. Fragmentation schemes of compound 13 for EDA analyses and the values for the orbital interaction energy for each possible fragmentation.
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The natural bond orbitals are more localized than the
canonical orbitals. Thus, the lone pairs of the Sn atoms of the
cations are depicted in Figure 20. In all complexes, the Sn lone
pairs possess more than 90% of s-character and only small
amounts of p-character (Table S10).

In complex 13, there is the lone pair of the Sn* cation with
similar contributions (92.7% s-character and 7.2% p-character)
as in the other complexes 1, 3, 6, 8, 9 and 10 (Figure 21,
Table S10). Two d orbitals of the W atoms are responsible for
the electron density interaction to the Sn* cation and the
SnCl;™ anion.

Conclusions

Tridentate pyridine-backboned O,N,O-coordinating chelating
ligands L" with phosphonate (n=1), phosphinate (n=2),

carboxylate (n=3) and carbamide substituents (n=4), respec-
tively, react with tin(ll) halides, SnX, (X=Cl, Br), under auto-
ionization giving salts of the type [L"SnX]SnX;. In these, the
intramolecular Sn—N distances vary between 2.316(2) (for 6, n=
4) and 2.526(4) (for 1, n=1; Table S11) reflecting the corre-
sponding [L"SnX]" cations to have different strength of Lewis
acidity which is relevant for the activity of these compounds as
catalysts for polyurethane formation.”® The Sn—X and Sn—O
distances (Table S11) vary as well as does vary the interionic
connectivity in the crystal structures of these salts. A remarkable
feature of the crystal structures are secondary Sn-Sn inter-
actions for 6 and 10 at distances smaller than twice the van der
Waals radius of this atom. Upon heating of the salts 1 and 3
partial cleavage of P—O bonds take place giving the intra-
molecularly P=O—SnCl- and N—SnCl-coordinated as well as
intermolecularly P=O—SnCl,-coordinated five-membered het-
erocycles 8 and 9, respectively. In course of these reactions

Figure 20. NBO of the lone electron pair at Sn in the complexes 1, 3, 6, 8, 9 and 10 (NBO6.0, TPSSh/def2-TZVP/ECP/GD3BJ, isovalue 0.04).

35,

$

5

Figure 21. NBO of the lone electron pair at Sn (left) and the orbitals responsible for the electron density interaction of the W atom (middle and right) in

complex 13 (NBO6.0, TPSSh/def2-TZVP/ECP/GD3BJ, isovalue 0.04).
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stereogenic centres at the P atoms are formed. Heating of the
salt 4 caused cleavage of one as well as both ester functions
giving the five-membered heterocycle 10 and the DMSO-
coordinated bicyclic tin® derivatives 11 and 12. Unprecedent-
edly, the salt [L'SnCIISnCl; (1) proved to act as a “double ligand”
in its reaction with tungsten tetracarbonyl giving a complex
containing both the SnCl;~ anion and the [L'SnCl]* cation. DFT
calculation reveals both tin centres in this complex being Sn®.

The results presented in this manuscript encourage future
works concerning (i) studying the stereoselectivity of the ester
cleavage under formation of stereogenic centres, (i) the
elucidation of the mechanism operative for this ester cleavage,
(iii) the hydrolysis of the heterocycles 8-10 to give the
corresponding acids (for 8 and 9 stereoselective), and (iv) to
evaluate in more detail the complexation behaviour of the salts
towards transition metal compounds.

Experimental

General

All reactions were carried out under an argon atmosphere using
standard Schlenk line technique, unless otherwise specified. The
argon was dried by passing through a glass column filled with
phosphorus pentoxide and the glassware was dried by flame under
reduced pressure. All solvents were dried according to standard
procedures, freshly distilled and stored over molecular sieve.”® The
dimethyl pyridine-2,6-dicarboxylate (ligand L3) was purchased from
BLD Pharmatech GmbH. The bis(diethylamino) pyridine-2,6-dicar-
boxylate (ligand L4) was synthesized as reported in the literature.?!

The NMR spectra were measured at room temperature (unless as
otherwise stated) using the spectrometers Bruker AV 400 Avance llI
HD NanoBay, AV 500 Avance NEO, AV 600 Avance Ill HD, Agilent
Technologies DD2. The NMR chemical shifts () are given in ppm
and the coupling constants J in Hz. 'H and *C{'"H} NMR chemical
shifts were referenced against SiMe, via the chemical shift of the
solvents (C¢Dy 'H 7.16, '*C 128.39, CD,Cl, 'H 5.32, *C 54.00, CDCl; 'H
7.26, °C 77.16, CD,CN 'H 1.94, '*C 1.39, CD,0D 'H 3.31, "°C 49.00).””
The *'P and '"°Sn NMR spectra were referenced against 85% H;PO,
and SnMe,, respectively. The IR spectra (cm™") were measured as a
solid or oil on ATR Perkin Elmer and Bruker Alpha Il Platinum-ATR
spectrometers. The melting point (°C) was determined by a Biichi
M-560 device using an opened capillary. The elemental analyses
were performed under non-inert conditions on a Leco CHNS-932
analyzer. The electrospray mass spectra were recorded using a
Thermoquest Finnigan Instrument. The mobile phase was
acetonitrile or dichloromethane with a flow rate of 10 pL/min;
concentration c¢=0.1 mg-mL~", source voltage 3.8kV, capillary
voltage 41V (tube lens: 140 V), capillary temperature 275 °C.

Crystallography

Intensity data for the crystals of 1-10 and 13 were collected on
Xcalibur2 CCD (Oxford Diffraction) with graphite-monochromated
MoKa. (0.71073 A) radiation at 173(1) K.

The data of 11a, 11b, and 12 were collected on a Bruker D8
VENTURE diffractometer with an Incoatec lus 3.0 microfocussed Ag
Ka source with mirror optics. The Hybrid Pixel Array Detector
(HPAD) used was a Bruker PHOTON |IIl. Data collection was
performed with APEX5 (with integrated programs SAINT for
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integration and SADABS for absorption correction). SHELXT was
used for the solution and refinement of the crystal structures.
OLEX2 was used for processing and finalization of the crystal
structures. The mounting of the crystals was performed with
MiTeGen MicroMounts.

Crystal decay was monitored by repeating the initial frames at the
end of data collection. The data were corrected using multi-scans.
The structures were solved by direct methods SHELXS97"%® and
successive difference Fourier syntheses. Refinement applied full-
matrix least-squares methods SHELXL2018.*” In compound L2 the
i-propyl substituent attached to O(3) is disordered over three
positions with an occupancy 40:40:20. The i-propyl substituent
attached to O(3) of compound 11 is also disordered over two
positions with an occupancy of 55:45. The H atoms were placed in
geometrically calculated positions using a riding model with U,
constrained at 1.2 for non-methyl and 1.5 for methyl groups times
U, of the carrier C atom. Atomic scattering factors for neutral
atoms and real and imaginary dispersion terms were taken from
International Tables for X—ray Crystallography[1].”® The figures were
created using the program MERCURY. The Supporting Information
(Tables S1-S3) contain the crystallographic data.

The CCDC deposition numbers 2286126 (1), 2286127 (1-C;Hg),
2286128 (2), 2286129 (3) —2286130 (4) 2286131 (5-CH;CN),
2286132 (6), 2286133 (7), 2286134 (8), 2286135 (9) 2286136 (10),
2348638 (11a), 2348639 (11b), 2350019 (12), 2286137 (13),
2326214 (L2, and 2326215 (4-CH,CN) contain the supplementary
crystallographic data for this paper. These data are provided free of
charge by the joint Cambridge Crystallographic Data Centre and
Fachinformationszentrum Karlsruhe at http://www.ccdc.cam.ac.uk/
structures or by emailing data_request@ccdc.cam.ac.uk, or by
contacting The Cambridge Crystallographic Data Centre, 12 Union
Road, Cambridge CB2 1EZ, UK; fax: +441223336033.

Density Functional Theory (DFT)

DFT calculations were performed with Gaussian 16, Revision C01.%"

The geometry optimizations were started from the geometry of the
solid-state structures using the TPSSh functional™ and with the
Ahlrichs type basis set def2-TZVP" basis set as implemented in
Gaussian 16, Revision C01.”? For the heavier atoms Sn and W
effective core potentials (ECP) were used.” NBO calculations were
accomplished using the program suite NBO 6.0 delivering the NBO
charges and the charge-transfer energies by second order perturba-
tion theory."® As empirical dispersion correction, we used the D3
dispersion with Becke-Johnson damping as implemented in
Gaussian16, Revision B.01.”" The energy decomposition analysis
(EDA) of Morokuma and Ziegler"” was performed with the program
AOMix.B

Synthesis of 2,6-{P(0)(OiPr),}CsH,N, L1
6
0 0
P R J\
770 \"0
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The ligand L1 was synthesized according to a slightly modified
procedure reported by E. A. Konopkina, W.-Q. Shi etal™ To a
solution containing 2,6-dibromopyridine (20.00 g, 84.4 mmol), diiso-
propyl phosphite (33.70 g, 202.6 mmol) and triethylamine (42.70 g,
422.0 mmol) in acetonitrile (500 mL) were added at room temper-
ature palladium(ll)acetate (0.19g, 0.8 mmol) and dppf (0.51g,
0.9 mmol). The reaction mixture was heated at 100 °C for 48 h. After
the solid had been filtered and the solvent removed under reduced
pressure, the residue was dissolved in ethyl acetate (50 mL). Water
(100 mL) was added and the organic layer was separated. The
aqueous layer was extracted with ethyl acetate (3x, 50 mL). Then,
the combined organic layers were dried over MgSO,, filtrated and
concentrated to dryness. The crude product was purified by
chromatography (ethyl acetate as eluent) to obtain a brown solid
(yield 30.55 g, 88%) of m.p. 53.8°C. It decomposes at 228°C. 'H
NMR (400.25 MHz, CD,Cl,): 6 7.91-7.95 (complex pattern, 2H, H3),
7.78-7.84 (complex pattern, 1H, H4), 4.65-4.76 (superimposed
doublet of septets, 4H, OCH), 1.28 (d, *J('"H-C—C—'H)=6 Hz, 12H,
CH), 1.19 (d, *J(H-C—C—"H)=6 Hz, 12H, CH;), (400.25 MHz, C,D):
0=7.89-7.93 (complex pattern, 2H, H3), 6=6.93-7.00 (complex
pattern, 1H, H4), 4.79-4.90 (superimposed doublet of septets,, 4H,
OCH), 1.23 (d, *J(H-C-C—'H)=6Hz, 12H, CH;), 1.16 (d, °*J-
("H-C—C—"H) =6 Hz, 12H, CH5), *C{"H} NMR (100.64 MHz, CD,Cl,): &
154.7 [dd, "J("*C—>"P) =224 Hz, *J(*C-—N-C—'P) =21 Hz, C2], 136.5 (t,
3J(PC-C-CP)=11Hz, C4), 129.7 [dd, J(*C-C"'P)=25Hz, “J-
(PC—C—C—C->"P) =4 Hz, C3), 72.2 (complex pattern, OCH, C5), 24.2
(complex pattern, CH;, C6), 24.0 (complex pattern, CH;, C7),
(100.64 MHz, CDg): 0=1548 [dd, 'J(PC2'P)=224Hz, *J-
(*C-N-C-'P)=21Hz, C2], 136.1 (t, *J(*C-C-C'P)=11Hz, C4),
129.0 [dd, *J("*C—C->'P) =25 Hz, *J(*C-C-C-C-'"P)=4 Hz, C3), 71.2
(complex pattern, OCH, C5), 23.8 (complex pattern, CH;, C6), 23.6
(complex pattern, CH,;, C7)*'P{'"H} NMR (162 MHz, C,D¢): 6 7.7 [s,
JG'P-*C) =223 Hz], CD,Cl,: 6 7.3 ['JC'P-"*C)=224 Hz]; IR spectro-
SCopy: Vp_o) 1247 cm™'; Elemental Analyses. Calcd. for C;,H;;NOGP,
(407.38 g/mol): C 50.12, H 7.67, N 3.44%. Found: C 49.9, H, 7.6, N,
3.2%. ESI-MS (70 eV, positive mode): m/z (%): 408.2 (90) [M+H™].

Synthesis of 2-Br-6-{P(0)(OiPr),}C;H,N, L2
I
{ P _N_ _Br
o\ 07 g Ny
o
9)

3
4

Numbering scheme for L2

To a solution containing 2,6-dibromopyridine (10.00 g, 42.1 mmol),
diisopropyl phosphite (7.01g, 42.1 mmol) and triethylamine
(13.00 g, 126.6 mmol) in acetonitrile (250 mL) were added at room
temperature palladium(ll)acetate (0.1 g, 0.4 mmol) and dppf (0.25 g,
0.4 mmol). The reaction mixture was heated at 100 °C for 48 h. After
the solid had been filtrated and the solvent removed under
reduced pressure, the residue was dissolved in ethyl acetate
(20 mL). Water (50 mL) was added and the organic layer was
separated. The aqueous layer was extracted with ethyl acetate (3x,
20 mL). The combined organic layers were dried over MgSO,,
filtrated and the filtrate evaporated to dryness. The crude product
was purified by column chromatography (ethyl acetate as eluent)
to obtain a brown solid (yield 11.29 g, 83%). '"H NMR (400.25 MHz,
CDCly): 6 7.87 [superimposed dd, *J('H-C—C—"H)=7.3 Hz, 6.4 Hz, 1H,
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H4), 7.54 — 7.64 (complex pattern, 2H, H3 and H5), 4.48 (super-
imposed doublet of septets, 2H, OCH, H7), 1.37 [d, *J(H-C—C—"H)=
6 Hz, 12H, CH; H8J, 1.30 [d, *J(H-C—C—"H) =6 Hz, 12H, CH,, H8] *C
{'H} NMR (100.6 MHz, CDCl,): 6 154.6 [d, 'J("*C-'P) =227 Hz, C6],
142.8 (d, *J("*C-N-C->'P)=25Hz C2), 138.2 [d, Y("*C, *'P)=12 Hz,
C5], 130.5 (s, C3), 126.7 [d, *J(PC-N-C->"P)=24 Hz C4], 72.3 [d,
2J(PC-0-""P)=6 Hz, C7], 24.0 [d, *J(*C-O-C->'P)=4 Hz, C8], 23.7
(d, 3J(*C—0—C-"P) =5 Hz, C9), *P{'"H} NMR (162 MHz, CDCl,): 6 6.5
(s). No elemental analysis was performed.

Synthesis of 2-{P(0)(OiPr),}-6-{P(0)(OiPr)Ph}C;H,N, L2

16

Numbering scheme for compound L2

To a solution of 2-(diisopropyl phosphonato)-6-bromo pyridine
(10.00g, 31.0mmol), isopropyl phenyl phosphite (5.72g,
31.0 mmol) and triethylamine (6.00 g, 31.0 mmol) in acetonitrile
(250 mL) was added at room temperature palladium(ll)acetate
(0.1 g, 0.4 mmol) and dppf (0.25 g, 0.4 mmol). The reaction mixture
was heated for 48 h at 100°C. After the solid had been filtered and
the solvent removed under reduced pressure, the residue was
dissolved in ethyl acetate (20 mL). Water (50 mL) was added and
the organic layer was separated. The aqueous layer was extracted
with ethyl acetate (3x, 20 mL). The combined organic layers were
dried over MgSO, followed by complete removal of the solvent.
The crude product obtained was purified by column chromatog-
raphy (ethyl acetate as eluent) to obtain a brown solid (yield 8.50 g,
85%). '"H NMR (400.25 MHz, C,Dy): & 8.26 (complex pattern, 2H,
H14), 8.18 (complex pattern, 1H, H3), 7.88 (complex pattern, 1H,
H5), 7.08 (complex pattern 3H, H15 + H16), 7.04 (complex pattern,
1H, H4), 4.79 (superimposed doublet of septets, 1H, OCH), 4.68
(superimposed doublet of septets, 1H, OCH), 4.57 (superimposed
doublet of septets 1H, OCH), 1.22 [d, *J('H-C—C—"H) =6 Hz, 3H, CH;],
1.20 [d, *J(H-C—C—"H)=6 Hz, 3H, CH;], 1.18 [d, *J(H-C—C—'H)=
6 Hz, 3H, CH,], 1.13 [d, *J(H-C-C-'H)=6 Hz, 3H, CH,], 1.08 [d,
3J'H-C—C—"H)=6 Hz, 3H, CH,], 0.99 [d, *J(H-C—C—"H)=6 Hz, 3H,
CH;], *'P{"H} NMR (162 MHz, C,D¢): 6 7.2 (s), 22.3 (s). No elemental
analysis was performed.

Synthesis of compounds 1-7

Compounds 1-7 were synthesized in 85-90% yield by stirring SnCl,
with the corresponding ligand (molar ratio 2:1) at room temper-
ature in toluene (for 1-3), acetonitrile (for 4 and 5) and methanol
(for 6 and 7).
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Numbering scheme for compounds 1 and 2. The SnCl;~ is omitted.
[2,6-{P(0)(0iPr), }CsH;NSnCl]SnCl; 1)

Isolated as colourless crystals of m.p. 71°C. '"H NMR (400 MHz,
CD,Cl,): 0 8.63 (complex pattern, 1H, H4), 8.30 (complex pattern,
2H, H3), 5.07 (superimposed doublet of septets, 4H, OCH), 1.49 [d,
3J(H-C—C—"H)=6 Hz, 12H, CCH,], 131 [d, *J(H-C-C—"H)=6 Hz,
12H, CCH,).

3C{'"H} NMR (150.94 MHz, CD,Cl,): 6 147.8 [dd, "J("*C-'P) =217 Hz,
3J(PC-N-C->'P)=18 Hz, C2], 143.0 [t, *J(PC—C-C->'P)=9 Hz, (4],
132.8 [dd, Y(PC—C2'P)=19Hz, “J("PC3'P)=3Hz, C3], 77.2 [d,
2J(*C-0-""P)=6 Hz, OCH], 24.0 [d, *J(*C-0-C—'P)=3 Hz, CCH,],
239 [d, *J(C-0-C2'P=5Hz, CCH;]. *P{'H} NMR (162 MHz,
CD,CL): 6 165 [s, JC'P-3C) =221 Hz]. *'P{'"H} NMR (162 MHz, CD,Cl,,
T=193K): 6 17.9 [s, 'JC'P—"2C) =210 Hz]. ""Sn{'H} NMR (149 MHz,
CD,Cl,, T=193K): 6 —90 (s, SnCl;7), —701 (s, SnCl*). IR spectro-
SCopy: Vp_g 1207cm”’.  Elemental analysis caled. for
C,,H5,CLLNOGP,SN, (786.61 g/mol): C 25.96, H 3.97, N 1.78%, found:
C 25.9, H 4.0, N 1.8%; ESI-MS (70 eV, positive mode): m/z (%) 385.1
[Cy4H,5N,0,P,]; (negative mode): 482.7 [CsHgN,O,P,SnCl5].

[2,6-{P(O)(OiPr), }CsH;NSnBr|SnBr; )
Isolated as pale yellow solid which decomposed at 123°C. '"H NMR
(400 MHz, CD,Cl,): ¢ 8.62 (complex pattern, TH, H4), 8.29 (complex
pattern, 2H, H3), 5.10 (complex pattern, 4H, OCH), 1.49 [d, ¥

('"H-C—C—"H)=6.2 Hz, 12H, CCH:], 1.32 [d, ¥ (H-C—C—"H)=6.2 Hz,
12H, CCH;).
BC{'H} NMR (101 MHz, CD,Cl,): 6 148.2 [dd, J("*C-'P)=218 Hz,

3J(PC-N-C-*'P)=18 Hz, C2], 1429 [t, *J(*C-C-C>'P)=10Hz, C4],
132.9 [dd, 2J(*C—C-*'P) =19 Hz, *J("*C-*'P)=3 Hz, C3], 77.5 (d, 2J("°C,
*'P)=6.5 Hz, OCH), 24.2 [d, *J(*C—O—C—'P)=3 Hz, CCH,], 24.1 [d,
3J("3C—0—C—"P) =3 Hz, CCH,]. *'P{"H} NMR (162 MHz, CD,Cl,):  16.3
(s). Elemental analysis calcd. for C;,H;,Br,NO4P,Sn, (786.84 g/mol: C
21.17, H 3.24, N 1.45%, found: C, 21.4, H 3.3, N 1.4%.

[2-{P(O)(OiPr), }-6-{P(0)Ph(0iPr), } C;H;NSnCl]SnCl, (3)

Chem. Eur. J. 2024, 30, 202400580 (22 of 26)

Numbering scheme for compound 3. The SnCl;™ is omitted.

Isolated as a colourless crystals of m.p. 114°C; "H NMR (400.25 MHz,
CD,Cl,): 6 8.60 (m, 1H, H4), 8.27 (dd, 2H, H3/5), 8.15 (dd, 2H, H,),
7.74 (m, TH, H,), 7.64 (m, 2H, H,), 491 — 5.07 (complex pattern, 3H,
OCH), 1.52 [d, 3H, *J(H-C-C-'H)=6Hz, CH,], 1.50 [d, 3H, °J-
("H-C—C—"H)=6 Hz, CH;], 1.46 (d, 3H, *J('"H-C—C-"H)=6 Hz, CH,),
1.37 [d, 3H, *J(H-C—C~"H)=6 Hz, CH,], 1.33 (d, 3H, *J(H-C-C-'H) =
6 Hz, CH,), 1.27 (d, 3H, *J("H-C—C-"H)=6 Hz, CH,); *C{'H} NMR
(100.64 MHz, CD,Cl,): ¢ 150.1 [dd, 'J(PC-'P)=147 Hz, *J(*C2'P) =
18 Hz, C6], 148.3 [dd, J(*C-*'P)=216 Hz, *J(*C>'P)=15Hz, C2],
142.9 (dd, *J(PC-C-C-31P)=9 Hz, C4,), 135.3 (d, *J(*C—'P)=3 Hz,
C,), 1335 [dd, J(*C—C-'P)=21Hz, *J(®C*'P)=3Hz, C3 or C5],
133.1 (d, (PC—C-"P)=12 Hz, C,), 132.6 [dd, 2J("*C-C-'P)=19 Hz,
*J("3C-"P)=2 Hz, C3 or C5), 129.9 (d, *J(*C-*'P) =15 Hz, C,), 125.2 [d,
J(PC*'P)=152Hz, C], 77.3 (m, OCH), 24.6 [d, *J('*C-C-0->'P)=
3 Hz, 1 C, OCHCH,], 23.85-24.20 (superimposed resonances for five
OCHCH; carbon atoms); 3'P{"H} NMR (162.0 MHz, CD,Cl,): 6 36.7 [s,
UG'P-*C)=146 Hz, P2], 158 [s, JC'P-"*)C)=216Hz, P1]; *'P{'H}
NMR (162.0 MHz, CD,Cl,, T=193 K): 6 37.4 [s, P2], 36.7 [s, P2], 17.0
[s, 'JC'P—"2C) =211 Hz, P1]; ""°Sn{'"H} NMR (149.25 MHz, CD,Cl,, T=
193K): 0=—-89 (s, SnCl;7), —673 (s, SnCl*), —680 (s, SnCl*); IR
spectroscopy: Vp_o,_ 1157, 1174 cm™'; Elemental analysis calcd. for
C,0H30CI4NO5P,SN, (786.84 g/mol): C 29.82, H 3.75, N 1.74%, found:
C29.9,H3.7,N, 1.6%.

X
Ay
n
i
8§ _C.o N_g C
HyC—07 7 | X No—ch,
305

Numbering scheme for compounds 4 (X=Cl) and 5 (X=Br). The
SnX3~ is omitted.

[2,6-{C(0)(OMe), } CsH;NSNnCl]SnCl; 4

Isolated from its solution in acetonitrile as yellow crystals of m.p.
113°C. "TH NMR (400.25 MHz, CD,Cl,): 6=8.31 (d, *J (H-C-C-'H)=
7.6 Hz 2H, H3,5), 8.08 (t, *J ("H-C—C—"H)=7.5Hz, 1H, H4), 4.02 (s,
6H, CH,); *C{"H} NMR (100.64 MHz, CD,Cl,): 6=165.9 (C7), 148.2
(C2), 139.5 (C4), 128.8 (C3,5), 53.8 (C8); ""°Sn{'"H} NMR (149.25 MHz,
CD,Cl, T=298K): no signal observed; IR spectroscopy: V¢_o
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=1681, 1667 cm™'; Elemental analysis calcd. for 4-CH3CN,
C,;H,,CI,IN,0,5n, (615.46 g/mol): C 21.47, H 1.97, N 4.55 %, found: C
21.6,H 2.0, N 4.6 %.

[2,6-{C(O)OMe}CsH;NSnBr|SnBr; (5)

Isolated from its solution in acetonitrile as yellow crystals of m.p.
94°C. "H NMR (400.25 MHz, CD;CN): 6 =8.61-8.67 (complex pattern,
3H, H3,5+H4), 4.26 (s, 6H, OCH,); *C{"H} NMR (100.64 MHz, CD;CN):
0=167.0 (C7), 147.5 (C2), 140.0 (C4), 129.1 (C3,5), 54.6 (C8); ""°Sn
{'"H} NMR (149.25 MHz, CD,Cl,, T=298K): no resonances were
observed; IR spectroscopy: v._o,=1664 (s), 1679 (s); Elemental
analysis calcd. for C;H,Br,NO,Sn, -CH;CN (791.56 g/mol): C 16.66, H
1.52, N 3.53%, found: C 16.3, H 1.4, N 3.5%.

X
\S
n
9 8 | |
HsCH,C _C. 2 N. g C-_ _CH,CHs
N7 N <
H3CH,C ] CH,CH,4
1110 s _Js
4

Numbering scheme for compounds 6 (X=Cl) and 7 (X=Br). The
SnX;~ is omitted.

[2,6-{C(O)(NEt), }CsH;NSnClI]SnCl, ©6)

Isolated as colourless crystals. No melting point was determined. 'H
NMR (600.29 MHz, CD,CN): 6=8.56 (t, > ('H-C-C—'H)=8 Hz, 1H,
H4), 8.28 (d, *J ("H-C—C—"H) =8 Hz, 2H, H3), 3.81 (q, *J ((H-C-C—"H) -
=7 Hz, 4H, NCH,), 3.72 (g, ) ("H-C—C—"H) =7 Hz, 4H, NCH,), 1.49 (t,
*J ((H-C—C-"H)=7 Hz, 6H, CH;), 1.33 (t, *J ((H-C—C—"H)=7 Hz, 6H,
CH,); "C{'H} NMR (150.94 MHz, CD,CN, 298 K): 6 =167.8 (C7), 146.8
(C2, C6), 144.4 (C4), 129.7 (C3, C5), 46.4 (C8), 44.8 (C10), 13.9 (C9),
12.3 (C11); "Sn{"H} NMR (149.25 MHz, CD,Cl,, T=298 K): 6 =—35
(vi, ~6000 Hz) and —523 (vi,~7000 Hz).

Elemental analysis calcd. for C,sH,;CI,N;0,5n, (656.6 g/mol): C
27.44, H 3.53, N 6.40%, found: C 27.1, H 3.7, N 6.6 %.
[2,6-{C(O)(NEt), }CsH;NSnBr|SnBr; 7)

Isolated as a yellow solid of m.p. 136 °C. No elemental analysis was
performed. The crystal actually measured by X-ray diffraction
analysis proved to be complex 7.

Synthesis of 2-[P(O)(OiPr),-6-{P(O)

(OIPr)OSNCI}CsH,N - SnCl,) ®)

Chem. Eur. J. 2024, 30, 202400580 (23 of 26)

Numbering scheme for compound 8

A toluene solution of 1 (0.80 g, 1 mmol) was heated for 16 h at
80°C. The reaction mixture was filtered and the volatiles were
removed under reduced pressure to obtain a colourless solid. The
latter was recrystallized a small amount of single crystals suitable
for X-ray diffraction measurements. '"H NMR (400.25 MHz, C;Dy): 6 =
8.03 (m, 1H, H4), 7.30 (m, 1H, H3/5), 7.13 (m, 1H, H3/5), 4.92 (m, 3H,
OCH), 1.14 (d, 12H, *J(H-C-C-'H)=6Hz, CH,), 094 (d, 6H,
3J(H-C—C—"H)=6 Hz, CH,); *C{'H} NMR (100.64 MHz, C,D,): 0=
153.4 [dd, 'J(*C-*'P) =200 Hz, *J(*C—N-C-*'P) = 16 Hz, C2], 146.6 [dd,
Y(PC'P)=209, *J(PC-N-C’P)=16Hz, C6], 1400 [t, *J-
(PC—C—C-'"P) =9 Hz, C4],, 133.0 [dd, J("*C-C->'P) =19 Hz, *J("*C-C-
C-C’P)=3Hz, (3], 1305 [dd, *("C-C*'P)=19Hz, “J-
(PC—C—C—C>"P)=3 Hz, C5], 75.4 [d, 2J(*C-0-'P)=5 Hz, C9], 73.2
(d, Y(PC-0-*"P)=6Hz, C7), 239 (d, *J("*C-O—C"'P)=3 Hz, CH,),
236 (d, *J(PC-O-C->'P)=6 Hz, CH;); *'P{'H} NMR (162.02 MHz)
CeDg, T=298 K): =183 [JC'P-*C) =211 Hz, P1], 13.4 [JC'P-*C)=
201 Hz, P2], Toluene-dg, T=193K: 0=17.8 [C'P—O-"""Sn)=
53 Hz, P1], 122 UC'P—O-""""°Sn)=89 Hz, P2] ; ""Sn{'H} NMR
(149.25 MHz, C,Dg, T=298 K): 6 =—587 and —208, Toluene-dg, T=
193K: and 6 —639 (v, ~500Hz) and —267 (v, ~600 Hz); No
elemental analysis was performed.

Synthesis of [2-{P(O)(OiPr)Ph}-6-{P(OSnCl,)
(OiPr)OSNCI}CsH;N

N
/Sn\

] o o L
(HsC),HCO™ || S \ MOCH(CHs),
0 ’ Ph
¢5 3

SnCI2 4

Numbering scheme for compound 9

A toluene solution of 3 (0.64 g, 0.8 mmol) was heated for 16 h at
80°C. The reaction mixture was filtered and the volatiles were
removed under reduced pressure to obtain a solid material. By
recrystallization from toluene a few colourless crystals of 9 suitable
for X-ray diffraction analysis were obtained. There was not enough
material to perform elemental analysis and to record NMR spectra.
The crystal actually measured proved to be compound 9.
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Synthesis of [{2-C(O)OMe-6-C(0)OSnCl}CsH;N] (10)
[CsH;N-2,6-{C(0)0},5n(0SMe,),] (11)
and
[CsH3N-2,6-{C(0)0},Sn(0OSMe,)] (12)
CI\S .
n n
O/ ? \o o/ T \O
|8 |I7 |5 5|
o=c® N _Ccl 0=C>_ _N._ 2c=o0
6‘ N2 OCHs 2| ~N2
55\, . ~3 3N ~3
4 4

Numbering schemes for compounds 10 (left) and 11/12 (right,
without coordinated DMSO)

Compound 4 (1.94 g, 3.16 mmol) was suspended in toluene (20 mL)
and heated for 16 h at reflux. In course of this time the suspended
material changed its colour from yellow to white. After cooling the
reaction mixture to room temperature, it was filtered giving 1.65 g
dry residue. The residue was suspended in 20 mL acetonitrile (ACN)
and heated to reflux for 15 min followed by filtration. The filtrate
was stored in the freezer (T=—-19°C) giving 131 mg (yield 12%) of
compound 10 (m.p. 222-225°C) as crystalline material.

"H NMR (400.25 MHz, CD;CN, 298 K): § =8.47-8.57 (complex pattern,
3H, H3, H4, H5), 4.16 (s, 3H, OCH;). ""Sn{'"H} NMR (149.25 MHz,
CD;CN): no resonance was observed. IR spectroscopy: v_,_1589,
1660, 1718 cm™". ESI-MS (70 eV, positive mode): m/z (%) 335.9073
[CgH,CINO,Sn ] (caled 335.9075); Elemental analysis: calcd. for
CgHsCINO,Sn (334.30 g/mol): C 28.74, H 1.81, N 4.19, found: C 28.0,
H 1.8, N 4.4%.

Part of the solid residue was dissolved in DMSO/THF and the
solution was stored in the fridge (T=4°C). After 10 days, crystals of
11 (100 mg, triclinic modification) had been formed.

The second part of the solid residue was dissolved in DMSO only.
After one day at room temperature, crystals of the orthorhombic
modification of 11 (300 mg) had been formed. The total yield of 11
is 29 %. Both modifications do not melt until 340°C.

'H NMR (400.25 MHz, DMSO, C4D,, 298 K): 6 =8.16-8.27 (complex
pattern, 3H, H3, H4). The signal for the SCH; protons is super-
imposed with the resonance for the DMSO protons at ¢ 2.32. *C
{'"H} NMR (100.64 MHz, DMSO/C¢Dy): 6 = 166.4 (C5), 146.0 (C2), 143.9
(4), 126.1 (3). The signal for the SCH; carbon atoms is superimposed
with the resonance for the DMSO carbon atoms at ¢ 40.8. '°Sn{'H}
NMR (149.25 MHz, DMSO/C¢D¢): no resonance was observed. IR
spectroscopy: Vc_o= 1659, 1636, 1592 cm™".

Elemental analysis: calcd. for C;;H;sNO¢S,Sn (440.08 g/mol): C
30.02, H 3.44, N 3.18 found: C 30.0, H 3.5, N 3.2%.

In a second experiment, some crystals of the mono-DMSO-
coordinated [CsH;N-2,6-{C(0)0},Sn(OSMe,)] (12) were obtained
from DMSO/THF (1:1 mixture) as greenish crystals of m.p >340°C.

1

IR spectroscopy: vc=,= 1666, 1609 cm™ .

Elemental analysis: calcd. For C;HsNO,SSn (361.95 g/mol): C 29.87,
H 2.51, N 3.87 found: C 29.3, H 2.7, N 3.7 %.

[2,6-{P(0)(0iPr), }CsH;NSnCI|SnCl, - W(CO), 13)

Chem. Eur. J. 2024, 30, 202400580 (24 of 26)

=0

P
(HsC)pHCO™ | | N
HCRHCO 5 Js
4

Numbering scheme for compound 13

To a solution of tungsten pentacarbonyl-THF complex in THF,
generated from W(CO), (1.00 g, 2.84 mmol) by irradiation with UV-
light, was added compound 1 (2.23 g, 2.84 mmol). The reaction
mixture was stirred for 18 h. A *'P{"H} NMR spectrum of the reaction
mixture showed a signal at 6 13.4 ppm. The yellow solution was
evaporated in vacuo to dryness and the residual W(CO), was
sublimated in vacuo. The residue was dissolved in THF and after
storage of this solution for one month a few colourless single
crystals of 13 suitable for X-ray diffraction analysis had been
formed. No melting point was determined and no elemental
analysis was performed.

'H NMR (400.25 MHz, CD,Cl,): 6=8.25 (complex pattern, TH, H4),
8.13 (complex pattern, 2H, H3,5), 4.87 (m, 4H, OCH), 1.28 (d, *J
("H-C—C—"H)=6.1 Hz, 12H, CCH;), 1.13 (d, ¥ ('(H-C—C—"H)=6.2 Hz,
12H, CCH,). *'P{"H} NMR (162 MHz, CD,Cl,): 6 =13.4 (s).
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