Novel Tin(IV) Complexes with the Hybrid Guanidine Ligand DMEGqu
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Novel Sn(IV) complexes with the guanidine-quinoline hybrid ligand DMEGqu are reported. With
SnCly, SnBry, Me;SnCly, Me,SnBr;, and the 3,5-di-fert-butyl-catecholate coligand complexes with
different donor sets were synthesized. Four of these tin compounds have been modelled by density
functional theory. Additionally, a tetranuclear Sn(IV) oxocluster with a novel structure motif, a dis-
torted hetero-adamantane with bridging oxido and hydroxido ligands, is presented.
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Introduction

Since 1969 adducts of tin(IV) with pyridine are
known [1], and hitherto coordination compounds
with numerous N-donor ligands have been character-
ized [2—7]. In addition to the N-donor function, mixed
complexes with other donors like oxygen, sulfur or
with organotin precursors are commonly found [2—7].
Among the N-donor ligands, C=N double bonds pre-
vail with the scope spanning simple imines, Schiff
bases and amidinates, as well as heterocyclic nitro-
gen ligands containing pyrazoles, imidazoles, pyridine
and related compounds. Besides kind and strength of
donor, also the denticity of the ligand is variable,
commonly ranging from mono- to tridentate. With
a tetradentate ligand, Fukuzumi and Kojima recently
reported on an octahedral Sn(IV) dodecaphenylpor-
phyrin complex being only one in a large series of com-
plexes with porphyrin derivates [8]. Octahedrally co-
ordinated Sn(IV) complexes with Schiff base ligands
and an additional quinoline donor function were re-
ported by Shibahara et al. [9]. Di- and triorganotin(IV)
complexes with Schiff bases, bipyridine and phenan-
throlines have been studied on behalf of their biologi-
cal relevance, such as nematicidal, insecticidal and an-
tifertility activities [10]. Complexes with ligands com-

bining different donor types lead to a great variety of
donor sets and coordination geometry. Besides the six-
coordinate octahedral geometry, trigonal-bipyramidal
(five-coordinate) and pentagonal-bipyramidal (seven-
coordinate) geometries have been reported [11, 12].

In spite of the large number of known Sn(IV)
complexes with N-donor ligands, a search of the
Cambridge Structural Database yielded no results of
Sn(IV) complexes with neutral guanidine ligands. Sev-
eral complexes with anionic guanidinate ligands were
found [13, 14], but the Sn(IV) coordination chemistry
with neutral guanidines seems to be completely unex-
plored.

Guanidines have proven to be a versatile ligand
class suitable for stabilization of various transition
metals in both high and low oxidation states [15—19].
The combination of the guanidine moiety with fur-
ther aliphatic or aromatic N-donor functions leads to
the hybrid guanidine ligand class, which allows ad-
justing the donor moieties to the electronic situation
of a central metal atom. Thus, it is possible to dis-
tribute a high formal charge of a central metal atom
within the guanidine moiety by delocalization of the
C=N double bond, or to stabilize an electron-rich cen-
tral metal atom by allocating electron density to the
electron-deficient aromatic N-donor function of the
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Fig. 1. Hybrid guanidine ligand DMEGqu.

quinoline [15—19]. The nature of the central atom
influences on the nitrogen-metal bond lengths. For
Sn(IV) with its high formal charge, the involvement of
the guanidine in the binding situation should be greater
than for a low-valent transition metal.

Here we present complexes of the guanidine-
quinoline hybrid ligand N-(1,3-dimethylimidazolidin-
2-ylidene)quinoline-8-amine (DMEGqu) [20, 21]
(Fig. 1) with tin in its oxidation state +4 which repre-
sent the first tin guanidine compounds reported so far.
As starting compounds SnCly, SnBry4, Me;SnCl,, and
Me,SnBr; were used.

Furthermore, the molecular structure of a novel
tetranuclear Sn(IV) oxocluster is presented. The four
chemically equivalent Sn atoms are coordinated by
four bridging oxido and two additional hydroxido
ligands, thus forming a distorted hetero-adamantane
cage. Additionally, the Sn atoms are coordinated by
the bidentate N-donor ligand DMEGqu, rendering this
cluster the first reported adamantane-like structure in
tin coordination chemistry.

: N—< j + SnXpYy ——mM

DMEGqu /

X,Y=cl, ¢

Results and Discussion

Synthesis and molecular structures of hybrid
guanidine tin complexes

Via reaction of SnCly, Me,;SnCl, and Me,;SnBry
with the ligand DMEGqu three neutral monochelate
complexes [Sn(DMEGqu)Cly] (C1), [Me,Sn(DME
Gqu)Cl,] (C2) and [Me;Sn(DMEGqu)Br,] (C3) were
obtained (Scheme 1). Additionally, the neutral com-
plex [Sn(DMEGqu)(3,5-DBCat)Cl,] - 1.5THF (C4)
with 3,5-di-fert-butyl-catecholate (3,5-DBCat) as co-
ligand was synthesized by reaction of SnCl, with
3,5-di-tert-butyl-o-benzoquinone (3,5-DBQ) leading
to in situ generation of the [Sn(thf)2(3,5-DBCat)Cl,]
complex, and the following reaction with DMEGqu
(Scheme 2) [22]. The molecular structures of these
complexes were determined via single-crystal X-ray
structure analysis. Additional characterization was ac-
complished with IR spectroscopy, mass spectrometry
and elemental analysis.

Furthermore, we present the structure of the tetranu-
clear dicationic tin oxocluster [(Sn(DMEGqu)Br)4(u>-
0)4(t-OH),]Br; - 2MeCN (CS5), obtained via hydrol-
ysis (Scheme 3) of an intermediate DMEGqu complex
with SnBrs which could not be structurally character-
ized. Further characterization of the oxocluster could
not be accomplished due to a very small yield. Con-
secutive attempts at resynthesis were not successful.

XSn\X N
{ -

<

X=Me,Y =Cl, C2 Y Y
X=Me,Y =Br, C3
Scheme 1. General synthesis of hybrid guanidine tin complexes C1-C3.
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[Sn'V(DMEGqu)(3,5-DBCat)Cl,] (C4)

[Sn'V(thf)y(3,5-D BCat)CIz]
Scheme 2. Synthesis of the Sn(IV) catecholate complex [Sn(DMEGqu)(3,5-DBCat)Cl,] - 1.5THF (C4).
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Scheme 3. Synthesis of the tin oxocluster [(Sn(DMEGqu)Br)4(t2-0)4(t2-OH),]Br; - 2MeCN (CS).
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Fig. 2. Molecular structures of [Sn(DMEGqu)Cly] (C1), [Me;Sn(DMEGqu)Cl,] (C2) and [Me; Sn(DMEGqu)Br;] (C3) in
the solid state (hydrogen atoms are omitted for clarity).

[Sn(DMEGqu)Cly] [Me,Sn(DMEGqu)CL] [Me,Sn(DMEGqu)Br,]  Table 1. Selected bond lengths
(C1) (C2) (C3) (A) and angles (deg) of the
Bond lengths complexes C1, C2 and C3.
Sn—Nimine 2.150(2) 2.319(3) 2.239(3)
Sn—Ngu 2.209(2) 2.322(3) 2.333(3)
Sn-X 2.401(1), 2.377(1) 2.553(1), 2.568(1) 2.934(1), 2.697(1)
2.405(1), 2.414(1)
Sn-C - 2.130(3), 2.138(3) 2.115(3), 2.116(4)
Cgua—Nimine 1.367(3) 1.354(5) 1.353(5)
Coua—Namine 1.317(3), 1.323(3) 1.335(6), 1.336(5) 1.329(4), 1.317(5)
Bond angles
N-Sn-N 76.0(1) 71.6(1) 72.3(1)
X-Sn—-X 96.9(1) 100.3(1) 107.9(2)
Guanidine
key parameters
Z (NamineC3, CuaN3) 2.7 (av) 6.8 (av) 4.4 (av)
p? 1.04 1.01 1.02

2 p =2a/(b+c) with a = d(Cgua=Nimine), b and ¢ = d(Cgya

The molecular structures of the complexes are
shown in Figs. 2—4. Selected bond lengths and angles

DBCat)Cl,] - 1.5THF
monoclinic space group P2;/c,

7Namine) [23]-

(C4) crystallize in the

the monochelate

are given in Tables 1 and 2. complexes  [Me;Sn(DMEGqu)Cl;] (C2) and
The monochelate complex [Sn(DMEGqu)Cly] (C1) [Me,Sn(DMEGqu)Br;] (C3) crystallize in the
and the catecholate complex [Sn(DMEGqu)(3,5- orthorhombic space group P2;2{2;, with four
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molecules in the unit cell. The tin oxocluster
[(Sn(DMEGqu)Br)4(12-0)4(t2-OH),1Br, - 2MeCN

(CS5) crystallizes in the monoclinic space group C2/c
with four molecules in the unit cell, whereby the
complex itself exhibits crystallographic C; symmetry.

The coordination geometry in all complexes is best
described as distorted octahedral. The Sn atom is coor-
dinated by the imine and the quinoline N-donor func-
tion of the hybrid guanidine ligand DMEGqu, the other
coordination sites are occupied by four chlorido (C1),
two methyl and two chlorido (C2) or two methyl and
two bromido ligands (C3) (Fig. 2).

The Sn-N bond lengths in C1 are considerably
shorter than in the complexes with methyl-substituted
Sn centers. This is explained by the smaller electroneg-
ativity of the methyl groups compared to the halido
ligands, leading to a higher positive charge of the Sn
atom in C1 and thus to a stronger coordination of
the DMEGqu ligand. In the crystal structures of the
complexes C1 and C3 there is a significant differ-
ence between the Sn—Njyine bond lengths (2.150(2) A,
C1; 2.239(3) A, C3) and the Sn—-Ng, bond lengths
(2.2092) A, C1; 2.333(3) A, C3) with the Sn—Nimine
bonds being shorter. In C2 the Sn—N bonds are equally
long (2.319(3), 2.322(3) A). In C1 and C3, we ob-
serve with different Sn—N bond lengths also different
Sn—X bond lengths. The coordinating N atoms of the

g
9
q ' ___‘“-. Nqu .
.-——._____' c@ 0
e o
'-:'\-:__ y N. .
Na.m]nc v_.llc gua I
I .
e oo 9°
Fig.3. Molecular structure of [Sn(DMEGqu)(3,5-

DBCat)Cl,] - 1.5THF (C4) in the solid state (hydrogen
atoms and interstitial THF molecules are omitted for clarity).

DMEGqu ligand show a structural trans influence on
the coplanar halido ligands. The Sn—Cl bond lengths in
C1 amount to 2.377(1)—2.414(1) A. The chlorido lig-
and with the shortest Sn—Cl distance is in trans position
to the longer Sn—Ng, bond. In C3 a trans-positioned
Sn—-Br bond is stretched significantly due to the trans
influence of the Nimine atom (2.934(1), 2.697(1) A). In
C2 no such influence is observed. The Sn—Cl bonds are
longer than in C2 (2.553(1), 2.568(1) A), which is ex-

Table 2. Selected bond lengths (A) and angles (deg) of the complexes C4 and C5.

[Sn(DMEGqu)(DBCat)Cl,] - 1.5THF

[(Sn(DMEGqu)Br)4(t2-O)4(ti2-OH),]Br - 2MeCN

(c4 (C5)

Bond lengths

Sn—Nimine 2.142(3) 2.184(4), 2.191(4)

Sn—Ngu 2.223(3) 2.234(4), 2.214(4)

Sn-X 2.388(1), 2.396(1) 2.640(1), 2.636(1)

Sn—-OH - 2.129(2), 2.170(2)

Sn-O 2.036(2), 2.061(3) 1.949(3), 1.968(3)
1.945(2), 1.954(2)

Cgua—Nimine 1.363(5) 1.372(6), 1.356(6)

Cgua—Namine 1.322(5), 1.332(5) 1.322(6), 1.330(6)
1.311(6), 1.326(6)

Bond angles

N-Sn-N 75.3(1) 73.8(2), 74.2(2)

0-Sn-0O 82.1(1) 107.5(1), 106.1(1)

O-Sn—-OH 89.7(1), 93.1(1)

86.7(1), 96.7(1)

Guanidine

key parameters

Z (NamineC3, CguaN3) 4.0 (av) 3.7 (av), 3.7 (av)

p? 1.03 1.03, 1.03

tp= 2“/(b+ c) witha = d(cgua:Nimine)» band c= d(cgua_Namine) [23].
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Fig. 4. left: Molecular structure of [(Sn(DMEGqu)Br)4(t2-O)4(ti2-OH),1Br; - 2MeCN (CS5) in the solid state (hydrogen
atoms and interstitial acetonitrile molecules are omitted for clarity); right: View of the distorted adamantane-like structural
motif of CS5.

plained by the smaller positive charge on the Sn atom
in C2. The methyl substituents are in a trans position
to each other.

In the catecholate complex (C4) two coordination
sites are occupied by the donor functions of the dian-
ionic 3,5-di-tert-butylcatecholate ligand (3,5-DBCat)
and further two by chlorido ligands (Fig. 3). The com-
plex crystallizes with 1.5 tetrahydrofuran molecules in
the asymmetric unit. In C4 with a SnN,O,Cl, donor
set, equal ligands are cis-positioned. Likewise to C1
and C3, the Sn—Njyine bond is shorter than the Sn—
Nqu bond (2.142(3) vs. 2.223(3) A). The C¢y—O bond
lengths (1.331(4)—1.370(5) A) are in good agreement
with C-O single bond lengths in other catecholate
complexes [24].

The tetranuclear tin oxocluster (C5) exhibits a dis-
torted hetero-adamantane cage, with the Sn atoms con-
nected via two u-oxido bridges and one p-hydroxido
group each (Fig. 4). This structural motif is not yet
known in the literature: Related motifs are found for
SnyS¢ adamantanes [25, 26], and there is one exam-
ple for a SnysOg¢ adamantane published by Roesky
et al. [27]. The structure presented herein differs in
two ways: first, two bridging hydroxido ligands lead
to a loss of symmetry, and thus to a considerable
distortion of the adamantane skeleton. Secondly, the

Sn atoms in reported examples possess organic sub-
stituents and are four-coordinate, whereas in the pre-
sented oxocluster the Sn atoms are six-coordinate by
the bidentate N-donor ligand DMEGqu and an addi-
tional bromido ligand. The adamantane core of the
compounds of Roesky et al. is regular and highly
symmetric and possesses the point group 7. The
asymmetric unit contains only 1/12 of the whole
molecule. The Sn atoms are four-coordinate, with
three equivalent bridging oxygen atoms and a termi-
nal tris(trimethylsilyl)methyl group showing distorted
tetrahedral geometry. The Sn—O bond lengths are all
equal and amount to 1.968 A [27]. The oxocluster C5
is far less symmetric. There is a C, axis which is coax-
ial with the O-H bonds of the hydroxido ligands, so
that two of the four Sn atoms and their coordination
spheres are symmetrically equivalent. Each Sn atom
is six-coordinated. The coordination sites which are
not part of the adamantane cage are occupied by the
DMEGqu and a bromido ligand.

With respect to the coordinative situation of the
DMEGqu ligand, the oxocluster C5 shows similari-
ties to the other complexes presented here. The Sn—
Nimine bonds (2.184(4), 2.191(4) A) are shorter than
the Sn—Ng, bonds (2.234(4), 2.214(4) A), and both are
longer than the corresponding bonds in C1 and C4,
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Fig.5. Correlation of the structural parameter p with the
intra-guanidine twist in complexes C1-CS.

and shorter than those in C2 and C3. A reason might
be the higher positive charge on the Sn atoms com-
pared to the methyl-substituted complexes. This is as
well observed in the shorter Sn—Br bonds (2.640(1),
2.636(1) A) as compared to C3. The Sn—O bonds in
C5 (1.945(2)—1.968(3) A) are shorter than the Sn—
O bonds in C4 (2.036(2)—-2.061(3) A) and also sig-
nificantly shorter than the Sn—OH bonds (2.129(2),
2.170(2) A). It is worth noting that the Sn—O bonds
in C5 are in good agreement with those in the regular
adamantane core reported by Roesky et al. [27], even
though there is a difference in the coordination geom-
etry of the Sn atoms.

In known complexes with the DMEG guanidine
moiety, the torsion of the NynineCs planes versus the
CgualN3 plane, also known as the intra-guanidine twist,
is less pronounced than in similar complexes with
other guanidines due to the bridging ethylene group
of DMEG. In the literature, for transition metal com-
plexes torsion values of about 12° are found [16, 20].
However, in the presented structures a more pro-
nounced planarity of the DMEG moiety is observed
(2.7 (av)°, C1; 6.8 (av)°, C2; 4.4 (av)°, C3; 4.0 (av)°,
C4; 3.7 (av)°, CS). The formal Cgyy=Njmine double
bonds (1.353(5)—1.372(6) A) are considerably longer
than the Cgua—Namine bonds (1.311(6)—1.336(5) A)
which leads to structure parameter values of p greater
1.0 (1.01-1.04) [23]. For calculation of p, the for-
mula p =2a/(b+c) applies, where a is the C=N bond
length and b and ¢ are the C—-NR, bond lengths. In

case of a total delocalization of the double bond within
the guanidine moiety, p is equal one. The p value of
the presented complexes is extremely high and cor-
relates well with the high formal charge on the cen-
tral Sn(IV) atoms. The structure parameter values of p
correlate with the torsion values of the intra-guanidine
twist, as shown in Fig. 5. With increasing planarity of
the guanidine moiety the delocalization of the double
bond within the Cgya—Namine bonds also increases, and
the double bond character of the Cgya—Nimine bond de-
creases.

Theoretical description of the geometries of Sn(IV)
hybrid guanidine complexes

To obtain an adequate theoretical description of
the synthesized Sn(IV) guanidine complexes a struc-
tural benchmarking was accomplished. Therefore
the structures of the complexes [Sn(DMEGqu)Cly]
(C1) and [Me;Sn(DMEGqu)Cl,] (C2) were opti-
mized with various density functionals, and the re-
sults were compared with experimental data from X-
ray analyses. The pure GGA (general gradient ap-
proximation) functionals BLYP and BP86 as well
as the hybrid GGA B3LYP [22-31] were chosen
for comparison. The Sn atoms were described with
the electronic core potentials (ECPs) and basis sets
from the Ahlrichs (def2-SVP, def2-TZVP) [32, 33],
Hay and Wadt (LANL2DZ) [34] and the Stuttgart
(ECP46MWB_VTZ) [35] groups. The description of
the first and second row atoms was performed with
Pople basis sets (6-31G(d), 6-311G(d) [36]. Selected
bond lengths and angles of the calculated structures are
summarized in Tables 3 and 4. For reasons of compar-
ison the relative deviation from experimental values is
given.

The DFT results show that the theoretical descrip-
tion of the complexes C1 and C2 via use of double-
¢ und triple-{ basis sets developed by Pople and
Ahlrichs exhibits considerable deviation from the ex-
perimental values. The Sn—N bond lengths are alto-
gether overestimated and the Sn—Njpi,. bond lengths
are predicted with higher values than the Sn—Ny, bond
lengths, whereas for C1 the inverse case is observed
and for C2 no relevant difference in Sn—N bond lengths
is found. The deviations in Sn—Njyine bond lengths
amount to 7.4-12.0% for C1 (13.5-25.4%, C2),
while for Sn—Ng, bonds deviations of 3.7-6.4% for
C1 (8.0—-13.9 % for C2) have been found. Overall, cal-
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Table 3. Selected bond lengths (A) and deviations (%) of optimized structures of [Sn(DMEGqu)Cly] (C1).
Sn—Nimine Dev. Sn—Ngu Dev. Cgua—Nimine Dev. (%) Cgua—Namine  Dev.
A) (%) A (%) A) (%) (av) (A) (%)
Crystal structure 2.150 2.209 1.367 1.321
Def2-SVP B3LYP 2.346 9.1 2.314 4.8 1.345 —-1.6 1.351 2.3
BLYP 2.408 12.0 2.351 6.4 1.352 —1.1 1.366 34
BP86 2.357 9.6 2.316 4.8 1.350 —-1.2 1.361 3.0
Def2-SVP/ B3LYP 2.333 8.5 2.308 4.5 1.350 —-1.2 1.350 2.2
6-31G(d) BLYP 2.390 11.2 2.342 6.0 1.358 —-0.7 1.365 34
BP86 2.348 9.2 2.313 4.7 1.355 -0.9 1.361 3.0
Def2-TZVP B3LYP 2.319 7.9 2.290 3.7 1.345 —-1.6 1.343 1.7
BLYP 2.381 10.7 2.327 5.3 1.353 -1.0 1.359 2.9
BP86 2.335 8.6 2.294 3.8 1.350 —-1.2 1.354 2.5
Def2-TZVP/ B3LYP 2.310 7.4 2.292 3.8 1.350 —-1.2 1.346 1.9
6-311G(d) BLYP 2.368 10.1 2.327 53 1.358 -0.7 1.362 3.1
BP86 2.326 8.2 2.296 39 1.354 —-1.0 1.357 2.8
LANL2DZ B3LYP 2.198 2.2 2.212 0.1 1.374 0.5 1.358 2.8
BLYP 2.239 4.1 2.235 1.2 1.383 1.2 1.374 4.0
BP86 2.225 3.5 2.224 0.7 1.377 0.7 1.369 3.7
LANL2DZ/ B3LYP 2.261 5.2 2.256 2.1 1.356 -0.8 1.348 2.0
6-31G(d) BP86 2.287 6.4 2.268 2.7 1.360 -0.5 1.359 2.9
ECP46MWB_VTZ/ B3LYP 2.312 7.5 2.295 3.9 1.350 —-1.2 1.346 1.9
6-311G(d)
Table 4. Selected bond lengths (A) and deviations (%) of optimized structures of [Me;Sn(DMEGqu)Cl, ] (C2).
Sn—Nimine Dev. Sn—Ngu Dev. Cgua—Nimine Dev.  Cgua—Namine  Dev.
A (%) A (%) A (%) (av) (A) (%)
Crystal structure 2.319 2.322 1.354 1.336
Def2-SVP B3LYP 2.698 16.3 2.543 9.5 1321 —24 1.364 2.1
BLYP 2.774 19.6 2.585 11.3 1.331 —-1.7 1.379 3.2
BP86 2.647 14.1 2.510 8.1 1.332 —1.6 1.372 2.7
Def2-SVP/ B3LYP 2.709 16.8 2.547 9.7 1.324 =22 1.365 2.2
6-31G(d) BLYP 2.795 20.5 2.592 11.6 1.334 —1.5 1.381 34
BP86 2.653 14.4 2.519 8.5 1.336 —-1.3 1.373 2.7
Def2-TZVP B3LYP 2.802 20.8 2.580 11.1 1.314 —-3.0 1.361 1.9
BLYP 2.908 25.4 2.644 13.9 1.324 22 1.376 3.0
BP86 2.677 15.4 2.517 8.4 1.329 —1.8 1.366 2.2
Def2-TZVP/ B3LYP 2.681 15.6 2.538 9.3 1.324 —2.2 1.361 1.8
6-311G(d) BLYP 2.770 19.4 2.587 11.4 1.333 —-1.6 1.377 3.0
BP86 2.632 13.5 2.507 8.0 1.334 —-1.5 1.369 2.4
LANL2DZ B3LYP 2.400 3.5 2.350 1.2 1.360 0.4 1.365 2.2
BLYP 2.4717 6.8 2.383 2.6 1.368 1.0 1.383 3.5
LANL2DZ/ B3LYP 2.552 10.0 2.442 5.2 1.333 —-1.6 1.359 1.7
6-31G(d) BP86 2.548 9.9 2.438 5.0 1.341 —-1.0 1.369 2.5
ECP46MWB_VTZ/ B3LYP 2.660 14.7 2.529 8.9 1.326 —2.1 1.359 1.7
6-311G(d)

culations with the hybrid GGA B3LYP provide the best
results.

The description of the C-N bonds of the guani-
dine moiety is more accurate, with deviations of —1.6
to 3.4% (C1) and —3.0 to 3.4% (C2). However, the
much longer Cgya—Nimine as compared to the Cgya—
Namine bond lengths are not predicted correctly with
Pople and Ahlrichs basis sets but only at the relatively

simple level of theory B3ALYP/LANL2DZ. The best de-
scription of the Sn—N bond lengths is also achieved
with LANL2DZ. A combination of LANL2DZ with
a Pople basis (6-31G(d)) for the lighter atoms did
not provide better results, as well as the use of the
Stuttgart pseudopotential ECP4A6MWB_VTZ. Hence,
the coordination situation of tin guanidine complexes
seems to be a theoretical challenge: Only the sim-
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Table 5. Selected bond lengths (A) of optimized structures of C1-C4 at the B3LYP/LANL2DZ level of theory.

[Sn(DMEGqu)Cls] [Me>Sn(DMEGqu)Cl,] [Me,Sn(DMEGqu)Br] [Sn(DMEGqu)(DBCat)Cl,]
(C1) (C2) (C3) (C4)
Sn—Nimine 2.198 2.400 2.381 2177
Sn—Ngu 2212 2.350 2.341 2215
Sn-Cl 2.457-2.508 2.593,2.624 2.487,2.492 -
Sn-Br - - 2.806, 2.837 -
Sn-Me - 2.131,2.135 2.138, 2.140 -
Sn-0 - - - 2.007, 2.019
Ceua—Nimine 1.374 1.360 1.364 1372
Ceua—Namine 1.352 1.357 1.356 1.350
Sn-0 1.363 1373 1.370 1.360

ple LANL2DZ basis describes it reasonably well — by
chance.

The structures of the complexes C1-C4 were opti-
mized at the B3LYP/LANL2DZ level of theory. Har-
monic frequencies of the optimized structures were
calculated in order to confirm the nature of the station-
ary points. For C3 and C4 as well, good accordance to
crystal structure data was found. Selected bond lengths
are summarized in Table 5.

IR spectroscopy and vibrational analysis

For the complexes C1-C4 vibrational analyses were
performed with B3LYP/LANL2DZ. The results were
compared to experimental infrared spectra. In Table 6,
characteristic frequencies are listed with their theo-
retical assignment to specific vibrational modes. For
reason of clarity, we have focused on the most in-
tense bands. Especially, the guanidine-derived bands
have been thoroughly analyzed: They can be dissected
into the stretching and deformation modes of the C-N
bonds and in-plane combinations thereof (Scheme 4).
Thus, for C1 the IR band at 1599 cm™! has been as-
signed to the stretching (v) mode of the C—N bond,
while the band at 1468 cm~! stems from the stretch-
ing (v) mode of the C=N double bond. The band at
1238 cm™~! has been assigned to a deformation (J)

'

mode of the CN3 moiety of the guanidine, and two
further bands at 1408 and 1026 cm~! have been as-
signed to combinations of stretching and deformation
of the CN3 moiety and the ethylene spacer of the
DMEG group (guanidine ip A, B). All of these modes
lie in the approximated plane through the DMEG,
and are marked as in-plane (ip). In-plane stretching
modes of the quinoline ring system are predicted in
a relatively wide range (approx. 1550-1300cm™")
and can be assigned to several prominent IR bands
of C1 (1554, 1506, 1381 and 1302 cm™'). Several C—
H stretching modes are predicted for wavenumbers
> 3000 cm™—!, and C-H deformation modes can be as-
signed to the bands at 1331 (guanidine) and 858 cm™!
(quinoline). For C2 and C3, additional C-H deforma-
tion modes of the methyl substituents of the Sn atom
are found at about 1270 cm~!. For C4, the 3,5-di-
tert-butylcatecholate ligand (DBCat) gives rise to ad-
ditional C—C stretching and deformation modes around
1200-1300 cm™!, as well as a C-O stretching mode,
which can be assigned to the IR band at 980 cm™!.
Overall, qualitatively good accordance of the theo-
retical results with the experimental data has been
achieved. The quantitative accordance is limited due to
the small basis set yielding slightly too large wavenum-
bers. Frequency scaling with the typical scaling factor
for BALYP/LANL2DZ of 0.9978 [37] does not lead to

\N/ N/ ) N/ N/ ' N/
/ / / ~ 7/ -/
—N ——N -— —»>—N - —N —N -
[N>T‘ [N>_ v [N>_ [N>—_> bN—
\ \ +\ \ \
v(C-N(gua))  v(C=N(gua)) guanidineip A §(guanidine)  guanidine ip B

Scheme 4. Vibrational modes of the guanidine moiety.
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Table 6. Experimental and calculated (B3LYP/LANL2DZ, reported unscaled) frequencies (cm™ 1) for C1-C42.

[Me,Sn(DMEGqu)Cl; ] (C2) [Me,Sn(DMEGqu)Br;] (C3) [Sn(DMEGqu)(DBCat)Cl,] (C4)

[Sn(DMEGqu)Cls] (C1)

assignment

calcd.
3198 -3260 v(C-H(arom))

30243172 v(C-H(aliph))

caled. assignment  experimental  calcd. assignment  experimental  calcd. assignment  experimental
v(C-H(qu)) 3194-3245 v(C-H(qu)) 3195-3246 v(C-H(qu))

3201-3256

experimental

2951

3055

3062

3045

3097
3072

2900
1597
1557
1505
1468
1440
1415

3041-3195 v(C-H(gua))

3033

3039-3190 v(C-H(gua))

3042-3194 v(C-H(gua))

v(C-N(gua))

1616

v(C-N(gua))

1601

1595
1552
1504
1469

v(C-N(gua))

1599
1572
1548
1501
1474
1415

1595
1574
1541
1506
1468
1410

v(C-N(gua))

1610
1552
1504
1482
1409
1373
1347
1334
1260
1046
873

1599
1554
1506
1468
1408
1381
1331

quinoline ip

1550
1503
1486
1430
1409
1374
1329
1305
1277
1237
985

quinoline ip

1550
1503
1474
1415

v(C-N(gua))

quinoline ip

quinoline ip

v(C

quinoline ip

v(C

quinoline ip
quinoline ip

quinoline ip

v(C

N(gua))

N(gua))

N(gua))

quinoline ip

guanidine ip A

v(C=N(gua))
guanidine ip A

guanidine ip A

guanidine ip A

8(C-H(gua))

1348
1278
1266
1044
992
848

1383
1304

quinoline ip

quinoline ip

1385
1329
1295
1278
1237
980

859

6(C-H(Me))

6(C-H(gua))

1345
1335
1286
1269
1043
849

1388
1319
1300
1236
1024
825

S8(C-H(gua))

DBCat ip
v(C-C(tBu))
v(C-C(tBu))
v(C-C(tBu))

v(C-O(DBCat))

O (guanidine)
guanidine ip B

6(C-H(gua))

quinoline ip

1302
1238
1026
858

1022
974

8(C-H(Me))

& (guanidine)
guanidine ip B

8(C-H(qu))
8(C-H(Me))

6 (guanidine)
guanidine ip B

852

6(C-H(qu))

6(C-H(qu))

O(C-H(qu))

874

4 Abbreviations: Vv, stretching; &, deformation; ip, in-plane; qu, quinoline; gua, guanidine.

a significant enhancement of the accordance. Hence we
report the frequencies without scaling.

Conclusion

The presented neutral Sn(IV) complexes are the first
tin complexes with guanidine ligands. Thus we were
able to show that guanidines are versatile ligands not
only for transition metals but also for main group met-
als.

With the hybrid guanidine DMEGqu the complexes
[Sn(DMEGqu)Cly] (C1), [Me,Sn(DMEGqu)Cl;] (C2)
and [Me;Sn(DMEGqu)Br;] (C3) were crystallized.
A reaction of 3,5-di-tert-butyl-o-benzoquinone with
tin(II) chloride and the subsequent reaction with
DMEGqu yielded crystals of the tin(IV) catecholate
complex [Sn(DMEGqu)(3,5-DBCat)Cl,] - 1.5THF
(C4). In all complexes the Sn atom is six-coordinate
with a slightly distorted octahedral configuration. The
Sn—-N bond lengths are in good accordance to re-
ported complexes with quinoline and Schiff base lig-
ands [9-12]. The Sn—Njyine bonds are shown to be
considerably shorter than the Sn—Ng, bonds, thus prov-
ing the guanidine as the better N-donor for a central
atom with a high positive formal charge like Sn(IV).

Additionally, a novel tin oxocluster [(Sn(DMEGqu)
Br)4(/,L2—O)4([.12—OH)2]BI'2 - 2MeCN (CS) was ob-
tained with a structure where four Sn atoms are ar-
ranged in a distorted, adamantane-like cage, bridged
by four oxido and two hydroxido ligands. Each tin(IV)
center is additionally coordinated by the hybrid guani-
dine DMEGqu.

Selected complexes were modelled via density func-
tional theory methods. In order to obtain a reason-
able theoretical description, several functional/basis
set combinations were evaluated. In spite of the sim-
plicity of the ECP basis set combination LANL2DZ, it
was found that the best description of the complexes
C1 and C2 was achieved with B3LYP/LANL2DZ.
A detailed computational analysis of the guanidine vi-
bration modes within the complexes C1-C4 has been
provided.

Experimental Section

All reactions were carried out in a glove box or under
Schlenk conditions in an inert gas atmosphere. All solvents
were dried and degassed before utilization according to stan-
dard procedures [38]. The utilized chemicals were purchased
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from the companies Fluka, Sigma-Aldrich, Acros and abcr,
and were used without further purification.

Physical methods

Elemental analyses: Leco Instrument CHNS-932. Mass
spectrometry (ESI): The electrospray mass spectra were col-
lected on a TSQ Thermoquest Finnigan Instrument, with
acetonitrile as mobile phase. Infrared spectroscopy: Spectra
were collected on a Bruker IFS 28 Fourier spectrometer. —
NMR spectroscopy of the presented complexes could not be
carried out due to low solubility of the complexes.

General synthesis of Sn(1V) guanidine complexes

A solution of a tin(IV) halide SnX,Y, (X = Cl or Me;
Y = Cl or Br) (0.5mmol) in dry MeCN was added to
a solution of the DMEGqu ligand (0.5 mmol) in MeCN.
Single crystals of the complexes [Sn(DMEGqu)Cly] (C1),
[Me;Sn(DMEGqu)Cly] (C2) and [Me, Sn(DMEGqu)Br;]
(C3) were obtained by diffusion of diethyl ether.

[Sn(DMEGqu)Cly] (C1)

Yellow crystals, yield: 0.20g (80%), 500.83 gmol~!.
— IR (KBr, cm™"): v = 3059 w (v(C=H)), 2962 w (v(C—
H)), 2931 w (v(C-H)), 2891 w (v(C-H)), 2802 vw (v(C-
H)), 1599 vs (V(C—Nimine)), 1554 vs, 1506vs, 1468 s
(V(C=Nimine)), 1429 w, 1408 m, 1398 s, 1381 vs, 1331 vs,
1302's, 1238's, 1213 m, 1174 m, 1140 w, 1107 m, 1084 m,
1053 m, 1026 m, 978 m, 949 m, 918 m, 858 s, 825 vs, 808 m,
777 s, 760 vs, 694 m, 656 w, 629 m, 606 w, 595 w, 580 m,
536 m, 519w, 478 w, 453 w, 440 w. — Ci4H; ¢N4ClsSn:
caled. C 33.6, H 3.2, N 11.2; found C 33.3, H3.5, N 10.9. -
MS ((+)-ESI): m/z (%) = 471.0 (< 5) [M—Cl = C4H 4N,
37C131208n1%, 469.0 (5) [M=CI1 = C14H6N437C1,33C11208n
= C14H;gN437Cl3' 18801, 467.0 (10) [M—Cl = C4H Ny
3¢5, 12080 = C4H 1gN437CLPCI8Sn = C4H gNy
3713116801t 465.0 (16) [M=Cl = C4H ¢N43°Cl31208n =
C|4H16N437C135C12”8Sn = C]4H16N437C1235C11IGSH]+,
463.0 (10) [M=Cl = C4H;¢N4PCl3'188n = Cj4H Ny
e osn)t, 461.0 (5) [M=Cl = C14H N4 Cls
116gn1+, 241.2 (100) [M=SnCly + H = C14H7N41t.

[MerSn(DMEGqu)Cl,] (C2)

Yellow crystals, yield: 0.12g (53 %), 459.99 gmol 1.
— IR (KBr, ecm™!): v = 3062 w (v(C-H)), 3045 w (v(C—
H)), 3004 w (v(C-H)), 2922 w (v(C-H)), 2908 w (v(C-
H)), 2885w (v(C-H)), 2794 vw (v(C-H)), 1595 s (v(C-
Nimine))s 1574 vs, 1541 vs, 1506 vs, 1468 s (V(C=Nimine))>
1410 m, 1388 vs, 1319 s, 1300 m, 1236 m, 1211 w, 1174 w,
1167 w, 1134 w, 1103 m, 1049 w, 1024 m, 976 m, 908 w,
825 m, 804 m, 777 s, 766 m, 687 m, 660 w, 636 m, 606 w,
596 w, 579 m, 559 m, 534 w, 521 w, 471 w, 463 w, 447 w,

432 w. — CiH2N4ClhSn: caled. C41.8, H4.8, N 12.2;
found C42.0, H4.9, N 12.2. — MS ((+)-ESI): m/z (%)
= 427.1 (<2) [M=Cl = C;6H2N437C1'208n], 425.1 (2)
[M—Cl = Cj4H2»N,35C11208n = C gHpN43C1H8sn)t,
423.1 (< 2) [M=Cl = C16HpN4PCI8Sn = C4HyNy
3C1Mosn)t, 421.1 (< 2) [M=Cl = CgH2oN4C11108n]+,
241.2 (100) [M=(CH3)>SnCl, + H = Ci4H;7N4] .

[Me;Sn(DMEGqu)Br; ] (C3)

Yellow crystals, yield: 0.15g (55%), 548.89 gmol .
- IR (KBr, cm_l): v = 3055 vw (v(C-H)), 3033 vw
(V(C-H)), 3012w (V(C-H)), 2949 w (v(C-H)), 2914 w
(V(C-H)), 2871 w (V(C-H)), 2794 vw (V(C-H)), 2781 vw
(V(C-H)), 1595 vs (V(C—Nimine))> 1552's, 1504 m, 1469 m
(V(C=Nimine)), 1425w, 1410 m, 1383 s, 1327s, 1304 s,
1238 m, 1215 m, 1176 m, 1140 w, 1103 m, 1082 w, 1043 w,
1022 m, 974 m, 910 vw, 879 vw, 852 m, 823 s, 806 s, 785 vs,
768 s, 758 s, 685 m, 654 w, 634 m, 596 m, 584 w, 561 m,
534m, 509 w, 484 w, 447 w, 434 w. — C6H22N4BroSn:
caled. C 35.0, H 4.0, N 10.2; found C 35.0, H4.1, N 10.2. -
MS ((4)-ESI): m/z (%) = 471.1 (< 5) [M-Br = C1gH»nNy
81Br1208n]+, 469.1 (5) [M=Br = C;gH23N4"?Br!208n =
Ci6HoN,8 Br!18sn]t, 467.1 (<5) [M=Br = C;gHxnNy
PBr!8sn = CjgHnN,8 Br'1oSn]t, 465.1 (<5) [M-Br
= Ci6H2N4PBr!108n]*, 241.2 (100) [M—(CH3),SnBr; +
H = Ci4H 7Ny

Synthesis of the Sn(1V) catecholate-guanidine complex

In analogy to the synthesis described by Piskunov et
al. [22], SnCl, (0.5 mmol) was added to a solution of 3,5-di-
tert-butyl-o-benzoquinone (3,5-DBQ) (0.5 mmol) in tetrahy-
drofuran (THF), leading to the oxidation of Sn(II) to Sn(IV)
and in situ generation of the [Sn(thf);(3,5-DBCat)Cl;]
complex with the dianion 3,5-di-fert-butylcatecholate (3,5-
DBCat). The solution changed its color from dark purple to
light yellow.

After adding the ligand DMEGqu (0.5 mmol) to the mix-
ture, an orange solution was obtained, from which sin-
gle crystals of the neutral complex [Sn(DMEGqu)(3,5-
DBCat)Cl,] - 1.5THF (C4) were isolated.

[Sn(DMEGqu)(DBCat)Cl,] - 1.5THF (C4)

Yellow crystals, yield: 0.27 g (92%), 650.23 gmol ™.
— IR (KBr, cm 1): v = 2951 m (v(C-H)), 2900 m (v(C—
H)), 2863m (v(C-H)), 1597 s (V(C—Ninine)), 1557s,
1505 m, 1468 m (V(C=Njmine)), 1440 m, 1415 s, 1385 vs,
1329 m, 1295 m, 1278 m, 1237 m, 1207 w, 1171 w, 1106 w,
1063 m, 1022 m, 980 m, 905w, 859 m, 826 m, 808 m,
778 w, 760m, 750 m, 694w, 660 vw, 633w, 621w,
613w, 597w, 585w, 536w, 518vw, 486w, 444 w. —
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C34H4gN4Cl,03 5Sn: caled. C53.9, H6.4, N 7.4; found
C53.6, H6.5, N7.1. — MS ((+)-ESI): m/z (%) = 650.2
(< 1) [M = CagH3N3°CL0,'20Sn]*, 241.1 (100) [M-
C14H200,-SnCl, + H = C4H7N4 1T,

Using SnBry, orange crystals of [Sn(DMEGqu)Br4] were
obtained which were too small for X-ray analysis. Instead
red crystals which precipitated from the solution on air
were isolated in small yield. The complex was identified
as the Sn(IV) oxocluster [(Sn(DMEGqu)Br)4(u2-0)4(UUz-
OH)Q]BI‘Z - 2MeCN (CS)

Details of density functional theory calculations

All studies were carried out at the density functional level
with the program GAUSSIAN 09 [39]. Employed functionals,
basis sets and electronic core potentials are listed in the DFT
section [28 —34, 36]. For viewing and preparation purposes
the program GAUSSVIEW 5.0 was used.

X-Ray structure determinations

Crystal data and numbers pertinent to data collection and
structure refinement of the crystal structure determinations of
the complexes [Sn(DMEGqu)Cly] (C1), [Me; Sn(DMEGqu)
Cly] (C2), [MerSn(DMEGqu)Bry] (C3), [Sn(DMEGqu)

(DBCat)Cl;] (C4) and [(Sn(DMEGqu)Br)4(t2-O)4(ts-
OH);]Br, (C5) are summarized in Table 7. Data were col-
lected on an Oxford Diffraction XcaliburS diffractometer
using the Programs CRYSALIS and CRYSALIS RED [40].
The structures were solved using Direct Methods (SHELX-
90) [41], structural refinement was done with SHELXL-
97 [42]. In C4 one half THF molecule was found to be disor-
dered. As it was not possible to model the disordered solvent
molecule in an adequate manner, the data set was treated with
the routine SQUEEZE of PLATON [43, 44].

CCDC 926299 (C1), 926300 (C2), 926301 (C3), 926302
(C4) and 926303 (CS) contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free
of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif.
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