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The new class of homo- and heteroleptic n-butyl-N,N'-disubstituted amidinato group 14 metal(ir)
complexes were prepared by salt elimination from starting lithium amidinates and metal(ir) chlorides both
in stoichiometric ratio 2 : 1 and 1 : 1, respectively. The target amidinates contain less bulky isopropyl or
cyclohexyl as well as a sterically demanding aromatic substituent. Desired 1 : 1 Pb(i1) complexes are not
accessible by the described procedure. Ligand transfer from Pb to Sn is taking place if homoleptic Pb(ir)
compounds are reacted with SnCl,. Prepared tetrylenes were characterized by 'H, '*C, '"°Sn and **’Pb
NMR spectroscopy in C4Dg or THF-dg. X-Ray diffraction studies of one heteroleptic Ge(ir) monomeric
where the coordination polyhedron of the three coordinated germanium atoms is a trigonal pyramid, two
different dimeric structures of heteroleptic Sn(i) complexes, one amidine hydroiodide byproduct and the
oxidation product of the heteroleptic chloro Sn(ir) amidinate as a tetranuclear species with two Sn(1v) and
two Sn(i) atoms in central SnyO, planar ring were performed on appropriate single crystals. The dimer of
one of the heteroleptic stannylenes reveals a new type of monomeric units connection, weak Sn—Cl
contact and an interaction of the tin atom with delocalized N-C(C)-N system of the amidinato ligand of

the second molecule.

1. Introduction

The amidinates,’ formally N',N-disubstituted amidoimides, have
become very popular ligands especially for stabilization/specific
activation of low valent metal centres of a whole periodic
system, within the last decade. The f- 2 and d-element® com-
plexes are frequently studied because of their catalytic activity of
various processes, s-element® complexes as precursors for other
metal complexes or reducing agents. The investigation of new p-
block metal or metalloid complexes,™ especially of group 14
elements® is a current topic in this field. The stabilization of
lower oxidation states of these elements through the formation of
unsaturated four-membered diazametalla ring(s) produces inter-
esting complexes with remarkable properties.” The heavier
elements of group 14 metal complexes with the metal atom in a
lower oxidation state are widely accepted as carbene,® radical® or
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alkyne'® analogues. With a lone electron pair and a vacant
n-orbital on the central atom they can be seen as Lewis ampho-
ters. Particular attention has been paid to the reactivity of these
compounds in oxidative addition reactions,'' in activation of
small molecules,'? in use as carbene analogues for complexa-
tion'> of transition metal complexes and in reductions to metal
clusters."* Two types of these metal complexes with group 14
elements in the oxidation state of II (tetrylenes) are known. The
first one is the homoleptic type of compounds (Scheme 1A) con-
taining the same amidinato ligands in the molecule. To the best
of our knowledge there exist no reactivity studies of these com-
pounds. On the other hand the reactivity of the second type, het-
eroleptic one (Scheme 1B), where the only one amidinato unit is
employed, with various reducing agents is the subject of numer-
ous papers.>®¢ These reduced amidinato complexes or their
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Scheme 1 Homoleptic (A) and heteroleptic (B) type of tetrylene
amidinates.

5010 | Dalton Trans., 2012, 41, 5010-5019

This journal is © The Royal Society of Chemistry 2012


http://dx.doi.org/10.1039/c2dt12472f
http://dx.doi.org/10.1039/c2dt12472f
www.rsc.org/dalton
http://dx.doi.org/10.1039/c2dt12472f
http://pubs.rsc.org/en/journals/journal/DT
http://pubs.rsc.org/en/journals/journal/DT?issueid=DT041016

Published on 17 February 2012. Downloaded by University of Lancaster on 30/10/2014 22:12:42.

View Article Online

16:60:6h 5r gmall

precursors can activate unsaturated systems
molecules.'”'*

This paper deals with the preparation and structural studies of
n-butyl amidinato N',N-disubstituted (formally derivatives of
pentanoic acid) complexes of Ge, Sn and Pb in the oxidation
state II. Only one homoleptic N,N'-diisopropyl n-butylamidinato
germanium(i) complex is reported as MOCVD precursor of ger-
manium compounds.'® The main objective of this study is to
prepare such complexes that contain a rather flexible aliphatic
chain which could facilitate further reactivity studies in respect
of higher solubility of products in comparison to used
amidinates.

2. Results and discussion
2.1. Synthesis

The preparation of desired complexes via the salt elimination
reactions from various lithium n-butyl amidinates'® and GeCl,-
dioxane complex (1 : 1), SnCl, and PbCl,, respectively, in molar
ratio 1:1 or 2:1 has been performed according to Fig. 1 in
rather good yields. The preliminary attempts to prepare germa-
nium(1) amidinates from Gel, as a germanium source led to the
mixture of rather insoluble products from which only a minor
part crystallizes the adduct of free ligand with HI (L“YHI, for the
crystal structure see ESIT). These problems were eliminated by
the use of GeCl,-dioxane complex instead of Gel,. The reactions
of lithium n-butyl amidinates with PbCl, in both stoichiometric
ratios 1 : 1 and 2: 1 led to the same product, formation of homo-
leptic plumbylenes only. On the other hand, there is only one
amidinato lead complex described until now, and in a series of
related guanidinato complexes, the only reported types are a few
heteroleptic complexes.20 All reactions of lithium amidinate pre-
cursors with PbCl, have to be conducted in the dark because of
the instability of lead amidinates on the light which is reflected
in an elimination of elemental Pb from the solution.

Attempts to prepare heteroleptic plumbylenes from SnCl, and
LPT,Pb (12) or L,Pb (15), respectively, were made. When 12
was stirred with equimolar amount of SnCl, in THF at room
temperature for 20 min, the desired heteroleptic plumbylene was
not observed but a mixture of corresponding homo- and hetero-
leptic stannylenes 18 : 1 has been detected with the help of ''’Sn
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Fig. 1 Reagents and conditions: (i) Et,0, —60 °C to RT, —LiCl; (ii)
Et,O, RT, —2LiCl (darkness in the case of Pb).

NMR in solution. When the reaction time was prolonged to 4 h,
the reaction mixture contains no plumbylenes but the molar ratio
of corresponding homo- and heteroleptic stannylenes was 1 : 1.
Surprisingly, after two days the equilibrium of the reaction was
moved towards the excess of homoleptic stannylene to 3: 1.
Similar reactions of 15 with SnCl, led after 4 h to the homoleptic
stannylene 14 as the sole product. After 3 days at the same con-
ditions the ratio of homo-(14) and heteroleptic (7) stannylenes
was changed to 1:3. The PbCl, was detected (5(*°’Pb) ca.
—1730 ppm)*' in the solid residue using *°’Pb MAS NMR spec-
troscopy after all reactions.

Accidentally, when the stopcock of the Schlenk tube was not
sufficiently greased, the insoluble colourless crystalline material
of 5a as the oxidation product of 5 was obtained by slow diffu-
sion of air. The process is fully reproducible and is described in
the Experimental section. The formation of 5a could be under-
stood as the reaction of four molecules of heteroleptic stannylene
5 with a molecule of oxygen (Scheme 2). There is obvious oxi-
dation of two tin(i) atoms to tin(iv) only. The migration of the
amidinato units from tin(i) to tin(iv) atoms takes place and the
formation of the central 1,3-Sn,O, ring is the main structural
motif of this compound (for more details of NMR and X-ray
studies see below).”> 5a is one of the rare examples of com-
pounds where both stable oxidation states are present™ but the
only example of a compound where low-valent tin atoms are
connected together as well as with tin(lv) atoms by oxygen
bridges.

2.2. NMR spectroscopic studies in solution

Compounds 4-18 were investigated by multinuclear NMR
approach in solution with a view to elucidating their structural
behaviour. The "H NMR spectra reveal one set of signals for
each symmetry independent group in C¢Dg as well as in THF-dg,
as an example of a coordinating solvent, for an aliphatic chain or
ring substituted heteroleptic amidinates 4-7, while the N,N'-
cyclohexyl substituted compounds 6 and 7 show broadening of
aliphatic signals. The bulky aromatic group substituted hetero-
leptic compounds 8, 9 and homoleptic 16—18 have dynamic be-
havior in solution, and, thus, the "H NMR spectra are quite
complex. On the other hand, from the '"H NMR spectra of the
rest of the homoleptic compounds 10-15 the deduction about
the higher symmetry of compounds in solution is made on the
basis of simple spectral patterns.

In the "*C NMR spectra of heteroleptic compounds 4-9 the
signals for the central ipso carbon atom are found around
176 ppm, while the lowest values of ca. 174 ppm are attributed
to the germylenes 4 and 6 in C4Dg solution. For compounds 5
and 9 little decreases by 2 ppm are caused by changing of the
solvent to THF-dg and contrasted with all '>C NMR spectral
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Scheme 2 Reaction route leading to Sa.
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Table 1 Selected NMR spectra parameters

Compound Solvent o (13C,-pm) 5 (""Sn/*"7Pb)
L®"GeCl (4) CeDs 174.2 —
LP'SnClI (5) C¢Dg 178.1 78.9
] THF-dg 176.2 69.1
LGeCl (6) CgDs 174.8 —
LSnCl (7) CeDs 177.8 75.7
, THF-dg 177.9 69.7
LPiPPGeCl (8) CgDs 177.2 —
LPPPSnCI (9) C¢Dg 179.2 29.4
, THF-dg 175.9 —124.0
L™, Ge (10) CgDg 165.8 —
L®",Sn (11) CgDs 168.2 —-252.3
LP7,Pb (12) CeDs 168.8 1734.8
] THF-dg 169.5 1743.5
L%,Ge (13) CgDs 166.1 —
LY,Sn (14) CgDs 168.8 —255.3
LY,Pb (15) CeDs 168.6 1729.0
_ THF-dg 169.8 1745.6
LPIPP,Ge (16) CeDs 169.8 —
LPPP,Sn (17) CgDs 171.7 —-341.3
LPPP,pPD (18) CeDs 170.4 1541.3
THF-dg 171.3 1540.1

parameters of the remaining heteroleptic stannylene 7 which are
solvent independent. These values of the specified ipso carbon
atom are in line with the appropriate values for known z-butyla-
midinato substituted germylene (~176 ppm)** and stannylene
(~180 ppm).>® The values of the same parameter of homoleptic
compounds 10-18 are much lower ~168 ppm than in compar-
able heteroleptic compounds, all are solvent independent, and
the increase in these values in the row from germylenes to plum-
bylenes is quite significant. The highest chemical shifts are
found for bulky Dipp substituted compounds 16—18.

9Sn NMR spectroscopy, which is very significant in the
investigation of coordination polyhedra of tin s,%® has been used
in studies of compounds 5, 7, 9, 11, 14 and 17. The tin chemical
shifts of all heteroleptic stannylenes except for 9 are found to be
solvent independent at similar values in C¢Dg and THF-dg (see
Table 1). The appropriate value for Dipp substituted stannylene
9 is a bit lower (29.4 ppm) in C4Dg, when dissolved in THF-dg a
high field shift of ca. 150 ppm is observed, probably caused by
increase of the coordination number of the tin atom to four. For
homoleptic stannylenes 11, 14 and 17 a direct comparison with
the compounds bearing the same substituent can be made, the
8("'?Sn) decrease of ~350 ppm is seen for each pair of hetero-
and homoleptic stannylenes. The same trend was also observed
in the literature for related methyl and #-butyl amidinato
stannylenes. %%

There is no literature comparison for °’Pb NMR spectra in
solution of amidinato plumbylenes 12, 15 and 18 but it could be
a generally helpful tool for further structural studies of amidi-
nato, guanidinato and formamidinato plumbylenes in solution.
The 8(**’Pb) around 5000 ppm are found for lead bisamides®’
where the lead coordination number is two, for four-coordinated
complexes of lead(i) a decrease of the chemical shift is found
(2624 ppm ** and 1816 ppm *°). In compounds 12, 15 and 18
solvent independent *°’Pb chemical shifts were found in a
similar range while for aliphatic group substituted plumbylenes
12 and 15 the ~200 ppm higher chemical shift were observed.

cio c4

[0t}

ce

Fig. 2 Molecular structure of LPPPGeCl (8) (ORTEP view, 50% prob-
ability level). Hydrogen atoms are omitted for clarity. Selected intera-
tomic distances [A] and angles [°]: N1-C1 1.322(5); N1-C2 1.436(4);
NI1-Gela 2.029(3); N2-C1 1.339(5); N2—-C14 1.429(5); N2-Gela 2.019
(3); C1-C26 1.493(5); C1-Gela 2.475(4); Gela—Clla 2.2400(13); N1-
C1-N2 108.9(3); N1-Gela—N2 64.69(12); C1-Gela—Clla 102.63(11);
C14-C1-C2 164.1(2).

The >C and ""”Sn MAS NMR spectra of 5a were measured
(see ESIT), a rather simple '*C NMR spectrum reveals all the
carbon signals in a similar range found for 5 in solution, except
of the amidinato ipso carbon signal which is located at 164 ppm.
Surprisingly, only the signal for tin(iv) atoms is observed at
—600 ppm which indicates the coordination number of the tin
atoms to be six, the resonance for tin(i) remains silent.

2.3. Crystal structure determination by X-ray diffraction

For five of the compounds studied the crystal structure has been
determined by means of X-ray diffraction techniques on single
crystalline material. Three of the molecular structures are of het-
eroleptic germylene and stannylenes. The common feature of the
heavier elements heteroleptic tetrylenes is an easy formation of
dimeric structures either via chlorido or amido bridges.”*' On
the other hand, related silylenes and germylenes tend to be
monomeric.

The germanium atom in the molecular structure of 8 (Fig. 2)
is three-coordinated with the coordination polyhedra of trigonal
pyramid as reported for analogues of monomeric #-butyl/phenyl
amidinatogermylenes [Dipp-NC(#-Bu)N-Dipp]GeCl and [#-Bu-
NC(Ph)N-£-Bu]GeCl, respectively.?**? Based on the comparison
of interatomic distances and angles in these three structures, a
conclusion about the same structure is made.

On the other hand, tin atoms in amidinato or guanidinato sub-
stituted stannylenes are ready to increase their coordination
number to four by an interaction with adjacent donor groups as
for example halides, to form infinite chains®® or dimers in the
solid state.”’

Compound 9 is an asymmetric dimer in the solid state
(Fig. 3). The amidinato units are nearly symmetrically bonded to
the tin atoms together with one covalently bonded chlorine

5012 | Dalton Trans., 2012, 41, 5010-5019
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Fig. 3 Molecular structure of [LPPPSnCl], (9) (ORTEP view, 50%
probability level). Hydrogen atoms are omitted for clarity. Selected
interatomic distances [A] and angles [°]: N1-C1 1.322(11); N1-C2
1.422(12); N2-C1 1.316(12); N2-C14 1.419(13); C1-C26 1.523(13);
N3-C101 1.320(12); N4-C101 1.342(12); N3-C102 1.427(12); N4—
Cl114 1.426(12); C101-C126 1.487(13); N1-Snl 2.192(8); N2-Snl
2.251(9); N3—Sn2 2.248(9); N4-Sn2 2.198(8); C1-Snl 2.662(9); C101-
Sn2 2.678(9); Cl11-Snl 2.482(2); C12-Snl 2.986(3); C12-Sn2 2.484(2);
Cl1-Sn2 3.033(3); N1-C1-N2 112.3(8); N3—-C101-N4 111.1(8); C2—
C1-C14 167.4(5); C102-C101-C114 166.3(5); N1-Sn1-N2 59.0(3);
N4-Sn2-N3 59.2(3); C1-Snl-Cl1 96.33(19); C101-Sn2—-CI2 96.89
(19); Sn1-C11-Sn2 101.98(9); C11-Sn1-CI2 77.80(8).

atom. The coordination polyhedra are completed by a weak inter-
action with the second type of chlorine atoms. The interactions
between the tin atoms and coordinated chlorine atoms Sn1-CI2
and Sn2—Cl1 are much longer than the covalent bonds Sn—Cl
but still in the range of the sum of the van der Waals radii of
both atoms. The intermolecular interaction Sn—Cl in [-Bu-NC
(Ph)N-£-Bu]SnC1°? which forms an infinite linear chain is even
weaker (3.602 A) than the same type of connection in 9. The
rest of interatomic distances and angles is comparable with the
same values found in the previously published monomeric het-
eroleptic amidinato stannylene [Dipp-NC(z-Bu)N-Dipp]SnCl.>>

The new type of intermolecular connection is responsible for
the formation of a dimer of 7. The molecules are interconnected
by one weak Sn1b—Cl1 contact and an interaction of the tin atom
Snl with a delocalized N1c—C1b(C8b)-N1b system of the ami-
dinato ligand of the second molecule. To the best of our knowl-
edge, this type of interaction has not been known up until now
in the chemistry of amidinato and related ligands of the main
group metals. The saturation of the tin empty orbitals with
n-electrons of the second amidinato unit is probably the reason
for this interaction. The shape of coordination polyhedra of the
tin atom in 7 is quite similar to the shape of the polyhedra in 9.

The characteristic C1-Sn1—Cl1 angle and the covalent Sn—Cl
bond distances in stannylene 7 and 9 are comparable with the
same parameters in the known heteroleptic stannylenes [Dipp-
NC(#-Bu)N-Dipp]SnCI* (96.64(3)°; 2.4282(6) A) and [1-Bu-NC
(Ph)N--Bu]SnCI® (95.43(7)°; 2.4831(9) A). On the other hand,
the changing of these parameters (shortening of the bonding dis-
tance and extension of the interatomic angle) going from the dis-
cussed stannylenes to germylenes 8, [Dipp-NC(-Bu)N-Dipp]
GeCl (104.61(18)°; 2.174(2) A) and [-Bu-NC(Ph)N-t-Bu]GeCl
(100.21(5)°; 2.2572(13) A) is caused by the difference in
covalent radii of both central atoms (Fig. 3 and 4).

CBa

-
Snib

Fig. 4 Molecular structure of L®SnCl (7) (ORTEP view, 50% prob-
ability level). Hydrogen atoms are omitted for clarity. Selected intera-
tomic distances [A] and angles [°]: N1-C1 1.325(4); N1-C2 1.459(4);
N1-Snl 2.195(3); Nla—C1 1.325(4); Nla—C2a 1.459(4); Nla—Snl
2.195(3); C1-Snl 2.661(6); Snl-Cl1 2.4823(18); C1-C8 1.506(7);
Cl1-Snlb 3.4089(19); C1b-Snl 3.597(6); N1-C1-Nla 110.4(4); N1—
Snl-Nla 59.40(10); CI-Snl-Cll 96.67(13); C1-C8-C9 113.2(4);
C2a-C1-C2 165.8(3); Sn1-Cl1-Snlb 97.96(6); Sn1-C1b—Snlb 90.32
(17).

Fig. 5 Molecular structure of {[L™,SnCl]-u>-(OSnCl)}, (5a) (ORTEP
view, 50% probability level). Hydrogen atoms are omitted for clarity.
Selected interatomic distances [A] and angles [°]: N1-C1 1.322(9); N1—
C2 1.456(9); N2—C1 1.340(8); N2—C5 1.467(9); C1-C8 1.516(8); N3—
C12 1.338(8); N4—C12 1.339(8); N3—C13 1.482(8); N4—C16 1.475(7);
C12-C19 1.339(8); N1-Sn1 2.203(5); N2—Snl 2.141(5); N3-Snl 2.200
(5); N4-Snl 2.153(5); C1-Snl 2.611(6); C12-Snl1 2.633(7); Cl1-Snl
2.4287(17); O1-Snl 2.028(4); O1-Sn2 2.117(5); C12-Sn2 2.4801(19);
O1-Sn2a 2.134(3); NI-C1-N2 112.3(5); N3-C12-N4 111.0(6); C2—
C1-C5 169.7(3); C13—C12-C16 169.1(4); N1-Sn1-N2 61.15(19); N4—
Snl1-N3 60.93(18); C1-Snl1-CI1 93.49(13); C12-Sn1-O1 95.05(19);
C1-Sn1-C12 119.4(2); O1-Sn2-CI2 95.35(13); O1-Snl1-Cll 89.20
(12); Sn2—-0O1-Sn2a 103.00(17); Sn2—-Sn2a—Cl2a 97.78(9).

The tetranuclear structure of 5a consists of the central Sn,O,
planar ring where the tin atoms are in the oxidation state +II with
the coordination vicinity of a trigonal pyramid. Each of the tin
(Sn2, Sn2a) coordination polyhedra is constructed of two brid-
ging oxygens, one chlorine atom at the base of the pyramid and
the lone electron pair situated in an apical position. The arrange-
ment of this fragment as well as the interatomic distances and
angles (see Fig. 5) are very close to the reported compounds

This journal is © The Royal Society of Chemistry 2012
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Table 2 Crystallographic data for 7, 8, 9, 5a and LYHI-C¢Hy

Compound reference LSnCl (7)

LPPPGeCl-1/18 Et,0 (8)

Chemical formula

Formula mass 417.58 540.05
Crystal system Orthorhombic ~ Hexagonal
alA 17.1751(9) 40.6731(2)
b/A 12.4098(11) 40.6731(2)
c/A 8.8522(9) 9.5350(4)
o (°) 90 90

B(°) 90 90

y(©) 90 120

Unit cell volume/A> 1886.7(3) 13 660.5(7)
T/K 150(1) 150(1)
Space group Cmc2, R3

No. of formula units per unit cell, Z 4 18
Absorption coefficient, #/mm™ 1.493 1.114

No. of reflections measured 9173 31427

No. of independent reflections 2211 6764

Rint 0.0354 0.0683
Final R, Values > 20(1)) 0.0270 0.0675
Final wR(F?) values (1> 20(1)) 0.0554 0.1210
Goodness of fit on F* 1.127 1.076

“ Rige = 2 [Fo” = Fomgan | XF". * S = [X(W(F,> = F))(Nagtr. = Ngaram.)

() + 2F2], R(F) = SIF = I ZIFT wR() = [E(w(F,

C17H31C1stn C29H43C1G3N2' 1/1 8(C4H100) C53H86C12N4Sn2 C44H92C14N302Sn4

[LPPPSnCl], (9)  {[L*",SnCl]OSnCl}, (5a) L YHI-CeHg
Ca3H3oN,1
1147.59 1381.82 470.46
Monoclinic Monoclinic Monoclinic
9.8450(10) 23.5241(9) 10.5760(9)
28.878(2) 17.8710(11) 15.2480(6)
10.6540(8) 16.6439(7) 15.1009(11)
90 90 90
104.068(7) 123.122(12) 98.247(7)
90 90 90
2938.1(4) 5860.0(3) 2410.0(3)
150(1) 150(1) 150(1)
P21 C2/c P21/C
2 4 4
0.979 1.907 1.337
27 606 47387 17797
12365 6389 5456
0.0982 0.0594 0.0355
0.0707 0.0491 0.0301
0.1534 0.0690 0.0571
1.075 1.188 1.139

CWel%htmg scheme: w = [0*(F,2) + (w1 P)* + woP]™", where P = [max

- F) )/(ZW(F SNk

[SnCl-p~<(0'Bu)],>* and {SnCl-p*-[OCr(NMe,),Cl,(THF)]},.>*
The only difference is the larger deviation of Sn—Cl bonds from
the perpendicular arrangement with the central Sn,O, plane
(Sn2—Sn2a—Cl12a 97.78(9)°). Two tin(1v) atoms on the periphery
of the molecule are joined to two tin(i1) atoms by a three-centric
oxygen bridge in an alternating fashion — 0.314 A below and
above the central plane, respectively. These tin atoms (Snl,
Snla) are pseudo-octahedrally coordinated by two asymmetri-
cally bonded amidinato ligands in bidentate mode, chlorine and
oxygen atom. The Sn1-Cl1 bond is parallel to the central Sn,O,
plane and shortened in comparison to the Sn2—-CI2 bond by ca.
0.05 A. The asymmetrical bonding of the amidinato units, which
are mutually nearly parallel (85.47(9)°), is probably caused by
the stronger trans-effect of oxygen and chlorine atoms, where
the differences in Sn—N distances are about 0.05 A.

Compound 5a is the third example of the tin(iv)bisamidinato
substituted complex but the mutual comparison with previously
reported bisamidinato tin sulfides is not very interesting because
of the highly disordered structure with a strongly polarized
double tin—sulfur bond in the first case and the less electrophilic
sulfur substituents of the octahedral tin atom in the other one.*

3. Experimental
3.1 General methods

3.1.1 NMR spectroscopy. The NMR spectra of the com-
pounds measured were recorded from solutions in benzene-dg
and THF-dg on a Bruker Avance 500 spectrometer (equipped
with  Z-gradient 5mm probe) at frequencies for 'H
(500.13 MHz), "C{'H} (125.76 MHz), and '"’Sn{'H}
(186.50 MHz) at 295 K and on a Bruker Avance II 400 spec-
trometer operating at 400.13 MHz for 'H, and 81.49 MHz for
207pp at 295 K. All deuterated solvents were degassed and then
stored over a K-mirror under argon atmosphere. Solutions were

obtained by dissolving of approximately 40 mg (100 mg for
207pp measurements) of each compound approximately in 0.5 ml
of deuterated solvents. 'H chemical shifts were calibrated to an
internal standard—tetramethylsilane (6('H) = 0.00) or to residual
signals of benzene (§('H) = 7.16) and THF (6('H) = 3.58 or
1.73). The values of '*C chemical shifts were calibrated to
signals of THF (6('3C) = 67.6) and benzene (5(**C) = 128.4).
All >C NMR spectra were measured using a standard proton-
decoupled experiment and CH and CH; vs. C and CH, were dif-
ferentiated using the APT method.*® The '"°Sn and *°’Pb chemi-
cal shifts are referred to as external neat tetramethylstannane (6 =
0.0) and tetracthyllead (6 = 0.0), respectively, and measured
using the inverse gated proton broad band decoupling mode.

The solid state NMR spectra were measured at 11.7 T using a
Bruker Avance 500 WB/US NMR spectrometer in a double-res-
onance 4-mm probe head. Direct-polarization MAS NMR exper-
iments with a high-power dipolar decoupling (TPPM) and
sufficiently long recycle delays (RD) were preformed to obtain
quantitative NMR spectra. 2°’Pb MAS NMR spectra were
acquired at 104.52 MHz; the spinning frequency was o,/2n = 11
and 13 kHz; 90° pulse width was 3 ps; recycle delay of 10 s; and
the number of scans was 2048. The spectra were referenced to
Pb(NO3), at 0.0 ppm. '"”Sn MAS NMR spectra were acquired at
186.49 MHz; the spinning frequency was w,/2n = 11 and 13
kHz; 90° pulse width was 3 us; a recycle delay of 15 s; and the
number of scans was 8200. The ''’Sn chemical shifts were cali-
brated indirectly using tetracyclohexyl tin (6§ = —97.35 ppm).
The '"”Sn NMR chemical shift was allocated approximately in
the centre of gravity of the signal.

3.1.2 Elemental analyses. The compositional analyses were
determined under an inert atmosphere of argon on the automatic
analyzer EA 1108 by FISONS Instruments.

3.1.3 Crystallography. The X-ray data (Table 2) obtained
from colourless crystals for all compounds were acquired at
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150 K using an Oxford Cryostream low-temperature device on a
Nonius KappaCCD diffractometer with Mo-Ka radiation (4 =
0.71073 A), a graphite monochromator, and in the ¢ and y scan
mode. Data reductions were performed with DENZO-SMN.?’
The absorption was corrected using integration methods.>® The
structures were solved by direct methods (Sir92)*° and refined
by a full matrix least-square based on F* (SHELXL97).*’ Hydro-
gen atoms were mostly localized on a difference Fourier map,
but in order to ensure uniformity of the crystal treatment, all
hydrogen atoms were recalculated into idealized positions
(riding model) and assigned temperature factors Hi,(H) =
1.2U,q(pivot atom) or of 1.5U, for the methyl moiety with C-H
=0.96, 0.97, 0.98 and 0.93 A for methyl, methylene, methine
and hydrogen atoms in aromatic rings and 0.86 A for N-H,
respectively. The positional disorder of Ge and Cl atoms in 8 is
split into two positions with approximate ratio 9: 1 and treated
by standard SHELXL97*’ procedures. Higher residual electron
density in 9 was treated using several methods but no better
results of refinement were obtained, this maximum gave no
chemical significance.

3.2 Synthesis

All syntheses were performed using the standard Schlenk tech-
niques under inert argon atmosphere. Solvents and reactants
were purchased from commercial sources. Solvents were distilled
over K/Na alloy, degassed and then stored over a K-mirror under
argon atmosphere. Single crystals suitable for X-ray diffraction
analyses were obtained under argon from corresponding satu-
rated solutions of products in Et,O or hexane cooled to —30 °C.
The melting points were measured in inert perfluoroalkylether
and were uncorrected. Preparations of starting lithium N,N'-di
(propan-2-yl)n-butylamidinate (1), lithium N,N'-bis(cyclohexyl)
n-butylamidinate (2) and lithium N,N'-bis[2,6-di(propan-2-yl)
phenyl]n-butylamidinate (3) are reported elsewhere.'”

General procedure of preparation of heteroleptic tetrylene
amidinates L"MCI (4-9)

To a white suspension of metal(i) chloride in Et,O cooled
down to —60 °C, one equivalent of pure starting lithium N,N'-
disubstituted n-butylamidinate precursor 1-3 dissolved in Et,O
was added. The reaction mixtures were slowly heated up to room
temperature and stirred overnight. After that they were filtered
from forming lithium chloride and Et,O was evaporated under
vacuo to give products of heteroleptic tetrylenes 4-9 in good
yields.

General procedure of preparation of homoleptic tetrylene
amidinates (L*),M (10-18)

To a white suspension of metal(i) chloride in Et,O at room
temperature, two equivalents of pure colorless Et,O solution of
starting lithium precursor 1-3 were added (reactions with lead
dichloride have to be performed in the dark because of elimin-
ation of elemental Pb). The reaction mixtures were stirred over-
night, filtered from forming lithium chloride and Et,0 was
evaporated under vacuo. Pure products of homoleptic tetrylenes
10-18 in good yields were obtained.

3.2.1 Preparation of N,N'-di(propan-2-yl)n-butylamidinato-
germanium(i) chloride (L*"GeCl) 4). 0.81 g of 1 (4.2 mmol),
0.97 g of GeCl, dioxane complex (1:1) (4.2 mmol), 30 ml of

Et,0. 1.13 g (92%) of colourless oily matter of 4. '"H NMR
(CgDg, 500 MHz, 295 K) &: 3.41 (m, 2H, CH); 1.81 (t, *J=7.9
Hz, 2H, o-CH,(Bu)); 1.26 (m, 2H, B-CH,(Bu)); 1.15 (m, 2H,
y-CH,(Bu)); 1.02 (br s, 12H, (CHs),); 0.93 (t, 3H, *J = 7.3 Hz,
CHs). '*C NMR (C¢Dg, 125 MHz, 295 K) 6: 174.2 (N—C(Bu)—
N); 46.1 (CH); 28.6 (a-CH,(Bu)); 25.3 (B-CH,(Bu)); 23.3 (br s,
(CH3),); 22.5 (y-CH,(Bu)); 13.5 (CH3). Elemental Anal. Calcd
(%) for C;;H3CIGeN,: C 45.34; H 7.96; N 9.61. Found: C
45.12; H 7.85; N 9.78.

3.2.2 Preparation of N,N'-di(propan-2-yl)n-butylamidinato-
tin(1) chloride (L™"SnCl) (5). 1.22 g of 1 (6.3 mmol), 1.19 g of
SnCl, (6.3 mmol), 30 ml of Et,O. 1.83 g (84%) of colourless
oily matter of 5. "H NMR (C¢De, 500 MHz, 295 K) &: 3.57 (m,
2H, CH); 1.82 (t, °J = 8.1 Hz, 2H, 0-CH,(Bu)); 1.31 (m, 2H,
B-CH,(Bu)); 1.15 (m, 2H, y-CH,(Bu)); 1.00 (d, 12H, *J = 6.3
Hz, (CHs),); 0.77 (t, 3H, *J = 7.3 Hz, CHz). *C NMR (C¢Ds,
125 MHz, 295 K) &: 178.1 (N=C(Bu)-N); 46.6 (CH); 29.9
(a-CHy(Bu));  27.4  (B-CHy(Bu)); 26.1 ((CHs)2); 23.5
(y-CH,(Bu)); 14.3 (CH3). '"”Sn NMR (C¢Ds, 186 MHz, 295 K)
5: 78.9. "H NMR (THF-dg, 500 MHz, 295 K) &: 3.88 (m, 2H,
CH); 2.25 (t, °J = 8.0 Hz, 2H, a-CH,(Bu)); 1.58 (m, 2H,
B-CH,(Bu)); 1.45 (m, 2H, y-CH,(Bu)); 1.12 (d, 12H, *J = 6.3
Hz, (CHz),); 0.96 (t, 3H, °>J = 7.3 Hz, CH;). '*C NMR (THF-ds,
125 MHz, 295 K) &: 176.2 (N—=C(Bu)-N); 45.0 (CH); 28.5
(a-CHy(Bu));  25.6  (B-CHy(Bu)); 242 ((CHs)); 217
(y-CHy(Bu)); 12.4 (CH;). '"”Sn NMR (THF-dg, 186 MHz,
295 K) 4: 69.1. Elemental Anal. Calcd (%) for C;;H,3CIN,Sn:
C 39.15; H 6.87; N 8.30. Found: C 39.33; H 6.69; N 8.36.

3.2.3 Oxidation product of 5 — {[L'*",SnCl]-p*~(OSnCl)},
(5a). After standing of 1.2 g of 5 in 50 ml of Et,O in a not well
greased Schlenk tube at —30 °C for three weeks, about 150 mg
of insoluble colorless solid of 5a has been reproducibly crystal-
lized. Mp 112-113 °C. '3C CP/MAS NMR (125 MHz, 295 K)
5 164.1; 47.6; 44.7; 30.1; 22.0; 14.2. '"’Sn CP/MAS NMR
(186 MHz, 295 K) 6: —598.1. Elemental Anal. Calcd (%) for
C44H92C14N80281'14: C 3824, H 671, N 8.11. Found: C 3852,
H 6.39; N 8.45.

3.2.4 Preparation of N,N'-bis(cyclohexyl)n-butylamidinato-
germanium(i) chloride (LYGeCl) (6). 1.86 g of 2 (6.8 mmol),
1.59 g of GeCl, dioxane complex (1:1) (6.8 mmol), 40 ml of
Et,0. 2.29 g (90%) of white solid of 6. Mp 97-98.5 °C. 'H
NMR (C¢Dg, 500 MHz, 295 K) &: 3.28 (m, 2H, CyH); 2.01 (t,
2H, J = 8.0 Hz, a-CH,(Bu)); 1.86 (s, 4H, CyH); 1.72 (m, 4H,
CyH); 1.52-1.41 (m, 10H, CyH + B-CH,(Bu)); 1.27-1.06 (m,
6H, CyH + y-CH»(Bu)); 0.85 (t, 3H, >J = 7.2 Hz, CH3). "*C
NMR (C¢Dg, 125 MHz, 295 K) 8: 174.8 (N=C(Bu)-N); 54.4
(Cy); 37.0 (Cy); 29.7 (a-CH,(Bu)); 26.1 (B-CH,(Bu)); 26.0
(Cy); 25.7 (Cy); 23.2 (y-CHy(Bu)); 14.2 (CH3). Elemental Anal.
Caled (%) for C;;H3;C1GeN,: C 54.96; H 8.41; N 7.54. Found:
C 55.13; H 8.63; N 7.37.

3.2.5 Preparation of N,N'-bis(cyclohexyl)n-butylamidinato-
tin(ir) chloride (L<YSnCl) (7). 3.58 g of 2 (13.3 mmol), 2.51 g
of SnCl, (13.3 mmol), 60 ml of Et,0. Washed with 10 ml of
pentane. 4.72 g (85%) of white solid of 7. Mp 88.5-90.5 °C.
Single crystalline material suitable for XRD analyses were
obtained under argon from saturated solution of 7 in Et,O cooled
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to —30 °C. 'H NMR (C¢D, 500 MHz, 295 K) &: 3.31 (m, 2H,
CyH); 1.92 (t, 2H, 3J = 8.0 Hz, 0-CH,(Bu)); 1.77 (m, 4H, CyH);
1.61 (m, 4H, CyH); 1.48-1.36 (m, 4H, CyH + B-CH,(Bu));
1.25-1.01 (m, 12H, CyH + y-CH,(Bu)); 0.77 (t, 3H, *J = 7.3
Hz, CH;). >C NMR (C¢Dg, 125 MHz, 295 K) &: 177.8 (N—=C
(Bu)-N); 54.3 (Cy); 369 (Cy); 30.2 (0-CHy(Bu)); 27.4
(B-CH,(Bu)); 26.1 (Cy); 25.8 (Cy); 23.4 (y-CH,(Bu)); 14.3
(CH3). '”Sn NMR (C¢Ds, 186 MHz, 295 K) &: 75.7. "H NMR
(THF-dg, 500 MHz, 295 K) &: 3.41 (m, 2H, CyH); 2.19 (t, 2H,
3J = 7.4 Hz, a-CH,(Bu)); 1.64 (m, 6H, CyH); 1.50 (m, 4H,
CyH); 1.38 (m, 2H, B-CH,(Bu)); 1.27-1.05 (m, 12H, CyH +
v-CH,(Bu)); 0.89 (t, 3H, >J = 7.3 Hz, CH3). '*C NMR (THF-dg,
125 MHz, 295 K) &: 177.9 (N=C(Bu)-N); 54.5 (Cy); 37.0
(Cy); 30.6 (0-CHy(Bu)); 27.5 (B-CH,(Bu)); 26.5 (Cy); 26.1
(Cy); 23.7 (y-CH,(Bu)); 14.4 (CH3). '"”Sn NMR (THF-dg,
186 MHz, 295 K) 6: 69.7. Elemental Anal. Caled (%) for
C7H3,CIN,Sn: C 48.89; H 7.48; N 6.71. Found: C 48.96; H
7.25; N 6.56.

3.2.6 Preparation of N,N'-bis[2,6-di(propan-2-yl)phenyl|n-
butylamidinato-germanium(i) chloride (L®PPGeCl) (8). 2.43 g
of 3 (5.7 mmol), 1.32 g of GeCl, dioxane complex (1:1)
(5.7 mmol), 50 ml of Et,0. 2.81 g (93%) of pale yellow solid of
8. Mp 161-162 °C. Single crystalline material suitable for XRD
analyses were obtained under argon from saturated solution of 8
in Et,0 cooled to —30 °C. 'H NMR (C¢Ds, 500 MHz, 295 K) 6
7.26-7.16 (m, 6H, ArH); 4.02 (m, 2H, CH); 3.48 (m, 2H, CH);
2.05 (t, °J = 8.2 Hz, 2H, 0-CH,(Bu)); 1.52 (d, °J = 6.3 Hz, 6H,
(CHs),); 1.39 (d, °J = 6.4 Hz, 6H, (CHs),); 1.33 (d, °J = 6.6 Hz,
6H, (CHs),); 1.29 (m, 2H, B-CH,>(Bu)); 1.21 (d, *J = 6.4 Hz,
6H, (CHs;),); 0.76 (m, 2H, y-CH,(Bu)); 0.50 (t, >J = 7.2 Hz, 3H,
CH3). *C NMR (C¢Dy, 125 MHz, 295 K) &: 177.2 (N=C(Bu)—
N); 147.2 (Ar); 144.5 (Ar); 136.8 (Ar); 127.7 (Ar); 124.9 (Ar);
124.0 (Ar); 29.8 (0-CH,(Bu)); 29.0 (B-CH,(Bu)); 27.1 (CH);
27.0 (CH); 23.6 ((CH3),); 23.4 ((CH3),); 23.1 (y-CH,(Bu)); 13.7
(CH3). Elemental Anal. Calcd (%) for C,9H43CIGeN,: C 66.00;
H 8.21; N 5.31. Found: C 66.22; H 8.25; N 5.12.

3.2.7 Preparation of N,N'-bis[2,6-di(propan-2-yl)phenyl|n-
butylamidinatotin(r) chloride (L"*PSnCl) (9). 6.29 g of 3
(14.7 mmol), 2.79 g of SnCl, (14.7 mmol), 60 ml of Et,O. Crys-
tallized from hexane and Et,O (1:1). 5.56 g (66%) of white
solid of 9. Mp 193-195 °C. Single crystalline material suitable
for XRD analyses were obtained under argon from a saturated
solution of 9 in Et,O cooled to —30 °C. 'H NMR (CgDsg,
500 MHz, 295 K) &: 7.10 (br s, 6H, ArH); 3.98 (br s, 2H, CH);
3.68 (m, 1H, CH); 3.55 (m, 1H, CH); 1.91 (t, >J = 8.1 Hz, 2H,
o-CHy(Bu)); 1.28 (br s, 24H, (CHz),); 1.15 (m, 2H, B-CH,(Bu));
0.60 (m, 2H, y-CH,(Bu)); 0.39 (t, °J = 7.3 Hz, 3H, CH;). °C
NMR (C¢Dg, 125 MHz, 295 K) &: 179.2 (N=C(Bu)-N); 147.6
(Ar); 145.1 (Ar); 138.6 (Ar); 127.0 (Ar); 124.8 (Ar); 124.1 (Ar);
31.5 (a-CH,(Bu)); 29.2 (br s, CH); 27.3 (B-CH»(Bu)); 27.1 (br
s, CH); 23.6 (br s, (CH;),); 23.2 (y-CH,(Bu)); 13.7 (CHz). ''?Sn
NMR (C¢Dg, 186 MHz, 295 K) &: 29.4. '"H NMR (THF-ds,
500 MHz, 295 K) 6: 7.15 (s, 4H, ArH); 7.08 (m, 2H, ArH); 3.57
(s, 2H, CH); 3.29 (m, 1H, CH); 3.17 (m, 1H, CH); 1.87 (t, *J =
8.4 Hz, 2H, a-CH,(Bu)); 1.29 (d, 12H, *J = 6.9 Hz, (CHx),);
1.24 (d, 12H, *J = 6.7 Hz, (CHs),); 1.16 (m, 2H, B-CH,(Bu));
0.87 (m, 2H, y-CH,(Bu)); 0.52 (t, °J = 7.3 Hz, 3H, CH;). '*C

NMR (THF-dg, 125 MHz, 295 K) &: 175.9 (N=C(Bu)-N);
148.2 (Ar); 145.5 (br s, Ar); 140.5 (Ar); 126.3 (Ar); 124.2 (Ar);
123.6 (Ar); 31.6 (0-CHy(Bu)); 29.4 (CH); 29.3 (br s, CH); 29.1
(CH); 27.8 (B-CHy(Bu)); 26.7 ((CH3)y); 24.0 ((CHj3)y); 23.7
(y-CH,(Bu)); 13.8 (CH;). '""Sn NMR (THF-dg, 186 MHz,
295 K) 6: —124.0. Elemental Anal. Caled (%) for
C,oH43CIN,Sn: C 60.70; H 7.55; N 4.88. Found: C 60.72; H
7.48; N 4.59.

3.2.8 Preparation of bis[/V,/N'-di(propan-2-yl)n-butyl-amidi-
nato]germanium(n) (L™",Ge) (10). 1.68 g of 1 (8.8 mmol),
1.02 g of GeCl, dioxane complex (1:1) (4.4 mmol), 40 ml of
Et,0. 1.54 g (79%) of pale yellow oily matter of 10. '"H NMR
(C¢Dg, 500 MHz, 295 K) &: 3.70 (m, 4H, CH); 2.11 (t, °J = 8.1
Hz, 4H, 0-CH,(Bu)); 1.42 (m, 4H, B-CH»(Bu)); 1.36 (d, 24H, *J
= 6.5 Hz, (CHs),); 1.21 (m, 4H, y-CH>(Bu)); 0.83 (t, 6H, *J =
7.3 Hz, CHs). >C NMR (C¢Dg, 125 MHz, 295 K) &: 165.8
(N=C(Bu)-N); 473 (CH); 29.7 (0-CHy(Bu)), 25.4
(B-CHx(Bu)); 25.2 ((CHs)); 22.9 (y-CHy(Bu)); 13.6 (CHs).
Elemental Anal. Calcd (%) for C5oHy6GeNy: C 60.15; H 10.56;
N 12.75. Found: C 60.43; H 10.32; N 12.63.

3.2.9 Preparation of bis[/V,/N'-di(propan-2-yl)n-butyl-amidi-
nato]tin() (L™",Sn) (11). 0.73 g of 1 (3.8 mmol), 0.36 g of
SnCl, (1.9 mmol), 30 ml of Et,O. 0.81 g (88%) of colourless
oily matter of 11. "H NMR (C¢Ds, 500 MHz, 295 K) &: 3.77 (m,
4H, CH); 2.10 (t, 4H, *J = 8.1 Hz, o-CH,(Bu)); 1.44 (m, 4H,
B-CH,(Bu)); 1.31 (d, 24H, *J = 6.5 Hz, (CHs),); 1.24 (m, 4H,
v-CH,(Bu)); 0.85 (t, 6H, *J = 7.3 Hz, CH;). '*C NMR (C¢Ds,
125 MHz, 295 K) 6: 168.2 (N=C(Bu)-N); 47.4 (CH); 29.8
(a-CH,(Bu));  25.8 (B-CHy(Bu)); 25.7 ((CHj3)p); 23.0
(y-CH,(Bu)); 13.7 (CH3). ''”Sn NMR (C¢Ds, 186 MHz, 295 K)
6. —252.3. Elemental Anal. Calcd (%) for CyHyeN4Sn: C
54.44; H 9.55; N 11.54. Found: C 54.71; H 9.83; N 11.34.

3.2.10 Preparation of bis[/NV,/NV'-di(propan-2-yl)n-butyl-ami-
dinato]lead(i) (L™",Pb) (12). 0.87 g of 1 (4.6 mmol), 0.63 g of
PbCl, (2.3 mmol), 30 ml of Et;0. 1.08 g (82%) of colourless
oily matter of 12. "H NMR (C¢Ds, 500 MHz, 295 K) &: 4.53 (m,
4H, CH); 2.09 (t, 4H, *J = 8.1 Hz, a-CH,(Bu)); 1.56 (m, 4H,
B-CH,(Bu)); 1.30 (m, 4H, y-CH,(Bu)); 1.29 (d, 24H, °J = 6.3
Hz, (CHs),); 0.88 (t, 6H, >J = 7.3 Hz, CHs). '>C NMR (C¢Ds,
125 MHz, 295 K) &: 168.8 (N=C(Bu)-N); 47.9 (CH); 30.7
(a-CHy(Bu));  30.0  (B-CHy(Bu)); 26.7 ((CHs)2); 23.7
(y-CH,(Bu)); 14.1 (CHs). °’Pb NMR (C¢Ds, 81 MHz, 295 K)
5: 1734.8. "H NMR (THF-dg, 500 MHz, 295 K) &: 4.48 (m, 2H,
CH); 2.14 (t, 4H, °J = 8.1 Hz, a-CH,(Bu)); 1.53 (m, 4H,
B-CH,(Bu)); 1.40 (m, 4H, y-CH,(Bu)); 1.13 (d, 24H, *J = 6.3
Hz, (CHz),); 0.94 (t, 6H, °>J = 7.3 Hz, CH;). '*C NMR (THF-dg,
125 MHz, 295 K) &: 169.5 (N=C(Bu)-N); 48.6 (CH); 31.4
(a-CHy(Bu));  30.5  (B-CHy(Bu)); 269 ((CHs));, 244
(y-CHy(Bu)); 14.5 (CH;3). *“’Pb NMR (THF-ds, 81 MHz,
295 K) 6: 1743.5. Elemental Anal. Caled (%) for C,,Hy6N4PD:
C 46.05; H 8.08; N 9.76. Found: C 46.01; H 8.23; N 9.63.

3.2.11 Preparation of bis|/NV,/V'-bis(cyclohexyl)n-butyl-amidi-
nato]germanium(n) (L<,Ge) (13). 0.93 g of 2 (3.4 mmol),
0.39 g of GeCl, dioxane complex (1:1) (1.7 mmol), 30 ml of
Et,0. 0.86 g (84%) of pale yellow oily matter of 13. '"H NMR
(C¢Dg, 500 MHz, 295 K) &: 3.28 (m, 4H, CyH); 2.20 (t, 4H, >J

5016 | Dalton Trans., 2012, 41, 5010-5019

This journal is © The Royal Society of Chemistry 2012


http://dx.doi.org/10.1039/c2dt12472f

Published on 17 February 2012. Downloaded by University of Lancaster on 30/10/2014 22:12:42.

View Article Online

= 7.7 Hz, 0-CH,(Bu)); 1.87-1.71 (br m, 20H, CyH); 1.59-1.43
(br m, 8H, CyH + B-CH,(Bu)); 1.35-1.15 (br m, 20H, CyH +
v-CH,(Bu)); 0.85 (t, 6H, *J = 7.3 Hz, CHs). '*C NMR (C¢Ds,
125 MHz, 295 K) 6: 166.1 (N=C(Bu)-N); 56.2 (Cy); 35.7
(Cy); 30.0 (a-CH,(Bu)); 26.2 (B-CHy(Bu)); 25.8 (Cy); 25.1
(Cy); 22.8 (y-CH,(Bu)); 13.7 (CH;). Elemental Anal. Caled (%)
for C34HeyGeNy: C 68.11; H 10.42; N 9.35. Found: C 68.03; H
10.61; N 9.58.

3.2.12 Preparation of bis[/V,N'-bis(cyclohexyl)n-butyl-amidi-
nato]tin() (L<,Sn) (14). 2.18 g of 2 (8.1 mmol), 0.76 g of
SnCl, (4.0 mmol), 40 ml of Et,0O. 2.11 g (82%) of colourless
oily matter of 14. "H NMR (C¢Ds, 500 MHz, 295 K) &: 3.38 (m,
4H, CyH); 2.19 (t, 4H, °J = 7.8 Hz, a-CH,(Bu)); 1.92—1.73 (br
m, 20H, CyH); 1.67-1.48 (br m, 8H, CyH + B-CH,(Bu));
1.38-1.10 (br m, 20H, CyH + y-CH,(Bu)); 0.87 (t, 6H, *J = 7.3
Hz, CHs). >C NMR (Cg¢Ds, 125 MHz, 295 K) &: 168.8 (N=C
(Bu)-N); 56.6 (Cy); 36.5 (Cy); 30.2 (o-CH,(Bu)); 26.3
(B-CH,(Bu)); 26.0 (Cy); 25.9 (Cy); 23.1 (y-CH,(Bu)); 13.9
(CH3). "”Sn NMR (C¢Ds, 186 MHz, 295 K) & —255.3.
Elemental Anal. Calcd (%) for C34Hg,N4Sn: C 63.25; H 9.68; N
8.68. Found: C 63.46; H 9.52; N 8.39.

3.2.13 Preparation of bis[/V,N'-bis(cyclohexyl)n-butyl-amidi-
nato]lead(r) (LY,Pb) (15). 1.92 g of 2 (7.1 mmol), 0.98 g of
PbCl, (3.5 mmol), 40 ml of Et,0. 2.31 g (90%) of colourless
oily matter of 15. "H NMR (C¢Ds, 500 MHz, 295 K) &: 4.08 (m,
4H, CyH); 2.15 (t, 4H, °J = 8.0 Hz, a-CH,(Bu)); 1.88—1.75 (br
m, 16H, CyH); 1.65-1.54 (br m, 16H, CyH + B-CH,(Bu));
1.36-1.22 (br m, 16H, CyH + y-CH,(Bu)); 0.89 (t, 6H, *J = 7.2
Hz, CHs). "*C NMR (C¢Ds, 125 MHz, 295 K) &: 168.6 (N=C
(Bu-N); 56.2 (Cy); 36.9 (Cy); 304 (a-CHy(Bu)); 29.4
(B-CHx(Bu)); 26.0 (Cy); 25.8 (Cy); 23.1 (y-CHy(Bu)); 13.7
(CH3). 2°’Pb NMR (C¢Dg, 81 MHz, 295 K) &: 1729.0. "H NMR
(THF-dg, 500 MHz, 295 K) &: 4.01 (m, 4H, CyH); 2.17 (t, 4H,
3] = 7.7 Hz, a-CH,(Bu)); 1.74-1.65 (br m, 18H, CyH);
1.57-1.37 (br m, 16H, CyH + B-CH>(Bu)); 1.34-1.15 (br m,
14H, CyH + y-CH,(Bu)); 0.95 (t, 6H, *J = 7.2 Hz, CH;). 1°C
NMR (THF-dg, 125 MHz, 295 K) &: 169.8 (N—C(Bu)-N); 57.4
(Cy); 37.9 (Cy); 31.5 (a-CH,(Bu)); 30.4 (B-CH,(Bu)); 26.9
(Cy); 26.8 (Cy); 242 (y-CHa(Bu)); 14.8 (CHs). **’Pb NMR
(THF-dg, 81 MHz, 295 K) &: 1745.6. Elemental Anal. Calcd (%)
for C34HgNL4Pb: C 55.63; H 8.51; N 7.63. Found: C 55.58; H
8.36; N 7.75.

3.2.14 Preparation of bis[/V,N'-bis[2,6-di(propan-2-yl)phenyl]-
n-butylamidinato]-germanium(n) (L"*,Ge) (16). 1.38 g of 3
(3.2 mmol), 037 g of GeCl, dioxane complex (1:1)
(1.6 mmol), 30 ml of Et,O. 1.19 g (82%) of pale yellow oily
matter of 16. "H NMR (C¢Dg, 500 MHz, 295 K) &: 7.24-6.94
(m, 12H, ArH); 3.76 (m, 4H, CH); 3.35 (m, 2H, CH); 3.22 (m,
2H, CH); 2.13 (s, 4H, a-CH,(Bu)); 1.29 (m, 4H, B-CH,(Bu));
1.36 (s, 48H, (CHs),); 0.80 (m, 4H, y-CH,(Bu)); 0.35 (t, 6H, *J
= 7.3 Hz, CH;). *C NMR (C¢Ds, 125 MHz, 295 K) &: 169.8
(N=C(Bu)-N); 147.6 (Ar); 142.5 (Ar); 141.0 (Ar); 126.8 (Ar);
123.9 (br s, Ar); 29.3 (a-CH,(Bu)); 28.8 (B-CH,(Bu)); 28.4 (br
s, CH); 23.3 (br s, (CHs3),); 22.8 (y-CH,(Bu)); 13.6 (CHj).
Elemental Anal. Calcd (%) for CsgHgsGeNy: C 76.39; H9.51; N
6.14. Found: C 76.58; H 9.86; N 5.88.

3.2.15 Preparation of bis[/V,/V'-bis|2,6-di( propan-2-yl)phenyl]-
n-butylamidinato|tin(i) (L”"P,Sn) (17). 4.61 g of 3 (10.8 mmol),
1.02 g of SnCl, (5.4 mmol), 50 ml of Et,O. Extracted with
30 ml of hexane. 3.89 g (75%) of white solid of 17. Mp
63-65 °C. "H NMR (C¢Ds, 500 MHz, 295 K) &: 7.14-6.97 (br
m, 12H, ArH); 3.70 (s, 4H, CH); 3.35 (s, 2H, CH); 3.15 (m, 2H,
CH); 1.86 (s, 4H, o-CH>(Bu)); 1.48-1.11 (br m, 52H,
B-CH,(Bu) + (CH3),); 0.48 (m, 4H, y-CH,(Bu)); 0.36 (t, *J =
7.3 Hz, 6H, CH;). '>C NMR (C¢Dg, 125 MHz, 295 K) &: 171.7
(N=C(Bu)-N); 145.0 (Ar); 144.4 (Ar); 142.2 (Ar); 126.0 (Ar);
123.9 (Ar); 123.7 (Ar); 32.0 (a-CH,(Bu)); 28.5 (br s, CH); 27.2
(B-CHy(Bu)); 25.1 (br s, CH); 23.8 (br s, (CHj3),); 23.3
(y-CH,(Bu)); 13.6 (CHs). ''”Sn NMR (C¢Ds, 186 MHz, 295 K)
6. —341.3. Elemental Anal. Calcd (%) for CsgHggN4Sn: C
72.71; H 9.05; N 5.85. Found: C 72.59; H 9.24; N 5.63.

3.2.16 Preparation of bis[/V,/V'-bis[2,6-di( propan-2-yl)phenyl]-
n-butylamidinato[lead(u) (L°P",Pb) (18). 0.77 g of 3
(1.8 mmol), 0.25 g of PbCl, (0.9 mmol), 30 ml of Et,O. 0.82 g
(87%) of colourless oily matter of 18. '"H NMR (CgDs,
500 MHz, 295 K) &: 7.09 (br s, 8H, ArH); 7.09 (t, 4H, >J = 7.5
Hz, ArH); 3.46 (br s, 8H, CH); 1.88 (s, 4H, a-CH,(Bu)); 1.30
(br s, 48H, (CHz),); 1.06 (m, 4H, B-CH,(Bu)); 0.59 (m, 4H,
v-CH(Bu)); 0.37 (t, °J = 7.2 Hz, 6H, CH;). >*C NMR (C¢Ds,
125 MHz, 295 K) é: 170.4 (N=C(Bu)-N); 146.9 (Ar); 142.5
(Ar); 138.6 (Ar); 124.7 (Ar); 123.4 (Ar);, 123.2 (Ar); 33.9
(a-CH,(Bu)); 28.0 (br s, CH); 26.8 (B-CH,(Bu)); 23.2 (br s,
(CHs),); 23.0 (y-CH,(Bu)); 12.9 (CHs). **’Pb NMR (CgDs,
81 MHz, 295 K) &: 1541.3. 'H NMR (THF-dg, 500 MHz,
295 K) &: 7.04 (br s, 8H, ArH); 6.88 (t, 4H, °J = 7.6 Hz, ArH);
3.29 (m, 8H, CH); 1.69 (s, 4H, a-CH,(Bu)); 1.21 (br s, 48H,
(CH3),); 0.92 (m, 4H, B-CH,(Bu)); 0.67 (m, 4H, y-CH»(Bu));
0.38 (t, *J = 7.3 Hz, 6H, CH;). '*C NMR (THF-dg, 125 MHz,
295 K) 6: 171.3 (N=C(Bu)-N); 148.2 (Ar); 143.6 (Ar); 139.4
(Ar); 125.6 (Ar); 124.3 (Ar); 123.6 (Ar); 34.9 (0-CH,(Bu)); 29.0
(br s, CH); 27.9 (B-CH(Bu)); 24.1 (y-CH,(Bu)); 23.7 (br s,
CH); 13.6 (CH3). *°’Pb NMR (THF-dg, 81 MHz, 295 K) 6:
1540.1. Elemental Anal. Caled (%) for CsgHggN4Sn: C 66.56; H
8.28; N 5.35. Found: C 66.48; H 8.12; N 5.38.

4. Conclusions

A series of homo- and heteroleptic Ge(ir), Sn(i1) and homoleptic
Pb(1) N,N'-disubstituted n-butyl amidinates were prepared and
characterized. In the solid state the heteroleptic Ge(i1) amidinate
is a monomer, Sn(i1) amidinate with bulky Dipp substituents is a
dimer via chlorine bridges and the cyclohexyl N,N'-disubstituted
Sn() chloride reveals a unique dimeric structure via one Cl
bridge and Sn to an amidinate m-system contact. Accidental but
reproducible oxidation of heteroleptic Sn(i1) chloride led to the
tetranuclear linear complex containing two Sn(i1) and two Sn(1v)
atoms formed by migrations of two ligands.

Acknowledgements

The authors would like to thank the Grant Agency of the Czech
Republic (grant no. 104/09/0829) for financial support.

This journal is © The Royal Society of Chemistry 2012

Dalton Trans., 2012, 41, 5010-5019 | 5017


http://dx.doi.org/10.1039/c2dt12472f

Published on 17 February 2012. Downloaded by University of Lancaster on 30/10/2014 22:12:42.

View Article Online

Notes and references

1

2

w

W

N

[ BEN |

Nl

10
11

12

S. Patai and Z. Rappoport, The Chemistry of Amidines and Imidates, vol.
2, Wiley Interscience, New York, 1991.

For example: (@) Y. Luo, S. Fan, J. Yang, J. Fang and P. Xu, Dalton
Trans., 2011, 40, 3053-3059; (b) P. Benndorf, J. Jenter, L. Zielke and P.
W. Roesky, Chem. Commun., 2011, 47, 2574-2576; (c) Y. Luo, P. Xu,
Y. Lei, Y. Zhang and Y. Wang, Inorg. Chim. Acta, 2010, 363, 3597-3601;
(d) P. Drose, A. R. Crozier, S. Lashkari, J. Gottfriedsen, S. Blaurock, C.
G. Hrib, C. Maichle-Moessmer, Ch. Schaedle, R. Anwander and F
T. Edelmann, J. Am. Chem. Soc., 2010, 132, 14046—14047; (e) M.
V. Yakovenko, A. V. Cherkasov, G. K. Fukin, D. Cui and A. Trifonov,
Eur. J. Inorg. Chem., 2010, 3290-3298; (f) J. R. Walensky, R. L. Martin,
J. W. Ziller and W. J. Evans, Inorg. Chem., 2010, 49, 10007-10012;
(g) W. I. Evans, J. R. Walensky and J. W. Ziller, Inorg. Chem., 2010, 49,
1743-1749; (h) W. J. Evans, J. R. Walensky and J. W. Ziller, Organome-
tallics, 2010, 29, 101-107.

For example: (a) P. J. Tiong, A. Nova, L. R. Groom, A. D. Schwarz, J.
D. Selby, A. D. Schofield, E. Clot and P. Mountford, Organometallics,
2011, 30, 1182-1201; (b) S. Schmidt, S. Schulz, D. Blaeser, R. Boese
and M. Bolte, Organometallics, 2010, 29, 6097-6103; (¢) K. Multani,
L. J. E. Stanlake and D. W. Stephan, Dalton Trans., 2010, 39, 8957—
8966; (d) C. Jones, L. Furness, S. Nembenna, R. P. Rose, S. Aldridge and
A. Stasch, Dalton Trans., 2010, 39, 8788-8795; (e) V. Gwildies, T.
B. Thiede, S. Amirjalayer, L. Alsamman, A. Devi and R. A. Fischer,
Inorg. Chem., 2010, 49, 8487-8494; (f) L. A. Lesikar and A.
F. Richards, Polyhedron, 2010, 29, 1411-1422.

For example: (a) S. P. Green, C. Jones and A. Stasch, Science, 2007, 318,
1754-1757; (b) M. L. Cole, A. J. Davies, C. Jones and P. C. Junk, Z.
Anorg. Allg. Chem., 2011, 637, 50-55; (c) R. Forret, A. R. Kennedy,
J. Klett, R. E. Mulvey and S. D. Robertson, Organometallics, 2010, 29,
1436-1442; (d) S. J. Bonyhady, S. P. Green, C. Jones, S. Nembenna and
A. Stasch, Angew. Chem., Int. Ed., 2009, 48, 2973-2977; (e) M. L. Cole,
A. J. Davies, C. Jones and P. C. Junk, J. Organomet. Chem., 2007, 692,
2508-2518; (f) M. L. Cole, A. J. Davies, C. Jones and P. C. Junk, New
J. Chem., 2005, 29, 1404-1408; (g) M. L. Cole and P. C. Junk, New
J. Chem., 2005, 29, 135-140.

For example: (a) F. Qian, K. Liu and H. Ma, Dalton Trans., 2010, 39,
8071-8083; (b) Y. Lei, E Chen, Y. Luo, P. Xu, Y. Wang and Y. Zhang,
Inorg. Chim. Acta, 2011, 368, 179-186; (c¢) G. Linti and T. Zessin,
Dalton Trans., 2011, 40, 5591-5598.

For example: (¢) M. Asay, C. Jones and M. Driess, Chem. Rev., 2011,
111, 354-396; (b) S. S. Sen, H. W. Roesky, D. Stern, J. Henn and
D. Stalke, J. Am. Chem. Soc., 2010, 132, 1123-1126; (¢) K. Junold,
Ch. Burschka, R. Bertermann and R. Tacke, Dalton Trans., 2010, 39,
9401-9413; (d) S. S. Sen, M. P. Kritzler-Kosch, S. Nagendran, H.
W. Roesky, T. Beck, A. Pal and R. Herbst-Irmer, Eur. J. Inorg. Chem.,
2010, 5304-5311; (e) S. S. Sen, S. Khan, H. W. Roesky, D. Kratzert,
K. Meindl, J. Henn, D. Stalke, J.-P. Demers and A. Lange, Angew.
Chem., Int. Ed., 2011, 50, 2322-2325; (f) S.-H. Zhang and C.-W. So,
Organometallics, 2011, 30, 2059-2062; (g) D. Matioszek, N. Katir,
S. Ladeira and A. Castel, Organometallics, 2011, 30, 2230-2235;
(h) R. Azhakar, R. S. Ghadwal, H. W. Roesky, J. Hey and D. Stalke,
Organometallics, 2011, 30, 3853—-3858.

C. Jones, Coord. Chem. Rev., 2010, 254, 1273—-1289.

(a) D. H. Harris and M. F. Lappert, J. Chem. Soc., Chem. Commun.,
1974, 895-896; (b) P. J. Davidson, D. H. Harris and M. F. Lappert, J.
Chem. Soc., Dalton Trans., 1976, 2268-2274.

(a) P. J. Davidson, A. Hudson, M. F. Lappert and P. W. Lednor, J. Chem.
Soc., Chem. Commun., 1973, 21, 829-830; (b) R. W. Chorley,
P. B. Hitchcock and M. F. Lappert, J. Chem. Soc., Dalton Trans., 1992,
1451-1452; (¢) C. Bibal, S. Mazieres, H. Gornitzka and C. Couret, Orga-
nometallics, 2002, 21, 2940-2943; (d) D. Kurzbach, S. L. Yao,
D. Hinderberger and K. W. Klinkhammer, Dalton Trans., 2010, 39,
6449-6459; (e) A. Hudson, M. F. Lappert and P. W. Lednor, J. Chem.
Soc., Dalton Trans., 1976, 2369-2375.

P. P. Power, Nature, 2010, 463, 171-177.

(a) M. J. S. Gynane, M. F. Lappert, S. J. Miles and P. P. Power, J. Chem.
Soc., Chem. Commun., 1976, 256-257; (b) M. J. S. Gynane, M.
F. Lappert, S. J. Miles and P. P. Power, J. Chem. Soc., Chem. Commun.,
1978, 192-193.

(@) K. A. Miller, J. M. Bartolin, R. M. ONeil, R. D. Sweeder,
T. M. Owens, J. W. Kampf, M. M. Banaszak Holl and N. J. Wells,
J. Am. Chem. Soc., 2003, 125, 8986-8987; (b) J. M. Bartolin, A. Kavara,
J. W. Kampf and M. M. Banaszak Holl, Organometallics, 2006, 25,

13

14

15

16

17

18

19

20

2

—_

22

23

24

25

26

27

29

30

3

—

32

4738-4740; (c) Y. Peng, J. D. Guo, B. D. Ellis, Z. L. Zhu, J.
C. Fettinger, S. Nagase and P. P. Power, J. Am. Chem. Soc., 2009, 131,
16272-16282.

(a) M. E. Lappert, Silicon, Germanium, Tin and Lead Compounds, 1986,
9, 129; (b) M. E. Lappert and R. S. Rowe, Coord. Chem. Rev., 1990, 100,
267-292.

(a) M. Brynda, R. Herber, P. B. Hitchcock, M. F. Lappert, I. Nowik, P.
P. Power, A. V. Protchenko, A. Ruzicka and J. Steiner, Angew. Chem., Int.
Ed., 2006, 45, 4333-4337; (b) H. Schnockel, Dalton Trans., 2005, 3131—
3136; (¢) N. Wiberg and P. P. Power, Molecular Clusters of the Main
Group Elements, Wiley-VCH, Weinheim, 2004; (d) A. Schnepf and
R. Koppe, Angew. Chem., Int. Ed., 2003, 42, 911-913.

For example: (a) S. P. Sarish, S. S. Sen, H. W. Roesky, 1. Objartel and
D. Stalke, Chem. Commun., 2011, 47, 7206-7208; (b) S.-H. Zhang, H.-
W. Xi, K. H. Lim and C.-W. So, Organometallics, 2011, 30, 3686-3689;
(c) A. Jana, D. Leusser, 1. Objartel, H. W. Roesky and D. Stalke, Dalton
Trans., 2011, 40, 5458-5463; (d) S. Khan, S. S. Sen, D. Kratzert,
G. Tavcar, H. W. Roesky and D. Stalke, Chem.—Eur. J., 2011, 17, 4283—
42905 (e) S. S. Sen, R. S. Ghadwal, D. Kratzert, D. Stern, H. W. Roesky
and D. Stalke, Organometallics, 2011, 30, 1030-1033.

(a) D. Matioszek, N. Katir, N. Saffon and A. Castel, Organometallics,
2010, 29, 3039-3046; (b) G. Tavcar, S. S. Sen, H. W. Roesky, J. Hey,
D. Kratzert and D. Stalke, Organometallics, 2010, 29, 3930-3935; (¢) S.
P. Sarish, A. Jana, H. W. Roesky, P. P. Samuel, C. E. Abad Andrade,
B. Dittrich and C. Schulzke, Organometallics, 2011, 30, 912-916;
(d) S. Khan, S. S. Sen, R. Michel, D. Kratzert, H. W. Roesky and
D. Stalke, Organometallics, 2011, 30, 2643-2645.

(a) C.-W. So, H. W. Roesky, P. M. Gurubasavaraj, R. B. Oswald, M.
T. Gamer, P. G. Jones and S. Blaurock, J. Am. Chem. Soc., 2007, 129,
12049-12054; (b) C.-W. So, H. W. Roesky, R. B. Oswald, A. Pal and P.
G. Jones, Dalton Trans., 2007, 5241-5244; (c¢) J. S. Jung, S. H. Yun,
M. Kim, S. W. Han, Y. J. Park, S. J. Shin, K. W. Sung and S. K. Lee,
PCT Int. Appl, WO 2010079979, 2010; (d) S. S. Sen, S. Khan,
D. Kratzert, H. W. Roesky and D. Stalke, Eur. J. Inorg. Chem., 2011,
1370-1373.

(a) W. Hunks, T. Chen, Ch. Xu, J. E Roeder, T H. Baum, M.
A. Petruska, M. Stender, P. S. H. Chen, G. T. Stauf and B. C. Hendrix,
PCT Int. Appl., WO 2008057616, 2008; (b) J.-F. Zheng, U.S. Pat. Appl.
Publ., US 20110124182, 2011.

T. Chlupaty, Z. Padelkova, A. Lycka and A. Ruzicka, J. Organomet.
Chem., 2011, 696, 2346-2354.

A. Stasch, C. M. Forsyth, C. Jones and P. C. Junk, New J. Chem., 2008,
32, 829-834.

F. Fayon, 1. Farnan, C. Bessada, J. Coutures, D. Massiot and J.
P. Coutures, J. Am. Chem. Soc., 1997, 119, 6837-6843.

(a) W. Wang, S. Inoue, S. Yao and M. Driess, J. Am. Chem. Soc., 2010,
132, 15890-15892; (b) S. Yao, Y. Xiong, M. Vogt, H. Grutzmacher,
Ch. Herwig, Ch. Limberg and M. Driess, Angew. Chem., Int. Ed., 2009,
48, 8107-8110.

(a) K. Jurkschat, C. Klaus, M. Dargatz, A. Tzschach, J. Meunier-Piret
and B. Z. Mahieu, Z Anorg. Allg. Chem., 1989, 577, 122-134;
(b) K. Jurkschat, H. P. Abicht, A. Tzschach and B. Mahieu, J. Organo-
met. Chem., 1986, 309, C47-C50; (¢) S. Benet, Ch. J. Cardin, D.
J. Cardin, S. P. Constantine, P. Heath, H. Rashid, S. Teixeira, J. H. Thorpe
and A. K. Todd, Organometallics, 1999, 18, 389-398; (d) B. S. Jolly, M.
F. Lappert, L. M. Engelhardt, A. H. White and C. L. Raston, J. Chem.
Soc., Dalton Trans., 1993, 2653-2663.

S. P. Green, C. Jones, P. C. Junk, K. A. Lippert and A. Stasch, Chem.
Commun., 2006, 3978-3980.

N. Nimitsiriwat, V. C. Gibson, E. L. Marshall, J. P. White, S. H. Daleb
and M. R. J. Elsegood, Dalton Trans., 2007, 4464-4471.

(a) B. Wrackmeyer, Annu. Rep. NMR Spectrosc., 1985, 16, 73-186;
(b) B. Wrackmeyer, Annu. Rep. NMR Spectrosc., 1999, 38, 203-264.

B. Wrackmeyer, Annu. Rep. NMR Spectrosc., 2002, 47, 1-37.

J. Bares, V. Sourek, Z. Padelkova, P. Meunier, N. Pirio, I. Cisarova,
A. Ruzicka and J. Holecek, Collect. Czech. Chem. Commun., 2010, 75,
121-131.

H. Vankatova, L. Broeckaert, F. De Proft, R. Olejnik, J. Turek,
Z. Padelkova and A. Ruzicka, /norg. Chem., 2011, 50, 9454-9464.

R. W. Chorley, P. B. Hitchock, B. S. Jolly, M. F. Lappert and G.
A. Lawless, J. Chem. Soc., Chem. Commun., 1991, 1302—-1303.

T. Chlupaty, Z. Padelkova, F. DeProft, R. Willem and A. Ruzicka, Orga-
nometallics, 2012, DOI: 10.1021/0m201118m.

S. Nagendran, S. S. Sen, H. W. Roesky, D. Koley, H. Grubmuller, A. Pal
and R. Herbst-Irmer, Organometallics, 2008, 27, 5459-5463.

5018 | Dalton Trans., 2012, 41, 5010-5019

This journal is © The Royal Society of Chemistry 2012


http://dx.doi.org/10.1039/c2dt12472f

Published on 17 February 2012. Downloaded by University of Lancaster on 30/10/2014 22:12:42.

View Article Online

33 M. A. Beswick, N. Choi, M. McPartlin, M. E. G. Mosquera, J. S. Palmer
and D. S. Wright, Chem. Commun., 1998, 1341-1342.

34 M. Veith, P. Hobein and R. Rosler, Z. Naturforsch., B: Chem. Sci., 1989,
44, 1067-1081.

35 Y. Zhou and D. S. Richeson, J. Am. Chem. Soc., 1996, 118, 10850—10852.

36 S. Patt and J. N. Shoolery, J. Magn. Reson., 1982, 46, 535-539.

37 Z. Otwinowski and W. Minor, Methods Enzymol., 1997, 276, 307-326.

38 P. Coppens, in Crystallographic Computing, ed. F. R. Ahmed, S. R. Hall
and C. P. Huber, Copenhagen, Munksgaard, 1970, pp. 255-270.

39 A. Altomare, G. Cascarano, C. Giacovazzo and A. Guagliardi, J. Appl.
Crystallogr., 1993, 26, 343-350.

40 G. M. Sheldrick, SHELXL-97, University of Gottingen, G6ttingen, 1997.

This journal is © The Royal Society of Chemistry 2012

Dalton Trans., 2012, 41, 5010-5019 | 5019


http://dx.doi.org/10.1039/c2dt12472f

