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We have successfully prepared and structurally characterized a family of eight tin(i) heteroleptic com-
plexes, [SN(NR)(ON)], (NR, = NMe; (1a—d) or N(SiMes), (2a—d); x = 1 or 2) and four homoleptic systems,
[Sn(k?-ON),] (3a—d) from a series of aminoalcohols and fluorinated aminoalcohols (H{ON}) having a
different number of methyl/trifluoromethyl substituents at the a-carbon atom, [HOC(RY)(R,)CH,NMe,]
(R* = R? = H (H{dmae}) (a); R* = H, R* = Me (H{dmap}) (b); R* = R? = Me (H{dmamp}) (c); R* = R? = CF;
(H{Fdmamp}) (d)). The synthetic route used reactions of either [Sn{N(SiMe3),},] or [Sn(NMe;),] with one or
two equivalents of the aminoalcohols (a—d) in dry aprotic solvents leading to elimination of amines and
formation of the Sn(i) species 1a—d, 2a—d and 3a—d respectively. All complexes were thoroughly charac-
terized by NMR spectroscopy (*H, **C, *°F, and *°Sn) as well as single-crystal X-ray diffraction studies. In
all case the solid state molecular structures of the complexes have been unambiguously established: the
solid state structures la—b and 1c are dimeric with central {Sn,N,} cores resulting from bridging
{1>-NMe,} units, in which the Sn(i) atoms are four-coordinate. In contrast, the solid state structures of
complexes 1c and 2a—c possess similarly dimeric structures, with four-coordinate Sn(i) atoms, in which
the oxygen atoms of the {ON} ligand bridge two Sn(il) centres to form dimers with a central {Sn,O,} core.
Uniquely in this study, 2d, [Sn(x?-O,N-OCMe,CHoNMe,){N(SiMes),}] is monomeric with a three coordi-
nate Sn(i) centre. The homoleptic complexes 3a—d are all isostructural with monomeric four-coordinate
structures with disphenoidal geometries. Solution state NMR studies reveal complicated ligand exchange
processes in the case of the heteroleptic complexes la—d and 2a—d. Contrastingly, the homoleptic
systems 3a—d show no such behaviour. While complexes 1la—d and 2a—d displayed either poor thermal
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stability or multistep thermal decomposition processes, the thermal behaviour of the homoleptic com-
plexes, 3a—d, was investigated in order to determine the effects, if any, of the degree of fluorination and
asymmetry of the aminoalkoxide ligands on the suitability of these complexes as ALD precursors for the

rsc.li/dalton deposition of SnO thin films.

Aside from a range of interesting and desirable properties
such as the ability to display superconducting behaviour

Introduction

Tin(u) oxide, which possesses a layered litharge structure, is
one of a limited number of binary p-type oxide semiconductor
materials, the exploration of which has increased markedly in
recent years." Despite the intrinsic electrical limitations
inherent within p-type oxide materials,” a sustained drive for
their development and application has seen SnO emerge as
one of the most promising candidates for application in elec-
tronic devices,>* with reported hole mobilities of ~18.71 cm?
(vVs)™" and field-effect mobilities of ~6.8 cm* V" s7'.*
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under pressure at room temperature,” and band gaps of 0.7
eV (indirect) and 2.5-3.0 eV (direct),’ SnO has attracted par-
ticular attention because of its potential utility within “true”
complementary metal oxide semiconductor (CMOS) devices,
i.e. the development of viable CMOS device structures com-
prising of both n- and p-type semiconducting oxides.”
Successful implementation of off-silicon CMOS devices is
critical for low power, cost-effective, flexible and transparent
electronics.

Currently, off-silicon based complementary devices rely on
the combination of well-developed n-type oxide transistors and
p-type organic or carbon-based thin film transistors. The
incompatibility of processing makes the circuit design and
integration more complicated and often unacceptable for prac-
tical applications.'®”? It is imperative therefore to develop
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viable p-type, or bipolar, oxide semiconductor materials to
allow fabrication of more compact CMOS devices.

Physical vapour deposition (PVD)*® and chemical vapour
deposition (CVD)'“® have both been used to produce thin
films of SnO with varying degrees of success. In the case of
CVD, three molecular precursors capable of producing phase
pure SnO have been reported to-date (Scheme 1, A-C).””*°
Since modern devices are topographically diverse structures, a
vapour phase technique capable of producing thin films with
exceptional conformality is required. Atomic layer deposition
(ALD) offers such a solution. Whilst a number of Sn-precursor/
reactant combinations have been surveyed for the growth of
SnO based materials,"* to date, only the Sn(i) aminoalkoxide
complexes, Sn(dmamp), (R = Me),’* Sn(dmamb), (R = Et)"®
have been found to produce phase pure SnO in an ALD
process; for example Sn(dmamp), has been used in conjunc-
tion with H,O, between 90 °C and 210 °C, to produce crystal-
line SnO at temperatures of 150 °C."?” More recently the less
effective bis-N-alkoxy carboxamide (Scheme 1, E) has been
reported as a potential ALD precursor.'*

For divalent metals of group 14 elements (Ge(u), Sn(u) or Pb
(), the metals possess both a lone pair of electrons and a
vacant p,-orbital. One effective methodology for the stabiliz-
ation of these reactive centres is the incorporation of inter-
molecular coordination (E — M(u) (E = N, O, P, S) by lariat
donor groups, which occupy the vacant p,-orbital and stabilize
the divalent metal centre with respect to oligomerisation."?
The complexes [M{OCH,CH,NMe,},] (M = Ge, Sn) which
contain the aminoalkoxide ligand {dmae}, were the first mono-
meric Sn(u) and Ge(i) compounds stabilized by intermolecular
M — N interactions, negating the need for steric shielding by
bulky substituents to achieve mono-nuclearity.’® Subsequently
several of functionalised alkoxide ligands such as 1-methoxy-2-
methyl-2-propanol (Hmmp)"” and 1-dimethylamino-2-methyl-
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Scheme 1 SnO CVD (A-C) and ALD (D, E) precursors.
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2propanol (Hdmamp)'® have become important ligands in the
development of MOCVD and ALD precursors.

The general dearth of suitable precursors for SnO pro-
duction has prompted us, and others,'* to investigate new Sn
(m)-ligand combinations. Aminoalcohols possess several attrac-
tive features as ligands in metal complexes. Recently, identical
ligands have been exploited in the development of heteroleptic
Sn(v) alkoxide/aminoalkoxide complexes for SnO, and
F-doped-SnO, by MOCVD."® The incorporation of Lewis basic
donor groups into alkoxide ligands, and their subsequent
application as volatile MOCVD precursors, was pioneered by
Herrmann with the development of a series of ether and
amine functionalised alcohols.”® Sequential substitution of
alkyl groups on the a-carbon atom in the functionalised alkox-
ide ligand has been shown to favour chelation over potential
bridging modes. The presence of donor-functionalized groups.
i.e. {OR} and {NR,}, has also been shown to enhance the vola-
tility and reduce the hydrolytic susceptibility of metal alkoxide
systems.”' Similarly, unsymmetrical substitution at both the
a-carbon atom of the alkoxide ligand, and the alkyl section of
the donor group has been used as a strategy to enhance pre-
cursor volatility. The introduction of fluorine into the ligand is
also an established method by which volatility of a precursor
can be increased. The substitution of H, CH3, or CR; groups
with fluorine moieties causes intermolecular repulsion due to
the resulting negative “charge envelope”-and thus an increase
in the volatility.°

In this work, we report an study into the synthesis and
structural characterisation of the heteroleptic complexes 1a-d
and 2a-d by reaction of the dimethylaminoethanol ligands
Hdmae (a), Hdmap (b), Hdmamp (c¢) and HFdmamp (d) with
[Sn{NMe,},]| and [Sn{N(SiMe;),},], respectively (Fig. 1), examin-
ing the effect of the incorporation of asymmetry, as well as
fluorination on the solid state structures of these systems. We
also report the synthesis and structural characterisation and
thermal properties of the homoleptic Sn(u) complexes, 3a-d,

(Fig. 1).
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Fig.1 The target hetero- (la—d and 2a-d) and homo-leptic Sn(i)
systems (3a—d) derived from the aminoalcohol pro-ligands H{dmae} (a),
H{dmap} (b), H{dmamp} (c) and H{Fdmamp} (d) respectively.
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Results and discussion

The development of a series of Sn(i) compounds was necess-
ary prior to investigating their potential utility for the pro-
duction of thin films of SnO via ALD. The synthesis and
characterization of the various hetero- and homoleptic species
isolated in this study are discussed below.

The initial investigation focused on the synthesis and
characterisation of the heteroleptic amide compounds “[Sn(L)
{NMe,}]” and “[Sn(L¥N(SiMe;),}]” (L = dmae, dmap, dmamp
or Fdmamp). Complexes 1a-d and 2a-d were synthesized in
near quantitative yields by the reaction of [Sn{NMe,},] or [Sn{N
(SiMes),},] with one equivalent of the amino-alcohols (a-d) in
hexane, as shown in Scheme 1.

As part of our study, we undertook single crystal X-ray ana-
lysis to determine the absolute molecular structures of the
complexes. Table S1T (in the ESI}) shows the structural data
parameters for 1a-d, 2a-d and 3a-d. Compounds 1a-b and 1d
are isostructural, each adopting a dinuclear arrangement in
the solid state, with the two halves of the molecule related by a
centre of inversion. Fig. 2 shows the molecular structures of
complexes 1a and 1d, respectively. The molecular structure of
1b is included in the ESL.T The cores of 1a-b and 1d consist of
planar, four-membered {Sn,N,} rings, in which the amide
ligands bridge in an asymmetric fashion (Table 1). The Sn-O
and Sn-N distances are within the range found in the CSD?*?
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Fig. 2 (a) The solid state molecular structures of [Sn{u-NMe;} {dmae}l,
(1a), and (b) [Sn{p-NMe,}{Fdmamp}l, (1d). Thermal ellipsoids are shown
at 50% probability. H-Atoms are omitted for clarity. The symmetry equi-
valent atoms are generated by the operator: # —X, 1 - Y, 1 — Z (1a) and
#1-X,2-Y,1-2Z(1d).
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Table 1 Selected bond lengths (A) and angels (°) for complexes 1a, 1b

and 1d

Bond lengths
la 1b 1d

Sn—Ninme,) 2.795(2) 2.720(3) 2.717(6)
Sn-O 2.045(2) 2.048(2) 2.067(5)
Sn-N(1)nme,) 2.218(2) 2.217(3) 2.212(7)
Sn(1)#-N(1)enmre,) 2.320(2) 2.350(3) 2.323(7)
Sn-Sn 3.4826(4) 3.4825(4) 3.4525(7)
0-C 1.409(3) 1.412(4) 1.363(9)
Y Sn,N, ring 360 360 360
Bond angles
Nixme,)-SN(1)-N(2)# inme,) 158.36(6) 157.8(1) 154.5(2)
Sn-N-Sn 100.25(7) 80.7(1) 99.1(3)
O(1)-Sn-N(2) 93.56(6) 92.6(1) 91.5(2)
Sn-0-C 118.0(1) 121.0(2) 126.1(5)

C(2)-N(1)-S 96.7(1) 100.5(2) 105.8(5)
C(z)—N(1)—C(3) 111.6(2) 111.9(3) 111.7(8)
C(2)-N(1)-C(4) 111.1(2) 112.1(3) 112.7(8)
C(3)-N(1)-C(4) 108.3(2) 109.0(3) 107.9(9)
> C-N(1)-C (sp® ~328.5°) 331.0 333.0 332.3

for tin(i) compounds with a central {Sn,N,} rings, and as with
similar compounds, angles of ca. 90° are observed between the
alkoxide bonds and the {Sn,N,} core [1la: 91.09(7), 1b: 89.27
(11), 1d: 87.84(10)]. Appended to each Sn atom, in a mutually
trans-configuration, are the aminoalkoxide ligands which
chelate such that each metal centre possesses a 4-coordinate
environment, with approximate trigonal bipyramidal
geometry,''”?* with a vacant equatorial coordination site. The
fourth (axial) coordination position about the Sn centres is
seen to be occupied by the lariat {NMe,} group of the ami-
noalkoxide ligands. It is noteworthy that these Sn---N inter-
actions, while appreciably shorter than the sum of the respect-
ive van der Waals radii (2.17 (Sn) + 1.55 (N) = 3.72 A), are
longer than comparable Sn---N lariat interactions [Sn(1)---N(2),
1a: 2.795(2) A, 1b: 2.720(3) A, 1d: 2.717(6) A]. We attribute the
elongated nature of these interactions in part to electronic
repulsive forces arising from the stereoactive lone pair of elec-
trons on the Sn atoms, and it is plausible that these weak
Sn---N interactions may result in the solution state fluxionality
demonstrated in the '°Sn NMR (vide infra).

Complex 1c (Fig. 3), which supports a {C(Me,)} unit in the
a-position of the aminoalkoxide ligand, is also dimeric in the
solid state. Interestingly however, the relative configuration of
the ligands about the Sn atoms has changed significantly.
Selected bond lengths and angles are presented in Table 2. At
the core of this dimer is a planar asymmetric {Sn,O,} ring, in
which a bridging {;-OCH,CH,NMe,} group is bonded to each
of the two Sn atoms in a chelating fashion. The Sn-O and Sn-
N distances are within the range found in the Cambridge
Structural Database for tin() compounds with central {Sn,0,}
rings.”> The angle made between the {NMe,} groups on each
Sn atom and the {Sn,0,} core is >90° [1c: 93.85(11)°], presum-
ably because of the steric demands of the {NMe,} groups.

Each Sn centre also bears a terminal, mutually-trans {NMe,}
group, such that the geometry about each Sn(u) core can be
described as trigonal-bipyramidal. In contrast to 1a-b and 1d
the chelating interaction between the Sn atoms and the lariat

This journal is © The Royal Society of Chemistry 2021
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Fig. 3 The solid state molecular structure of [Sn[u-dmampl{NMe,}],
(1c). Thermal ellipsoids are shown at 50% probability. H-Atoms are
omitted for clarity. The symmetry equivalent atoms are generated by the
operator: # -X,1-Y,1-Z.

Table 2 Selected bond lengths (A) and angels (°) for complexes 1c

Bond lengths Bond angles

Sn-0(1) 2.111(2) N(1)-Sn-O(1)# 142.3(1)

Sn-O(1)# 2.338(2) O(1)-Sn-N(2) 94.7(1)

Sn-N(1) 2.619(3) Sn-0-C 120.7(2)

Sn-N(2) 2.058(3) Sn-0-Sn 110.0(1)

Sn-Sn 3.6474(5) 0-5n-0 69.97(9)

0-C 1.427(4) C(2)-N(1)-Sn 103.1(2)
C(2)-N(1)-C(3) 110.1(3)
C(2)-N(1)-C(4) 112.7(3)
C(3)-N(1)-C(4) 108.7(3)
Y C-N-C (sp® = ~328.5°) 331.5

{NMe,} group is approx. 4-7% shorter [Sn(1)-N(2), 2.619(3) A],
suggestive of a stronger Sn « NMe, interaction Cf. 1a-b and 1d.

The specific reason for this variation of the coordination
modes from {u-NMe,}/{aminoalkoxide} in 1a-b and 1d to {p-
aminoalkoxide}/{NMe, } in 1¢, is unclear however we may pos-
tulate that a change in electron density on the O-atom of the
aminoalkoxide ligand, or the NMe, lariat, may be responsible.

Resonances of the "H NMR spectra for 1a-d in C¢Dg were in
general found to be consistent with the respective aminoalkox-
ide and the amide ligands in a 1:1 ratio; a feature also
reflected in the '*C NMR spectra. For complex 1a the 'H and
3C NMR spectra contain a series of resonances attributed to
the {OCH,}, {SnNMe,}, {NCH,} and {CH,NMe,} groups respect-
ively. Similarly, compound 1b displays resonances at § =
4.17-4.19 ppm ascribed to the chiral CHMe, with the remain-
ing methylene group (i.e. {CH,}) giving rise to a broad multi-
plet at § = 2.19-2.31 ppm and a doublet of doublets (J = 11.6,
2.5 Hz) at § = 1.82 ppm.

The "H NMR spectrum of 1c also shows the expected reso-
nances attributed to the {Sn-NMe,}, {CH,}, {-NMe,} and {-CHa}
groups. The resonances ascribed to the {CH,} and {CMe,} moi-
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eties appear to be coincidental in the "*C NMR spectrum, with
the tertiary environment appearing more downfield (5§ =
72.80 ppm) than the methylene (6 = 72.19 ppm), in contrast to
compounds 1a and 1b, in which the alkoxide carbon environ-
ment is found further upfield of the methylene group.

The 'H, *C, and '°F NMR spectra for 1d at room tempera-
ture display a pattern of resonances consistent with a highly
fluxional system. At high temperature (i.e. 90 °C in d®-C,Hy)
resonances in the "H NMR spectrum resolve into the expected
{CH,}, {CH,NMe,} and {SnNMe,} signals. At the same tempera-
ture the "*C NMR spectrum displays signals for the {SnNMe,},
{NMe,}, {CH,} and {OC} moieties at § = 41.68, 47.1, 57.50 and
82.48 ppm respectively. Peaks associated with the {CF;} moi-
eties were obscured by resonances associated with solvent. At
90 °C the '°F NMR spectrum exhibits a major resonance at § =
—76.3 ppm, accompanied by a secondary, and substantially
smaller resonance at § = —76.7 ppm. This contrasts with the
room temperature spectrum, which shows a redistribution of
intensities across three resonances (6 = —76.3 (minor), —76.7
(major) and —77.5 (minor) ppm) indicative of multiple species
present in equilibrium.

The solid-state structures of heteroleptic complexes 2a-2d,
formed by stoichiometric reaction of pro-ligands a-d with [Sn
{N(SiMe3),},], reveal dimeric systems in the case of 2a-c in
which the bulkier {N(SiMe),} is terminally coordinated, whilst
the fluorinated analogue 2d presents as a monomeric species.
For the dimeric systems (2a-c) the solid-state structures
consist of a central asymmetric {Sn,0,} core reminiscent of 1c,
in which amide ligands are orientated about the centre in a
transoidal fashion. Fig. 4 shows the solid-state molecular
structures of complexes 2¢ and 2d. The molecular structures of
complexes 2a and 2b are included in the ESI} and selected
bond lengths and angles are shown in Table 3 (2a-c) and
Table 4 (2d). Complex 2a has been previously described,>* but
is included here as part of a wider narrative. Each Sn(u) centre
possesses a trigonal-bipyramidal geometry, with Sn-O and
Sn-N distances for 2a-2c¢ within the range found in the
Cambridge Structural Database®* for tin(u) compounds with a
central {Sn,0,} core.'®**? In contrast to the terminal {NMe,}
geometry in 1c¢, which is reflected in isostructural compounds
2a-c, the sterically encumbered {N(SiMe;),} units result in
more obtuse angles at the metal centres between the {N
(SiMes),} ligands and the {Sn,O,} cores [2a: 99.47(19)°/103.45
(19)°, 2b; 102.46(10)°/103.48(10)°, 2¢: 104.78(7)°].

Distinctively, the fluorinated compound 2d is monomeric
in the solid state and is isostructural to the monomeric Ge(u)
system [Ge{dmae}{N(SiMe;),}],>* with a three-coordinate tin
atom forming a single bond each to the {N(SiMe;)} and the
oxygen atom of the {Fdmamp} ligand, whilst an additional
dative Sn « N interaction from the lariat {NMe,} group com-
pletes the coordination. Inspection of the Sn « NMe, dis-
tances across 2a-d clearly shows that a shorter interaction is
present in 2d [Sn(1)-N(1), 2.433(4)] in comparison with inter-
actions found in 1a-d and 2a-c (see Table 4). Concomitantly,
both the Sn-O and Sn-N(SiMe;), bonds are also shortened in
2d compared with other complexes in this series.

Dalton Trans., 2021, 50,13902-13914 | 13905
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(a) The solid state molecular structure of [Sn[p-dmamp}N(SiMes),}, (2¢). (b) The solid state molecular structure of [Sn[Fdmamp}{N(SiMes),}

(2d). Thermal ellipsoids are shown at 50% probability and H-atoms are omitted for clarity. The symmetry equivalent atoms in 2c are generated by the
operator: # -X,1-Y,1-Z.

Table 3 Selected bond lengths (A) and angels (°) for complexes 2a-c

Table 4 Selected bond lengths (A) and angels (°) for complexes 2d

2a 2b 2¢ Bond lengths Bond angles
Bond lengths Sn(1)-0(1) 2.087(2) 0-Sn(1)-N(1) 72.1(1)
Sn(1)-Nnme,) 2.634(6), 2.613(6) 2.596(8), 2.643(3) 2.592(2)  Sn(1)-N(nme,) 2.433(4) 0-Sn(1)-N(2) 94.3(1)
Sn-poO 2.126(5), 2.265(5), 2.136(7), 2.341(6) 2.130(1) Sn-N(mps) 2.090(3) N(1)-Sn(1)-N(2) 102.3(1)
2.303(5), 2.145(5) 2.319(6) 2.120(6) 2.381(1)  O(1)-C(1) 1.364(5) Sn(1)-0-C(1) 117.4(2)
Sn—-N(mps) 2.150(5), 2.155(5) 2.147(7) 2.183(2) C(2)-N(1)-Sn(1) 103.8(2)
2.158(7) C(2)-N(1)-C(3) 111.6(3)
Sn-Sn 3.6529(8) 3.6679(8) 3.7152(4) C(2)-N(1)-C(4) 108.1(3)
0-C 1.401(8), 1.399(7) 1.43(1), 1.48(2) 1.440(2) C(3)-N(1)-C(4) 109.8(3)
> Sn,0, ring 359.51(2) 359.93(2) 360 3> C-N-C (sp® = ~328.5°) 329.5
Bond angles 3 C-N-C (sp® = ~328.5°) 331.5
pO-Sn-pO 68.8(2), 67.8(2) 69.0(2), 69.6(2) 69.23(5)
Sn-pO-Sn 111.0(2), 111.8(2) 110.7(3), 110.6(3) 110.77(6)
N(nMe,)~SN—HO 71.20(2), 71.02(2) 72.56(10) 73.50(4)
139.5(2), 138.8(2) 76.19(10) 142.72(5)
141.52(6), 145.84(6) . . . . .
HO-Sn-Nas) 105.8(2), 94.24(2) 104.2(3) 97.84(3) 105.64(6) reaction m1xtur(? underwent ar.l immediate transformaFlon to a
103.2(2), 95.32(2) 104.8(2) 99.03(6)  colourless solution and was stirred for 2 h before volatiles were
96.75(2) removed in vacuo. The resultant solids were dissolved in a
Nowae,-Sn-N 90.15(2), 93.46(2) gg'iig 89925)  inimum volume of hexane, filtered, and stored at —28 °C to
¥ Nwmtey) 332.8(6) 332.6(6) 330.9(2) afford crystalline products. Complexes 3a and 3c¢ have pre-

(sp® = ~328.5°)

Despite an acute bite angle [O(1)-Sn(1)-N(1): 72.1(1)°], the
additional bond angles about the Sn(1) in 2d [N(1)-Sn(1)-N(2):
102.03(1)° and O(1)-Sn(1)-N(2): 94.3(1)°] suggest an absence of
hybridisation at the Sn(u) centre. This would imply that the
tin-ligand bonds in 2d almost exclusively involve the p-orbitals
on Sn(u), resulting in a non-directional 5s> configuration of
the Sn lone pair.

As with 1a-c, the resonances of the 'H spectra for 2a-d in
CeDs were found to be consistent with the respective aminoalk-
oxide and amide ligands in a 1:1 ratio. For 2a the 'H and "*C
NMR spectra were consistent with those previously reported.**

The homoleptic complexes 3a-d were synthesised in a
similar fashion to 2a-d, through the addition of two equiva-
lents of the desired aminoalcohol to a clear orange solution of
[Sn{N(SiMe3),},] in hexane under an atmosphere of argon
(Scheme 2). Independent of the aminoalcohol employed, the

13906 | Dalton Trans., 2021, 50, 13902-13914

viously been reported by Zemlyansky et al.'® and Han et al.***
respectively. While 3¢ is, in our hands, a solid at room temp-
erature, it has previously been described as colourless
liquid.*®” Our investigation suggests that small amounts of
free ligand can act as a contaminant and have a significant
effect on the physical form of 3c. Distillation of the neat
product at 120 °C (107> mbar) into liquid nitrogen was found
to yield a white-colourless crystalline material of high purity at
room temperature, which when melted, often remained in
liquid form at room temperature for some time. Overall, 3¢
exhibits an unusual solid-liquid behaviour; some crystalline
samples remaining solid above 100 °C, whereas some samples
remaining liquid at room temperature, crystallising in
response to agitation, despite its high purity. A brief acknowl-
edgement of these properties is made within the US patent,”®
though no further discussion exists within the literature. The
effect of the variability of these properties on the effectiveness
of Sn(dmamp), (3¢) as an atomic layer deposition precursor
has yet to be studied.

This journal is © The Royal Society of Chemistry 2021
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Scheme 2 Synthetic scheme for complexes 1la—d and 2a—d.

Fig. 5 shows the molecular structures of complexes 3b-d. and 0.72 (3d))'*? about the Sn(u) centre in which the two ami-
The molecular structure of 3a is included in the ESL.T Selected noalkoxide ligands are coordinated in the same x’>-fashion
bond lengths and angles are presented in Table 5. The homo- observed throughout this study, with the O-atoms of the
leptic compounds 3a-d form an isostructural series of mono- ligands occupying two equatorial positions, and the pendent
meric, four-coordinate complexes. Each possesses a pseudo-tri- {NMe,} groups occupying the axial positions. The Sn-O
gonal bipyramidal geometry (z = 0.82 (3a), 0.78 (3b), 0.77 (3¢) [2.04-2.06 A] and Sn < NMe, [2.46-2.58 A] bond lengths in

c(13) ’(14)

. c(3)
Ny =
c mz)‘——’ F(Z)' F(1) c@)
c(1) | c(12) ‘ - C(4)
‘ . N(1) i F(6)
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AN cm‘ c(24). “ 1 ,
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@ o) -

(3b) (3¢c) (3d)

Sn(1) 0(2)

Fig. 5 The solid-state molecular structures of (a) [Sn{dmap},] (3b), (b) [Sn{dmamp},] (3c) and (c) [Sn{Fdmamp},] (3d). Thermal ellipsoids are shown
at 50% probability and H-atoms are omitted for clarity. The symmetry equivalent atoms in 3b are generated by the operator: #1 - X, Y, % -Z

Table 5 Selected bond lengths (A) and angels (°) for complexes 3a-d

3a 3b 3c 3d
Bond lengths
0O(1/2)-Sn 2.052(4) 2.0548(12) 2.050(2), 2.038(2) 2.050(2), 2.081(3)
N(1/2)-Sn 2.464(4) 2.4772(15) 2.580(3), 2.436(3) 2.449(3), 2.509(3)
C(1/11)-0 1.412(7) 1.409(2) 1.412(4), 1.412(3) —
Bond angles
N-Sn-N 145.86(19) 143.24(7) 144.25(9) 141.9(1)
0-Sn-0 96.4(2) 96.39(7) 98.30(9) 98.3(1)
N-Sn-N/O-Sn-O“ 87.2 87.0 84.26 84.55
C(1/11)-0-Sn 118.8(3) 120.81(10) 119.02(2), 122.1(2) 126.4(2), 121.4(2)
C(2)-N-Sn 101.0(3) 100.49(10) 101.7(2), 101.1(2) 108.1(2), 105.7(4)
C(2/12)-N-C(3/13) 111.8(4) 110.6(1) 110.6(2), 109.8(3) 113.2(3), 113.2(6)
C(2/12)-N-C(4/14) 110.6(4) 112.0(1) 112.2(3), 112.6(3) 109.4(3), 111.8(6)
C(3/13)-N- C(4/14) 109.9(4) 110.0(1) 109.0(3), 109.7(3) 107.8(3), 108.7(6)
> C-N-C (sp® = 328.5°) 332.3(4) 332.6(1) 331.8(3), 332.1(3) 330.4(4), 333.7(4)

“Smallest angle between N-Sn-N and O-Sn-O planes.
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3a-d are commensurate with comparable complexes and show
no significant differences as this group of complexes is
traversed.

A cursory analysis of the bond angles about the Sn(u) centre
in 3a-d (see Table 5) suggests that the tin-ligand bonds almost
exclusively involve the p-orbitals on Sn, and that the lone pair
of electrons in 3a-d are therefore again largely 5s* based."®

The "H NMR spectra of 3a-d clearly show the absence of
resonances associated with the {N(SiMe;),} ligands and are
consistent with the formation of the bis-aminoalkoxide com-
plexes. For 3a and 3¢ the 'H and "*C NMR spectra for 3¢ match
the reported data.

The "H NMR spectrum for 3b is complicated by the chiral
nature of the aminoalkoxide backbone, where chelation gives
rise to a mixture of the RR, SS, RS and SR configurations. High
temperature spectroscopy (90 °C in d®-C¢Hg) resolves the 'H
and C NMR spectra into five resonances indicative of a
highly fluxional system.

The "H NMR spectrum of [Sn{Fdmamp},] 3d, displays three
environments, with a broad singlet at § = 2.54 ppm associated
with the {CH,} group, and two very broad signals of equal inte-
gration ascribed to the {Me} groups of the chelating {NMe,}
unit (§ = 2.07 and 1.75 ppm), which exist in inequivalent
environments. The "C{"H} NMR spectrum shows a broad
quartet at 6 = 124.9 ppm, {CF;}, alongside four further reso-
nances at § = 82.8 (OC(CF3),}, 58.07 (CH,), 47.8 (NMe) and
45.9 (NMe) ppm, signifying an inequivalence of the {NMe}
groups. The presence of two resonances at 6 = —76.40 and
—77.55 ppm in the '°F NMR spectrum is also indicative of the
two inequivalent {CF;} environments (¢f. 5 = —78.86 ppm for
the free pro-ligand).

The purity of the bulk powders of all compounds 1a-3d was
further investigated using elemental analysis. As is often noted
for these types of compounds, obtaining useful elemental ana-
lyses is difficult due to the high volatility of the compounds,
incomplete or premature decomposition of the precursor, or
inclusion of solvents. Therefore, while the elemental analyses
are within acceptable range for C and H for several complexes,
elemental analysis for others were difficult to obtain.

119gn NMR studies

As part of our investigation "'°Sn{'H} NMR studies were per-
formed on all complexes and are tabulated in Table 6. The
NMR spectroscopic data for 1a-3d were recorded in benzene-
d® at 25 °C whenever possible, as ''*Sn NMR shifts have pre-
viously been shown to be temperature sensitive. In the case of
complex 1d NMR studies were also recorded at 90 °C in an
attempt to resolve the spectra.

For the homoleptic, 4-coordinate complexes 3a-d the '*°Sn
{"H} NMR spectra all display single well-defined resonances
between § = —279 and -322 ppm. Curiously, the "°Sn{'H}
shift for 1a was recorded at —279 ppm, ~30 ppm upfield of the
literature value of § = =310 (in d®-toluene). Such changes with
solvent have been noted previously with upfield shifts being
assignable to donor-acceptor interactions of variable strength.
The "°Sn{"H} resonance for 3d is shifted upfield compared to
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Table 6 '°Sn{*H} NMR data for 1a—3d
Compound  §''°Sn Compound §'Sn  Compound §''°Sn
1a -77° 2a -168  3a -278
1b -65% 125 2b -135  3b -246
1c -46° 2¢ 123 3¢ -218
-66°
-218”
+125°
1d +80%° 2d +94 3d -322
+70%°¢
—1175¢
—132%¢
+837

“Major peak. ? Minor peaks. ©25 °C. ¢ 90 °C.

that of 3c, presumably as a result of the proximity of electron
withdrawing {CF;} groups. We note that complexes of the form
[Sn{OC(CF;),CH,L},] (L = SeCeH,4(CH,NMe,)*” or P(‘Bu)s}, %)
also possess upfield chemical shifts (**°Sn{"H} § = —392 and
—292 ppm respectively).

"9Sn chemical shifts for tin(u) complexes are known to be
heavily influenced by coordination environment,>® and an
increase in coordination number or electron density at the
metal generally result a in upfield resonances. The observed
"9Sn{'H} NMR shifts for 3a-d suggest an increase in electron
density at the Sn(u) centre in the order 3¢ < 3b < 3a < 3d. The
"9Sn{'H} chemical shifts for 3a-d (Table 6) fall in very narrow
range (6 = 104 ppm) considering the fact that chemical shifts
for tin(n) compounds have been reported over a 4500 ppm
range. This suggests that 3a-d are all structurally comparable
in solution and are likely to possess structures in solution akin
to those established by X-ray diffraction.

For complexes 2a-d the observed "'°Sn{'H} chemical shifts
are spread over a wider ppm range and appear as single well-
defined resonances. While complex 2a is already known to the
literature'® its "°Sn{'H} NMR spectra has not previously been
reported. In contrast to 3a-d the *°Sn{"H} chemical shifts of
2a-c, which are also 4-coordinate in the solid state, experience
a downfield or de-shielding as the series is traversed. For 2d,
which possesses a 3-coordinate Sn(u) centre in the solid state,
a chemical shift of 6 = 94 ppm is observed.

For the heteroleptic {NMe,} derivatives 1a-d the story is
considerably more complicated, with the appearance of mul-
tiple Sn environments in the '*”Sn{"H} NMR spectra of 1a-c,
whilst 1a displays a single broad (ca. 40 ppm) '*°Sn resonance
at 6 =77 ppm.

The complex solution-state activity is most clearly demon-
strated in the "°Sn{'"H} NMR of Sn(dmamp)NMe, (1c), where
four broad resonances are evident. At the two extremes of the
range, a resonance attributed to [Sn{NMe,},], (6 = +125 ppm)
can be seen, alongside a resonance coincident with that of the
homoleptic bis-substituted species Sn(dmamp), (3¢) [6 =
—218 ppm]. We hypothesis that these systems are in equilibria
as shown in eqn (1), as similar equilibria have been previously
noted in studies between Sn(n) amides and alcohols and
phenols.*’

This journal is © The Royal Society of Chemistry 2021
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A further two, upfield resonances at § = —46 and —65 ppm,
are attributed to two different isomers of the heteroleptic
species: the peak observed at § = —46 ppm is attributed to the
{p-O} bridged species observed in the solid state, whilst the
resonance at § = —66 ppm is assigned to the {y-NMe,} isomer.
Despite the lack of crystallographic evidence for the latter
isomer, it is reasonable to suggest that the {u-NMe,} form may
be present given that this is the preferred method of bridging
observed in the solid state for complexes 1a, 1b and 1d. To
support this, analysis of the "°Sn{'"H} NMR spectrum of 1b,
which differs only by a single methyl substituent on the alkox-
ide, reveals a well-defined but broad resonance at § =
—65 ppm, attributed to the solid-state structure of 1b. A reso-
nance of significantly lower intensity is also observed at § =
+125 ppm, suggestive of the previously described equilibrium
depicted in eqn (1). However, a resonance at § = —246 ppm
associated with 3b was not observed.

The ''°Sn NMR spectra for 1d displays resonances at § =
+80, +70, —117 and —132 ppm respectively. By comparison
with other NMR data in this study, we speculate that the major
peak at § = +80 ppm corresponds to the monomeric form of 1d
with a structure comparable to the 3-coordinate solid state
structure of 2d. Whilst specific assignment is not possible, we
venture that the remaining upfield peaks at § = +70, +117 and
—132 ppm may well represent dimeric species such as the (p-
NMe,) bridged dimer, with and without lariat {NMe,} coordi-
nation to the Sn(u) centre, as well as the corresponding (p-
Oalkoxide) Dridged systems. Notably, none of these resonances
correspond to the formation of the bis-amino-alkoxide
complex 3d and [Sn{NMe,},], as in the case of 1la-c. At 90 °C
the spectra resolve into a single broad resonance at 6 =
+83 ppm, which we assume to be the 3-coordinate [(Me,N)Sn
{k*-OC(CF;),CH,NMe,}].

Thermal profiles of homoleptic compounds (3a-d)

Two of the main precursor requirements for ALD applications
are the need for volatility and thermal stability. As the primary
goal of synthesising compounds 1a-d, 2a-d and 3a-d was
driven by our interest in their application as precursors for the
ALD of Sn(u) oxide films. The thermal profiles of complexes
1la-d and 2a-d where not investigated, as all displayed poor
thermal stability: as well as displaying ligand exchange incom-
patible with application as ALD precursors, complexes 1a-d
showed instability at room temperature, decomposing upon
prolonged storage under inert atmosphere. In addition the
complex ligand exchange processes observed for the heterolep-
tic systems 1a-d and 2a-d when in solution state call into
question their suitability as stable ALD precursors. Complexes
2a-d were all found to possess multistep thermal decompo-
sition processes, displaying mass losses over a wide tempera-
ture ranges. As such only the melting points and thermo-
gravimetric analysis (TGA) and isothermal studies of the
homoleptic complexes 3a-d are reported here. The melting
points and analysis of these compounds were recorded with
instruments housed in an argon filled glovebox in order to
minimise reaction with atmospheric moisture/air. While
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complex 3a is known in the literature, its thermal properties,

and their comparison to complexes 3b, 3¢ and 3d, have not
previously been described.
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Fig. 6 shows the thermal profiles of [Sn{dmae},] (3a), [Sn
{dmap},] (3b), [Sn{dmamp},] (3¢) and [Sn{Fdmamp},] (3d),
which were carried out under an inert atmosphere.

Apart from [Sn{dmae},] (3a), all complexes display a single
large mass loss event consistent with volatility or extensive
one-step decomposition. The low residual masses (Table 7)
indicate that the former is more likely, with the final masses
for all four complexes presenting well below that which would
be expected for metallic tin, indicating in all cases a of degree
of volatility. While the TGA data provide an indication of the
volatility of the complexes, decomposition characteristics are
less easy to discern for complexes with significant volatility.

The thermal behaviour of complexes 3a-d were further
investigated using isothermal TGA-studies (Fig. 7). At the
fixed temperature of 70 °C, the mass loss for each compound
was measured over a period of 120 min. In all measurements,

Sn(dmae), (3a)
- - - - Sn(dmap), (3b)
= = Sn(dmamp), (3c)
Sn(Fdmamp), (3d)

% Mass

T T T T T T
50 100 150 200 250 300 350 400

Temperature (°C)

Fig. 6 Mass loss/temperature plots of [Sn{dmae},] (3a), [Sn{dmap},]
(3b), [Sn{dmamp},] (3c) and [Sn{Fdmamp}.] (3d). Ramp: 5 °C min~?%, Ar

flow 20 mL min~™.
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Table 7 Melting points, residual masses from the TGA of (3a), (3b), (3¢c)
and (3d), with expected masses of decomposition products

Expected residual

mass (%)
Compound  M.p (°C)  Residual mass (%) SnO  SnO, Sn
(3a) 45-46 13.1 457 511 40.2
(3b) 75-78 12.1 41.7 467  36.8
(3¢) 56-60 11.2 38.4 429 338
(3d) 82-87 3.0 23.7 26.6 20.9
55
5.0 Sn(dmae), (3a)
’ - - - - Sn(dmap), (3b)
4.5+ — = Sn(dmamp), (3¢c)
40 Sn(Fdmamp), (3d)
S 35 \‘\\_\
E 4] s
© 2.5 e .
= TR
2.0
1.5
1.0
0.5
0.0 T T T T T
0 20 40 60 80 100 120
Time (min)
Fig. 7 Isothermal plots at 70 °C of Sn(dmae), (3a), Sn(dmap), (3b), Sn

(dmamp), (3c) and Sn(Fdmamp), (3d). Ar flow 20 mL min™t.

an approximate linear weight loss was observed, which
could be indicative of sublimation, with limited signs of
decomposition.

As indicated by the initial TGA (Fig. 6), all compounds dis-
played degrees of volatility, with evaporation rates decreasing
in the order (3c) > (3b) > (3d) > (3a). This order is consistent
with the observed onsets of volatility in the variable tempera-
ture TGA, and the observation that 3¢ and 3d can both be dis-
tilled under reduced pressure as part of the purification
process.

The evaporation rates (Table 8 ESIT) were found to be in the
range ~33-119 pug min~" cm™>. From the thermal studies, one
can conclude that among the Sn(n) aminoalkoxides studied
here, the dimethyl and monomethyl substituted complexes
(3¢) and (3b) show the greatest promise as ALD applications
with evaporation rates of 118.7 pg min™' cm™> (3b) and
55 pug min~' cm~ (3¢).

Conclusions

The development of precursors for ALD of electronically rele-
vant materials such as SnO is essential to the future advance-
ment of materials science. In this paper we present a family of
homoleptic and heteroleptic tin(u) amino(fluoro)alkoxide com-
plexes of the form [Sn(NR,)(ON)], (NR, = NMe, (1a-d) or

13910 | Dalton Trans., 2021, 50, 13902-13914
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N(SiMes), (2a-d); x = 1 or 2) and [Sn(x*-ON),] (3a-d), which
have been synthesised and fully characterised. In the case of
the heteroleptic systems, low thermal stabilities, and low vola-
tilities preclude their application to ALD. However, the bis-
aminoaloxide systems, of which 3¢ has previously been utilised
as an ALD precursor for SnO deposition, all show stability, and
some degree of volatility, especially 3b and 3c, as indicated by
their rates of evaporation. Given the limited choice of precur-
sors available for ALD of Sn(u) oxide thin films, complexes 3b
and 3c, are clearly promising precursor candidates for vapour
deposition processes.

Indeed, while the work presented here primarily concerns
precursor development and molecular characterisation,
detailed studies on the ALD of Sn(u) oxides using these precur-
sors, and subsequent thin film characterisation, will be pub-
lished separately.

Experimental
General experimental

Full experimental and equipment detail can be found in the
ESL¥

Elemental analyses were performed using an Exeter
Analytical CE 440 analyser. 'H, "*C and ''°Sn NMR spectra
were recorded on Bruker Advance 300 or 500 MHz FT-NMR
spectrometers, as appropriate, as saturated solutions at room
temperature. Chemical shifts are in ppm with respect to Me,Si
(*H, C) neat SnCl, (**°Sn) and CFCl; (*’F). TGA and PXRD
were performed using a PerkinElmer TGA7 and a Bruker D8
instrument (Cu-ka radiation), respectively.

Given the sensitivity of Sn(u) alkoxide and amide systems
to both oxygen and moisture, and the propensity of such
compounds to form oxo-clusters, inert atmosphere method-
ologies were employed throughout. Solvents were dried and
degassed under an argon atmosphere over activated alumina
columns using an Innovative Technology solvent purification
system (SPS). The Sn(u) amides, [Sn{N(SiMe;),},]*" and [Sn
{NMe,},],> were prepared by literature methods. The pro-
ligands H{dmamp} and H{Fdmamp} (¢ and d) were made
according to literature procedure,"®* the pro-ligands H{dmae}
and H{dmap} (a and b) were purchased from commercial
sources.

[Sn(OCH,CH,NMe,)NMe,], - (1a)

A solution of dimethylaminoethanol (0.18 g, 2 mmol) in
hexane (20 mL) was added to a cooled solution of Sn(NMe,),
(0.41 g, 2 mmol) in hexane (20 mL) and left to stir for 2 h.
After removal of the volatiles in vacuo, the solid residue was re-
dissolved in hexane and filtered through Celite®. The volume
was subsequently reduced, and colourless crystals obtained at
—28 °C. (0.28 g, 55%) Elemental analysis: Found (calculated):
28.38 (28.72), 6.86 (6.43), 11.08 (11.16). '"H NMR (500 MHz,
C¢D¢); Sppm 4.01-4.03 (m, 2H, OCH,), 2.91 (br s, 6H,
SnNMe,), 2.20-2.22 (m, 2H, NCH,), 1.98 (s, 6H, CH,NMe,).
C NMR (125.7 MHz, C¢Ds); dppm 62.46 (1C, NCH,), 61.22

This journal is © The Royal Society of Chemistry 2021
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(1C, OCH,), 44.14 (2C, CH,NMe,), 42.42 (2C, SnNMe,).
1Sn NMR (186.3 MHz, C¢Dy); Sppm —68 (br).

[Sn(OCH(CH,)CH,NMe,)NMe,], - (1b)

1b was prepared in a similar manner to 1a using 0.41 g of
Sn(NMe,), (2 mmol) and 0.21 g of 1-dimethylamino-2-propa-
nol (2 mmol). Yield = 0.37 g (70%). Elemental analysis: Found
(calculated): 31.80 (31.72), 6.86 (6.85), 10.58 (10.57). 'H NMR
(500 MHz, C¢Dg); Sppm 4.17-4.19 (m, 1H, CHMe), 2.82 (br s,
6H, SnNMe,), 2.19-2.31 (br m, 1H, CH,NMe,), 2.01 (br s, 6H,
CH,NMe,), 1.82 (dd, J = 11.6, 2.5 Hz, 1H, CH,NMe,), 1.30 (d,
J = 6.0 Hz, 3H, CHMe). >C NMR (125.7 MHz, C¢Ds); Sppm
68.84 (1C, CH,) 66.64 (1C, CHMe), 44.78 (2C, CH,NMe,), 42.57
(2C, SnNMe,), 24.18 (1C, CHMe). "Sn NMR (186.3 MHz,
Ce¢Dg); Sppm —65.

[Sn(OC(CH;),CH,NMe,)NMe,], - (1¢)

1c was prepared in a similar manner to 1a using 0.41 g of
Sn(NMe,), (2 mmol) and 0.24 g of 1-dimethylamino-2-methyl-
2-propanol (2 mmol). Yield = 0.40 g (71%). Elemental analysis:
Found (calculated): 34.80 (34.44), 7.22 (7.23), 10.04 (10.10).
"H NMR (500 MHz, C¢D); Sppm 2.78 (s, 6H, SnNMe,), 2.19 (s,
2H, CH,), 2.13 (s, 6H, CH,NMe,), 1.37 (s, 6H, CMe,). °C NMR
(125.7 MHz, CeDs); Sppm 72.80 (1C, OCMe,), 72.19 (1C, CH,),
47.81 (2C, CH,NMe,), 42.96 (2C, SnNMe,), 33.88 (2C, CMe,).
°Sn NMR (186.3 MHz, C¢Dg); Sppm 127 (Sn(NMe,),), —46,
—66, —217 (Sn(dmamp),).

[Sn(OC(CF;),CH,NMe,)NMe,] - (1d)

1d was prepared in a similar manner to 1a using HOC
(CF;),CH,NMe, (0.45 g, 2 mmol) and 0.41 g (2 mmol) of
Sn(NMe,),. Yield = 0.22 g (28%). Elemental analysis: Found
(calculated): 24.78 (24.83), 3.86 (3.65), 7.23 (7.24). 'H NMR
(500 MHz, Dg—tol, 90 °C); sppm 2.66 (br s, 2H, CH,), 2.08
(br s, 6H, CH,NMe,), 2.52 and 2.26 (2:4, br s, 6H, SnNMe,).
BC NMR (125.7 MHz, Dg—tol, 90 °C); sppm 41.68 (2C,
SnNMe,), 57.50 (1C, CH,). "F NMR (470.6 MHz, Dg—tol,
90 °C); sppm —76.29 (major), —76.75 (minor). '°Sn NMR
(186.3 MHz, Dg—tol, 90 °C); Sppm 85 (br), =117, —132.

[Sn(OCH,CH,NMe,)HMDS], - (2a)

Compound 2a was synthesised according to an adapted litera-
ture procedure®® using 0.18 g (2 mmol) of dimethyl-
aminoethanol and 0.89 g and (2 mmol), [Sn{N(SiMe3),},] Yield
=0.59 g (80%). "H NMR (500 MHz, C¢Ds); sppm 3.73 (t, ] = 5.3
Hz, 2H, OCH,), 2.21 (br m, 2H, CH,N), 1.99 (s, 6H, NMe,),
0.46 (s, 18H, SiMe;). "*C NMR (125.7 MHz, C¢Dg); Sppm 61.15
(1C, OCH,), 57.99 (1C, CH,NMe,), 44.29 (2C, NMe,), 7.37 (d,
6C, Jsic = 54.6 Hz, SiMes). '"”Sn NMR (186.3 MHz, CcDs);
oppm —168.

[Sn(OCH(CH;)CH,NMe,)HMDS], - (2b)

A solution of 1-dimethylamino-2-propanol (0.21 g, 2 mmol)
in hexane (20 mL) was added to a cooled solution of
[Sn{N(SiMe;),},] (0.89 g, 2 mmol) in hexane (20 mL) and left to
stir for 2 h. After removal of the volatiles in vacuo, the solid
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residue was re-dissolved in hexane and filtered through Celite®.
The volume was subsequently reduced, and colourless crystals
obtained at —28 °C. (0.57 g, 75%) Elemental analysis: Found
(calculated): C 35.05 (34.65), H 7.66 (7.93), N 7.30 (7.35).
'H NMR (500 MHz, C¢Dy); Sppm 4.11 (m, 1H, C(H)Me), 2.24 (t,
J = 11.78 Hz, 1H, CH,NMe,), 1.97 (s, 6H, NMe,), 1.71 (m, 2H,
CH,NMe,), 1.31 (d, J = 6.1 Hz, 3H, C(H)Me), 0.46 (s, 18H,
SiMe;). C NMR (125.7 MHz, C¢Dg); Sppm 68.87 (1C, OC(H)
Me), 67.25 (1C, CH,), 45.25 (2C, NMe,), 22.44 (1C, OC(H)Me),
7.02 (6C, SiMe;). '*°Sn NMR (186.3 MHz, C¢Dy); Sppm —135.

[Sn(OC(CH;),CH,NMe,)HMDS], - (2¢)

2¢ was prepared in a similar manner to 2b using 0.89 g
(2 mmol) of [Sn{N(SiMe3;),},] and 0.24 g (2 mmol) of dimethyl-
amino-2-methyl-2-propanol. Yield = 0.52 g (66%) Elemental
analysis: Found (calculated): C 36.30 (36.46), H 8.20 (8.16),
N 6.79 (7.09). 'H NMR (500 MHz, C¢Dg); Sppm 2.01 (s, 6H,
NMe,), 1.98 (s, 2H, CH,), 1.23 (s, 6H, CMe,), 0.42 (s, 18H,
SiMe;). ">C NMR (125.7 MHz, C¢Ds); Sppm 75.61 (1C, OCMe,),
71.56 (1C, CH,), 47.90 (2C, NMe,), 32.42 (2C, CMe,), 6.40
(6C, Ysic = 55.0 Hz, SiMe;). ''Sn NMR (186.3 MHz, CgDg);
oppm 123.

[Sn(OC(CF;),CH,NMe,)HMDS] - (2d)

2d was prepared in a similar manner to 2b using 0.89 g
(2 mmol) of [Sn{N(SiMe;),},] and 0.45 g (2 mmol) of HOC
(CF3),CH,NMe,. Yield = 0.35 g (35%). Elemental analysis:
Found (calculated): 28.63 (28.64), 5.19 (5.21), 5.62 (5.57).
'H NMR (500 MHz, C¢Ds); Sppm 2.34 (s, 2H, CH,), 1.84 (s, 6H,
NMe,), 0.29 (s, 18H, SiMe;). ">C NMR (125.7 MHz, CeDg);
sppm 57.93 (1C, CH,), 46.27 (2C, NMe,), 5.29 (6C, SiMe;).
9F NMR (470.6 MHz, C¢Dg); dppm = —76.88. ''°Sn NMR
(186.3 MHz, C¢Dg); 5ppm 94.

[Sn(OCH,CH,NMe,),] - (3a)

Compound 3a was synthesised according to an adapted litera-
ture procedure'® using 0.36 g (4 mmol) of HOCH,CH,NMe,
and 0.89 g (2 mmol) of [Sn{N(SiMes),},]. Yield = 0.45 g (76%).
Elemental analysis: Found (calculated): 32.56 (32.58), 6.83
(6.83), 9.51 (9.50). 'H NMR (500 MHz, C¢D); Sppm 4.24 (m,
2H, OCH,), 2.31-2.39 (m, 4H, CH,N), 2.10 (s, 12H, NMe,).
C NMR (125.7 MHz, C¢Ds); Sppm 63.43 (2C, OCH,), 62.28
(2C, CH,N), 43.46 (4C, NMe,). '"°Sn NMR (186.3 MHz, C¢Ds);
oppm —279.

[Sn(OCH(CH,)CH,NMe,),] - (3b)

A solution of [Sn{N(SiMej;),},] (0.89 g, 2 mmol) in hexane
(20 mL) was added to a cooled solution of HOC(H)(CHj)
CH,NMe, (0.41 g, 4 mmol) in hexane (20 mL) and left to stir
for 2 h. After removal of the volatiles in vacuo, the solid residue
was re-dissolved in hexane and filtered through Celite®. The
volume was subsequently reduced, and colourless crystals
obtained at —28 °C. (0.41 g, 64%) elemental analysis: Found
(calculated): C 37.11 (37.18), H 7.47 (7.49), N 8.78 (8.67).
'H NMR (500 MHz, Dg—tol, 90 °C); S,pm 4.18 (m, 1H, CHMe),
2.47 (m, 2H, CH,), 2.16 (s, 12H, NMe,), 1.91 (m, 2H, CH,), 1.21
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(m, 6H, CHMe) "°C NMR (125.7 MHz, 90 °C); Sppm 68.90
(2C, OC(H)Me), 68.23 (2C, CH,), 44.14 (4C, NMe,), 24.37 (2C,
CHMe) "'°Sn NMR (186.3 MHz, 90 °C); Sppm —246.

[Sn(OC(CH,),CH,NMe,),] - (3¢)

3c was prepared in a similar manner to 3b using 0.89 g
(2 mmol) of [Sn{N(SiMejs),},] and 0.47 g (4 mmol) of HOC
(CH3),CH,NMe,. Yield = 0.51 g (72%). Elemental analysis:
Found (calculated): 41.08 (41.05), 8.11 (8.04), 7.95 (7.98).
'H NMR (500 MHz, C¢D); Sppm 2.34 (s, 4H, CH,), 2.24 (s,
12H, NMe,), 1.39 (s, 12H, CMe,). *C NMR (125.7 MHz, C¢Ds);
Sppm 74.28 (2C, OC(Me),), 71.02 (2C, CH,), 46.78 (4C, NMe,),
34.45 (4C, CMe,). "'°Sn NMR (186.3 MHz, C¢Ds); Sppm —218.

[Sn(OC(CF;),CH,NMe,),] - (3d)

3d was prepared in a similar manner to 3b using 0.89 g
(2 mmol) of [Sn{N(SiMes),},] and 0.90 g (4 mmol) HOC
(CF3),CH,NMe,. Yield = 0.58 g, (51%). Elemental analysis:
Found (calculated): 24.99 (25.42), H 2.97 (2.84), N 4.76 (4.94).
'H NMR (500 MHz, C4Ds); sppm 2.54 (br s, 4H, CH,), 2.07 (br
s, 6H, NMe), 1.75 (br s, 6H, NMe). *C NMR (125.7 MHz,
CeDe); Sppm 124.89 (q, YJcr = 290 Hz, 4C, CF;), 82.83 (m, 2C,
OC(CF3),), 58.07 (CH,), 47.78 (2C, NMe), 45.97 (2C, NMe).
F NMR (470.6 MHz, C¢Dg); Sppm —76.40 (6F, CF;), —77.55
(6F, CF3). ''°Sn NMR (186.3 MHz, C¢Dg); Sppm —322.

Single crystal X-ray diffraction

Experimental details relating to the single-crystal X-ray crystal-
lographic studies for compounds 1a-d, 2a-d and 3a-d are
summarised in Tables S1 (see ESIT). All crystallographic data
was collected at 150(2) K on a SuperNova, Dual, EosS2 diffract-
ometer using radiation Cu-Ka (4 = 1.54184 A) or Mo-Ka (4 =
0.71073 A). All structures were solved by direct methods fol-
lowed by full-matrix least squares refinement on F* using the
WINGX-2014 suite of programs® or OLEX2.>* All hydrogen
atoms were included in idealised positions and refined using
the riding model. Crystals were isolated from an argon filled
Schlenk flask and immersed under oil before being mounted
onto the diffractometer.

Thermogravimetric analysis (TGA)

TGA was collected using a TGA 4000 PerkinElmer system,
housed in an argon filled glovebox. Samples were prepared air
sensitively, and TGAs were performed under a flow of Ar at
20 mL min~" and heated from 30 °C to 400 °C at a ramp rate
of 10 °C min™".
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