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Abstract

In an attempt to tailor precursors for application in the deposition of phase pure SnO we have evaluated
a series of tin (1-6) ureide complexes. The complexes were successfully synthesised by employing
N,N’-trialkyl-functionalised ureide ligands, in which features such as stability, volatility, and
decomposition could be modified with variation of the substituents on the ureide ligand in an attempt
to find the complex with the ideal electronic, steric or coordinative properties which determine the fate
of the final products. All the complexes were characterized by NMR spectroscopy as well as elemental
and where applicable thermogravimetric (TG) analysis. The single-crystal X-ray diffraction studies of
2, 3, 4 and 6 revealed that the complexes crystalise in the monoclinic space group P2(1)/n (2 and 4) or
in the triclinic space group P-1 (3 and 6) as monomers. Reaction with phenyl isocyanate results in the
formation of the bimetallic species 5, which crystalises in the triclinic space group P-1, resulting in
incomplete insertion into the Sn-NMe; bonds verses mesityl-isocyanate which produces a monomeric
double insertion product, 6, under the same conditions, indicating a difference in reactivity between
phenyl-isocyanate and mesityl-isocyanate with respect to insertion into Sn-NMe; bonds. The metal
centres in these complexes are all four-coordinate, displaying either distorted trigonal bipyramidal or
trigonal-bipyramidal geometries. The steric influence of the imido-ligand substituent has a clear effect
on the coordination mode of the ureide ligands, with complexes 2 and 6, which contain the cyclohexyl
and mesityl ligands, displaying x?-O,N coordination modes, whereas «>-N,N’ coordination modes are
observed for the sterically bulkier t-butyl and adamantyl derivatives, 3 and 4. The thermogravimetric
analysis of the complexes 3 and 4 exhibited excellent physicochemical properties with clean single-step
curves and low residual masses in their TG analyses suggesting there potential utility of these systems
as MOCVD and ALD precursors.



Introduction

The combination of visible range transmittance and electrical conductivity designate enormous
potential to transparent conducting and semiconducting oxides for the development of transparent
electronic devices. 2 Although a wide variety of photovoltaic, electrochromic and display applications
may be envisaged from the implementation of transparent complementary metal oxide semiconductor
(CMOS) devices, the prospects for success are at present severely limited by the dearth of suitable p-
type oxide materials.>® As a result, the discovery of p-type charge transport in stannous oxide, SnO,%1°
has prompted increasing attention to its fabrication, in particular as a thin film. While a variety of
physical vapour deposition routes to SnO thin films have been evaluated,® ***3 chemical routes,
including atomic layer and chemical vapour deposition from reactive metalorganic precursors, are
restricted to a handful of examples (Figure 1). This paucity of precursors stems, in part, from a
requirement for stringent control of the Sn(ll) oxidation state in both the precursor and the final SnO
thin films.* In an attempt to address this limitation we have initiated a study of stannous complexes
which act as single source molecular precursors for the deposition of SnO thin films. We have
previously reported that use of [Sn(OSiMes),]2 (Fig.1A) (aerosol-assisted CVD),* [Sng(O)4(OSiMes)s]
(Fig.1B) (liquid-injection CVD)® and a variety of homoleptic stannous alkoxides (Fig.1C) (AACVD)
provide viable precursors to SnO through the maintenance of the Sn(ll) oxidation state.’® Most
successfully, we have also provided a preliminary account of an easily synthesised Sn(ll) bis(ureide),
[Sn{N(Bu)C(O)NMe:}.] (Fig.1D), which may be utilised as a single source precursor for the aerosol-
assisted CVD of phase pure SnO at temperatures as low as 250°C.Y" To-date only three precursors
capable of depositing phase pure SnO using atomic layer deposition (ALD), i.e.
[Sn{OCMe,CH;NMe},]* (Fig.1E), [Sn{OC(‘Bu)=NOEt},]** 20 (Fig.1F) and
[Sn{N('Bu)CMe,CH>N('Bu)}.]** (Fig.1G) have been realised.

SI‘,iMes
O\ /SiMe3
/O—Sn\ /Sn—O
Me;Si ?
SiMe;
?|Me3 (A)
O R
SN /o=8 ) \N pe
/1sh@ "/ O R AR
O/lsn\O I 7 / J\ U
T ol Yo /O—Sn\ /Sn—O o N \O/ N—
Me;Si—|/ o‘,Sn'l/ “SiMe; R 0 \
Sn7//=Sn I

R R =Pror'Bu

(B) (©) (D)
Et\ /Et

Me,N—=Sn=—NMe, 0—Sn=—0 Sn
: / E \ Bu—N"~ “N-'Bu

z ":
N d Lﬁ
N ” tBu tBu v,

(E) (F) )

Figure 1: Molecular Precursors used for the CVD (A-D) or ALD (E-G) SnO thin films.



Monoanionic ureide ligands of the general form shown in Figure 2 have a range of possible coordination
behaviors, from «2-chelating (1,2 2 112* and 111*" 2* %) or bridging u2-x-N,O (1V)?*% and pu-n'n?
(VI1),% to face capping-chelating p*n? (VI11) modes,* offering a greater structural diversity when
coordinated to main group, transition metal and f-block elements, than the related carboxylate,
amidinate or guanidinate ligands, all of which have been more extensively studied than ureide ligands.

To the best of our knowledge, potential bridging p?-1-N,N” modes V and VI have yet to be observed.
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Figure 2: Possible coordination modes of monoanionic ureide ligands.

We have previously demonstrated that both ureides and thio-ureides have a rich chemistry, with their
respective metal complexes capable of acting as single source precursors for the phase controlled
deposition, of Cu,* SnO,! SnS* and ZnS.* In the present work, we describe a range of homo- and
heteroleptic tin(l1)-ureide complexes, which have been synthesized by direct reaction of the aryl- and
alkyl-isocyanates with [Sn{NMe:}:]., in an attempt to fine tune their electronic, steric or coordinative
properties, which determine the fate of the final products, for a given ligand set. We also report

investigations into the thermal stabilities of these complexes.
Results and Discussion

The tin(11) ureide complexes 1-6 were synthesised by the reaction of [Sn{NMe-}-]. and the appropriate
alkyl (1-4) or aryl (5-6) isocyanate in toluene (Scheme 1). Compounds 2—6 were isolated as colourless
solids in near quantitative yields, while 1 was an orange/brown oil which was prone to decomposition

and could be characterised only by NMR spectroscopy.
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Scheme 1: Synthesis of the Sn(Il) ureide complexes 1-6, via the insertion of isocyanates into Sn-
NMe: bonds.
Attempts to isolate compound 1 were unsuccessful. Removal of the reaction solvent yielded an orange-
brown oil, the NMR spectra of which evidenced the presence of two different environments for each of
the isopropyl and dimethylamide groups. All attempts to crystallise the compound proved unsuccessful.
The formation of the ureide, however, was confirmed by performance of the reaction in ds-toluene and
monitoring of the solution by multinuclear NMR spectroscopy. The *H NMR spectrum for 1 comprised
resonances at 8 1.24 and 3.95 ppm corresponding to the methyl and methine protons of the {N-"Pr}
group and a further resonance at § 2.57 ppm. which was assigned to the {NMe,} unit. The BC{*H}
NMR spectrum was also consistent with a homoleptic formulation, displaying resonances at & 25.3,
39.0 and 47.2 ppm assigned to the {N-Pr} methyl and methine and {NMe_} carbon nuclei respectively.
A resonance at § 167.2 ppm could also be assigned to the NC(N)O backbone carbon. The °Sn{*H}
NMR spectrum comprised of a single resonance at 6 —307 ppm, at considerably lower ppm than the

starting amide, [Sn{NMey},: & = +125 ppm].

Reaction of the alkyl isocyanates (cyclohexyl isocyanate, tert-butyl isocyanate and adamantyl
isocyanate) proceeded similarly to form complexes 2-4 respectively. The *H NMR spectra for the
complexes 2-4 are again unexceptional and contained all the anticipated resonances in the appropriate
ratios. As with the isopropyl derivative (1) a single resonance in the C{*H} NMR spectra of 2-4 at ca.
d = 166-167 ppm could be assigned to the central carbon of the N-C(N)-O backbone of the ureide
ligands. The °Sn{*H} NMR spectra for 2-4 each displayed a single resonance at 6 = —310 (2), —357
(3) and —351 (4) ppm, respectively.

The 'H NMR spectra of complexes 3 and 4 at room temperature display two sets of resonances
associated with the {'Bu} and {NMe,} moieties of the ureide ligands in 3 (a 9:6 ratio by integration at
8 1.45 and 2.44 ppm)*” and the {Ad} and {NMe} moieties of the ureide ligands in 4 (a 6:3:6:6 ratio by

integration). Prompted by our observations in the solid state (vide infra), that complexes 3 and 4 display



an aniso-bidenticity of the ureide ligands, such that k2-N,O and one x*N,N' bonding modes are
observed, variable temperature NMR studies were undertaken. In the case of complex 3, variable
temperature *H NMR studies (298 K -208 K), in ds-toluene, evidenced a clear splitting of the singlet
resonance at 6 =1.45 ppm (298 K) into two resonances at d =1.25 and 1.59 ppm respectively, with a
maximum peak to peak separation (Av) of 142 Hz at 208 K (Figure 3). We believe these two resonances
to be associated with the aniso-bidentate form of 3, observed in the solid state. Warming to higher
temperatures, i.e. >234 K, coalesce of these two signals in the tH NMR spectrum is observed, consistent
with an in-solutio intramolecular rearrangement of the x?-N,O and x*-N,N' bonding modes, to a averaged
iso-bidentate (x2-N,Q) structure as shown in Figure 3. However, it should be noted that it is highly
unlikely that the single resonance at § = 145 ppm observed in the *H NMR spectrum at 298K can be
attributed to the bis-k?-N,O isomer of complex 3. Rather, we would suggest that ligand rearrangement
is sufficiently fast at temperatures >258 K, to show an averaged signal for the {tBu} groups in the *H
NMR spectra. While we are unable to comment on the precise nature of the ligand rearrangement
process it seems reasonable to assume that a low-energy bond-breaking mechanism, with a calculated
AG* for the rearrangement process of AG* = +46 kJ mol™ is most likely, as similar processes have been

observed elsewhere.3*
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Figure 3: Variable temperature 298K to 208K (+25 °C to —65 °C) *H NMR spectra (500 MHz, ds-
toluene) for compound 3, focusing on the tert-butyl resonance. The hypothesised dynamic process
occurring in solution in 3 (right): At low temperatures (< 238K) the fluxional process of ligand
interchange is slow, resulting in two {'Bu} resonances in the *H NMR spectrum of 3. At higher
temperatures (> 258K) the fluxional process fast resulting in an averaged signal, such that one {'Bu}

resonance is observed in the *H NMR spectrum.



In the case of the adamantyl derivative, 4, meaningful interpretations of VT NMR data could not be
obtained due to the overlapping resonances of the {NMe;} moieties and the various {CH} and {CH.}
resonances associated with the adamantyl group.

Contrastingly, the reaction of two equivalents of phenyl isocyanate with [Sn{NMe:}-]. resulted in the
isolation of a material, which, when analysed by NMR spectroscopy, presented a more complex system
(5). The *H NMR spectrum (296 K) consisted of one broad singlet peak at = 2.27 ppm (18H i.e.
3x{NMe}) and a broad resonance at § = 2.76 ppm {NMe,}. The *H NMR spectra also contained three
distinct broad multiplet resonances between 6 = 6.75 — 7.14 ppm (in a 3H:6H:6H ratio) associated with
three {Ph} groups. VT *H NMR of 5 (323 K) clearly shows coalescence of the signals into one set of
ureide resonances and one {NMe.} resonance. However, thermal instability of the complex at elevated
temperatures precluded exhaustive multinuclear NMR studies. The BC{*H} NMR (296 K) spectrum
consisted of resonances, one sharp and one broad, at 8 = 38.2 and 40.0 ppm, suggestive of two discrete
{NMe,} environments. At lower-field, resonances at 6 = 121.8, 124.4, 128.9 and 147.3 ppm are
associated with the para, ortho, meta, and ipso carbons of the phenyl groups respectively. A further
peak in the spectrum at & = 164.8 ppm is assigned to the central carbon of the N-C(N)-O backbone of
the ureide ligands. The 1**Sn{*H} NMR spectrum displayed a broad resonance at § —217, at significantly

lower field than observed for complexes 1-4.

These data are consistent with the formation of the unsymmetrical bimetallic complex, 5, observed in
the solid state (vide infra), as shown in Scheme 1. Isocyanate insertion into three of the four Sn-NMe;
bonds of [Sn{NMey}.]. produces two different {NMe,} environments, i.e. three ureide
{OC(NMez)NPh} ligands, and one bridging {NMe-}, which in solution undergo rapid exchange such
that all three ureide ligands are equivalent, as indicated by the single resonance in the *C{*H} NMR
spectra associated with the central carbon of the N-C(N)-O backbone. Elemental analysis is also
consistent with the formation of a bimetallic complex of the formula [{PhNC(O)NMe}sSn.{NMe:}]
(Scheme 1).

Despite repeated attempts to identify and isolate the desired bis-ureide product, [{PhNC(O)NMe:}.Sn],
by varying the ratio of isocyanate to tin(I1) amide, as well as reaction conditions, we have been to-date,
unsuccessful in our attempts. Similarly, attempts to prepare and isolate the mono-insertion product
[{PhNC(O)NMe.}Sn{NMe,}] were unsuccessful, often resulting in the isolation of complex 5.
Prompted by our observations in the solid state, variable temperature *H NMR studies of complex 5, in
d®-THF, were undertaken. Reduced temperature *H NMR studies (238 K) evidenced a clear splitting of
the three broad multiplet resonances between 6 = 6.75 — 7.14 ppm observed at room temperature into
two sets of multiplets between 6.70-7.00 (10H) and 7.02-7.25 (5H), suggestive of a “freezing out” of

fluxionality in the ureide ligands and resolution into two distinct sets of resonances. A similar splitting



effect is observed in the {NMe;} region of the spectra (2.16-2.78 ppm), however meaningful
interpretations here are limited by the overlapping resonances of the bridging {NMe.} unit.

Reaction of mesityl-isocyanate with [Sn{NMe:}-] in a 2:1 ratio resulted in the isolation of a material,
which when analysed by NMR spectroscopy displays four sets of resonances associated with the {Mes}
and {NMez} moieties in ratios of 3H:6H:6H:2H by integration at 5 = 2.17 (p-Me), 2.35 (0-Me), 2.37
(NMe) and 6.75 (CH) ppm, respectively. A resonance in the *C{*H} NMR spectra of 6 at 5 = 164.4
ppm could be assigned to the central carbon of the N-C(N)-O backbone of the ureide ligands. The
1195n{*H} NMR spectra for 6 displayed a single resonance at § = —353 ppm comparable to the bis-

ureide complexes 1-4, rather than the bimetallic tris-ureide complex 5.

The *°Sn{*H} NMR chemical shifts for the five compounds 1-4 and 6 (table 1) correlate well with
shifts previously reported for homoleptic tin(ll) bis-amidinates (6 —255 to —397 ppm) and bis-
guanidinates (6 = —377 to —432 ppm), all of which have been identified as containing unambiguously
four-coordinate Sn(ll) centres in solution and may be interpreted to indicate a similar level of charge
donation irrespective of the donor atoms of the two bidentate ligands. The resonances are, however,
significantly downfield of the only other reported Sn(ll) iso-ureide complex; the related homoleptic -
N,N-bound iso-ureide species, Sn[N(R)C(OSiMe3)NR]. [R = 3,5-(CF3).CsHs], which was reported to
occur at § = —557ppm.*®

Molecular structures of tin(I1) ureide complexes

The solid-state structures of complexes 2—6 were confirmed by single-crystal X-ray diffraction analysis.
While we have previously described the molecular structure of 317 it is included here for comparative

purposes.

The molecular structures of the cyclohexyl and mesityl derivatives, 2 and 6, which have much in
common, are shown in Figure 4; a summary of selected bond lengths and angles can be found in Table
1.
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Figure 4: Molecular structures of the bis-ureide complexes 2 (A) and 6 (B). Thermal ellipsoids are
shown at 50% probability. Hydrogen atoms have been omitted for clarity.

Table 1. Selected bond lengths (A) and angles (°) for complex 2 and 6.

Bond lengths (A) Bond Angles (°)
2 6 2 6

Sn(1)-0(11) 2.364(2) 2.3374(17) | O(11)-Sn(1)-0(21) | 135.10(7) | 125.19(6)
Sn(1)-0(21) 2.295(2) 2.2763(16) | N(11)-Sn(1)-N(21) | 100.46(10) | 100.62(7)
Sn(1)-N(11) 2.186(3) 22209(19) | O(11)-Sn(1)-N(2L) | 93.08(8) 87.07(7)
Sn(1)-N@D) 2.176(2) 2.1985(18) | O(2L)-Sn(L)-N(11) | 90.89(8) 85.46(6)
O(LD)-C(LD) 1.280(4) 1.28403)

CI)NED 1.328(4) 133803) O(LD)-Sn())N(11) | 57.938) | 57.96(6)
CAOND) 1.369(4) 1.358(3) O@D)-Sn()N@L) | 59.048) | 59.02(6)
0(21)-C(21) 1.290(4) 1.289(3)

C1)-N(21) 1.326(4) 1.331(3) O(11)-C(11)-N(11) | 115.7(3) 114.9(2)
CRLNE) 1.369(4) 1.353(3) 0(21)-C(21)-N(21) | 1149(3) 114.6(2)

Complexes 2 and 6 both crystallise in the monoclinic (P21/n) and triclinic (P-1) space group with one

molecule per asymmetric unit cell.

Both complexes were found to exist as monomeric species with the tin(Il) centres possessing a four-
coordinate geometry, heavily influenced by the stereochemically active lone pair at the tin(ll) centre.
In each case the tin coordination environments can be ascribed as distorted trigonal bipyramidal and
distorted square based pyramidal geometries respectively, as determined by the geometric index
parameter T (2:7 = 0.58 6: 7 = 0.41)% 37 with the stereochemically active lone pairs situated in the

equatorial and apical positions, respectively.

Both complexes contain two ureide ligands coordinated to the tin(11) centres in a x>-N, O binding motif
in which the nitrogen coordination is provided by the amido {N-R} donor rather than the amino {NMe}
group. The ligands are positioned in a transoid configuration such that the bulkier cyclohexyl or mesityl

groups are located on opposite sides of the molecule. This transoid configuration is expected due to the



bulky nature of the ligand, with this configuration being less sterically congested than any alternative

cisoid orientation.

In both species the Sn—Oureice bonds [2: av 2.329 A; 6: av 2.306(2) A] are slightly longer than the
associated Sn—Nureige CONtacts [2: av 2.186(2) A; 6: av 2.205(2) A]. The accompanying N-C and C-O
bond lengths [C-N(R): av 1.327 A (2), av 1.335 A (6); C-NMe,: av 1.368 A (2), av 1.356 A (6); C-O:
av 1.285 A (2), av 1.286 A (6)] are in the range associated with partial double bonds. An examination
of the bond angles and bond lengths of the ureide ligands indicate that the © electrons of the ureato
fragments are delocalized in the NC(N)O core.

We previously described, in preliminary form, the solid-state structure for compound 3, which
crystallises in the triclinic space group P-1. Its structure is shown in Figure 3, and the bond lengths and
angles listed in Table 2 are provided here for purposes of comparison and clarity of presentation. Figure
5 also shows the solid-state molecular structure of the adamantyl derivative 4, which crystallises in the
monoclinic space group P2:/n. Selected bond lengths and angles are listed in Table 2. alongside those
of 3.

As can clearly be seen in Figure 5, complexes 3 and 4 possess very different solid-state molecular
structures to complexes 2 and 6. While all four complexes contain four coordinate Sn(ll) centres,
similarities are limited. In contrast to the x*>-N,O bonding modes observed for the ureide ligands of
compounds 2 and 6, the solid-state structure of compounds 3 and 4 incorporates one k>-N,O and one k-
N,N" bound ureide with the two bulky tert-butyl and adamantyl groups, respectively, located with a
cisoid relationship to each other with respect to the equatorial plane of the pseudo bipyramidal
coordination geometry (3: T = 0.63; 4: T = 0.59).%® %" Consequently, the majority of the ligands’ bulk is
located on the same side of the compound. This observation is consistent with the low temperature (—65
°C) solution state observation of two {‘Bu} environments in the *H and *C{*H} NMR spectra of
complex 3, which interchange at elevated temperatures. This ability to exchange between the k?-N,O
and ?-N,N' coordination modes in solution, and under conditions relevant to AACVD, may be pertinent

to its application as a single source SnO precursor.
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Figure 5: Molecular structures of (A) [Sn{N('Butyl)C(O)NMe,}.]*" (3) and (B)

[Sn{N(Adamantyl)C(O)NMe.}] (4). Ellipsoids shown at 50% probability, hydrogen atoms omitted

for clarity.

Table 2. Selected bond lengths (A) and angles (°) for complexes 3 and 4.

Bond lengths (A)

Bond Angles (°)

317 4 317 4

Sn(1)-0(11) 2.1688(11) 2.174(4)  N(11)-Sn(1)-O(11) 59.15(4) 58.93(16)
Sn(1)-N(11) 2.3151(13) 2.329(5)  N(21)-Sn(1)-N(2) 57.90(5) 58.36(17)
Sn(1)-N() 2.4839(13) 2.452(5)  N(11)-Sn(1)-N(2) 127.90(4)  129.32(16)
Sn(1)-N(21) 2.1715(13) 2.174(5)  O(11)-Sn(1)-N(21) 90.11(5) 94.02(17)
N(1)-C(11) 1.369(2) 1.380(8)  O(11)-C(11)-N(11) 115.16(13) 115.5(5)
N(11)-C(11) 1.320 (2) 1317(7)  N(1)-C(11)-N(11) 127.84(14) 129.3(6)
0(11)-C(11) 1.306(2) 1.306(7)  N(1)-C(11)-O(11) 115.16(13) 115.5(5)

0(21)-C(21)-N(21) 131.57(16) 132.9(6)
N(2)-C(21) 1.482(2) 1507(8)  N(2)-C(21)-N(21) 107.42(13) 105.8(5)
N(21)-C(21) 1.332(2) 1.334(8)  N(2)-C(21)-0(21) 121.00(14) 121.2(6)
0(21)-C(21) 1.220(2) 1.209(7)

The Sn-O [3: 2.1688(11) A; 4: 2.174(4) A] bond length of the k*N,O bound ureide ligands are
significantly shorter than those observed in 2 or 6 [2: av 2.329 A; 6: av 2.306 A], a shortening
compensated by elongation of the Sn(1)-N(11) bond [3: 2.3151(13) A; 4: 2.329(5) A], cf. Sn-N bonds

in 2 and 6 (vide supra). Furthermore, while the {NMe;} unit of the k2-N,O bound ureide displays similar



characteristics to those seen in 1, 2 and 4, the degree of charge delocalisation, reflected in the dihedral
angles {N(11)-C(11)-N(1)-C(2)} [(3): 45.4°; (4): 36.68°] and {O(11)-C(11)-N(1)-C(1)} respectively
[(3): 11.8°; (4): 16.1°], are the lowest values observed in the series. For the x?-N,N" bound ureide ligands
the Sn-Nimice bonds [3: 2.1715(13) A; 4: 2.174(5) A] are comparable to the Sn-Nimice bonds found in 2
and 4, while the Sn«—NMe, bonds [3: 2.4839(13) A; 4: 2.452(5) A] are the longest Sn-N interactions
measured across the four compounds. As a consequence of this ligand bonding mode, the C-O bonds
of the k2-N,N" bound ureide ligands are much shorter [3: 1.220(2) A; 4: 1.209(7)A] than those observed
in the «®-N,O ligands bound to the same metal [3: 1.306(2) A; 4: 1.306(7)A], suggesting significant
double bond character in the former of the two. Similar x?-N,N' bonding modes have been reported

previously in handful of complexes.®® 242539,

cm)‘
C(B). .0121) Sn(2)
c(2) N(11) . K N(31)
‘ D : ‘Nw
N(1) c(11) 5?(1) ‘ ,q:m
‘ \ c(6)
.C(ﬂ 0“.1) c(7) o(31) ‘ ’

NE3)

‘C(SA)
Figure 6: Molecular structure of [Sn2{u-NMe}{u?-N,0-PhNC(NMe2)O}Hk?N,0-PhNC(NMe)O }.]

(5). Ellipsoids shown at 50% probability, hydrogen atoms have been omitted for clarity. Phenyl-groups

are shown as wire frames for clarity.

As noted above reaction of [Sn{NMe:}-]. with phenyl-isocyanate results in the formation of a bimetallic
complex (2), which crystallises in the triclinic space group P-1, Figure 6. Selected bond lengths and
angles for 5 are reported in Table 3. This unique molecular structure results from the insertion of three
isocyanate groups into three of the Sn—N bonds of [Sn{NMe}2]. to form a central seven-membered
{Sn.N,COC} heterocycle in a distorted chair-like conformation, comprising of bridging {u-NMe;} and
{u-0O,N-OC(NMe2)N-Ph} units. Similar bridging of ureide ligands has been reported previously.*® The
remaining two ureide ligands coordinate to each of the two Sn(ll) centers in a {k-O,N} fashion. In all
three ureide ligands the {NMe;} groups adopt terminal positions ‘ex0’ to the heterocyclic core.

Electronic delocalization in the {NC(O)N} part of the ureide ligand is evident from the relevant {C-O}



(ranged from 1.275(4) to 1.284(4) A), and {C-N} bond lengths (1.313(5) to 1.345(4) A) which are both
in the range of partially double bond moieties, indicating that the = electrons of the ureide fragments
are delocalized about the {NC(N)QO} core. Significantly, while bond lengths within the bridging and
terminal ureides are comparable, the {N-C-O} angle of the bridging ureide is substantially more obtuse
[121.2(3)°] than comparable angles in the terminal ureides [115.3(3)° and 114.2(3)°].

Table 3. Selected bond lengths (A) and angles (°) for complex 5

Bond lengths (A) Bond Angles (°)
Sn(1)-0(11) 2.402(2) 0O(11)-Sn(1)-0(21) 139.12(9)
sn(1)-0L) 2233(2) N(LD)-Sn(1)-N(@) 96.14(11)
Sn(1)-N(LD) 2.199(3) O(11)-Sn(L)-N(@) 83.45(9)
Sn()-N@) 21973) 0(21)-5n(L)-N(1D) 84.70(10)
Sn(2)-N(4) 2.270(3) O(11)-Sn(1)-N(11) 57.36(10)
sn(2)-N(21) 2.236(3) 0(21)-Sn(1)-N(4) 86.44(9)
sn(2)-0(31) 2.363(3)

Sn(2)-N(31) 2.230(3) 0(31)-Sn(2)-N(21) 122.87(10)
N(31)-Sn(2)-N(4) 114.50(11)
0(11)-C(11) 1.277(4) 0(31)-Sn(2)-N(4) 77.44(10)
C(11)-N(11) 1.345(4) N(21)-Sn(2)-N(31) 83.79(11)
C(1)-NQ) 1.357(4) 0(31)-5n(1)-N(31) 56.33(10)
0(21)-C(21) 1.284(4) N(21)-Sn(2)-N(4) 86.14(10)
CRLNEL 1.343(4)
C2D)-NQ) 1.351(5) 0(11)-C(11)-N(11) 115.3(3)
0(31)-C(31) 1.274(3) 0(21)-C(21)-N(21) 121.203)
CGL)-NEL) 1.313(5) 0(31)-C(31)-N(31) 114.2(3)
CRLNE) 1.343(18)

As can be seen from Figure 6, the phenyl groups appended to the ureide ligands are orientated away
from co-planarity with the {NC(O)N} plane and the N-C distances to the phenyl groups (1.402 to 1.416
A) reflect typical values of single bonds. Mesomeric interactions of the nitrogen lone pairs, on the amido
nitrogen atoms, with the aromatic rings can therefore be excluded. In contrast, the {NMe} groups on
all three ureide ligands, are all approximately planar (Sum of angles about N: >'n ~ 360°) and tend
towards to co-planarity with the {NC(O)} backbones in all three ligands in 1 [dihedral angles: O(11)-
C(11)-N(1)-C(1) 4.43°, N(11)-C(11)-N(1)-C(2) 13.04°; 0O(22)-C(22)-N(2)-C(3) 8.13°, N(22)-C(22)-



N(2)-C(4) 25.51° O(31)-C(31)-N(3)-C(5A) 21.39°, N(31)-C(31)-N(3)-C(6) 16.48°], suggestive of
interaction between the {NMe_} group and the {NCO} backbone.

The Sn—N bond lengths [Sn(1)-N(11) 2.198(3) A; Sn(2)-N(21) 2.236(3) A; Sn(2)-N(31) 2.230(3) A]
and Sn-O bond lengths [Sn(1)-O(11) 2.232(2) A; Sn(1)-0(21) 2.232(2) A; Sn(2)-0(31) 2.362(3) A]
are comparable to those of 1 and intermediate between the characteristic ranges of covalent Sn—N and

Sn-O bonds and donor-acceptor interactions.

The precise reason for the formation of this tri-ureide compound 5, rather than the desired bis-ureide
system [Sn{x?N,O-PhNC(NMe;)O}-] which should be isostructural to 2 and 6, is unknown. However
repeated attempts to prepare the complex by the systematic addition of 1 to 4 equivalents of
phenylisocyanate to [Sn(u-NMez)(NMez)]. resulted in the isolation of crystals consisting of the
bimetallic tri-ureide, 5.

Thermogravimetric analysis of compounds 2, 3 and 4

Precursor requirements for MOCVD centre around thermal stability, volatility, and clean thermal
decomposition to the desired material, ideally at low temperatures. For ALD, greater emphasis is placed
on high volatility and thermal stability at the operating temperature of the process to ensure thermal
decomposition does not take place.*> “> Thermogravimetric analysis (TGA) was employed to
investigate the volatility and thermal stability of complexes 2, 3, 4 and 6 to assess their potential utility
within these techniques. These analyses were carried out with an instrument housed in a nitrogen filled
purge-box in order to minimize reaction with atmospheric moisture/air. Figure 7 shows the thermal
profiles, as determined by TGA, of complexes 2, 3, 4 and 6, and Table 4 reports the expected % residue,
% of non-volatile residue and onset of volatilisation/decomposition for complexes 2-4 and 6. We have
previously described the suitability of compound 3 for the AACVD of SnO.Y" That data is included
here for comparative reasons. Thermogravimetric analysis (TGA) was therefore performed on
compounds 2, 4 and 6. Complexes 1 and 5 were not examined by TGA due to their room temperature

instability and molecular structure respectively.
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Figure 7: Thermogravimetric analysis plot of data for complexes 2, 3, 4 and 6. Experiments were run
under N2 (50 mL/min) at a ramp rate of 5 °C/min between 30-500 °C.

Table 4: Expected % residue, % of non-volatile residue and onset of volatilisation/decomposition for

complexes 2-4 and 6.

Precursor  Expected % for SnO2, ShO % Non-volatile Onset Temp.®
or Sn Residue (Temp.)
2 33.1%, 29.0 % & 26.0 % 32.0 % (428 °C) 128 °C
3Y 37.4%, 33.0% & 29.5 % 5.7 % (190.0 °C) 96 °C
4 27.0%, 24.2% & 31.3 % 26.5 % (253 °C) 129°C
6 28.61%, 25.6 % & 22.6 % 36.0 % (550°C) 87 °C
No stable ressidue
formed

8 The temperature at which 1% mass loss has occurred

The TGA of compounds 3 and 4 clearly show single mass loss events with onset temperatures of 96 °C
and 129 °C, respectively. In the case of 3, a stable residue was obtained at 190 °C (5.7%) with <0.5 %
further mass loss to a high temperature limit of 525 °C, which provided a residual mass of ca. 5%,
considerably lower than expected for neither SnO; (37.4%), SnO (33.4 %) or tin metal (29.5 %).
Contrastingly, complex 4 forms a stable residue at ca. 253 °C (26.5%) with no further mass loss. While
the residual mass formed from 4 is between values calculated for the formation of pure SnO; (27.0 %)

and SnO (24.2 %), it is higher than the calculated residual mass for the formation of tin metal (21.3%).



Although the results will not be repeated here, we have previously described the suitability of compound
3 for aerosol-assisted chemical vapour deposition (AACVD) for film growth studies.'’

The TGA trace and its corresponding derivatives for compounds 2 and 6 indicate complex
decomposition pathways. While the TGA trace for 2 is less convoluted than that of complex 6, the trace
indicates several distinct mass loss events starting with an onset of decomposition at ca. 127 °C, with
what appears to be a single mass loss, corresponding to ca. 46% of the original mass (between 127245
°C). A possible cause of this mass loss is the incomplete de-insertion of the cyclohexyl isocyanate
moieties, to form [Sn(NMe2);], which would result in a mass loss of up to 54%. With increasing
temperatures, i.e. between 245-433 °C, several continuous mass loss events follow, resulting in a stable
mass residue of 32.0 % at 428.3 °C; a value which is higher than that calculated for the formation of tin
metal (26.0 %), but is between values calculated for the formation of either SnO; (33.1 %) or SnO
(29.0%).

In the case of 6 the TGA trace displays several distinct mass loss events during the decomposition, from
86 °C through to 400 °C. Although the weight percentage began to stabilise at this temperature, mass
loss was still recorded up to the cessation of the analysis at 550 °C. The residual mass at this temperature
(36%) corresponded neither with SnO; (28.6 %), SnO (25.6 %) nor with tin metal (22.6 %) indicating
that this compound holds little potential for oxidation state control or stoichiometry control as a single

source precursor to either SnO or SnO..

Attempts to elucidate the decomposition pathways of 2-4 and 6 through TGA-MS experiments were
inconclusive, partly because of the air sensitivity of the complexes. In the case of complexes 3 and 6
however, peaks at m/z = 45.05 amu were observed in the mass spectra, which we attribute to formation
of dimethyl amine. Attempts to analyse TGA pan residues by analysis of powder X-ray diffraction
patterns were unsuccessful, with only Bragg peaks at 38.5° and 44.4° corresponding the to (111) and

(200) planes of Aluminium metal (from the TGA pans) present in the plots.

Conclusions

As part of a continuing effort to optimize the development of precursors and to the identify properties
of a precursor complex, which provide ideal volatility, reactivity and stability, we have demonstrated
the feasibility of ureide ligands as stabilizing ligands in precursor chemistry by synthesizing a series of
new tin(ll) complexes. These complexes were synthesized by the direct insertion of [Sn(NMe2)2]2
reactions with a range of isocyanate ligands to for the corresponding Sn(ll) ureide complexes. The
molecular structures of 2, 3, 4 and 6 showed that these systems formed as monomers in which the central

metal atoms are tetracoordinate with pseudo trigonal-bipyramidal or square based pyramidal



geometries. In the case of complexes 2 and 6, bearing the cyclohexyl and mesityl derivatized ureide
ligands the complexes display molecular C. symmetry bearing x?-N,O coordinated ligands. Based on
195n{*H} NMR spectroscopy we assume that the unstable isopropyl derivative, 1, possess a comparable
structure to complexes 2 and 6. In the case of complexes 3 and 4 the molecular C, symmetry is broken,
with the complexes in the solid-state possessing two ureide ligands which display «2-N,O and «2-N,N’
coordination. TGA analysis of the complexes 2, 3, 4 and 6 shows varying behavior, with complexes 3
and 4 both of which display ambivalent coordination of the ureide ligands in the solid state, displaying
single mass loss events. In the case of 3, residual masses ca. 6%, significantly lower than that expected
for formation of SnO (33%), indicate a significant degree of volatility for the complex, indicative of its
possible utility in ALD. TGA of 4 provides a residual mass of 26.5%, close to that expected for SnO
formation (24.2%), indicating a reduced volatility but potential utility of 4 in the AACVD of SnO thin
films. In contrast, complexes 2 and 6 which display only display x?-N,O coordination of the ureide

ligand in the solid state, are significantly less volatile and display complicated decomposition profiles.

Experimental

All reactions dealt with potentially air- and moisture-sensitive compounds, and as such, were carried
out under an argon atmosphere using standard Schlenk line and glovebox techniques in an MBraun
Labmaster glovebox at O,, H.O < 2.5 ppm. NMR experiments were conducted in Youngs tap NMR
tubes prepared and sealed in a glovebox under argon and were recorded on a Bruker AV-300 at 75.5
MHz. The spectra were referenced relative to residual solvent resonances. Unless otherwise stated data
guoted was recorded at 298 K. Elemental analysis was performed by Mr. Stephen Boyer at SACS,
London Metropolitan University. Solvents for air- and moisture-sensitive reactions were provided by
an Innovative Technology Solvent Purification System, or dried/degassed manually according to
established laboratory procedures. Sn(NMe;), was produced according to literature procedures.*® All

other reagents were purchased from commercial sources and used without further purification.

Synthesis of Tin(ll) bis-N-iso-propyl-N’,N*-dimethylureide (1). Isopropyl isocyanate (165 mg, 1.94
mmol) was added to a stirred solution (10 ml, toluene) of Sn(NMe:), (200 mg, 0.97mmol). After 30
mins reaction time solvent removal in vacuo resulted in the isolation of an orange oil which showed
signs of decomposition. NMR analysis of the reaction solution was, however, consistent with the
formation of the desired product. *H NMR (300MHz, C7Hs); & 1.23-1.25 (br m, 6H, CHMey), 2.57 (s,



6H, NMe,), 3.89-4.01 (m, 1H, CHMey). 3C{*H} NMR (75 MHz, CeHs); 5 25.3 (CHMey), 39.0 (NMe>),
47.2 (CHMe,), 167.2 (NC(O)N). 18Sn{*H} NMR (112 MHz, C7Hs); § —307.0

Synthesis of Tin(lI1) bis-N-cyclohexyl-N',N*-dimethylureide (2). Cyclohexyl isocyanate (243 mg, 1.94
mmol) was added to a stirred solution (10 ml, toluene) of Sn(NMe2), (200 mg, 0.97mmol) at room
temperature. After 30 mins reaction time solvent removal in vacuo resulted in the isolation of a cream
off-white solid. Extraction into fresh toluene (5ml), followed by filtration through celite to remove
insoluble residues and storage at —5 °C, resulted in the formation of pale-yellow crystals, which were
isolated by filtration and washed with cold hexanes. Yield: 346 mg, 78%. Analysis found (%) (calc. for
Ci1sH34N4O,Sn): C 47.4 (47.3), H 7.36 (7.50), N 12.0 (12.3). *H NMR (300 MHz, C+Hs); & 1.10-1.20
(m, 1H, CHy), 1.52-1.75 (m, 6H, CH>), 1.84-1.95 (m, 2H, CH>), 2.59 (s, 6H, NMey), 3.45-3.60 (m, 1H,
CH). BC{*H} NMR (74 MHz, C7Hs); 5 26.2 (s, CH), 26.3 (CH>), 35.6 (CH.), 38.6 (br s, NMe,), 55.3
(s, CH), 166.8 (s, NC(O)N). 1*Sn{*H} NMR (112 MHz, C7Hs); 5 —310.

Synthesis of Tin(11) bis-N-tertbutyl-N*,N'-dimethylureide (3).1” Following the same procedure for the
synthesis of 1, t-Butyl isocyanate (192 mg, 1.94 mmol) was reacted with Sn(NMey). (200 mg,
0.97mmol). Extraction into fresh toluene (5ml), followed by filtration through celite to remove insoluble
residues and storage at —5 °C, resulted in the formation of pale-yellow crystals, which were isolated by
filtration and washed with cold hexanes. Yield: 346 mg, 78%. Analysis found (%) (calc. for
C14H30N40,Sn): C 41.5 (41.5), H 7.5 (7.5), N 13.7 (13.8). *H NMR (300 MHz, C7Hs); & 1.37 (br s, 9H,
C(CHa)s, 2.44 (s, 6H, NMe,). BC{*H} NMR (74 MHz, C7Hs); & 31.4 (s, C(CHa)3), 41.4 (br s, NMey),
53.0 (s, C(CHa)3), 166.9 (s, NC(O)N). **Sn{*H} NMR (112 MHz, C;Hs); & —357.

Synthesis of Tin(I1) bis-N-adamantyl-N",N'-dimethylureide (4). Following the same procedure for the
synthesis of 1, adamantyl isocyanate (343 mg, 1.94 mmol) was reacted with Sn(NMey), (200 mg,
0.97mmol). Extraction into fresh toluene (5ml), followed by filtration through celite to remove insoluble
residues and storage at —25 °C, resulted in the formation of colourless crystal, which were isolated by
filtration and washed with cold hexanes. Yield: 414 mg, 76%. Analysis found (%) (calc. for
C2sH42N40,Sn): C 55.34 (55.63), H 7.41 (7.55), N 10.05 (9.98). *H NMR (300 MHz, C7Hs); 5 1.56 (br
m, 6H, CHy), 1.93 (br m, 3H, CH), 2.07 (m, 6H, CH,), 2.39 (s, 6H, NMe;). *C{*H} NMR (74 MHz,
C7Hs); 8 30.3 (CHy), 36.8 (NMey), 42.9 (CH>), 44.2 (CH), 57.6 (s, CH), 166.4 (s, NC(O)N). 9Sn{*H}
NMR (112 MHz, C7Hs); & —353.

Synthesis of dimethylamido-ditin(l1) tris-N-Phenyl-N*,N*-dimethylureide (5). Phenyl isocyanate (462
mg, 3.88 mmol) was added dropwise, over 10 min, to a cooled (—40 °C) and stirred THF solution (15
mL) of Sn(NMe). (200 mg, 0.97 mmol). After stirring at room temperature for 2 h, THF was removed
in vacuo. To the residual solid, 15 mL of hexane was added and stirred for 20 min. After filtration

through Celite. The solution was stored at RT for 3 days, during which time colourless crystalline



needles were formed. The product was subsequently isolated by filtration and dried in vacuo. Yield:
224 mg, 60 %. Analysis found (%) (calc. for Co9HzsN7O3Sny,): C, 45.24 (45.17); H, 4.88 (5.10); N, 11.75
(12.72). *H NMR (300 MHz, CeDs): & 2.27 (br. s, 12H, NMe,), 2.32-2.80 (br. m, 12H, NMe), 6.76-
6.85 (M, 3H, p-CH), 6.89-6.99 (m, 6H 0-CH), 7.05-7.13 (m, 6H, m-CH); 3C{*H} NMR (75.5 MHz,
CeDs-0°): & 38.2 (br. s, NMe), 40.0 (br. s, u-NMe), 121.8 (s, Ar-CH), 124.4 (s, Ar-CH), 128.9 (Ar-
CH), 147.3 (s, ipso-C), 164.9 (s, NC(O)N); 119Sn{*H} [*H] NMR (112 MHz, CsDg-d®): 8sn —217 (S).

Synthesis of Tin(l1) bis-N-mesityl-N',N"-dimethylureide (6). Following the same procedure for the
synthesis of 1, mesityl isocyanate (272mg, 1.94mmol) was added to a solution of Sn(NMe:), (200 mg,
0.97mmol) in toluene (10mL). Extraction into fresh toluene (5ml), followed by filtration through celite
to remove insoluble residues and storage at 0 °C, resulted in the formation of large colourless crystal,
which were isolated by filtration and washed with cold hexanes. Yield: 503 mg, 98 %. Analysis found
(%) (calc. for C24H3sN4O2Sn): C 54.4 (54.5), H 6.57 (6.48), N 10.6 (10.6). *H NMR (300 MHz, C7Ds);
8 2.17 (s, 3H, p-Me), 2.35 (s, 6H, 0-Me) 2.37 (s, 6H, NMe>), 6.75 (s, 2H, Ar-CH). *C{*H} NMR (75.5
MHz, C;Dg); 6 19.4 (s, p-Me), 20.9 (s, 0-Me), 36.5 (s, NMey), 132.7 (s, p-CMe) 133.9 (s, m-CH), 137.4
(0-CMe), 141.1 (s, ipso-C), 164.4 (NC(O)N). 12°Sn{*H} NMR (112 MHz, C;Ds); 6 —353.1

Single Crystal X-ray Diffraction:

Experimental details relating to the single-crystal X-ray crystallographic studies for compounds 2-6 are
summarised in Table 5. All crystallographic data were collected at 150(2)K on a SuperNova, Dual,
EosS2 diffractometer using radiation Cu-Ka (A= 1.54184 A) or Mo-Ka (A= 0.71073 A). All structures
were solved by direct methods followed by full-matrix least squares refinement on F2 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.



Table 5: X-ray Crystallographic Data for Compounds 2-6.

Compound 2 3Y 4 5 6
Chemical Ci8H34N40,Sn Ci14H30N40,Sn C26H42N40,5n C29H39N703Sn; C24H34N40,Sn
formula
Formula Mass 457.18 405.11 561.32 771.05 529.24
Crystal system Monoclinic Triclinic Monoclinic Triclinic Triclinic
Space group P21/n P1 P21/n P1 P1
a/lA 9.0643(3) 8.6700(3) 10.4406(4) 9.4500(5) 11.1330(5)
b/A 24.4486(8) 9.4020(3) 11.5708(5) 11.6707(6) 11.2160(5)
c/A 9.9477(4) 12.4160(3) 21.5541(9) 16.5204(8) 12.4200(4)
al® 90 79.878(2) 90 71.124(5) 101.829(2)
Bl° 109.0738(16) 84.754(2) 93.010(4) 75.263(5) 105.225(2)
y/° 90 70.462(2) 90 67.938(5) 117.416(2)
Unit cell 2083.47(13) 938.39(5) 2600.27(19) 1579.34(16) 1228.44(9)
volume/A3
Temperature/K 150(2) 150(2) 150(2) 150(2) 150(2)
Z 4 2 4 2 2
No. of 31337 14456 20833 13364 24165
reflections
measured
No. of 6081 5596 5334 7074 6579
independent
reflections
Rint 0.0954 0.0340 0.0724 0.0412 0.0549
Final Ry values 0.0448 0.0228 0.0613 0.0400 0.0334
(1> 24(1))
Final wR(F?) 0.0718 0.0539 0.1127 0.0642 0.0740
values (I >
20(1))
Final Ry values 0.1194 0.0272 0.1053 0.0569 0.0462
(all data)
Final wR(F?) 0.0880 0.0556 0.1268 0.0727 0.0797
values (all
data)
Goodness of fit 0.965 1.044 1.126 1.030 1.050
on F?
CCDC number 1916466 952206 2100178 1916467 1916465

Thermogravimetric Analysis (TGA): TGA was collected using a TGA 4000 Perkin Elmer 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-1 and heated from 30 °C to 500 °C at a ramp rate of 5 °C min-1.
Accession Codes

CCDC 952206, 1916465-67 and 2100178 contain the supplementary crystallographic data for this
paper. These data can be obtained free of charge via www.ccdc.cam.ac.uk/data_request/cif, or by
emailing data_request@ccdc.cam.ac.uk, or by contacting The Cambridge Crystallographic Data Centre,
12 Union Road, Cambridge CB2 1EZ, UK; fax: +44 1223 336033.
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The N,N’-trialkyl-functionalised ureides [(Me:2N)C(O)NR] (R = iPr, Cy, tBy Ad, Ph and Mes) act as
excellent stabilizing ligands for tin (1) complexes, and the physicochemical properties of these complexes
prove their potential as precursors for thin-film deposition. Thermogravimetric analysis has been used to
assess the viability of complexes 1-6 as single source precursors for the formation of SnO, with the
adamantyl and ‘butyl derivatives exhibiting clean single-step curves and low residual masses in their

TG analyses. The single-crystal X-ray diffraction studies of these derivatives reveal an uncommon -
N,N’ coordination modes.

@
=3

60 o

40 A

Weight Percentage (%)

20 A

50 100 150 200 250 300 350
Temperature ( °C)



