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The mixed-valence molecule 58V (O'Pr) is conveniently synthesized and is shown to exchange bridging and
terminal alkoxides in solution in its SI{O'PrSn(OPr); structure. PESNO(OPr) is synthesized and shown to
undergo an intramolecular fluxional process in solution. Both molecules are sufficiently volatile for CVD study,
and comparison of CVD behaviors of these and of M(® (M = Sn, Pb), Sn(@®r), SnZr(GPr), and Ph-
ZrO(OPr) shows the reducing capacity of the isopropoxide moiety dominates the thermolytic behavior of all
these species, giving metallic Sn or Pb in all cases. Only Zr, when it is present, forms ZhHe oxide in
PsSnO(OPr) yields PbO (and 2 Ptand 1 SH), in contrast to the relative electropositivity of Sn and Pb, a fact
attributed to kinetic control of CVD behavior.

Introduction analogues. Among numerous reactions attempted, we report

. _here SHSNY(O'Pr)s and PRSnO(CPr)g as direct analogues of
At present, there are many examples of heterometallic SHZV(OPr® and PBZrO(OPI 1L

alkoxides which can be used as single-source precursors for thin-
film synthesis. Some of the many different types of alkoxides
which exist include homoleptic (MMIOR),), heteroleptic (MM- Experimental Section

(OR)(X)» where X= OAc, OR, halide), and oxo alkoxide All manipulations were carried out under a dry nitrogen or argon
species (MMO(OR) or MM'(OR)(X)p). These can have a  atmosphere using oven-dried glassware. Solvents (an@hi@ere
number of different metal combinations and can also contain rigorously driedby freshly distilling them under argon from appropriate
up to three different metdlsn a single molecule. However, drying agents (sodium for ED and THF) and storing them under
we believe that no homometallic, mixed-valence molecular nitrogen over activated molecular sieves. Sn[N(S)¥g® [Sn(OPr)-
alkoxides have yet been found, and these could have unusua(HOPNL® SnZr(OPr)'®and PRZr*’O(OPr)** were prepared according
properties. One mixed-valence group 14 oxo alkoxide species,t0 litrature methods. [Pb(Rr)y] was prepared according to a
PbSnO(OBU)J(OAC):2 has been isolated. Our intent was to modification of a literature proceduté. Synthesis at-40°C in pentane

. . . afforded a white, flocculent precipitate, which was washed three times
synthesize new homo- or heterometallic, mixed-valence group o pentane and dried 12 Eundper dynamic vacuurT{amm). To

14 alkoxide species and study properties such as sublimation,.in (sn(cpr)], all HOPr was removed from [Sn(@ry(HOPN)

temperature, NMR characteristics, and thermolysis. by heating it to 100C under dynamic vacuum until the resulting liquid

A number of studies involving Sn(ORhave shown that $h no longer bubbled’O-enriched (40 atom %) water was obtained from
exhibits behavior similar to that of #r3-6 For example, Iso-Yeda Corp., Rehovot, IsraelfH and 3C NMR spectra were
M(O'Bu), is monomeric for both SK5 and z#V.”.#¢ Dimeric recorded on a 300 MHz Varian Gemini 2000 spectrometer at 300 and

[M(O'Pr(HOPN)]; is also formed for either met&f-2and both 75.6 MHz, respectively’O NMR, °Sn NMR, and®Pb NMR spectra
species have very simildHd NMR and solid-state structures. Wwere recorded on a Varian Unity Inova 400 MHz spectrometer at 54,
Further, the alcoholates lose the pendantPtCat the same 149, and 84 MHz, respectively. Spectra were recorded in eitkig C
temperature to give [M(®r)]. The analogous [SKOPry- or GDsCDs. 'H spectra were referenced to the protio impurity
andp[Zrz(OiPr)g‘]gbuilc[iin(g bl)é]cks have begn rep[ortéd. ¥ resonance of the deuterated solvent (7.15 ppm {&s@nd 2.09 ppm

S h read d h L f th for the upfield resonance ofDsCDs3), and*3C spectra were referenced
ince we have already reported many characteristics of the, ¢ resonance of the deuterated solvent (128.0 ppm dibg énd

M'MY(OR)'® and M';M",O(OR)y (MY = Zr) systems!-+2 20.4 ppm for the upfield resonance of0ECDs). 7O spectra were
we decided to prepare their 'Srcontaining mixed-valence  referenced to an external samplé-t-enriched (5 atom %) ¥ (neat,

0.0 ppm)119Sn spectra were referenced to an external sample of SnMe
(1) Veith, M.; Mathur, S.; Huch, VJ. Am. Chem. Sod.996 118, 903. (neat, 0.0 ppm), an¥¥’Pb spectra were referenced to an external sample
(2) Caruso, J.; Hampden-Smith, M. J.; Duesler, EJNChem. Soc., Chem.  of neat PbE{ (73.3 ppm)' Elemental analyses were performed in-

) SgirtnhmuMnflla%?ha?‘%'. Huch, VJ. Chem. Soc., Dalton Tran996 house on a Perkin-Elmer 2400 Series Il CHNS/O analyzer. All

12, 2485.
(4) Sogani, S.; Singh, A.; Mehrotra, R. €olyhedron1995 14, 621. (10) Teff, D. J.; Huffman, J. C.; Caulton, K. Gnorg. Chem.1996 35,
(5) Hampden-Smith, M. J.; Wark, T. A.; Rheingold, A.; Huffman, J. C. 2981.

Can. J. Chem199], 69, 121. (11) Teff, D. J.; Caulton, K. G. Submitted.
(6) Reuter, H.; Kremser, MZ. Anorg. Allg. Chem1991, 598599, 259. (12) Teff, D. J.; Huffman, J. C.; Caulton, K. @. Am. Chem. S0d.996
(7) Xue, Z.; Vaartstra, B. A.; Caulton, K. G.; Chisholm, M. H.; Jones, D. 118 4030.

L. Eur. J. Solid State Inorg. Chenh992 29, 213. (13) Harris, D. H.; Lappert, M. FJ. Chem. Soc., Chem. Comm®.74
(8) Bradley, D. C.; Mehrotra, R. C.; Wardlaw, W. Chem. Socl952 895.

4204. (14) Goel, S. C.; Chiang, M. Y.; Buhro, W. Hnorg. Chem.199Q 29,
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chemical vapor deposition experiments were carried out under dynamic Table 1. CVD Conditions
vacuum (102 Torr) in a glass apparatus having a separately heated

. . ) i source oven source oven
source zone and thermolysis zone. Volatile organic thermolysis temp temp temp temp
products were trapped in a liquid-nitrogen-cooled trap and were compound ¢C)  (°C) compound ¢C)  (°C)
vacuum-transferred to an NMR tube containingDECDs prior to - -
analysis. Films were deposited on amorphous glass slides, and the [SN(OPr)] 79 29 PlaSrll;O(OPr)g 130 295
identity of the crystalline material contained in the films was determined [SS riq(soril‘?(%]ipr)e iég ‘ggg '[:’Pbg(r C_PCr))(Z]OPr)s %:23? gég
through X-ray diffraction experiments on a Scintag XDS-2000 diffrac- SNZr(OP1s 75 315
tometer using Cu K radiation and a solid-state Ge detector in the
parallel-beam thin-film geometry. Table 2. CVD Products

Synthesis of SHSNV (O'Pr)s. Sn[N(SiMe),]2 (2.77 g, 6.30 mmol) i
was dissolved in 20 mL of ED, and neat H®r (0.58 mL, 7.6 mmol) ""f%itr?ge ?gﬂfé P other
\[Nas( add;? drc_)pv)v]ist(e to this solution to %ivde a clleag light orangefsolution. compound (calc)  (calc) (calc) found Pb Sn PbO Zr©
Sn(OPr(HO'PN)k (2.62 g, 3.61 mmol) dissolved in 20 mL of £t -
was added dropwise at 2%: to give a clear, colorless solution. After [Sn(OPry] 100 (100)  97/(100) 0 0 X
10 min of stirring the solution was dried in vacuo and dissolved in a [S'?(O'ir)“]i 100 (100) 97 (100) 0 0 X

) sn'snV(O'Prs 100 (100) 98 (100) O 0 X
minimal amount of pentane. Colorless crystals (2.98 g, 65% yfeld) Snzr(COPr)s 33(33) 100 (100) 79 (66) a X X
formed upon cooling the solution t615 °C. This compound can be PhsSM’O(OPr)g 100 (100) 98 (100) 0 0 X X X
sublimed at 70C and 102 Torr to a cold-finger apparatussH NMR PsZr'’O(OPr)g 59 (75) 100(100) 16(25) 0 X X
(CsDsCDs, —20 °C): 6 4.94 (septet, 3 H; d septet satellitéds,n = [Pb(OPr)] 98 (100) 100 (100) O 0 X

27 Hz)1" 4.61 (septet, 3 H; d septet satellitédsn,-y = 53 Hz)}7 1.46
(d, 18 H), 1.23 (d, 18 H).1H NMR (Ce¢DsCDs, 25 °C): 6 4.91 (br
septet, 3 H), 4.57 (br septet, 3 H), 1.40 (br d, 18 H), 1.24 (br d, 18 H).
IH NMR (C4DsCDs, 50°C): 6 4.89 (br, 3 H), 4.56 (br, 3 H), 1.32 (br,
36 H). 'H NMR (CgDsCDs, 70°C): 6 4.70 (v br, 6 H), 1.31 (br d, 36
H). H NMR (C¢DsCDs, 90 °C): 6 4.70 (br, 6 H), 1.30 (d, 36 H).
13C{*H} NMR (CgDs, 25°C): 6 68.9 (s, Q@H(CHy),; d satellites?Jsn-c

= 18 Hz), 65.2 (s, @H(CHs)y; d satellites2Jsn-c = 38 Hz), 28.0 (s,
OCH(CHs); d satellites,®Jsp-c = 28 Hz), 27.7 (s, OCH{H3); d
satellites 3Jsn-c = 34 Hz). 19Sn NMR (GDsCDs, 25°C): 6 —344
(s; d satellites?Jsn-sn = 610 Hz),—584 (br s; br d satellite$Jsn-sn =
630 Hz). 19Sn{*H} NMR (C¢DsCDs, 25°C): 6 —344 (s; d satellites,
2Jsn-sn = 610 Hz), —584 (s; d satellites?Jsn-sn = 610 Hz). Anal.
Calcd for SROgCieH42: C, 36.53; H, 7.15. Found: C, 37.23; H, 7.15.
MS (El, 15 eV): m/z" Sn(OPr)* (61%), Sn(CPr)* (17%), Sn(CPr)"
(17%), Sa(O'Pri* (83%), SHSNV(OPrk* (29%).

Sn'srY(O'Pr) can also be synthesized by reaction of equimolar [Sn-
(OPr)] and [Sn(CPr)] in C¢De. BothH and'3C{'H}NMR data are
identical to those for the species synthesized by the above metho
[Sn(OPr)] is made in high yield by dropwise addition of excess'HO
Pr to Sn[N(SiMe),]. in Et,0O, followed by removal of the solvent. The
colorless, powdery compound sublimes at 1ZD and 102 Torr.
Unlike polymeric [Pb(CPr)], the compound is very soluble in most
hydrocarbon solvents.

Synthesis of PRSnt’O(O'Pr)s. [Pb(OPr)] (2.00 g, 6.15 mmol) was
suspended in 35 mL of THF, and the suspension was heated to reflux.
A solution of1"OH, (38.7uL, 2.08 mmol) in 10 mL of THF was added
dropwise to give a clear, colorless solution. Afée5 min reflux, [Sn-
(OPry(HOPN)] (0.851 g, 1.02 mmol) dissolved in 20 mL of THF was
added, and the resulting solution was refluxed for 10 min. The solution
was cooled, and the solvent was removed in vacuo, leaving a waxy
solid, which was transferred to a sublimation apparatus. The solid was
sublimed at 128C and 102 Torr to leave a waxygrystallinedeposit
(2.04 g, 81%) on a OC cold-finger apparatus. During sublimation of
this compound, it is necessary to chill the cold-finger apparatus near 0
°C for the vaporized material to condense as a waxy substance.
Otherwise, it will simply reflux as a viscous liquidtH NMR?8 (CsDs-
CDs, 25°C): 0 5.05 (septet, 3 H), 5.00 (septet, 4 H; d septets satellites
3Jsn-n = 40.8 Hz), 4.61 (septet, 1 H; d septets satellitds, n = 51.6
Hz), 1.52 (d, 6 H; d septet satelliteSgn- = 3.5 Hz), 1.41 (d, 24 H),
1.15 (d, 18 H). 'H NMR (C¢DsCDs, 50 °C): 6 4.97 (br, 7 H), 4.54
(septet, 1 H; d septets satellitéds,-1 = 50.1 Hz), 1.41 (d, 6 H), 1.34
(br, 24 H), 1.17 (br, 18 H).!H NMR (Ce¢DsCDs, 70°C): & 4.98 (br,

a See Experimental Section.

7 H), 4.53 (septet, 1 H; d septets satellitds,-y = 50.1 Hz), 1.39 (d,
6 H), 1.26 (br, 42 H).*H NMR (C¢DsCDs, 90°C): 6 4.97 (br septet,
7 H), 4.52 (septet, 1 H; d septets satellitds,-n = 48.3 Hz), 1.38 (d,
6 H), 1.25 (br d, 42 H).13C{1H} NMR (CsDsCDs, 25°C): 6 65.5 (s,
OCH(CHg)y), 65.4 (s, @H(CHg)y), 65.0 (s, @H(CHg),), 26.4 (s, OCH-
(CHg)z),lg 28.6 (S, OCHCHg)z),lg 27.8 (S, OCHCH3)2) 1198n[1H}
NMR (CsDsCDs, 25 °C): ¢ satellite intensity (calcd; obst?)—585.8
(20.5%; 21.5%)-586.8 (53.0%; 54.5% ) Jsn-pp = 308 Hz),—587.8
(20.5%; 23.9%). "0 NMR (CsDsCDs, 25 °C): 6 satellite intensity
(calcd; obsdf 219.7 (2.9%; 3.2%), 215.5 (20.5%; 21.6%), 211.4
(53.0%; 53.6%) %12 = 17 Hz; ppo = 453 Hz,Jsn0 = 111 Hz),
207.2 (20.5%; 19.5%), 203.0 (2.9%; 2.1%"Pb NMR (GDsCDs,
25 °C): 6 963 (s; d satellites?Jp,-sn = 305 Hz). Anal. Calcd for
PSNQCysHss: C, 23.44; H, 4.59. Found: C, 23.08; H, 4.53. MS
(El, 15 eV): m'z" Pb(OPr)" (13%), PBO(OPr)" (17%), PRO(OPr)*
d (100%), PBSNO(CPr);™ (62%).
" Thermolysis Experiments. All CVD experiments were performed
by first drying all glassware and slides in a 110 oven overnight
before use. Approximately 0.25 g of precursor was loaded into a
deposition tube in a drybox, and the tube was closed to retain the inert
atmosphere. The tube was then removed from the drybox and attached
to a CVD apparatus consisting of a vacuum pump {Irr), a source
heater (for sample vaporization), and a tube furnace (for sample
thermolysis). After the atmosphere of the tube was evacuated for 1 h,
the furnace was heated to the appropriate temperature (see Table 1)
and allowed to stabilize for 1 h. The source was then heated to a
temperature where vapor transport was appreciable (see Table 1), and
the vaporized compound was passed through the thermolysis zone where
the metal products were deposited. All volatile decomposition products
were trapped in a liquid-nitrogen-cooled trap. After the experiment
was complete, the hot zones were allowed to cool slowly (ca. 4 h) to
25°C, and trapped volatiles were vacuum-transferred to an NMR tube
and analyzed. The resulting metal-containing films were analyzed by
X-ray diffraction. The results of this study are shown in Table 2.
Thermolysis of [Sn(CPr);]. Analysis of the films by X-ray
' diffraction showed only sharp peaks for elemental Sn (JCPDS No. 04-
0673) and a very broad peak attributable to amorphous glass. Acetone
(100%) and H@r (97%) were the only volatile products of the
thermolysis detected byH NMR.
Thermolysis of [Sn(CPr),. Analysis of the films by X-ray
diffraction showed that they consisted mostly of Sn (JCPDS No. 04-
— - — . 0673) metal as evidenced by sharp peaks. A trace amount of SnO
(16) This yield is limited only by the high solubility of the compound in (JCPDS No. 21-1250) was found in the baseline. ByNMR, the

the crystallization solvent. . . !
(17) Decoupling the appropriate methyl protons simplifies this methine Volatiles consisted only of acetone (100%) and'PIQ97%).

signal to a singlet having measurable doublet satellites.
(18) Due to the overlapping of the multiplets in the methine region, the (19) This signal is broad at its base relative to other signals in its spectrum,

methyl protons must be decoupled to simplify the methine signals. indicating averaged PEC coupling.

Once this is accomplished, the chemical shifts, satellites, and coupling (20) Fewer than the expected seven lines could be resolved due to a limited

can be accurately determined. signal-to-noise ratio.




Homo- and Heterometallic Group 14 Alkoxides Inorganic Chemistry, Vol. 37, No. 10, 1998549

Thermolysis of Si'SnV(O'Pr)s. The films contained mainly Sn
metal (JCPDS No. 04-0673) with only trace SnN@QCPDS No. 21-
1250) detected by X-ray diffraction. The volatiles contained only
acetone (100%) and HPr (98%) as determined by1 NMR.

Thermolysis of SnZr(O'Pr)s. Only Sn metal (JCPDS No. 04-0673)
was detected by X-ray diffraction, but a broad, rolling baseline was a

sign that amorphous material (probably Zy@as present. The volatile J\

organic products were acetone (33%), 'HO(100%), and propene —
(79%) as found by'H NMR. A small amount of colorless material -341 -345 ppm -580 -584 ppm ﬂ_
had condensed past the decomposition zone. This was completely 340380 450 460 B00 540 ppm

dissolved in GDs and analyzed.'H NMR (CgDs, 25 °C): 6 4.62
(septet, 8 H; [Zr(@Pr)]), 4.56 (septet, 3 H; 20(OPr)),!t 4.46 (septet,

3 H; ZrsO(OPr)yg), 4.42 (septet, 3 H; 20(0OPr)), 4.39 (septet, 1 H;
Zrs0(OPr)), 1.63 (d, 6 H; ZsO(OPr)), 1.47 (d, 18 H; ZEO(OPr)y),
1.44 (d, 48 H; [Zr(CPr)]), 1.342 (d, 18 H; Z§O(OPr)y), 1.340 (d, 18
H; Zr:0(0Pr)g). BC{*H} NMR (C¢Ds, 25°C): 6 71.9 (s, @TH(CHs)z;
Zrs0(OPr)g), 71.4 (s, @H(CHa),; [Zr(O'Pr)]), 71.3 (s, CCH(CHs)z;
ngo(OPr)lo), 71.0 (S, @:H(CH3)2, ngo(OPr)lo), 70.5 (S, @H(CH3)2,
e

Zr;0(OPr)), 27.0 (s, OCHCH3)z; Zr:0(OPrh), 26.8 (s, OCHCH3)z;
Zr;0(0Pr)i0), 26.7 (S, OCHCH3)z; ZrsO(OPr)ig), 26.5 (S, OCHCH3):;
[Zr(O'Pr)]), 26.0 (S, OCHCHa)z; Zr:0(OPr)).

-341 -345 ppm -580 -584 ppm

Thermolysis of PhSn’O(0OPr)s. X-ray diffraction gave sharp lines -340  -380 -420 460 -500 -540  ppm
which indicated the presence of Pb (JCPDS No. 04-0686), PbO (JCPDSFigure 1. 1%Sn NMR spectra of SisnV(O'Pr)s at 25°C in toluene-
No. 38-1477), and Sn (JCPDS No. 04-0673) in the films. IBWNMR, ds showing two equal-intensity Sn environments where satellites on
the volatiles consisted of only acetone (100%) andP4@98%). each peak indicate that the metal centers couple to one another. The

Thermolysis of PyZr 170O(O'Pr)s. Only Pb metal (JCPDS No. 04- upper spectrum shows broadening of the upfield signal duéHto
0686) was detected by X-ray diffraction, but broad peaks in the baseline coupling whereas the lower spectrum (witH decoupling) shows
indicated that amorphous material (probably Zr®as present. Unlike ~ equally sharp signals.

the thermolysis of Zr-containing SnZr{@), no solid was detected . . .
past the hot zone. The volatiles (measured at low temperature) protons of the upfield methyl group reveals a singlet with

contained acetone (59%), H® (100%), and propene (16%) as doublet satellites’0sn-n = 27 Hz). Thus, the doublet satellite
determined by'H NMR. septets were buried under the main septet. Coupling from Sn
Thermolysis of [Pb(OPr),]. X-ray diffraction showed very sharp  to the methyl protons was not detected. The-Sincoupling
signals for Pb metal (JCPDS No. 04-0686). 'A(100%) and acetone  is most apparent in tHé°Sn NMR spectrum which shows equal-
(98%) were the only volatiles found By NMR. intensity peaks (Figure 1) for the two M and Environments
(seel). Both peaks exhibit doublet satellites due to—S8n

Results
Sn'SnV(O'Pr)e. The synthesis of SisnY(O'Pr) involves 5 JOR
the in-situ generation of “[Sn(@r)(N(SiM&),)]2"%! in ether /R\MyOR
followed by the addition of [Sn(®r(HO'Pr)},, which bears M""---OV AN
the final equivalent of alcohol necessary to complete the o) OR
R

Brognsted acigtbase reaction (eq 1). The presence of HN-
I
1/5[Sn(OiPr)4(HOPN)],
_ coupling BJsy-sn = 610 Hz), and the upfield peak, and its
Sn[N(SiMej3),], + HO'Pr satellites, are broadened by coupling to the methine protons.
While completely decoupling the methine protons gives equally
sharp peaks in thB%Sn NMR spectrum, selectively decoupling

(SiMey), does not appear to have any effect on the association either of the methine regions does not simplify the coupling to

of the two Sn(OR) species. The resulting compound, which quartets (arising from coupling to only three of the six possible
is very soluble in both polar and nonpolar solvents, can be Methine protons) as would be expected. This may be the

crystallized from a concentrated pentane solution. However, consequence of the al_koxide_s exchanging terminal and_bridging
X-ray-quality crystals could not be obtained either by this rolels ata r?te Wh'cmf relatively fast onl thé€Sn NMR tn;r:e
method or by sublimation in a sealed tube under vacuum. A Scaﬁ_ but slow on theH NMlR time scale (IS'”CG two sharp
Lewis acid-base reaction of equimolar [SHf@),] and [sn- ~ Methine septets can be resolved-a0 °C). Already at 25C,
(OPr)] in CeDs gives the same product. theH NMR spectrum shows broadening in the methine region

The 'H NMR spectrum at-20 °C has two equal-intensity due to this exchange. The process occurs fast enough°& 70
peaks in both the methyl and methine regions. Two 1:1 that only one signal is found in each of the methine and methyl
environments are consistent with the structure of the' {@NR)s regions. Al .25°C' thg13C{ *H} NMR spectrum alsq has tWO.
clasd® (I: here M= SH!, M’ = SrV, and OR= OPr). By equlal-lntensny peaks in each of the two_ carbon regions. Unlike
NMR, this class of species shows two equal-intensity chemical the 'H NMR spect_rum, all O_f these enwron_ments ihow detect-
environments arising from bridging and terminal alkoxides. The 2P!€ carbon coupling to Sn'S,EOth thE methifil(c = 18 and
upfield methine septet in the %8rnY(O'Pr) spectrum shows 38 Hz) and methyl carbons'Jn-c = 28 and 34 Hz) show
doublet satellite septet&J, = 53 Hz) whereas the downfield ~ doublet satellites of differing magnitudes.

i i 2
septet does not immediately reveal coupling. Decoupling the Th(? compound sublimes intact at ‘7(_) and 1.0 Torrto a
cold-finger apparatus as a powdery solid, and its mass spectrum

(21) Compare to [Sn(BU)(N(SiMey))]»: McGeary, M. J.: Folting, K.;  Shows SKSHY(OPr)s*, Sn(CGPr)*, Sn(OPr)*, Sn(OPr)* and
Caulton, K. G.Inorg. Chem.1989 28, 4051. Snp(O'Pr)™.

sn''sn'V(O'Pr)g + 2HN(SiMes), (1)
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PbsSnt’O(O'Pr)g. The synthesis of PBSn’O(OPr)g first 1
involves the partial hydrolysis (with’OH,) of polymeric [Pb-
(O'Pr)y] in refluxing THF to give a clear solution. The addition
of [Sn(OPry(HOPr)], and removal of the solvent leave a sticky
solid that can be purified by sublimation. We have evaluated
the NMR data in comparison to those forsZlO(OR) (OR =
O'Pr11 O'Bu'? reported earlier and find the solution structure
to be that ofll (here, M= Sn and X= OPr). Its'H NMR

IA{X 1 1
220 218 216 214 212 210 208 206 204 ppm

4B s T— Figure 2. 70O NMR spectrum of Psnt’O(OPr)s showing five of the
/ seven expected lines arising from coupling to three Pb atoms at natural
abundance. Each of these signals shows doublet satellites due to
coupling to one Sn atom. The sharp central line indicates the high
symmetry of electron density around O.

X
qu /A Pb
3 a \ Xun\" H coupling owing to a combination of the multiplicity (six equal-
X

—
Pb intensity singlets) arising from nuclear spin’d® (I = /) and
~ \X signal-to-noise limitations.
This species sublimes intact as a colorlesygstalline wax
to a 0 °C cold-finger apparatus. Its mass spectrum shows
II Phsl’O(OPr)*, Pb(OPr)*, Phl’O(OPr)*, and PRSHO-
: o . (OPry .
spectrum shows three environments which integrate to 1:4:3 Chemical Vapor Deposition. (a) [Sn(GPr)s]. Only pure

(Compare to .1A:4B:3C im.). in both the methine_an_d methyl Sn metal was deposited upon the thermolysis of [Sg) at
regions. This oversimplified spectrum thus indicates that 295°C. The volatiles consisted of nearly equal amounts of
residual fluxionality is present. In the methine region, the acetone (100%) and HEx (97%)

septets arising from alkoxides bound directly to Sn (i.e., 4B (b) [SN(O'Pr)J]. The thermolysis of [Sn(®r)] at 350°C

in%gé) Egviedsoitgt?\t/;a;el“fl?/?eér’:;:s:r?ﬁe'_'iz %;%G‘[])S’*I: deposited spheres of light gray Sn metal on amorphous glass
N ) ’ P Y)- pie I1é 3 substrates. Trace Sp@as detected by X-ray diffraction, but

?:;P;:gntoO??hghéhzn;ngg"?: i:)engslonﬂimrggft'ﬁ SI :/(\e”t?or;[haiso its source is unknown. The volatiles collected, consisting only
9 . gions. ; yiregior of acetone (100%) and HPr (97%), did not show any
reflects a dynamic exchange of these environments with the .

roadering of ek coresponding peaks whie the coubet of TOCECON L 0 Bend Seerhas it ot e an e
the u?lque alkoxlde remains sharp. Increasing the temperafur tious water, or trace oxo alkoxide impurity, was the source of
to 70°C results in coalescing of the already broad methyl peaks the SnQ

while the single unigue alkoxide shows sharp multiplets in both eV (A " V(A )
regions. By 9C°C, the methyl and methine regions each show cuE?t)a(jsgt 235,53022% l?) Sv%?Thp;nS'tt#;? gff [gtls(gr;(])llaéiv?:

two multiplets which integrate to 1:7. Throughout the range ’ ! 9

¢ h . koxid K . llv sh mostly spheres of Sn metal with only trace Srdetected by
of temperatures, the unique alkoxide peak remains equally st arF5(-ray diffraction. The volatiles contained only acetone (100%)
and this alkoxide maintains its coupling to Sn (i.e., remains

bound to Sn). In its3C{*H} NMR spectrum, three environ- and HCPr (98%), indicating that reduction occurred at both
ments were detected in both the methine and methyl carbonmeéalscﬁznrteor?;ro gl\\;\elzhﬁlemerétal Sn?. ition of 88rV(OPr
regions. While coupling to Pb was not immediately apparent, Wa(s)ver c?ean ;?;d left gnl eSr:a(r::eta?lofheo rgsence E)f 0X2)6 hilic
broadening in the baseline (i.e., broad doublet satellites) of the yce . y ’ pre: P
two greater intensity peaks in the methyl region suggests Zr re;sulted in an increase in the dec_o_mposmon temperature to
averaged coupling to Pb due to a fluxional process. Only three 3r15 cr:1 dueftosi %f:erevlct denccim;:]osmcr)]nt pa::ihwayr/.thThle vr\?erre
of the expected seven lines arising from coupling to multiple presence of [Sn(®r)] was no _enough 1o tngger the lowe
Pb @Jsnrp = 308 Hz) atoms were detected in #¥Sr{ 1H} temperature (298C) decomposition of the compound overall
n—Pb — V (i
NMR spectrum due to signal-to-noise limitations. The intensi- as seen for SISY(OPrk. Only Sn metal was detected by

ties of these three lines resemble those of a pattern expecte h’;?égg:aﬁgﬂg’ rzgttebrzg?(\?vgseakrzslgr:?e Itt)ailset?gl?e\\l/v:éetﬁafl?hne
for a single Sn coupling to three Pb atoms at natural abundance P P :

. deposition temperature (318C) was not high enough for
Thel’0 NMR spectrum shows the same coupling patt&hs, (o . 2
= 453 Hz), but five of the seven expected lines are found. crystalline ZrQ to form#2 A small amount of unthermolyzed

Further, each of the peaks shows doublet satellites due tosolid, whigh had condensed past the hot zone, int_jicated that
coupng 0 S Usy = 111 o) (e 2). The sham el (oo 00%N e 10, Soniete, R ol o e
line (v12, = 17 Hz) indicates a highly symmetrical distribution - O(OPMN- in a ratio of 2-1. The volatile oraanic oroducts
of the electron density around the quadrupolar nucleus consistent:‘v 3r ( t)l‘;' Her : nd r. : N inv ] tli fgs'll OPO 8uTh
with the proposed structure. Only a singlet with doublet Sn ere acetone, »and propene in aratio of ©.5:1.U:9.6. €
satellites Jpp-sn = 305 Hz) was found in thé’Pb NMR ; ) ) )

> . (22) Crystalline ZrQ is reportedly deposited by thermolysis of ZHD)
spectrum. Whilet’O NMR showed Sn and Pb coupling, the only well above 300°C: Omura, T.; Ichimura, H.; Kobayashi,AK.
207Pph and!1%Sn NMR spectra did not show’O coupling Kagaku Kogaku Ronbunshi99Q 16, 494.
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observed amount of propene was slightly higher than that
predicted (see eq 2). Some of the 2-propanol was thus
dehydrated by the freshly produced Zr€dirfacé to give water

and propene (eq 3), and water reacted with the unthermolyzed

[Zr(O'Pr)] to produce ZsO(OPr)o and more HEPr (eq 4).

Snzr(OPr), — Sn+ ZrO, + acetonet
3HOPr+ 2 propene (2)

HO‘Pr%O; propenet H,O (3)
3[Zr(O'Pr)] + H,0 — Zr,0(OPr),, + 2HOPr  (4)

(e) PeSN’O(0'Pr)g. The thermolysis of P{Sn’O(OPr)

gave elemental Pb, PbO, and elemental Sn. The absence of

the SnQin the film indicates that ¥ was completely reduced
to Sn metal. The oxide present ing8t’O(0OPr) preferentially
forms PbO (and Sn) instead of forming Sp@nd Pb). The
volatiles consisted of only acetone (100%) andP¥Q(98%)
produced during the reduction of 8rto Sn and PH to Pb.

The absence of propene indicates that the oxo ligand is the only

source of metal oxide during CVD.

(f) PbgZr’O(0O'Pr)s. The complete thermolysis of Bb
Zrl’"0(OPr)g at 325°C (i.e., no residue survived the hot zone)
gave crystalline Pb metal and Zr@not detected by X-ray
diffraction). While reduction of Pb occurred dueAdnydrogen
abstraction, the €0 bond of one @r group was cleaved and
ZrO, and propene resulted. The volatiles contained amounts
of acetone (59%), H®r (100%), and propene (16%) close to
those calculated (eq 5) for thermolysis giving only Pb metal
and ZrQ.

Pb,ZrO(OPr), — 3Pb+ ZrO, + 3 acetonet
4HOPr + propene (5)
(9) [Pb(O'Pr),]. The decomposition of [Pb(er),] at 295
°C gave cleanly crystalline Pb metal, H®® (100%), and acetone
(98%).
Discussion

Sn'sSnV(OPr)s. A number of attempts were made to isolate
compounds of formula NSnY(OR) (M" = Pb, Sn; OR=
OBu, OPr) as analogues of Mr(OR)!° species we have

already studied. Attempts were made using both Brgnsted (eq

6) and Lewis (eq 7) acidbase reactions. All reactions, except

MIN(SiMe,),], + HOR + “Sn(OR),(HOR)" »
M"Sn(OR) + 2HN(SiMe,), (6)

M(OR), + Sn(OR), > M"Sn(OR), )
that giving SHSAY(O'Pr), were unsuccessful and resulted in
unreacted homometallic alkoxides. On the other handi; Sn
SnY(O'Pr) can be made by both egs 6 and 7. The difference
between SN and Z¥ may originate from the size or the
oxophilicity (i.e., need for more ligands) of the metals. Since
PbZr(OBu)s but not PbSn(@u)s has been made, steric bulk
of the ligand apparently prevents'Sfrom being six-coordinate.

In fact, SW does not often bind six alkoxide ligarfs unless

(23) Veith, M.; Reimers, MChem. Ber199Q 123 1941.
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Scheme 1

A
S(ppm) 0 *e<—— SnMe,

-100

le—————Sn"(OC'Buy), (2)

-200 =
11 ¢
Sn7Z(OBus B~ Sn{(0'Bu);Cd(0'Bu),Sn" (3)

Sn"Zr(O'Pr), B—— |
2300 =

sn''snV(O'Pr)y (3)——|

le—————Sn!V(0'Bu), @)
-400 ™

-500 =

Sn"sn™v(O'Pr), (6)7——>
Pb,Sn"YO(O'Pr), (6) 6005
3 8 U
=700 -‘ 1

le—— KSn™V(O'Bu)s (5)

(Sn"Y(O'Pr),(HO'PDY, (6)
[Sn"Y(O'Bu),(HO'Bu)}, (6)

they are less sterically demanding (e.gR®¢ or OBu?4). The
attempt to prepare “PbSni{@r)” gave only [Sn(CPr),] and
polymeric [Pb(CPr),]. This shows the preference of the large
Pb atom to be four-coordinate (as in [PiREy]4) instead of
three-coordinate (as in “PbSn@@)") when the smaller @®r
ligand is used.

All NMR spectra of SHSAY(O'Pr) are consistent with its
solution structure being. Its 'H NMR spectrum at-20 °C
shows doublet (of septets) satellites on both methine multiplets
due to coupling to one Sn. B¥°Sn NMR, only oneof the
two equal-intensity signals is broad due to coupling to the
methine. Exchange of the terminal and bridging alkoxides is
apparent at 28C in SA'SnY(O'Pr). At 70 °C, this exchange
occurs fast enough that only one signal is found in each of the
methine and methyl regions Bid NMR. The other MM(OR)%
species showed no evidence of this process, even at higher
temperatures.

Previous reports have shown that there is a correlatié¥am
NMR between the chemical shift and the coordination number
of Sn1925 Typically, a chemical shift found further upfield
indicates a higher coordination number (Schen¥ where
coordination number is shown in bold). By comparison of
chemical shifts to those of other homoleptic alkoxide species
whose structure has been identified (by X-ray diffraction,
molecular weight measurements, etc.), one can find the ap-

(24) Chandler, C. D.; Caruso, J.; Hampden-Smith, M. J.; Rheingold, A. L.
Polyhedron1995 14, 2491.

(25) Hampden-Smith, M. J.; Wark, T. A.; Brinker, C. Goord. Chem.

Rev. 1992 112, 81.

(26) Coordination number of the Sn is in parentheses. New compounds
synthesized here appear on the left side of the bar. Compounds on
the right side of the bar are in the following references. SHBDE).:
Fjeldberg, T.; Hitchcock, P. B.; Lappert, M. F.; Smith, S. J.; Thorne,
A. J. J. Chem. Soc., Chem. Commur@85 939. Sng-O'Bu);Cd-
(u-OBu)sSn: Veith, M.; Hans, J.; Stahl, L.; May, P.; Huch, V.; Sebald,
A. Z. Naturforsch.1991, 46B, 403. Sn(CBu)s: Bradley, D. C.;
Caldwell, E. A. U.; Wardlaw, WJ. Chem. Soc. A957, 4775. Marie,
J.-C.Ann. Chim.1961, 969. Also see ref 5. KSn(Bu)s: Veith, M.;
Reimers, MChem. Ber199Q 123 1941. [Sn(GPry(HOPr)L: Reuter,

H.; Kremser, MZ. Anorg. Allg. Chem1991, 598/599 259. Also see
ref 5. [Sn(CBu)4(HO'Bu)],: Chandler, C. D.; Caruso, J.; Hampden-
Smith, M. J.; Rheingold, A. LPolyhedron 1995 14, 2491.
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proximate coordination number of a Sn atom and use this to Scheme 2

predict a solution structure. From our assignment of the solution e .
structure of ShSAV(O'Pr), we expect to find by1°Sn NMR \ \\\\‘bR RSy, /
one signal in the three-coordinate range and one in the six- s .. .
coordinate rangé& The observed chemical shifts-844 and RO““"/" H\SR h/S" """ QR
—584 ppm) are in the three-coordinate and the six-coordinate [z # q’ ] *S \ 2
regions. Of the two signals in tHé°Sn NMR spectrum of Sh _—0- ~— il Ry -0~
SnY(O'Pr), the one found upfield (i.e., six-coordinate) shows Pbﬂg)“. l .............. pb 2B Pg‘]{/ iy Méﬁpb
coupling to the methine protons. Both signals also show doublet - T £ H -
satellites arising from stroridsn-sn (610 Hz) coupling through R R" 'R R
the u>-O'Pr groups. Mechanism B
PbsSn’O(0Pr)g. A series of attempts were made to isolate . .
MsSHVO(OR) (M = Pb, Sn; OR= O'Bu, OPr) compounds R PR RS PR
using two different methods. These included thermolysis (eq "”"'m,.,‘_ / o
8) and hydrolysis (eq 9% For example, thermolysis of a 3:1 b/s“ """ iy OR (-/S" """ R
mixture of [Pb(CBu),] and Zr(OBu)s gives PRZrO(OBu)s (eq A WL~\EOR _ RG / \b "
10). The formation of this complex is made possible by@ RQ. — i L oy
J ‘unu(%\u o Pb =70%¢ Pliﬁ"' |' u(%mpb
3M(OR), + Sn(OR)4 mfﬁ’ no reaction (8) <L\R O/h h’=o Pl N O{
Sn(OR), R R R
3M(OR)z *+ TTOH, — e 7772 © P(O'Pr); base become equivalent but remain different from
A the equatorial alkoxides at 2&. Further, the Pb atoms become
3[Pb(O'BU)2] + ZHOBU)s ~inene ~ PP3ZrO(0'Bu)s (10) equivalent and only on&’Pb NMR signal is found. This is

unlike the fluxionality observed for the BMO(O'Pr) (where
bond cleavage of one!Bu ligand to form an oxo alkoxide and M = Ti, Zr)!! species which yields the same three alkoxide
an alkene. Thermolysis in the same manner (eq 8) fails to give environments budloes not scrambléhe two Pb environments.
analogous heterometallic oxo alkoxides; unchanged reagents ar©n warming of a sample of BBn’O(OPr), the alkoxide
recovered. This might be due to the difference in the oxophi- environments begin to exchange. TH¢ NMR spectrum at
licity of Sn vs Zr, since we believe that oxophilic 'Zris 70 °C shows two signals which integrate to 1:7 in each of the
necessary for the thermolysis to proceed as it did in eq 10. Themethine and methyl regions. The two signals indicate that
less oxophilic SN center thus did not show the same reactivity. alkoxides in two of the three chemical environments are
Hydrolyses were also attempted according to eq 9 in refluxing scrambling, and this can be achieved by mechanism B (Scheme
THF. Except for the formation of RBn’O(0OPr), all other 2). This mechanism successfully interchanges the equatorial
reactions were unsuccessful and only gave homometallic oxoligands on Sn with the ligands in the #0'Pr); base to make
alkoxides and unreacted species. In the case of the hydrolysisseven of the eight alkoxides coalesce, without involving the
of Sn(OR), a light yellow solution was obtained before the unique ligand trans to thes,-O. This alkoxide remains unique
addition of Sn(ORy), but the oxo alkoxides were not observed even at 100C, making the fluxional mechanism different from
by IH NMR. We believe that some Sn(ORyas converted to  the mechanisms of the O(O'Pr) (M = Ti, Zr) analogues
a “SnOp(ORY” aggregate with a very low alkoxide content (i.e., which have the trans alkoxide mixing with other alkoxides at
less visible by!H NMR), or it may have been converted lower temperatures (10C for M = Zr and 50°C for M =
completely to SnO. However, the complete hydrolysis to SnO Ti).1!

is unlikely since no precipitate formed. Both the!19Sn and’O NMR spectra of P{sn’O(OPr) show
The reaction giving P{Snt’O(OPr) proceeds in the same  a coupling pattern consistent with three Pb atoms at natural
manner as in the synthesis of the othegN®(O'Pr)g (M = abundance coupling to the respective nucleus. TGeNMR

Ti, Zr)™* analogues we have synthesized. All three species arespectrum also shows coupling to Sn as doublet satellites. The
formed by reacting polymeric [Pb{Pr);] with 7OH, in a 3:1 assigned solution structure of f8n’O(0OPr), Il , thus predicts
ratio in refluxing THF followed by the addition of a “M(© that the1°Sn chemical shift would be found in the six-coordinate
Pr)” source. All compounds are waxy solids and thus do not Sn region. Not only is the chemical shift$87 ppm) in the
form high-quality crystals which can be analyzed by X-ray predicted region, but it is only 3 ppm different from that found
diffraction. Solution structural methods are especially useful for the six-coordinate Sn of 88nY(O'Pr) (—584 ppm).

since most elements in EENt’O(0Pr) have an abundance Thermolysis Experiments. The thermolytic decompositions
easily detectable by NMR. TH&l NMR spectrum shows three  of [Sn(OPr)], [Sn(OPr)], and SHSAY(O'Pr) all result in the
signals integrating to 1:4:3 at Z&. These intensities are too  deposition of spheres of elemental Sn with acetone andlPHO
simple to be consistent with the static structireand thus a as the only volatile organic products. While these compounds
fluxional mechanism is causing the alkoxides to scramble on contain Sn having different oxidation states (eithel, S8V,

the NMR time scale. One possible mechanism that creates threeor both), the decomposition products are the same. At the outset
environments is the “rocking” of the Snifer)s unit above the of this investigation, we were curious to know whethefSn
P;O(OPr); base causing a “precession” of the-Gn—O'Pr would lead to deposition of SnQsince a previous report
vector (Scheme 2, mechanism A). This causes an exchange irshowed that the thermolysis of [Zr{®Y)] gives ZrQ, propene,

the bridging roles of the equatorial alkoxides on Sn so that all and HOPr.” Further, one might imagine that the thermolysis
four OPr groups experience terminal;, andus roles. This of Sn'snV(O'Pr) might serve as a convenient way to make a
“precession” occurs without ever scrambling with the unique Sn-doped Sn¢Xilm if the two metal ions of this metal alkoxide
O'Pr group which is trans to the,-O. The alkoxides in the ~ decomposed by different pathways (cf. SnZR). In fact,
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we find that even the hard ion Smrefers to undergo reduction  bound to Zr, the more oxophilic of the two metals. Again, the
by B-hydrogen abstraction from the/l¥ ligand instead of the ~ decomposition temperature was lower than what is needed to
C—0 bond heterolysis effected by hard, electrophilic Zr. The form crystalline ZrQ, so it was not detected by X-ray
thermolysis of both SIBnY(O'Pr) and [Sn(CPr)y] did give diffraction. However, the evolved propene indicated thaiC
trace Sn@, but this might result from the presence of trace bond cleavage did occur.

“SnaOp(O'Pr)” in the precursors. Since alkenes were not seen  Thermolysis of PESn’O(OPr) could involve either the

in the volatiles, the Sngapparently did not form by €0 bond formation of Pb and Sn(br the formation of Pb, PbO, and Sn
heterolysis. The decomposition of [SHE®)] occurs 55°C (eq 11). Despite the presence of'SiiPbO forms in preference
higher (350°C) than that of the divalent or mixed-valence v
compound. However, we believe that the decomposition <// 3Pb + SnOy + 4 acetone + 4HO'Pr

pathway (-hydrogen abstraction) is essentially the same for Pb;SnO(O'Pr)g (11)
the three complexes since all three species give the same
thermolysis products. It is interesting that'SnV (O'Pr)s, which

contains [Sn(cpr)4], can be Comp|ete|y thermo|yzed below 350 to an This is implausible, on the basis of the eleCtrOpOSitiVity

2Pb + PbO + Sn + 4 acetone + 4HO'Pr

°C. Apparently, the presence of [SH®)] in the mixed- of Sn vs Pb and suggests that these products may form under
valence species creates a mechanism by which reduction at bottkinetic control: if S# is reduced to Stfirst, then PbO is the
metal centers can occur. only product possible.

In contrast to the thermolysis of 58V (O'Pr) to give metal,
that of the Zr analogue, SnZr{®r), gives both metal (Sn) and
metal oxide (Zr@) with only a 20°C increase in the oven We have shown that $hin some instances can be used in
temperature from the $6nY(O'Pr) case. Since the deposition place of ZI to prepare StSnV(O'Pr)s and PRSnO(OPr) as
temperature was below what is needed to give crystalline, A0  direct analogues of 3@r'V(OPr} and PBZrO(OPr)s. We
we did not detect zirconia by X-ray diffraction. A broad and suggest that the absence of an analogoys!8DPr)s originates
rolling baseline did suggest that the film contained amorphous from the better ability of Pbthan SH to adopt the higher
material. The presence of metal oxide in the films is cor- coordination number of the basal metals in structuire
roborated by finding propene in the volatiles. In fact, the  The thermolyses of isopropoxides studied here containing the
amount of propene detected was more than what was anticipatedsoft, electron-rich, group 14 metals in all cases gave crystalline
This might be explained by the fact that HD has been shown  metal, acetone, and HRY as a result g8-hydrogen abstraction
to dehydrate when passed over a hot, freshly produced ZrO from the ligand. Thus, ®r must generally be anticipated as a
surfacé to give water and propene (eq 3). We believe that the reducingligand, relative to Bu. The precursors containing
water then reacted with unthermolyzed [ZiP€)] to make hard, oxophilic Zr were shown to give ZgOdue to the
Zr30(OPr)o and more H@Pr (eq 4). A ring of waxy material ~ decomposition occurring by-60 bond heterolysis, giving HO
which condensed downstream from the hot zone was shownPr and propene. The thermolysis ofsBhO(OPr) produced
by IH NMR to be [Zr(OPr)y] and ZsO(OPr)y,. PbO, Pb, and Sn, and no Sn@as detected. Since Sn is more

The decomposition of [Pb(®r),] gives simply crystalline oxophilic than Pb, we conclude that these products are not
Pb metal, H(Pr, and acetone. This shows that the polymeric thermodynamic but rather kinetic. This illustrates one of the
species can be cleanly sublimed at PZ7and 102 Torr into potential benefits of @hemicalapproach to thin-layer deposi-

a hot zone where the metal is reduced3blyydrogen abstraction  tion.
from the OPr ligand.

The presence of Zr andia-O in PeZrt’O(OPr)g apparently
does not alter the fate of Pb in this heterometallic species; Pb
metal is still formed and PbO is not detected. T remains IC970618I

Conclusions
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