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by the SoGel Route

A. Gamard,"* B. Jousseaumé,T. Toupance,*" and G. Campet

Laboratoire de Chimie Organique et Orgaridatijue, UMR 5802 CNRS, UniversitBordeaux |,
351 Cours de la Libmtion, F-33405 Talence Cedex, France, and Institut de Chimie de lar®latie
Condense de Bordeaux, UPR 9048 CNRS, ®au Brivazac, Avenue du Docteur A. Schweitzer,
F-33608 Pessac Cedex, France

Receied February 8, 1999

Dialkoxydi(5-diketonate)tin(IV) compounds react either with difluorgiiketonate)tin(IV) or with butanoyl
fluoride to yield novel tin complexes Sn(AR(RZCOCHCOR); 1 (R! = tert-amyl, isopropyl, ethyl; R= methyl,
tert-butyl). Multinuclear'H, 13C, 19F, and1°Sn NMR spectroscopic characterization showed that compléxes
are octahedral in solution with a cis configuration for the fluorine and the alkoxide group. Kinetics of configurational
rearrangements were studied by variable-temperdf@&MR spectroscopy. The hydrolytic behavior bfvas
determined for different hydrolysis ratids= [H,O]/[1]. For Rt = tert-amyl, a dimeric fluorinated species was
mainly obtained foh = 0.5, and addition of 2 mol equiv of water led to a fluorinated stannic oxopolymer soluble
in CH3CN. In the latter case, the powder obtained after solvent elimination and treatment in air&t &tsisted

of crystalline Sn@cassiterite particles containing the required amount (3 mol %) of doping fluorine and exhibiting
electronic conductivity comparable to that of Sn-dopegDh Complexesl are the first precursors of F-doped
SnQ materials prepared by the sajel route.

Introduction Sol—gel processes involve mild conditions and are based on
hydrolysis and condensation reactions of metalloorganic com-
pounds, such as metal alkoxides M(@QRjreforming an oxide
network in solution named “sol”. Deposition of the latter by
dip-coating and thermal pretreatment at moderate temperature
could then allow, at low cost, films of good quality to be
obtained on large areas. Although examples concerning un-
ydopeé and antimony-dopédin dioxide films have already been
described in the literature, to our knowledge, this method has
never been investigated to prepare F-doped_Snéierials due
' to the lack of a suitable precursor. Several requirements must
; . : 2. _be filled by such a molecule: it should include tin, fluorine,
These routes, however, require drastic experimental conditions d moieti | db ith fluori . dai
such as high temperature or low pressure and often use oo moleties cleave ywa}ter wit uorine reteqt|on, and give
separate precursors as sources of tin and fluorine, leading to anStable sols after hydrolysicondensation reactions. Single
Sep P A ng precursors such as Sn(OOC{EE? Sn(OCH(CR),)2(HNMe,),B
increase of the parameters to control. In addition, the wide use A

. ) S ! . and Sn(OCH(CE4(HNMey),,>¢ which have been reported for
of stannic chloride derivatives as a tin source sometimes alters ; - .

the CVD technique, cannot be presently used since the fluorine

th?rg%?iiﬁxgﬁaoepeg\eﬁ)sg%:;v\ﬁ;);tﬁfrlhby chllorrnﬁ;?k.]o d atoms are located on groups removed upon hydrolysis.
P , the-sgé In this work, our aim was to design new precursors that have

seems to k_)e prom|S|ng,_aIt_hou_gh new troubles SUCh as Shrlnkag(?he potential to yield fluorine-doped tin dioxide materials by
and cracking due to elimination of the organics may appear. the sol-gel route. We have chosen to create a covalent bond

between tin and fluorine since the Sk bond is very strorfy
and to introduce different moisture-sensitive groups in the

Doped tin dioxide films are transparent conductors exhibiting
high chemical and mechanical stabilities even at high temper-
ature! They therefore find widespread applications in the field
of modern optoelectronic devices such as electrochromic
displays and solar cells. Fluorine is usually preferred to antimony
as a dopant because it gives films with the highest transparenc
and conductivityt2

Fluorine-doped tin dioxide (Sn&F) thin films have been
prepared by a number of techniques such as spray pyrglysis
reactive rf sputtering,and chemical vapor deposition (CVB).

* To whom correspondence should be addressed. E-mail: t.toupance@
Icoo.u-bordeaux.fr.
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strategy is to use hydroxylated strong complexing agents such8.7 (CHCHs(al)). MS-El: m/z405 [M" — (CsH1,0)]; 364 [M* — (CHs-
asp-diketones which lower hydrolysis rates of metal alkoxides COCHCOCH) — (CzHs)]; 335 [M* — (CH;COCHCOCH) — (CzHs)

and give sols for the deposition by the sglel techniqué?

Consequently, we herein report the synthesis, the structure in

solution, and the hydrolytic behavior of new molecular precur-
sors SnF(OR(R2COCHCOR); 1 of F-doped Sn@materials.

Experimental Section

General Procedures and Starting Materials.All reactants and
products were manipulated under a nitrogen atmosphere by using
standard Schlenk technigues and a glovebox, or in a vacuum, with
exclusion of moisture and air. THF and diethyl ether were distilled
from sodium benzophenone ketyl prior to use. Acetonitrile, chloroform,
dichloromethane, and-hexane were distilled over CaHEthyl,
isopropyl, andert-amyl alcohols were distilled over magnesium. All
solvents were stored over activdtd A molecular sieves under an
atmosphere of nitrogen in a glass storage vessel fitted with a high-
vacuum PTFE stopcock. Tin(ll) difluoride (Acros) was used as
purchased. Pentane-2,4-dione (Aldrich) was distilled just before use.
2,2,6,6-Tetramethylheptane-3,5-diéhand butanoyl fluorid® were
prepared according to the literature methods. Tetragmyloxy)tin-
(IV) was synthesized according to Thomas's procedtirérans-
alcoholysis of the latter compound gave tetra(isopropoxy)tin(IV) and
tetra(ethoxy)tin(IV) according to previously reported restfts.

Instrumentation. NMR solution analyses were performed on a
Bruker AC-250 spectrometer or a Bruker DPX-200 spectroméiter.
NMR spectra were recorded at 250 MHz (solvent C{)Glvhile 13C
NMR spectra were obtained at 62.9 MHz (solvent CEGChemical
shifts were referenced using thpeotio impurities of the deuterated
solvent.*'%Sn NMR spectra were recorded at 74.6 MHz (solvent GDCI
internal reference M&n) and'F NMR spectra at 188.3 MHz (solvent
CDCls, internal reference CFgl For NMR data, the multiplicity,
coupling constants (Hz), and integration are given in parentheses. Tin
hydrogen and tirrcarbon coupling constants (Hz) are given in brackets.
As far as the assignments of NMR resonances are concesineldnd
al stand for g-diketonate and alkoxide groups, respectively. Mass
spectrometry data were collected with a VG Autospec-Q working in
the electronic impact mode. Elemental analyses were performed at th
Center of Chemical Analysis of the CNRS (Vernaison, France).

Bis(2-methylbutan-2-oxy)di(pentane-2,4-dionato)tin(IV) (2a)In
a Schlenk tube, 3.96 g (39.5 mmol) of pentane-2,4-dione was slowly
added to 9.24 g (19.7 mmol) of Srin),. The mixture was stirred at
room temperature for 30 min, and the releatsttamyl alcohol was
removed under reduced pressure a60 The crude oil was purified
by distillation Ep*%*= 140°C) to give an orange solid (6.97 g, 14.2
mmol, yield 72%).*H NMR (CDCl): 6 5.34 (s, 2H, Ei(chel)), 1.93
(s, 6H, Hs(chel)), 1.81 (s, 6H, B3(chel)), 1.37 (q, 7, 4H, 8(al)),
1.06 (s, 12H, C(El3)z(al)), 0.72 (t, 7, 6H, CHCHa(al)). **C{*H} NMR
(CDCly): 0 193.6 ([30],CO(chel)), 193.3 ([33]CO(chel)), 100.8 ([64],
CH(chel)), 73.2 ([51]C(CHz)2(al)), 37.6 ([45],CH.CHs(al)), 29.8 ([26],
C(CH3)z(al)), 29.4 ([28], CCHg)2(al)), 27.3 and 27.1 ([231zHs(chel)),

(10) (a) Bradley, D. CCoord. Chem. Re 1967, 2, 299. (b) Sanchez, C.;
Ribot, F.; Doeuff, S. Innorganic and Organometallic Polymers with
Special Propertied_aine, R. M., Ed.; NATO ASI Series 206; Kluwer
Academic: Dordrecht, The Netherlands, 1992; p 267. (c) Ribot, F.;
Banse, F.; Sanchez, ®later. Res. Soc. Symp. Prd©92 271, 45.

(11) (a) Sanchez, C.; Livage, J.; Henry, M.; Babonneau,. Non-Cryst.
Solids1988 100, 65. (b) Armelao, L.; Ribot, F. O.; Sanchez, C. In
Better Ceramic Through Chemistry VII: Organitnorganic Hybrid
Materials Coltrain, B., Sanchez, C., Schaefer, D. W., Wilkes, G. L.,
Eds.; Materials Research Society: Pittsburgh, P296; p 387.

(12) (a) Kopecky, K. R.; Nonhebel, D.; Morris, G.; Hammond, GJS.
Org. Chem.1962 27, 1037. (b) Rees, W. S.; Carris, M. \ihorg.
Synth.1997 302.

(13) Cuomo, J.; Olofson, R. Al. Org. Chem1979 44, 1016.

(14) Thomas, I. M. U.S. Patent 3946056.

(15) (a) Bradley, D. C.; Mehrotra, R. C.; Gaur, D. Metal Alkoxides
Academic Press: London, 1978. (b) Hampden-Smith, M. J.; Wark,
T. A,; Rheingold, A.; Huffman, J. CCan. J. Chem199], 69, 121.

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

Di(pentane-2,4-dionato)di(propan-2-oxy)tin(lV) (2b). Procedure
A. The same procedure as fa was followed with 4.19 g (42 mmol)
of pentane-2,4-dione and 7.51 g (21 mmol) of SRiQ@. The crude
oil was purified by distillation E,-°°*= 110°C) to give a yellow solid
(2.75 g, 6.3 mmol, yield 30%)Procedure B.In a Schlenk tube, an
excess of isopropyl alcohol (10 mL) was added to 4.01 g (8.2 mmol)
of 2a. The mixture was stirred at room temperature for 3 h, and the
releasedert-amyl alcohol was removed under reduced pressure at 50
°C to give 3.46 g (7.9 mmol, yield 96%) of crude product which was
purified as previously describediH NMR (CDCl): o6 5.38 (s, 2H,
CH(chel)), 4.11 (septet, 6, 2H,HZal)), 1.95 (s, 6H, Eis(chel)), 1.84
(s, 6H, (Hs(chel)), 1.01 (d, 6, 6H, B5(al)), 0.99 (d, 6, 6H, El5(al)).
BC{H} NMR (CDCl): 6 194.7 ([32],CO(chel)), 194.5 ([29]CO-
(chel)), 101.3 ([61],CH(chel)), 64.6 ([38],CH(al)), 27.2 ([21],CHs-
(chel)), 26.3 CHg(al)). (MS-El: (W2) 377 [M" — (CsH;0)]; 219 [M*

— 2F — (CHsCOCHCOCH)].

Di(ethanoxy)di(pentane-2,4-dionato)tin(IV) (2c). Procedure Aln
a Schlenk tube, 1.40 g (4.68 mmol) of Sn(OBE#as dissolved in 2
mL of CHCI;. Then, 0.94 g (9.36 mmol) of pentane-2,4-dione was
added slowly, and the mixture was stirred at room temperature for 30
min. The released ethyl alcohol was removed under reduced pressure
at 50 °C, leading to an oil which could be used without further
purification (1.75 g, 4.3 mmol, yield 92%]JRrocedure B. The same
procedure as foPb was followed with 1.34 g (2.73 mmol) &fa and
0.4 g (8.7 mmol) of ethyl alcohol. After removal of the volatile
compounds, 1.09 g (2.67 mmol, yield 98%) of an oil was obtained and
used without further purificationtH NMR (CDCl): 6 5.35 (s, 2H,
CH(chel)), 3.72 (q, 7, 4H, Bx(al)), 1.92 (s, 6H, Els(chel)), 1.82 (s,
6H, CHa(chel), 0.99 (t, 7, 6H, E(al)). **C{*H} NMR (CDCl): ¢
194.8 ([32],CO(chel)), 194.7 ([30]CO(chel)), 101.4 ([61]CH(chel)),
59.7 ([38],CHa(al)), 27.1 ([22],CH3(chel)), 19.3 ([37],CHa(al)).

Bis(2-methylbutan-2-oxy)bis(2,2,6,6-tetramethylheptane-3,5-di-
onato)tin(lV) (2d). In a Schlenk tube3 g (6.4 mmol) of Sn(@m),
was dissolved in 6 mL of CkCl,. After cooling at 0°C, 2.36 g (12.8
mmol) of 2,2,6,6-tetramethylheptane-3,5-dione was slowly added, and
the mixture was then stirred at room temperature for 1 h. The solvent
and the releasetért-amyl alcohol were removed under vacuum at 70
°C, leading to a white powder. Recrystallization -aB0 °C after
dissolution in 4 mL of boiling diethyl ether gave colorless needles (2.3
g, 3.5 mmol, yield 55%)H NMR (CDCk): ¢ 5.71 (s, [6], 2H,
CH(chel)), 1.45 (q, 7, 4H, Bz(al)), 1.18 (s, 30H, E3(chel) and
C(CHj3)(al)), 1.04 (s, 18H, Eix(chel)), 0.85 (t, 7, 6H, CKCHs(al)).
BC{*H} NMR (CDCly): ¢ 203.3 ([40],CO(chel)), 202.9 ([36]CO-
(chel)), 91.2 ([62],CH(chel)), 72.8 ([52],C(CHs).(al)), 41.6 and 41.5
([20], C(CHa)s(chel)), 38.1 ([51],CH.CHgs(al)), 30.0 ([23], CCH3).-
(al)), 29.9 ([25], CCH3)2(al)), 28.1 and 27.9 ([not resolved], Cil3)s-
(chel)), 9.1 (CHCHs(al)). MS-El: m/z 573 [MH* — OGsHy4]; 303
[MH* — 2(OGH11) — ((CH3)sCCOCHCOC(CH)s)]. Anal. Calcd for
Cs2HeoOsSN: C, 58.28; H, 9.17; Sn, 19.00. Found: C, 57.85; H, 8.90;
Sn, 19.80.

Difluorodi(pentane-2,4-dionato)tin(IV) (3a). In a Schlenk tube, a

suspension of 6.1 g (38.8 mmol) of SniA 87.75 g (876 mmol) of
pentane-2,4-dione was heated at @ Oxygen was then bubbled
through the mixture for 6 h. Chloroform (40 mL) was immediately
added, and the warm mixture was filtrated over Celite to remove the
unreacted Sn-The resulting solution was concentrated under reduced
pressure, and addition afhexane induced precipitation of a white
powder purified by successive washingsx50 mL) with n-hexane.
After drying in a vacuum, 12.15 g (34.1 mmol, yield 88%)3zf was
obtained. (mp 227C). *H NMR (CDCl): ¢ 5.70 (s, 2H, Ei(chel)),
2.18 (s, 6H, Cis(chel)), 2.10 (s, 6H, Bs(chel). 3C{*H} NMR
(CDCly): ¢ 197.4 and 197.3 ([34zO(chel)), 103.0 ([77]CH(chel)),
28.0 ([33], CHs(chel)). MS-El: nv/z 356 [M']; 336 [MH* — FJ;
279 [MH" — F — (CH3sCOCH)]; 257 [M* — (CH;COCHCOCH)];
238 [M* — F — (CHsCOCHCOCH)]; 219 [MT — 2F — (CHs-
COCHCOCH)].

Difluorobis(2,2,6,6-tetramethylheptane-3,5-dionato)tin(1V) (3b).
In a Schlenk tube, a suspension of 3.45 g (22 mmol) of,$mB2 g
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(174 mmol) of 2,2,6,6-tetramethylheptane-3,5-dione was heated at 90Scheme 1. Synthetic Pathway toward Alkoxyfluorobjs(

°C. Oxygen was then bubbled through the mixture for 6 h. After cooling,
hot chloroform (60 mL) was added, and unreacted Sw#s removed

by filtration over Celite. The resulting solution was concentrated under
vacuum to give a yellow paste. Addition af-hexane induced
crystallization of a white powder purified by five washings (40 mL)
with n-hexane. After the powder was dried in a vacuum, 7.79 g (14.9
mmol, yield 68%) of3b was obtained. Recrystallization from boiling
diethyl ether yielded colorless plates (mp 223 °C). 'H NMR
(CDClg): 0 5.91 (s, [7.9], 2H, Ei(chel)), 1.21 (s, 18H, Hs(chel)),
1.07 (s, 6H, Gis(chel). *C{*H} NMR (CDCl): ¢ 207.3 and 206.6
([32], CO(chel)), 93.2 ([76]CH(chel)), 42.4 and 42.3 ([not resolved],
C(CHg)s(chel)), 27.8 and 27.7 ([not resolved}(CHs)s(chel)). MS-El:

m/z 524 [M*]; 505 [M* — FJ; 487 [MH* — 2F]; 467 [M" — (C(CHa)a)];

341 [M" — ((CH3)sCCOCHCOC(CH)3z)]; 303 [M* — F — ((CHg)s-
CCOCHCOC(CH)3)]. Anal. Calcd for G;HzgF,04Sn: C, 50.50; H,
7.32; F, 7.26; Sn, 22.69. Found: C, 49.85; H, 7.30; F, 7.13; Sn, 23.12.

Fluoro(2-methylbutan-2-oxy)bis(pentane-2,4-dionato)tin(IV) (1a).
Procedure A.In a Schlenk tube, 1.16 g (2.37 mmol) 2din 2 mL of
tert-amyl alcohol was added to a suspension of 0.84 g (2.37 mmol) of
3ain 2 mL of tert-amyl alcohol. The resulting mixture was heated at
80 °C for 15 min to obtain a clear solution. Removal of the solvent
under reduced pressure at 8D yielded 2 g of abrown oil containing
90 mol % la Procedure B.In a Schlenk tube, 1.75 g (3.6 mmol) of
2a was dissolved in 10 mL of freshly distilled THF. Under vigorous
strirring, 0.321 g (3.6 mmol) of butanoyl fluoride was slowly added
with a syringe. The mixture was then refluxed overnight. Evaporation
of the solvent and of the released ester under vacuum a€5fave
1.5 g of an orange oil containing 86 mol ¥&. *H NMR (CDCl): o
5.55 (s, 1H, Ei(chel)), 5.52 (s, 1H, B(chel)), 2.09 (s, 3H, 83(chel)),
2.07 (s, 3H, Gis(chel)), 2.01 (s, 3H, B5(chel)), 2.00 (s, 3H, B
(chel)), 1.44 (q, 7, 2H, By(al)), 1.14 (s, 6H, C(E3)(al)), 0.80 (t, 7,
3H, CH,CHg(al)). *3C{*H} NMR (CDCl): ¢ 195.7 ([32],CO(chel)),
195.0 ([30],CO(chel)), 194.7 and 194.6 ([not resolvedlO(chel)),
101.5 ([65],CH(chel)), 101.3 ([65]CH(chel)), 73.2 (dJ(**C—F) =
2, [46], C(CHa)2(al)), 37.1 (d J(*3C—°F) = 1, [45], CH,CHjs(al)), 29.6
and 29.2 ([32],CHs(chel)), 27.1 and 27.0 ([24], CHz)(al)), 8.4
(CH.CHgz(al)).

Fluorodi(pentane-2,4-dionato)(propan-2-oxy)tin(IV) (1b). Pro-
cedure A. The same procedure as ftta was followed with 0.89 g
(2.97 mmol) of2b, 0.70 g (1.97 mmol) oBa, and 8 mL of isopropyl
alcohol (heating time at 96C, 1.5 h). Removal of the solvent under
reduced pressure at 3C yielded 1.55 g of a brown oil containing 65
mol % 1b. Procedure B. The same procedure as fba was followed
with 3.43 g (7.88 mmol) o2b, 0.71 g (7.88 mmol) of butanoyl fluoride,
and 6 mL of THF. The mixture was refluxed overnight. Evaporation
of the solvent and of the released ester under vacuum &€ Sfave 3
g of an orange oil containing 70 mol % @& 'H NMR (CDCl): o
5.56 (s, 2H, Ei(chel)), 4.26 (septet, 6, 1H,HXal)), 2.09 (s, 3H, Els-
(chel)), 2.07 (s, 3H, B3(chel)), 1.99 (s, 3H, B3(chel)), 1.97 (s, 3H,
CHs(chel)), 1.06 (d, 6, 3H, Bs(al)), 1.02 (d, 6, 3H, Ei(al)). *C{*H}
NMR (CDCl): 6 197.1 ([33],CO(chel)), 196.2, 195.9 and 195.7 ([not
resolved],CO(chel)), 102.1 ([67]CH(chel)), 65.8 ([40]CH(al)), 27.5
(CHs(chel)), 26.4 ([38],CHs(al)).

Ethoxyfluorobis(pentane-2,4-dionato)tin(IV) (1c). Procedure A.
The same procedure as fba was followed with 1.09 g (2.67 mmol)
of 2¢, 0.95 g (2.67 mmol) oBa, and 8 mL of ethyl alcohol (heating
time at 90°C, 1.5 h). Removal of the solvent under reduced pressure
at 50°C gave 2 g of @rown oil containing 70 mol %d.c. 'H NMR
(CDCly): 6 5.52 (s, 2H, Ei(chel)), 3.84 (q, 7, 2H, Bx(al)), 2.02 (s,
6H, CHs(chel)), 1.94 (s, 6H, 83(chel), 1.08 (t, 7, 3H, E3(al)). *C-
{'H} NMR (CDCl): ¢ 196.3, 196.1, 195.9 and 195.8 ([not resolved],
CO(chel)), 102.1 ([70]CH(chel)), 60.4 (dJ(*3C—1%F) = 2, [42], CH,-
(al)), 27.4 CHs(chel)), 19.4 ([39],CHs(al)).

Fluoro(2-methylbutan-2-oxy)bis(2,2,6,6-tetramethylheptane-3,5-
dionato)tin(IV) (1d). Procedure A. The same procedure as fbawas
followed with 1.16 g (1.76 mmol) o2d, 0.91 g (1.75 mmol) oB3b,
and 15 mL oftert-amyl alcohol (heating time at 9, 1.5 h). Removal
of the solvent under reduced pressure at’60yielded 2.06 g of an
orange oil containing 80 mol %d. *H NMR (CDCk): 6 5.74 (s, [7],
1H, CH(chel)), 5.72 (s, [7], 1H, E(chel)), 1.40 (q, 7, 2H, B,(al)),

diketonate)tin(IV)12

Route A:
R!OH
Sn(OR'"),(R2COCHCOR?), + SnF,(R2COCHCOR?), ——»
2a-d reflux, 1h
2 SnF(OR!")(R?!COCHCOR?),
la-d
Route B :
THF
Sn(OR'),(R2COCHCOR?), + C,H,COF ——
2a-b reflux, 15h
SnF(OR!)(R?COCHCOR?), + C,H,CO,R!

la-b
ala 2a R! =t-Am, R2 = Me. 1b, 2b: R! = i-Pr, R = Me. 1c,
2c. R = Et, R = Me. 1d, 2d: R! = t-Am, R? = t-Bu.

1.13 (s, 6H, C(Gi3)(al)), 1.12, 1.11, 0.98 and 0.97 (s, 36Hi§chel)),
0.77 (t, 7, 3H, CHCHa(al)). *H NMR (C;Dg): 6 5.76 (s, 1H, Ei(chel)),
5.74 (s, 1H, Ei(chel)), 1.65 (q, 7, 2H, By(al)), 1.43 and 1.42 (s, 6H,
C(CHs)(al)), 1.11, 1.10, 0.97 and 0.96 (s, 36Hgchel)), 1.06 (t, 7,
3H, CH,CHs(al)). *3C{*H} NMR (CDCl): ¢ 205.2, 205.1, 204.8, 204.2
([not resolved],CO(chel)), 92.1 and 91.9 ([78GH(chel)), 73.1 ([49],
C(CHg)2(al)), 41.8, 41.7 and 41.6 ([not resolve@}CHz)s(chel)), 37.6
([45], CH,CHgs(al)), 30.0 and 29.9 ([not resolved], Ciis),(al)), 27.9,
27.7, and 27.6 ([not resolved;(CHs)s(chel)), 8.8 (CHCHs(al)).

Hydrolysis Experiments. To a stirred solution ol in CH;CN was
added slowly a mixture of water and @EN. The molar ratio between
CHsCN and1 was maintained at 50:1, and the hydrolysis rdtie=
[H20]/[1] was varied from 0.5 to 10. After the mixture was dried for
1 h at room temperature, sols, gels, or precipitates were obtained
depending on the precursa@rused and on thé value. In each case,
the solvent and volatile compounds were removed under vacuo at 50
°C to yield white or yellow powders. Fdr < 2, the xerosols or xerogels
were completely soluble in CDglor de-DMSO and analyzed by
multinuclear {H, °C, 1%, 119Sn) NMR spectroscopy. Two xerosols
(13 h = 0.5, andla, h = 2), labeled X and X, respectively, were
particularly studied and prepared as follows;)Xa, 3.2 g, 7.56 mmol;
H.0, 0.064 g, 3.55 mmol; C¥CN, 15.41 mL. After drying, 2.6 g of a
yellow powder was recovered. Elemental analysis: (exptl) wt %=Sn
35.39, wt % F= 6.18, wt % C= 29.33, wt % H= 3.45. (%) 1a 2.83
g, 6.68 mmol; HO, 0.24 g, 13.33 mmol; C}¥CN, 13.62 mL. After
drying, 2 g of ayellow powder was obtained. Elemental analysis:
(exptl) wt % Sn= 44.70, wt % F= 7.25, wt % C= 21.00, wt % H
= 3.00. The volatile organics removed during the drying of xerosol X
were recovered with two successive liquid nitrogen cold traps. The
obtained residues were analyzed ¥ NMR spectroscopy, allowing
the determination of the relative amount of alkoxide @ndiketonate
groups hydrolyzed.

Thermolysis Experiments. Thermolysis of xerosol Xwas carried
out by first drying the powder at 50C, followed by pressing (5
ton-cm~?) the resulting material (400 mg) as a pellet which was then
treated in air for 30 min at various temperatures ranging between 150
and 550°C. Crystallinity of the resulting powder was determined by
powder X-ray diffraction using a Philip&26 PW1820 diffractometer.
The sample resistivity was estimated by compacting under pressure
(10 tons) a given amount of powder (200 mg) between two stainless
steel cylinders. The resistanBeof the as-pelletized materials (13 mm
diameter, 0.42 mm thickness) was measured with a Metrix ITT MX50
multimeter. The measurements were performed under pressure (0.5 ton)
using the previous cylinders as contacts. The sample resispitas
deduced fronRs by the simple formulgps = SR/e whereS ande are
the surface and the thickness of the sample, respectively. The resistivity
of the materials prepared in this study was compared to that of tin-
doped indium oxide (ITO) powder (purchased from Samsung Electron-
ics (Korea); tin content 10 mol %) determined in the same experimental
conditions.
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Scheme 2. Synthetic Pathway toward Scheme 3. Synthesis of Difluorobigi-diketonate)tin(I1V)3?2
Dialkoxybis(3-diketonate)tin(IV)22 R2COCH,COR? excess
Route A: SnF, —_— SnF,(R2COCHCOR?),
0O, gas, 90°C, 5h

CH,Cl, 3a-b
Sn(OR'), + 2R?2COCH2COR? —— a3a R?= Me. 3b: R? = t-Bu.

25°C, 1h

4a-c

reaction is favored when thekp of the alcohol added is lower

1 2, 2 1
Sn(ORY),(R*COCHCOR?), + 2 RIOH than that of the alcohol being liberaté&ithe acidity order in

2a-d solution being HO > CoHsOH > (CH3)2CHOH > CzH5(CH3)2-
Route B : COH25 To drive the reaction in the desired direction, a large
excess of alcohol was used and allowed to quantitatively convert
RIOH excess 2ainto 2b,c.
Sn(0'Am),(R.COCHCOR?), ——— :

Besides, route A (Scheme 1) necessitates the preliminary
synthesis of stabilized difluorotin(lV) complex8sAnalytically
Sn(OR"),(R*COCHCOR?), + 2'AmOH pure (pentane-2,4-dionat®nk, (3a) has already been synthe-
2b-c sized by the nucleophilic substitution of tin tetrafluoride with
"2a 42 R =tAm, R?=Me.2b, 4b: R'=i-Pr, R = Me. 2c pentane-2,4-dion¥. Because of handling difficulties and the
4c R =Et R = Me. 2d: R" =t-Am, R* = t-Bu. cost of Snk, we decided to generalize a method proposed by
Stepanot? to reach the difluorotin derivative3. This route
consists of the oxidative addition gtdiketones to tin difluoride

Synthetic Aspects.Two main chemical pathways can be N the presence of gaseous oxygen (Scheme 3). The reaction
contemplated to reach complexi¢Scheme 1). The first path ~ conditions have been improved by increasing fhdiketone
(route A) uses a Kocheshkov-like redistributiémetween a excess and t_he reaction time, permitting the synthesis of large
dialkoxytin(1V), 2, and a difluorotin(IV) 3, derivative, the latter ~ @mounts of3 in good yield (68-88%). _
being obtained from commercially available SHFor Snk.18 Redistribution (Scheme 1, route A) betweand3 yielded
The second way (route B) consists of a direct fluorination of a 1 in @ 65-90 mol % conversion rate, determined #y NMR
dialkoxytin(IV) compound2, with a carboxylic acid fluoride. ~ @nalysis, depending on the nature of the alkoxide group.
To our knowledge, very few examples of these two routes have Purification of1 by distillation led to2. Several features must
been previously described in the literature. The latter has beenP€ underlined: (i) 510 mol % of each starting material was
developed with success on dialkoxydiorganotin compodhds, always recovered; (i) primary and secondary alkoxi@esl

whereas the former was reported on difluoro- and dialkoxy- always led to small amounts of hydrolysis products; (iii) higher
diorganotin derivative3? conversion rates were observed for the bulky alkox@eeand

2d. These results may be rationalized as follows. An equilibrium
among compoundg, 3, and 1 likely takes place, preventing
the complete conversion intb In addition, hydrolysis kinetics

of primary and secondary alkoxides being faster than that of
tertiary analogues, complexekh,c were obtained in lower
ields.

2a

Results and Discussion

In both cases, the preparation of dialkoxytin(IV) complexes
2 is required. Since the pioneering works of Mehrdtrayho
described the preparation of mixed complexes Sn¢QOfj-
diketonate) (n = 1, 2) from tin tetraalkoxided and pentane-
2,4-dione, few detailed studies on related compounds have
appeared. Chandler et al. obtained both 3:1 and 2:2 complexes/

with primary and secondary alkoxid&whereas it was recently Direct f_Iuorin_ation of stabilized dialkoxytir_1(IV) compounds
reported that only 2:2 pure complexes can be isolated with 2ab was investigated to shorten the synthetic pathway (Scheme

tertiary alkoxided1PIn the first step, we quantitatively obtained 1, route B). Butanoyl fluoride was preferred to acetyl fluoride

compoundg by adding 2 equiv of-diketones to tin tetraalkox- because it is easier to manipulate and forms a volatile ester
ides4 as described by Armelao etk (Scheme 2). Analytically S|m_plhe_ to remove wnf;tirt-f;\lmyl_ alcohol. The use of fa
pure products were obtained by distillation but with a significant ﬁtoul:l |0m§tréc amoduntg t el gorlde and a reaction t(ljmebo 12
decrease in yield. Primary and, to a lesser extent, secondary tin' 2/'0W€ 5 and 70 mol % conversion ta and 1b,

tetraalkoxides are rather difficult to handle and isolate in good rﬁspectivehl/, to b_e_ reac?ehd. Spec]ical attention must be pk?idhto
yields due to their higher moisture sensitivity and their high the removal conditions of the ester formed. Temperatures higher

molecular complexity? It was therefore more efficient to use than 60°C indeed induce a degradation of the monofluorinated

alcohol interchange reactions to obtaimc from the more easily Eompgundsl. Howe\t/)er, CorgpohundSa was also fgqnd as ah
available2a. It must be noted that two opposite trends rule trans PYProduct. It must be noted that experiments driven in the
alcoholysis. It is indeed well-known that, on one hand, the Presence of 2 equiv of the carboxylic acid f_Iuorlde yield stepwise
facility for interchange increases when the steric hindrance of '([jhe.monoﬂuorol (after 1 h) and then the difluo®(overnight)

the removed alkoxy group decreases in the ordesHRC- ervatives.

OCH(CHs); > OC(CHy),C;Hs2* and, on the other hand, this Characterization of Sn(OR?),(RZCOCHCOR?), 2. Studies
' ' have already been devoted to the structure in solution of tin-

(IV) alkoxides stabilized bys-diketonest1P-2223However, the

(16) Davies, A. GOrganotin ChemistryVCH: Weinheim, 1997; p 127.

(17) Jones, R. W.: Fay, R. Qorg. Chem.1973 11, 2599. nature of the compounds obtained remains uncertain in the case

(18) Stepanov, A. GJ. Organomet. Chen1989 361, 157. of the less bulky alkoxidé3 and was reinvestigated.

(19) ['Ské’bsc’ﬁtffé?g éé? 'i/'ofbkgm"v S. P.; Ginsburg, V. A. Gen. Chem. Complexes2 were characterized by a singlSn NMR

(20) Kokunov, Y. V.; Buslaev, Y. ARuss. J. Inorg. Chenl97Q 15, 147. resonance in solution betweer690 ppm and—725 ppm, a

(21) Mehrotra, R. CJ. Indian Chem. Socl978 55, 1.

(22) Chandler, C. D.; Fallon, G. D.; Koplick, A. J.; West, B. Bust. J. (24) Livage, L.; Henry, M.; Sanchez, ®rog. Solid State Cheni988
Chem.1987, 40, 1427. 18, 259.

(23) Hampden-Smith, M. J.; Wark, T. A.; Brinker, C. Goord. Chem. (25) March, JAdvanced Organic Chemistryth ed.; John Wiley & Sons:
Rev. 1992 112, 81. New York, 1992; p 271.
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Table 1. 19Sn and®F NMR Data of Compound4, 2, and 3?2
11950 NMR 19F NMR

o (ppm)  JSN—F) (Hz) o (ppm)  J(*F—1%°Sn) (Hz)
2a —725(s)
2b —698 (s)
2c —693(s)
2d —720(s)
3a —763(t) 2130 —168 (s) 2130
3b —760 (t) 2090 —170(s) 2090
la —736(d) 2565 —149 (s) 2565
1b —730 (d) 2440 —165.5 (s) 2435
1c —728(d) 2420 —168.5 (s) 2420
1d -737(d) 2425 —154 (s) 2425

as = singlet, d= doublet, t= triplet.

more shielded signal being obtained when the alkoxide is bulky
(Table 1). The other noteworthy feature of this spectrum is the
absence of an¥*%Sn—11711%5n coupling. This is consistent with

a monomeric species containing a single six-coordinate tin
according to the correlation betwe&fiSn chemical shift values
and tin coordination numbers previously propodeBesides,

1H and®3C spectra show that the tin atom is linked both to two
alkoxide groups and to twg-diketonate ligands. The tin
environment therefore results from two chelatjiigliketonate

ligands and two monodentate alkoxide groups. The mass spectral)

data obtained in the EI (electronic impact) mode are in
agreement with the proposed molecular structure in solution.
Strong changes therefore occurred in the coordination spher
of the tin atom compared to the starting tetraalkoxéipsepared
from tin tetrachloridé? Thus, a shielding of about 350 ppm
was recorded from Sn{@m), (0 = —370 ppm) to complex
23, indicating a coordination number change from 4 to 6 as
described by Armelao et &P In the isopropoxide series, the
room temperaturéd®sn NMR spectrum of the starting com-
pound4b exhibits a peak at-595 ppm indicative of a single
type of environment. One set of satellitd§' {*Sn—11"Sn= 223

Hz) corresponding to approximately 15% of the total signal
intensity was obtained. The intensity and coupling constant are
therefore in agreement with the values expected for two-bond
1195n—0—117Sn coupling constartéand established that all tin
sites are equivalent and linked to two other tin atoms. In
addition,H and*3C spectra show the absence of the isopropyl
alcohol molecule in the structure. At this stage, it must be
remembered that a trimeric structure of SIR, was inferred
from mass measurements carried out after removal of isopropyl
alcohol?8 Consequently, these data confirm the cyclic trimeric
structure for4b. It must be noted that this structure is quite
different from that described in the presence of isopropyl
alcohol, which is a dinuclear species [SHRE,,HOPI)], in
solution characterized by a resonance-#52 ppmt5b.23.29
Consequently, addition ¢f-diketone to4b induced both a 100
ppm shielding of the signal and the disappearance of tin
satellites. This indicates the formation of a 6-fold-coordinated
monomeric specie2b in solution. The changes are even more
pronounced with a primary alkoxide. For instance, in the case
of ethoxide substituents, th&°Sn NMR spectrum of the
tetraalkoxytin(IV)4cin CDCl; at room temperature shows more
than eight broad signals between600 and —650 ppm,
indicating a mixture of oligomeric species in rapid equilibrium
on the NMR time scale and a complex behavior. The reaction

(26) Hani, R.; Geanangel, R. &oord. Chem. Re 1982 44, 229.

(27) Lockhart, T. P.; Puff, H.; Schuh, W.; Reuter, H.; Mitchell, T. N.
Organomet. Cheml989 366, 61.

(28) Maire, J. CAnn. Chim.1961, 969.

(29) Reuter, H.; Kremser, MZ. Anorg. Allg. Chem1991, 598/599 259.
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with pentane-2,4-dione spectacularly simplified the spectrum
to give a single peak at693 ppm. The synthetic methods
proposed to obtairRc are more specific than that reported
by Chandler et al. since they described two resonances at
—689 and —656 ppm in a 12:5 ratio for Sn(OMg£LCHs-
COCHCOCH),.??

Moreover, NMR spectra allowed the determination of the
stereochemistry of. Proton NMR spectra indeed show two
discrete and equivalent resonances assigned to they@idps
in 2a—c and to the C(CH)s groups in2d of j-diketonate
ligands. In addition13C NMR spectra exhibit a concomitant
splitting of the expected peaks for GHCO in 2a—c and
C(CHga)3, CO in2d of the chelating ligands. As already proposed
by Chandler et ak?these spectroscopic data may be attributed
to a configuration of the metallic center where the alkoxide
groups are cis to each other. A variable-temperature NMR study
was also carried out d2d. 13C NMR spectroscopy was preferred
overH NMR spectroscopy becaust resonances of alkoxide
andp-diketonate do not overlap. Heating the solutior2dfin
C/Ds led to the progressive coalescence of all splitted signals
in the'3C NMR spectra. The coalescence temperature was found
at 83°C for the CH('Bu) resonancesAy = 14 Hz at 22°C)
of the acetylacetonato moieties. As stereochemical flexibility
[s a known characteristic feature of octahedral metal com-
lexes0 the temperature-dependent changes described above
could be due to the variations of the exchange rate of the

-diketonate ligands with temperature. The corresponding
exchange ratek; and free energies of activatiohG:* at the
coalescence temperature may be calculated in the usual way
from the spectral parameters using the Eyring rate equétion.
Accordingly, the exchange rakg was estimated to be 31.7%s
for CHa(chel), and the free enthalpy of activatisG.* at the
coalescence temperature was 7%.6.3 k3mol~ for 2d. These
data also indicate that the low-temperature spectrum®°(22
corresponds to a unique species of cis configuration.

Characterization of SnR(R?COCHCOR?), 3. Some!H and
19F NMR data have already been reported for compaBaé
but neither®Sn NMR nor mass spectral data. As expected,
complexes3 are characterized iH°Sn NMR spectroscopy by
a well-defined 1:2:1 triplet aroune 760 ppm with a coupling
constantl(*1°Sn—F) of about 2100 Hz (Table 1). TH& NMR
spectra exhibit a signal around170 ppm with two sets of
117118 satellites with)(119Sn—F) = 2100 Hz, slightly higher
than the data previously describ€dThe multiplicity of the
NMR signals and the large values of thg1°Sn—F) coupling
constants are consistent with a direct bonding of tin with two
chemically equivalent fluorine atoms. Besid&§; NMR spectra
show splittings similar to those for complex2swhich is in
favor of a cis configuration of the two fluorine atoms &
as proposed by Jones etlalThe mass spectral data obtained
in the EI (electronic impact) mode revealed the KR
COCHCOR),* molecular ions, reinforcing the molecular
structure in solution proposed.

Characterization of SnF(ORY)(R2COCHCOR?);, 1. Com-
poundsl are characterized iH°Sn NMR spectroscopy by well-
defined 1:1 doublets aroung730 ppm (Figure 1A) with
coupling constant3(*1°Sn—F) of 2400-2500 Hz (Table 1). The
19F NMR spectrum exhibits a signal in the rangé45 to—170
ppm (Figure 1B, Table 1) with two sets &f/11%5n satellites,
J(*9Sn—F) = 2400-2500 Hz. The multiplicity of the NMR

(30) Negrebetsky, V. V.; Bauhov, Y. Russ. Chem. Bulll997, 46, 1807.

(31) Spectral data were independent from the concentration. The kinetics
can be considered as first order. Consequekgly; 2.22Ay andAG¢*
= 19.147; (10.32+ log T¢) Jmol=1.
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Figure 1. 11°Sn (A) and™®F (B) NMR spectra ofiarecorded in CDGl

at room temperature. The asterisks indicate peaks of impurities.

resonances and the large valuesJ@f7115Sn—F) indicate a
direct bonding of tin with a single fluorine atom. The absence
of any 119Sn—1171195n coupling is in favor of a monomeric

species. Proton NMR spectra reveal characteristic CH peaks of

the -diketonate ligand in the narrow range 5%.8 ppm and

Gamard et al.

I
cis isomers
Enantiomer pair
C, Symmetry
Chiral

R2 1 F 1 R2
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trans isomer

C,y Symmetry
Achiral

Figure 2. Schematic representation of the different possible stereoi-
somers of complexes.

Table 2. *H NMR Chemical Shifts ¢) in CDCl; for Complexesla
and1ld at Room Temperatute

CHs(chel) CH(chel) C(GHi)@l) CHo(al) CHsal)
la 2.09 5.55 1.14 1.44 0.80
2.07 5.52
2.01
2.00
1d 1.12 574 b 1.40 0.77
1.11 5.72
0.98
0.97

achel= B-diketonate ligands; aF alkoxide.” Hidden by CH(chel)

show a 2:1 ratio between ketoenolate moieties and the alkoxideresonances.

group. The local tin environment is therefore constituted of two
f-diketonate ligands, an alkoxide group, and a fluorine atom,

arranged in an octahedral manner.
Complexesl may exist as different stereoisomers which can
be counted according to Bailar's meth&dThis leaves a total

fluorine atom and the alkoxide groups are arranged in cis
configuration. To our knowledge, complexésare the first
stannic fluorides ofC; symmetry, a similar structure in
solution only being reported for stannic chlorides RSnCKCH

of two diastereoisomers (I and Il), one of which has enantiomers COCHCOCH)}),.33

(Figure 2). The very low symmetry of form | induces,
respectively, two (a, b) and four (1, 2, 3, 4) different sites for
the CH and the &CR? groups of thes-diketonate moieties.

The 'H and 13C nuclei of these groups should therefore be

As for 2, the kinetics of configurational rearrangements have
been studied on complexéa and1d by variable-temperature
13C NMR spectroscopy. fDg, which did not noticeably influ-
ence the room temperature spectrum, was chosen as a solvent.

anisochronous by NMR spectroscopy. Conversely, the more A progressive broadening and collapse of the CH(chel) and CO-

symmetric form Il exhibits a unique environment for the CH
(a) and the &CR? (1) groups, respectively. Multinuclea,
13C) NMR data allowed forms | and Il to be distinguishé.
NMR spectra of complexe$a and 1d reveal two resonances
for the CH(chel) group and four peaks for the £¢hel) groups

of the 3-diketonate ligands (Table 2). TR&C NMR spectra of
laandld recorded at room temperature (Table 3) exhibit four
resonances in the range 19805 ppm (CO(chel)) and two
resonances in the domain 902 ppm (CH(chel)) for the

(chel) 13C resonances into a single, sharp line at 1G0were
observed forld (Figure 3)3* These changes are ascribed to a
configurational rearrangement process infhdiketonate rings
which exchanges chelate ring carbons (CH(chel) and CO(chel))
between the two and four, respectively, nonequivalent sites in
the cis stereoisomers (I). The exchange tatand the free
energy of activatio\\G¢* at the coalescence temperature have
been calculated as previously done 20k28 The exchange rate
was estimated to be 40.2%s(T, = 70 °C) for CH(chel), and

B-diketonate ligands. These spectroscopic data strongly suggesthe free enthalpy of activatiohG.* at the coalescence tem-

that1 exists in solution as the enantiomer pair (1) in which the

(32) (a) Bailar, J. CJ. Chem. Educ1957, 34, 334. (b) Bennett, W. E.
Inorg. Chem.1969 8, 1325.

(33) (a) Serpone, N.; Hersh, K. Anorg. Chem.1974 13, 2901. (b)
Serpone, N.; Hersh, K. Albid. 1974 13, 2908.
(34) 1labehaves similarly.
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Table 3. 3C NMR Chemical Shifts ) for Complexesl at Room Temperatufe

CO(chel) CH(chel) Cq(chel) C(CHs3)(chel)

Cqal) C(CH:)(al) CH(al) CH(al) CHa(al)

la 195.7 101.5 271
195.0 101.3 27.0
194.7

1b 197.1 102.1 275

1c 196.3 102.1 27.4

1d 205.2 92.1 41.8 27.9
205.1 91.9 41.7 27.7
204.8 41.8 27.8

73.2 29.6 371 8.4
29.2
65.8 26.4
60.4 19.4
73.1 30.0 37.6 8.8
29.9

2 Cq = quaternary carbon; chet s-diketonate ligands; aF alkoxide.® Double intensity.

20°C 20°C

70°C 83°C

100°C 100°C

| /
i {
i I

mJ \/\/\\M/ - JWW/W/ Aw// ‘\wm%

92.1 91.8 915 91.2 206.2 205.6 205.0 204.4
ppm ppm

CH(chel) CO(chel)

Figure 3. 13C NMR spectra in ¢Dg for the 5-diketonate CO and CH
regions as a function of temperature fbd. The resonance of the
hydrolysis product is indicated by an asterisk.

perature was 73.% 0.3 kImol™! for 1d. The corresponding
values for CH(chel) ifla arek, = 27.5 s (T, = 60 °C) and

AG = 72.7 + 0.3 kImol~1. The exchange phenomenon

Table 4. Hydrolytic Behavior of Compounds Dissolved in
CH,CN?

h=0.5 h=1 h=2 h=3 h=10
la S S G G
1b S S
1c S
1d S S S G StP

aS = sol, G= gel, P= precipitate.

COCHCOCH)2X, (X = F, ClI, Br, I) is observed before, during,
and after coalescence of the methyl resonahtésis is also

the case for complexd where the'H—119Sn coupling constant

in the CH(chel) group was found equal to 7 and 7.5 Hz in the
slow (room temperature) and fast-exchange (&) limits,
respectively. Existence dH—1%Sn coupling at high temper-
ature implies that a givefi-diketonate ligand remains linked
to the same tin atom during a long time period compared to the
time scale of the ketoenolate ligand exchange. Moreover,
Serpone et al. have proposed in the case ogSEI(CHs-
COCHCOCH), a configurational rearrangement proceeding via
twist motions through the trigonal-prismatic transition s#ife.
Accordingly, it is likely that the configurational rearrangement
in complexesl is purely intramolecular.

Hydrolytic Behavior. Contrary to tin tetraalkoxide$, it has
been recently shown that the dialkoxy derivat®aded to stable
sols only in very polar solvents such as formamide or dimethyl
sulfoxide!P They indeed prevent aggregation and precipitation
of the colloidal oxide particles created by the hydrolysis
condensation step. However, such high boiling solvents are not
suitable for the film deposition by the sefel method.
Acetonitrile was therefore preferred to perform hydrolysis
experiments od. Qualitative data for different hydrolysis ratios
h are listed in Table 4. Stable sols in gEN were obtained for
hup to 2 in the case dfa and1d. This hydrolytic behavior is
near that reported fa2a in the same solveritP

As the powders obtained after evaporation of the solvent and

therefore seems to be slightly easier with the less bulky the volatile hydrolysis products were soluble, NMR spectroscopy

diketonate ligands.

allowed the study of the species formed after hydrolysis. Thus,

Different mechanisms for configurational rearrangements of the 1%F and!'°Sn NMR spectra of xerosol X = 0.5) in dg-

dihalo!” and monohaloorganobj(diketonato)tin(IV§3 com-

DMSO show a nearly complete disappearance of the starting

plexes have been described in the literature. They include (i) precursorlawith the concomitant formation of new fluorinated
an intermolecular path via complete dissociation of some ligands stannic compounds. The main species (§70 mol %) is
and (i) intramolecular paths via either partial dissociation of characterized (i) if'°Sn NMR by two doublets of equivalent
ligand or twisting motions. Several authors proposed strong intensity at—729.4 ppm J(*'°Sn—1%) = 2272 Hz) and at

evidence against the intermolecular mechanisfd%3% Thus,
Jones and Fay have noticed that11°Sn coupling in Sn(Ckt

(35) Faller, J. W.; Davisen, Anorg. Chem.1967, 6, 182.
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Figure 4. Structures of the different products formed by hydrolysis
of lawith h = 0.5.

—729.7 ppm J(*9Sn—19F) = 2269 Hz), (i) in °F NMR by

two singlets of equivalent intensity at150.0 and—150.2 ppm,
each singlet possessing two sets'Hf11%n satellites such as
J(*F—1195n)= 2269 and 2273 Hz, respectively, and (iii)4d
and3C NMR by resonances indicating the presence of chelating
p-diketonate ligands and no signal characteristic of the alkoxide
groups. Moreover, the molar ratios F/Sn (1.09) and C/Sn (8.2)
determined by elemental analysis are consistent with the
presence of approximately one fluorine and two chelating
ligands per tin atom. A minor species & 15 mol %) has also
been formed upon hydrolysis. It is characterized (i}*1P8n
NMR by a triplet of triplets (part X of an AM,X spin system)
at—778 ppm with two differend(*1°Sn—1%F) values (1835 and
1885 Hz) and (ii) in'®F NMR by two triplets (&M, spin
system) at-148.6 and—163.1 ppm with the sama*%F—1%)

= 48 Hz, each triplet showing two sets 89115 satellites
(part AoM, of an AM,X spin system) such a¥19F—1195n) =

1835 and 1885 Hz, respectively. Similar species were obtained

upon hydrolysis ofLd with 0.5 mol equiv of HO, which shows
the reproducibility of this hydrolytic behavior.

According to the NMR spectroscopic data, specigm8udes
two chemically nonequivalent six- or seven-coordinated tins,
each linked to a single terminal fluorine atom since the coupling
constant is higher than 2000 B%Tin atoms are thus bounded
via an oxygen bridge resulting from the hydrolysis of the
alkoxide group ofla, the other coordination sites of each tin
being occupied bys-diketonate ligands and a fluorine atom.
Possible structures for species®uld therefore be a dimeric
form 5 or a mixture of equimolar amounts 6fand7 (Figure
4). It is likely that such species are associated through
intermolecular tin-oxygen coordination bonds as in distannox-
anes¥ As reported by Sita et al. for $u-O)s(us-OSiMey)s,
no 1195n—1171195n satellites in thé'®Sn NMR spectrum could
be detected® It can be concluded that 0.5 mol equiv of®lis
sufficient to consume all the alkoxide group due to the
hydrolysis-condensation process as experimentally found:

(chel,FSNOR+ H,O — (chel,FSnOH+ ROH

(chel,FSNnOH+ (chel) ,FSNOR—
(chel,FSNnOSnF(chej)+ ROH

(36) (a) Beckmann, J.; Biesemans, M.; Hassler, K.; Jurkschat, K.; Martins,
J. C.; Schiamann, M.; Willem, R.Inorg. Chem.1998 37, 4891. (b)
Beckmann, J.; Mahieu, B.; Nigge, W.; Schollmeyer, D.; Samann,

M.; Jurkschat, KOrganometallics1998 17, 5697. (c) Altmann, R.;
Jurkschat, K.; Schmann, M.; Dakternieks, D.; Duthie, Argano-
metallics1998 17, 5858.
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Figure 5. X-ray diffraction pattern of xerosol Xafter different thermal
pretreatments: (a) 15TC; (b) 350°C; (c) 450°C; (d) 550°C.

As far as $is concerned, the tin atom is directly bonded to
two groups of two magnetically equivaléfSE nuclei and should
be linked to two solvent molecules, i.e., DMSO, acting as Lewis
base, to explain the six-coordination deduced from the chemical
shift found. In addition, the only structure consistent with the
spectra is an octahedral mod@Figure 3) in which the solvent
molecules occupy positions cis to each other. In this structure,
two axial P and equatorial Ffluorine atoms can be distin-
guished, and thé(*F—1%) = 48 Hz measured falls in the
domain of the®F2—Sn—19¢ coupling constant reported in
octahedral specie.lt must also be noted that this stucture is
in agreement with those described for different metal tetrafluo-
rides?® However, the origin of the species &mains unclear.
It may result from complete hydrolysis dfa followed by
disproportionation of the resulting mixed tin oxofluoride.

Xerosol X% was also characterized. Elemental analysis clearly
indicates that tin, fluorine, and organic ligands were present.

(38) Sita, L. R.; Xi, R.; Yap, G. P. A;; Liable-Sands, L. M.; Rheingold, A.
L. J. Am. Chem. S0d.997, 119, 756.

(39) Berger, S.; Braun, S.; Kalinowski, H.-OIMR Spectroscopy of the
Nonmetallic Elementslohn-Wiley & Sons: New York, 1997; p 639.

(40) Muetterties, E. LJ. Am. Chem. Sod.96Q 82, 1082.



Precursors of F-Doped Sna®aterials

The molar ratios F/Sn (1.01) and C/Sn (4.7) were found. The
presence of chelatingrdiketonate ligands on tin nuclei and the
lack of alkoxide groups in Xwere pointed out byH and13C

Inorganic Chemistry, Vol. 38, No. 21, 19994679

ratio of 0.03 was found. At this stage, one has to emphasize

that this value is in the range of the best doping rate of SnO
thin films, leading to the highest conductivity and transpareéficy.

NMR spectra. The quantitative analysis of the organics removed The doping effect of fluorine in the powder prepared in this

by hydrolysis, carried out b{H NMR spectroscopy, shows the
departure of both one alkoxide group and gheliketonate
ligand per la. These amounts are in agreement with the
experimental weight loss (40%) observed after hydrolysis and

study was confirmed by electrical measurements. Indeed, xerosol
X, treated at 550C in air exhibits resistivity as low as -

cm under pressure (0.5 ton). The real resistivity of the materials
is lower than what is deduced here because of an unnegligible

the remaining carbon content determined by elemental analysis.drop of the carrier mobility, and therefore of the conductivity

The 1% NMR spectrum exhibits an intense broad3Q ppm)
resonance centered-ail30 ppm, with the weak triplet of triplets
characteristic of a small amount of. 31 addition, solutiort°Sn

at the grain boundary. In fact, only comparison of the resistivity
of samples measured using similar experimental conditions is
meaningful. Thus, the value of &-cm herein found is

NMR analyses were tentatively made, but the species formednoticeably lower than that measured in the same conditions for
gave no resonance. This is probably due to the formation of the ITO powder (3@2-cm) purchased from Samsung Electron-

large and ill-defined stannic oxopolymeric species which are
known to be NMR silent! It can therefore be concluded that
xerosol X% mainly contains a stannic fluorinated oxopolymer
with a F/Sn ratio near unity and opfediketonate ligand per tin
atom.

Characterization of the Thermolyzed Xerosol X%. To check
that xerosol % can lead to F-doped SnQnaterials, it was

thermolyzed at various temperatures. Figure 5 shows the typical

XRD patterns recorded for xerosoh Xreated in air between
150 and 550°C. After X, was dried at 150C, the obtained
materials were poorly crystallized but showed an X-ray dif-

ics. These results show that complkxis a suitable precursor

for conductive F-doped SnOnaterials.

Conclusion

New alkoxyfluorof-diketonate)tin(IV) compounds have been
synthesized by fluorine transfer from carboxylic acid fluorides
and characterized by multinuclear NMR spectroscopy. The cis

jconfiguration of F and the OR group has been demonstrated in

solution by variable-temperatubel and*3C NMR spectroscopy.
Hydrolysis of SnF(GAm)(MeCOCHCOMe) for h= 2 has led
to a fluorinated stannic oxopolymer soluble in €HN. After

fraction pattern which accounted for the cassiterite structure of SOlventremoval, the resulting powders treated at850onsist

tin dioxide. It is, as expected, more obvious when the temper-
ature is increased to 35%C, and the pattern recorded after
treatment at 550°C is clearly characteristic of crystalline
particles of Sn@ cassiterit¢’? the size of which size was
estimated to be 8 nm by using the conventional L-aBeherrer
formula3 The remaining fluorine content in this powder heated
at 550°C was determined by elemental analysis: a molar F/Sn

(41) (a) Banse, F. Ph.D. Thesis, University of Paris VI, 1994. (b) Eychenne-
Baron, C.; Ribot, F.; Sanchez, G. Organomet. Cheni998 567,
137.

(42) Powder Diffraction File; JCPDS International Center for Diffraction
Data: Swarthmore, PA, 1997; no. 41-1445.

(43) The mean particle size is given by the LaBzherrer relationnt =
(Ae cosb), with € = (em? — e0?)Y2 whered is the Bragg angle for the
choserhkl reflection ander, andeg are the angular half-widths of the
hkl peak for the studied sample and well-crystallized Sm@hout
size effect, respectively. See: Eberhardt, Btructural and Chemical
Analysis of MaterialsJohn-Wiley & Sons: New York, 1991; p 203.

of crystalline particles of Sn{xassiterite containing the required
amount of doping fluorine and show electronic conductivity
comparable to that of ITO powders. Sni4@)(MeCOCH-
COMeY), is thus the first precursor of conductive F-doped $nO
materials prepared by the sajel route.

Work is in progress to prepare Sg® thin films by the sot
gel route from previous sols. The corresponding results and the
detailed properties of the F-doped powders will be published
shortly.
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(44) The best doping amount is between 1 and 8a% F per Sn atom.
See refs 2 and 3b.



