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The reactions between triphenylbismuth, salicylic acid, and the metal alkoxides M(OCH,CHs)s (M = Nb, Ta) or
Ti{ OCH(CHs).} 4 have been investigated under different reaction conditions and in different stoichiometries. Six
novel heterobimetallic bismuth alkoxy—carboxylate complexes have been synthesized in good yield as crystalline
solids. These include BizMz(Sal)4(Hsal)4(OR)4 (M = Nb, Ta; R = CH,CHs, CH(CHg)z), BizTi3(Sal)8(Hsal)2, and Biz-
Ti4(O'Pr)(sal)yo(Hsal) (sal = 0,CCeH,4-2-0; Hsal = 0,CC¢H4-2-OH). The complexes have been characterized
spectroscopically and by single-crystal X-ray diffraction. Compounds of the group V transition metals contain metal
ratios appropriate for precursors of ferroelectric materials. The molecules exhibit excellent solubility in common
organic solvents and good stability against unwanted hydrolysis. The nature of the thermal decomposition of the
complexes has been explored by thermogravimetric analysis and powder X-ray diffraction. We have shown that
the complexes are converted to the corresponding oxide by heating in an oxygen atmosphere at 500 °C. The
mass loss of the complexes, as indicated by thermogravimetric analysis, and the resulting unit cell parameters of
the oxides are consistent with the formation of the desired heterobimetallic oxide. The complexes decomposed to
form the bismuth-rich phases Bi,Tis01, and BisNb;Oy5 as well as the expected oxides BiMO, (M = Nb, Ta) and
BizTi4011.

Introduction molecular levef Single source precursors are also attractive
because they present a direct route to advanced materials
and because they may require lower temperatures or shorter

galcination periods to be converted to the correct oxide phase
than conventional solid-state methods. Lower preparation
temperatures allow the materials to be deposited on a broader
range of substrates.

Heterometallic alkoxide or carboxylate complexes are
attractive molecular precursors for bimetallic or multimetallic
oxide materials. These complexes may be amenable for us
in sol—gel synthesid,metal-organic chemical vapor deposi-
tion (MOCVD),? or metal-organic decomposition type syn-
theses of oxide$.Using discrete, well-defined molecular X ) . )
precursors may allow control of the metal composition of A, number of b,'smE“h o>$|de c;ontammg maten-al-s r;ave
these complexes so that they could be used as single-sourcges'_rable properues, mcI_udmg h'_gh superqonductl\_/llt)?;.
precursors for advanced ceramics. A single source precursofionlinear optical propertiesand high oxide ion mobility in
may lead to a higher quality of product because of the the solid staté. Of particular significance is a series of
intimate mixing of the different metals achieved at the (4 annika, I.; Pohl, M.; Westin, L. G.; Kritikos, MChem—Eur. J.2001
7, 3438-3445.
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layered oxide materials known as the Aurivillius phases. All CH,C(CHs)CH,)(THF)][BF,] as well-characterized potential
of the Aurivillius phases show ferroelectric behavior and are precursors for advanced ferroelectric materials.
therefore potential candidates for ferroelectric random access We wish to report here the synthesis and characterization
memories (FRAMY. The composition of the Aurivillius of six new heterobimetallic complexes of bismuth,\B;-
phases can be expressed by the general formup®{Bi- (saly(Hsaly(OR), (1a, M = Nb, R= CH(CHy)z; 2a, M =
(An-1BnOsnt1)?~ where A and B can be any metal ion with  Ta, R= CH(CHg)z; 1b, M = Nb, R= CH,CHjs; 2b, M =
the appropriate charge-to-radius rafiddost commonly, A Nb, R = CH,CHj), Bi,Tis(salp(Hsaly (3), and BpTil(O'-
is Bi, Pb, Sr, Ca, or K, and B is Ti, Zr, Nb, Ta, Mo, W, Fe, Pr)(sal)o(Hsal) @) (sal= O,CCsH4-2-0O) (Hsal= O,CCeH4-
and Co. Of all the potential combinations that have been 2-OH). All of the complexes demonstrate good solubility in
created from the general formula, those containing titanium, most common organic solvents and greatly improved stability
niobium, or tantalum have shown the greatest promise for against hydrolysis compared to the monometallic metal
the development of significant ferroelectric materials. Ex- alkoxides, making these compounds attractive potential
amples of these compounds are SNBi,Og, BaBi,TaxO, precursors for advanced materials. Powder X-ray diffraction
and BjTizO012. These compounds exhibit retention of a high studies of the complexes reveal that under the conditions
dielectric constant, low leakage current, and good ferroelec- used, the complexes decomposed yielding known bimetallic
tric switching characteristics®1! oxides. Calcination ofltb and 2b produced the expected
The importance of bismuth-containing layered oxide BiMO4 (M = Nb, Ta) as the major product in both cases,
materials and the lack of well-characterized heterometallic With small amounts of BNb;Oss and BtO; being detected
alkoxide and carboxylate complexes have prompted us to!l the two samples, respectively. Interestingy,and 4
investigate the synthesis and characterization of complexesdécomposed to produce the ferroelectric oxide phage Bi
of bismuth with group IV or group V transition metals. There |20128s the major crystalline phase while the expected Bi
is relatively little structural information available for het- 11401 Was produced in comparatively small amounts.
erobimetallic alkoxide or carboxylate complexes of bismuth.
Known compounds are limited to several alkali or alkaline-
earth metal species such as KBi#BD)s,2 NaBisO,- General Procedures All manipulations were performed under
(OC6Fs)10,%® BisBau(ue-O)x(uz-OEt)s(u-OEt)(n?thd),” and an atmosphere of qlry nitrogen or argon u_sing standard Schlt_ank
NaBi-fis OJOGFMTHP) A ow bsmuth-arsiion 2750012000 S2aies, Beri s s over v oerorie
metal alkoxide complexes such as [BOV(OCH.OMe)2 Ti(giPr)4, Nb(OEt)?, Ta(OEt), BiPhs, PbPh (Strem), arxlldpsalicylic
BiTi(u3-O)(u-O'Pri(O'Pr),*> and CpMoBi(u2-OEt)(OEt),-

a 16 f acid (Aldrich Chemical Co.) were used as received. Galbraith
Cl (Cp = CsHs)™ have been reported. Bismutmolybde- Laboratories performed elemental analyses of all of the complexes.

Experimental Section

num allyl carbonyl complexes such ag{CHC(CH)CHy)- Infrared spectra were recorded on a Nicolet Nexus 670 FT-IR
Mo(CO)(u2-OEt)%Bi(OEL)], have been characteriz&dAlso, instrument using attenuated total reflectance (ATR) or on a Nicolet
two substituted polyoxometalates of general composition 205 FT-IR as Nujol mulls. NMR data were collected at 298 K on

[NBug]3[M sMo(us-O)a(t2-OMe )y (12-O)g(NO) (O )] .Bi (M = a Bruker 200, 400, or 500 MHz instrument and were referenced to

Mo, W) are knownt® Of the compounds reported, [Bigl the protio impurity in the deuterated solvefitl} or to tetrameth-
OV(OCH,OMe)],, CpaMoBi(12-OEt)(OEt,Cl, and many _ylsilane ¢C) as an internal sta_ndard. C_hemical shifts are r_eport_ed
of the ally-molybdenum complexes contain halide ions that " Pars per million (ppm), while coupling constants are given in
would likely act as a contaminant of the final oxide material. hertz (Hz). Coupling constants were not resolved for the aromatic

. S protons of1a, 1b, 2a, or 2b. The following abbreviations are
The polyoxometalates do not contain the correct stoichiom- employed in the descriptions of the spectra: s singlet, d doublet, t

etry of metals to make them useful precursors for the tiplet, g quartet, h heptet, br broad, Ar aryl. The ipso carbon of
formation of the ferroelectric Aurivillius phases. This leaves the salicylate ligand was generally not resolved, even with extended

only BiTix(uz-O)(u-OPr)(OPr)s, BisBas(s-O)a(us-OEt)(ut- collection times. This can be attributed to the relaxation time of
OEtu(n?-thd),, M0o,Bix(CO)(u>-OCH,CHg)g(173-CH,C(CHg)- this quaternary carbon. Powder X-ray diffraction studies were
CHy)2, and possibly [MoBi(CO)u?-OCH,CH,OCH)3(3- performed on a Siemens D5000 Diffraktometer, using Cu K

radiation § = 1.54 A). Data were collected orfFrom 10° to 65°
at 0.2 increments with 10 s exposures per frame. Mass spectra of

(9) Zhou, Q. F.; Chan, H. L. W.; Choy, C. ll. Non-Cryst. Solid4999

254 106-111. 3 were taken on a Finnigan MAT-95 instrument, using high-
(10) Sugimoto, W.; Shirata, M.; Sugahara, Y.; Kuroda,JKAm. Chem. temperature El (HTEI) techniques. A 100 eV cone voltage was
So0c.1999 121, 11601-11602. i i il i
(11) Du, X.. Chen. [Mater. Res. Soc. Symp. Prai998 493 261266, ehmploygd |fn the ex%(_erlments. The sampleé(-\?\?s volatt:hzed by he?tlng
(12) Veith, M. Yu, E.; Huch, V.Chem—Eur. J. 1995 1, 26. the probe from am ient ter_nperature to over the course 0
(13) Whitmire, K. H.; Hoppe, S.; Sydora, O.; Jolas, J. L.; Jones, C. M. 8 min. Data were collected in the rangéz = 500—-2500. Repeated
|r10|f9- Chem200Q 29 85;97; - 997 36 333 attempts to study samplés, 2a, 1b, 2b, and4 using DEI, MALDI,
(14) §§4%S’ J.; Hoppe, S.; Whitmire, knorg. Chem.1997 36, 3335~ FAB*, ESI, and HTEI techniques did not produce meaningful data.
(15) Parola, S.; Papiernik, R.; Hubert-Pfalzgraf, L. G.; Jagner, S.; Hakans- The solution phase molar masses of complekkesand 3 were
son, M.J. Chem. Soc., Dalton Tran$997 4631. determined in THF, using literature procedutg$etraphenyl lead
(6) ;8‘1”191%%'\/"' Limberg, C.; Kircher, Angew. Chem., Int. Ed1999 was used as the reference standard in the solution phase molar mass
a7) Hdnger, M.; Limberg, C.; Kircher, ®rganometallic00Q 19, 1044.
(18) Villanneau, R.; Proust, A.; Robert, F.; Gouzerh,JPChem. Soc., (19) Francis, J. A.; McMahon, C. N.; Bott, S. G.; Barron, A. R.
Dalton Trans.1999 421. Organometallics1999 18, 4399-4416.
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experiments. For the TGA/DTA analyses, approximately 5 mg of 15 h at room temperature. The product was isolated by removal of
the complex to be studied was placed in a platinum pan in the the solvent under reduced pressure, followed by extraction of the
furnace of a Seiko TGA/DTA 200 instrument. The sample was residue with dichloromethane (20 mL) and filtration. The filtrate
heated to 600C at a rate of 10C/min. The mass loss of each  was layered with hexane and stored-&t0 °C for 2 days, which
sample was monitored and compared to that expected for theresulted in the growth of white needles. These crystals were

formation of the heterobimetallic oxide. Phase changes in the collected by filtration and stored under nitrogen. Yield). 0.51

product heterobimetallic oxide were monitored by DTA.
Synthesis. Reactions of BiPhiwith Salicylic Acid. Bismuth
salicylate (B{Hsal3) can be prepared through the stoichiometric
reaction of triphenyl bismuth (0.440 g, 1.0 mmol) with salicylic
acid (0.441 g, 3.0 mmol) in refluxing toluene. The complex formed
in this method is very poorly soluble and precipitates from solution,

leading us to assume that it is oligomeric. The product of this

reaction analyzes for the expected Bi(salemposition: % obsd
(% calcd for BiG;H1500) C, 40.51 (40.66); H, 2.76 (2.44). IR:

g (54%). Anal. % obsd (% calcd for Bib,CssHs6026): C, 37.44
(37.44); H, 3.00 (2.75}H NMR (CsDe): 0.9 (t, (Hg, 3H, Jy_p =
4.1 Hz), 3.3 (q, €, 2H, 4y = 4.1 Hz), 6.4 (s, AH), 6.6-7.0
(mult, ArH), 7.7 (s, AH). 3C NMR {1H} (CsD): 30.6 CH3), 63.3
(CH,), 118.6 (AC), 119.7 (AC), 128.9 (AC), 131.7 (AC), 136.9
(COH), 162.8 (CQ). IR »(COO0): 1352s 1572s, 1591s, 1618s.
TGA: % loss (% calcd for formation of BiNbg59% (61%). Yield
(2b): 0.67 g (71%). Anal. % obsd (% calcd for Bia,CesHseOx29):
C, 40.18 (40.95); H, 3.28 (3.013H NMR (CeDg): 0.9 (t, CHs),

»(COO) cnrt 1320, 1575, 1599, 1621, 1656(OH) cnt? 3231, 3.3 (0, Gy), 6.3 (q), 6.5-7.0 (mult), 7.8 (s).**C{*H} NMR
We have found that the use of excess salicylic aci@ gquiv) (CeDg): 18.6 (CH3), 21.8 CH,), 118.5 (AIC), 119.7 (AC), 129.7
does not lead to precipitation. Optimal conditions for the syntheses (ArC), 131.6 (AC), 137.0 COH), 163.1 (CQ). IR: v (COO)
were found to be ca. 20 equiv of salicylic acid per bismuth. In this 1352s, 1593s, 1622s, 1660s. TGA: % loss (% calcd for formation
case, the resulting bismuth complex is soluble in a wide range of of BiTaOs) 56% (56%).
solvents. Meaningful elemental analyses of that complex have not  Bi,Ti4(O'Pr)(sal)io(Hsal):3HO'Pr-H,0 (3). Triphenylbismuth
been obtained because of contamination by excess salicylic acid.(0.440 g, 1.0 mmol) and salicylic acid (3.03 g, 22 mmol) were
The complex is most soluble when it is used directly after it has combined in 20 mL of toluene. The suspension was refluxed for 1
been prepared. This methodology was employed for the synthesesh, and then, the solvent was removed under reduced pressure. The
of the heterobimetallic complexes discussed in this paper. yellow solid residue was redissolved in 10 mta1 M solution

Bi M y(sal)(Hsal)s(OR)4 (1a, M = Nb, R = CH(CH 3),; 2a, M of water in 2-propanol to give a clear colorless solution. Dropwise
= Ta, CH(CHs),). The procedure for the synthesis of these addition of 0.6 mL of Ti(OPr), (2.0 mmol) resulted in a clear
compounds is similar, so only a general method will be reported orange-red solution, which was allowed to stand undisturbed for
here. Triphenylbismuth (0.440 g, 1.0 mmol) and salicylic acid (3.03 two weeks. During this time, red crystals deposited in the flask.
g, 22 mmol) were combined in 20 mL of toluene. The suspension The crystals were collected by filtration, washed with 2-propanol
was refluxed for 1 h, and then, the solvent was removed under (3 x 10 mL) and pentane (5 mL), and dried in vacuo. Single crystals
reduced pressure. The yellow solid residue was dissolved in 10suitable for X-ray diffraction were obtained directly from the

mL of a 1 M solution of water in 2-propanol to give a clear colorless
solution. Dropwise addition of Nb(OEt)(0.5 mL, 2.0 mmol)
resulted in a clear yellow solution, which was allowed to stand
undisturbed for two weeks. During this time, yellow crystals
deposited in the flask. The crystals were collected by filtration,
washed with 2-propanol (% 10 mL) and pentane (5 mL), and
then dried in vacuo. Single crystals suitable for X-ray diffraction
were obtained directly from the reaction mixture. Yield); 0.58
g (60%). Anal. % obsd (% calcd for Bilb,CsgHesO00): C, 42.32
(42.26); H, 3.39 (3.34)%H NMR (CDClg): 1.1 (d, tHs, 6H, J4—n
= 4.2 Hz), 3.9 (sp, 6, 1H, J4—4 = 4.2 Hz), 6.5 (br s, A), 7.0
(br s, AH), 7.3 (br s, AH), 7.8 (br s, AH), 11.0 (br s, ®). 13C
NMR {H}(C¢Dg): —30.6 (CH3), 63.3 CH), 111.4 (AC), 118.6
(ArC), 119.7 (AC), 129.7 (AC), 131.7 (AC), 136.9 COH), 162.8-
(COy). IR: ¥(COO) 1349, 1571, 1591, 1616. TGA: % loss (%
calcd for formation of BiNb@) 62% (62%). Yield ga): 0.51 g
(48%). Anal. % obsd (% calcd for BiaCssHssO29): C, 38.60
(38.72); H, 3.27 (3.06)}H NMR (CDClg): 1.1 (d, tHs, 6H, J4—n
= 6.9 Hz), 3.9 (sp, @, 1H, J4—y = 6.9 Hz), 6.9-7.9 (br mult).
B3C{H} NMR (CsDg): —30.4 (CH3), 63.1 CH), 118.3 (AC), 119.0
(ArC), 129.5 (AC), 131.7 (AC), 137.0 COH), 162.8 COy). IR:
»(COO) 1352, 1568,1593, 1622. TGA: % loss (% calcd for
formation of BiTaQ) 55% (57%).

BizMg(saI)A(Hsal)4(OR)4 (lb, M= Nb, R= CHQCHg, 2b, M
= Ta, CH,CHj). The procedure for the synthesis of these two

reaction mixture. Yield3): 0.41 g (0.2 mmol, 75%). Anal. % obsd
(% calcd for BETi4C80H52034‘3C3H80‘Hzo): C,45.51 (4554), H,
2.97 (3.29).'H NMR (CDCly): 1.2 (d, (H3, 6H, 6.1 Hz), 4.7
(septet, ¢, 1H, 6.1 Hz), 6.2-8.3 (mult, AH, 1.7 Hz), 9.1 (br s,
OH). 13C{1H} NMR (CDCl): 25.8 (CH3), 64.9 CH), 125.7 (AC),
128.6 (AIC), 129.4 (AC), 131.3 (AIC), 138.3 COH), 163.4 CO,).
HTEIMS: 2169 (M, 30%), 2113 A, M+t— OPr, 35%), 20528,
M*— sal, 44%), 19914 — sal, 57%), 1929F — sal, 80%), 1865
(A — 2sal, 100%), 1801K — 2sal, 95%), 17344 — 3sal, 70%),
1668 B — 3sal, 53%), 1600A — 4sal, 26%), 1531 — 4sal,
23%), 1460 A — 5sal, 23%). IR:»(COO0O) 1391, 1579, 1600, 1604.
TGA: % loss (% calcd for formation of BTi;011) 61% (60%).
Bi,Tis(sal)(Hsal),*3CH,Cl; (4). Triphenylbismuth (0.440 g, 1.0
mmol) and salicylic acid (0.551 g, 4 mmol) were combined in 20
mL of toluene. The suspension was refluxed for 1 h. During this
time, a yellow precipitate developed. Dropwise addition of 0.3 mL
of Ti(O'Pr); (1.0 mmol) resulted in an immediate color change to
deep orange and dissolution of all of the solid. The resulting solution
was stirred at room temperature for 15 h, and then, the solvent
was evaporated to dryness under reduced pressure. The orange
residue was extracted with 20 mL of GEl, and filtered through
Celite. The clear orange filtrate was layered with hexane, and
solvent diffusion was allowed to occur. After 3 days, large orange
crystals had deposited along with a yellow powder. Samples for
X-ray analysis were taken from this solution. The title complex

complexes is similar, so only a general method will be described was isolated by decanting the mother liquor from the crystalline

here. Triphenylbismuth (0.440 g, 1.0 mmol) and salicylic acid

solid, followed by washing with 2-propanol until the filtrate no

(0.554 g, 4.0 mmol) were refluxed in 20 mL of toluene under argon longer became yellow~3 x 15 mL). The residue was washed
for 1 h. After, the reaction period, the yellow suspension was cooled with pentane (1x 15 mL) and dried well under vacuum to yield
to room temperature, and tantalum ethoxide (0.26 mL, 1.0 mmol) an orange microcrystalline solid. Yield){ 0.41 g (75%, based

was added slowly with stirring. The clear solution was stirred for

4196 Inorganic Chemistry, Vol. 41, No. 16, 2002
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Table 1. Crystallographic Data for New Compounds Table 2. Bond Lengths [A] and Angles [deg] forggHe4Bi2NbOzg
A
CogHeaBiz-  CogHeaBiz- CaoHs2Biz- CroH4Biz- (19
Nb023 OzsT2 OssTis Os0Tis Bi(1)—0O(43) 2.195(4) Nb(2yO(51) 1.834(4)
fw 1932.97 2109.05 2182.78 2179.47 Bi(1)—0O(13) 2.242(4) Nb(2yO(61) 1.851(4)
space group P1(No.2) P1(No.2) P2/n(No.14) P1(No.2) 5%7883 gggggig “353888 132383
z 1 1 4 2 i(1)- - :
cryst syst triclinic triclinic monoaclinic triclinic Bi(1)—0(42) 2.621(5) Nb(2)O(22) 2.069(4)
a(d) 11.231(2)  11.361(2)  15.143(3) 13.320(3) Bi(1)—O(23)## 2.628(4) Nb(2)-0(12) 2.182(4)
b (A) 12.997(3)  13.090(3)  33.020(7) 13.654(3) _ _
c(A) 13.615(3)  13.675(3)  19.147(4) 23.377(5) O(43)-Bi(1)—0O(13) 81.91(16) O(42)Bi(1)—O(23)#1 74.01(14)
o (deg) 65.83(3) 66.06(3) 90 82.98(3) O(43)-Bi(1)—0O(33) 77.14(16) O(SHNb(2)-O(61)  99.5(2)
8 (deg) 72.49(3) 71.89(3) 108.75(3) 83.68(3) O(13)-Bi(1)—0O(33) 81.76(15) O(5HNb(2)-0(11)  97.48(19)
¥ (ded) 85.07(3) 84.27(3) 90 66.35(3) O(43)-Bi(1)-0(32)  72.33(17) O(BBNb(2)-O(11)  98.60(19)
v, A3 1727.5(6)  1765.9(6)  9066(3) 3856.5(13) O(13)-Bi(1)—0O(32)  131.64(14) O(5BNb(2)-0(21) 101.9(2)
D(calcd), 1.858 1.983 1.599 1.877 0(33)-Bi(1)—0(32) 53.32(14) O(6BHNb(2)-0(21)  87.33(18)
g-cmrt O(43)-Bi(1)—0(42) 52.93(15) O(1HNb(2)-0(21) 158.49(17)
temp ¢C) —50 25 —50 25 O(13)-Bi(1)-0O(42)  78.68(15) O(5HNb(2)-0(22)  89.79(18)
/&Mg\ 0.71073 0.71073 0.71073 0.71073 O(33)-Bi(1)—0(42)  128.18(15) O(6HNb(2)-O(22) 166.74(18)
((1c$n*)1) 54.87 81.40 42.86 5139 O(32)-Bi(1)—0(42)  113.31(15) O(1BHNb(2)-0(22)  89.51(17)
*F‘ua 0.0356 0.0367 0.0598 0.0311 O(43)-Bi(1)—O(23)#1 124.74(16) O(2HNb(2)-0(22)  81.44(16)
: : : : O(13)-Bi(1)—O(23)#1 72.90(15) O(5BNb(2)-0(12) 170.94(17)
WR2 0.0911 0.1071 0.1376 0.0835 ;
O(33)-Bi(1)—O(23)#1 142.25(14) O(6HNb(2)-0O(12)  89.45(18)
aConventionaR on Fru: 3 |Fol — |Fel/3 |Fo|. ° WeightedR on |Frl|% 0(32)-Bi(1)—0(23)#1 154.56(15) O(1HNb(2)—-0(12) 79.47(16)
{SW(Fe2 — FAYS [W(Fod)2]} 72, O(21)-Nb(2)-0(12)  79.94(16) O(22)Nb(2)-0O(12)  81.69(16)

a Symmetry transformations used to generate equivalent atoms:x#1
Cly): C, 39.87 (40.22); H, 1.34 (2.22)H NMR (CDCly): 5.8— +2,-y+2-z+1.

8.2 (mult, AH, Jy—y = 1.7 Hz).13C{*H} NMR (CDCl): 116.6

(ArC), 117.7 (AC), 121-8_ (f\IC), 12262 (AC), 132.5 (A'c_:)v 136.5 employed, the product is soluble only in coordinating

(TC.%H)’E%G;/O %gzi.(yTG;:- A(’:cg’gd (% fi‘gngolg%;mi‘ggg 0I587|3 solvents such as THF and methanol. The elemental analysis

1;999) 1699 6 (63.1%). IRw(COO) e : ’ : * of the solid produced in this reaction supports the formulation
e as [Bi(0,CCsH4OH)s]. The solubility of the bismuth sali-

Crystal Structure Determination. Crystals of all compounds . S .
were manipulated under argon using standard inert atmospherecyl":lte product changes when using excess salicylic acid

techniques. Data collection and refinement parameters are givenduring the synthesis. _When a 20:1 ratio o_f_acid to Bidh _
in Table 1. Complexesa, 3, and4 were studied on a Bruker Smart ~ used, the product displays good solubility not only in

1000 diffractometer equipped with a CCD area detedigh,(= coordinating solvents such as THF and alcohols but also in
~24°). The data were corrected for Lorentz and polarization effects hot toluene.
and for absorption (SADABS}. Complex2a was mounted and The bismuth salicylate complex produced from the reaction

studied on a Bruker-Noniusdiffractometer @max = 33.4). Several

reflection intensities were monitored throughout data collection, _ . . .
and no decay of the crystals was detected. All data were correctedalCId reacts with the metal alkoxides{UCH(CH)z}4 and

for Lorentz and polarization effects and absorption (empirical). M(OCHCHz)s (M = Nb, Ta) to produce heterobimetallic

Heavy atoms were located using direct methods with the SHELXTL c0mplexes in good yield under mild conditions. 2-Propanol
software packag& All other non-hydrogen atoms were located Was found to be a good solvent for the niobium and tantalum
by successive Fourier maps and were refined using the full-matrix reactions, and in this solvent, rapid exchange of the ethoxide
least-squares method df. Hydrogen atoms were included in  ligands for 2-propoxide occurs as anticipated. The complexes
calculated positions and refined using a riding model. All non- precipitate from the solvent and can be isolated as stable,
hydrogen atoms in complexés, 2a, and4 were refined aniso-  crystalline solids. The aggregation and growth of early
tropically. Complex3 suffered from a systematic disorder of ca. transition metal complexes under similar conditions have
20 2-propanol molecules per unit cell. Solvent effects were removed been documented24We have also demonstrated that similar
from the data using the program SQUEEZE in the PLATON o iong are possible using stoichiometric amounts of
software packag® The structure was refined similarly to the other . L ; . .

carboxylic acid in the reaction mixture in the case of

molecules using SHELXTL. Only the metal atoms in the structure
were refined anisotropically because of the limited data set. The complexeslb, 2b, and4. Complexesla 2a, 3, and4 have

weakness of the data is attributable to the massive solvent disordefP€€Nn characterized by single-crystal X-ray diffraction. Se-

of 1 equiv of triphenylbismuth with 20 equiv of salicylic

and is discussed in more detail in the Results section. lected crystallographic data and bond distances for the data
are presented in Tables-5. Diagrams of the complexes,
Results along with the adopted numbering schemes of the metals,

Triphenylbismuth reacts with salicylic acid (1:3) in re- are presented in Figures-6. Complexesla and 2a are
fluxing toluene to produce a stable yellow complex that isolated from the reaction solutions as yellow or colorless

precipitates from solution. When this stoichiometry is cubicisomorphous crystals, respectively. The transition metal
atoms in both molecules exist in distorted octahedral

(20) Sheldrick, G.SADABSS.1; University of Gdtingen: Gatingen, environments, retaining two terminal alkoxide ligands and
Germany, 1997.
(21) Sheldrick, G.SHELXTL®6.1; University of Gdtingen: Gitingen,

Germany, 2001. (23) Kickelbick, G.; Schubert, L. Chem. Soc., Dalton Trank999 1301~
(22) Spek, A. L.Platon, A Multipurpose Crystallographic TgdUtrecht 1305.
University: Utrecht, The Netherlands, 2001. (24) Kickelbick, G.; Schubert, U1998 198 159-161.
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Table 3. Bond Lengths [A] and Angles [deg] fordgHesBi,OzsTa (28) Table 4. Bond Lengths [A] and Angles [deg] fordgHs2Bi»OssTis (3)
Bi(1)—0O(13) 2.204(86) Ta(B0O(41) 1.839(6) Bi(1)—0(123) 2.195(11) Ti(2)0(121) 1.815(10)
Bi(1)—0O(23) 2.253(5) Ta(1H0(61) 1.855(6) Bi(1)—0(92) 2.223(10) Ti(2)O(83) 1.849(11)
Bi(1)—0O(53) 2.346(5) Ta(H0(21) 1.940(6) Bi(1)—O(71) 2.275(10) Ti(2rO(31) 1.881(11)
Bi(1)—0(52) 2.548(5) Ta(1y0(31) 1.964(6) Bi(1)—0(63) 2.438(11) Ti(2)0(122) 2.037(11)
Bi(1)—0(12) 2.626(7) Ta(10(32) 2.061(5) Bi(1)—0O(91) 2.494(10) Ti(2)0(32) 2.053(10)
Bi(1)—O(33)#P 2.645(5) Ta(1)}0(22) 2.162(5) Ti(1)—0(111) 1.730(9) Ti(2)0(82) 2.069(10)

_ , Ti(1)—0(101) 1.878(11) Ti(3y0(11) 1.822(10)
O(13)-Bi(1)—0(23) 81.9(2)  O(12)yBi(1)—O(33)#1 73.56(18) Ti(1)—0(23) 1.881(10) Ti(3)0O(43) 1.852(10)
O(13)-Bi(1)—0(53) 78.1(2)  O(4L)yTa(1)-O(61)  99.6(3) Ti(1)—0(33) 2.031(11) Ti(3y0(61) 1.853(10)
O(23)-Bi(1)-0O(53) ~ 81.0(2) O(413Ta(1)}-0(21)  97.5(3) Ti(1)—0(102) 2.058(10) Ti(3}0(42) 2.007(9)
O(13)-Bi(1)—0(52) 73.0(2)  O(61yTa(1)-O(21) 98.2(3) Ti(1)—0(22) 2.141(10) Ti(3Y0(12) 2.022(10)
O(23)-Bi(1)-0(52) ~ 131.01(19) O(4HTa(1)-O(31)  101.4(3) Bi(2)—0(21) 2.174(10) Ti(3Y0(62) 2.032(10)
O(53)-Bi(1)—0(52) 53.37(18) O(6H)Ta(1)-O(31)  88.5(3) Bi(2)—0(13) 2.245(9) Ti(4¥0(52) 1.802(9)
O(13)-Bi(1)—0(12) 52.8(2) O(2L)yTa(1}-O(31)  158.6(2) Bi(2)—0(81) 2.338(10) Ti(4-0(73) 1.827(9)
O(23)-Bi(1)—0(12) 78.4(2) O(4L)yTa(1}-O(32)  89.8(2) Bi(2)—0(59) 2.382(10) Ti(40(41) 1.988(10)
O(53)-Bi(1)-0O(12)  128.6(2) O(61Ta(1)-0O(32)  167.5(2) Bi(2)—0(12) 2.576(10) Ti(4-0(103) 2.009(11)
O(52)-Bi(1)-0(12) ~ 114.5(2) O(2HTa(1}-0(32)  88.7(2) Bi(2)—0(22) 2.699(9) Ti(4)0(51) 2.031(9)
O(13)-Bi(1)—O(33)#1 124.4(2) O(BHTa(1)-0(32)  81.4(2) Bi(2)—C(17) 2.808(16) Ti(40(72) 2.048(9)
0(23)-Bi(1)-0O(33)#1 73.3(2) O(4BHTa(1}-0(22) 171.3(2)
0O(53)-Bi(1)—0O(33)#1 141.61(19) O(6BTa(1)-0(22)  89.0(2) 0(123)-Bi(1)—0(92) 745(4) O(123)Bi(1)—0(63)  88.1(4)
0O(52)-Bi(1)—O(33)}#1 154.6(2) O(2BTa(l)-0(22)  79.4(2) 0(123)-Bi(1)—0(71) 76.4(4)  O(92)Bi(1)—0O(63) 80.1(3)
O(31)-Ta(l-0O(22)  80.4(2) O(32)Ta(1)-0(22)  82.0(2) 0(92)-Bi(1)—0O(71) 80.4(3) O(7HBi(1)—0O(63)  157.8(3)

, , O(123)-Bi(1)—0(91)  124.7(4) O(102)Ti(1)—0O(22)  84.2(4)
a Symmetry transformations used to generate equivalent atoms:x#1 0(92)-Bi(1)—0(91) 54.3(3) O(21)Bi(2)—0(13) 76.1(4)
+l-y+1-z+1. O(71)-Bi(1)—0(91) 75.9(4) O(L)Bi(2)-0(81)  84.6(4)

O(63)-Bi(1)—0(91)  101.2(4) O(13}Bi(2)—0O(81)  79.4(3)

two chelating salicylate ions. The niobiuroxygen bond 8%%?_?‘&)11—0((3597’)7) 123-28)) 8&33:8:8833 %ig;
lengths range from 1.834(4) to 2.182(4) A tra. The 0(71)-Bi(1)~C(97) 75:6(4) O(81)Bi(2)—0(59) 149'_2(3)
tantalum-oxygen bond distances range from 1.839(6) to 0(63)-Bi(1)—C(97) 92.0(4) O(21)yBIi(2)—0(12)  129.3(3)
2.162(5) A in2a. The shortest bonds, which are associated 8(211}84('1175(%93)1 Sg-é(‘é) 8%3?3?(2):8(3) ?g-i(g)
with the alkoxide ligands in both cases, are those that are ohuHB—oEzs)) 99_'7((5)) O((591—}}B:§22—0512; 80:5E3;

approximately trans to the carboxylate group of a salicylate 0(101)-Ti(1)—0(23) 93.5(5) O(21)Bi(2)—0(22) 52.4(3)

ligand. These carboxylatemetal bonds are the longest-\D 8833?:8;:883 122'.‘;((2)) 8%%5:%:8%; Eggg;
distances in the molecule. 0(23)-Ti1)~0@33)  959(5) O(B9YBI(2)-0(22)  76.6(3)

The bismuth atoms are also six-coordinate, but the 8881)%}!8;*8882 gg-ggig 8&35!%*8((%%) ig;égg
. . | - . | - .
geometry at thg metal c;enter is sgverely dlstqrted from an 0(23)-Ti(1)-0(102)  166.4(4) O(13)Bi(2)—C(17) 26.6(4)
octahedral or trigonal prismatic environment (Figure 7). The o(33)-Ti(1)-0(102) 83.1(4) O(8HBI(2)—C(17) 80.9(4)
bismuth atoms possess two terminal salicylate ligands that 883%)):?8;—8%; 1;;1-2((2)) 8@5%_3% ;%gg
. . | - . | - .
chelate _the meFaI thrpugh the carboxylate_ functionality. A 0(23)-Ti(1)-0(22) 822(4) O@2BiI(2)—C(17) 137.6(4)
third salicylate ion bridges between the bismuth atom and o(33)-Ti(1)-0(22) 82.1(4) O(12BTi(2)—O(83)  94.9(6)
the transition metal. The coordination sphere of the metal is 8%%)1_)?('2()2)—0(23(%1) gg-gg 8&‘;3?%-8&3 lég-g((g))
. . . | — . | - .
c_ompleted by dative interactions to a fourth carboxylate O(121)-Ti(2)-0(122)  84.7(4) O(43)Ti(3)-0(62) 99.8(4)
ligand. 0(83)-Ti(2)~0(122) 94.1(5) O(BHTi(3)~0(62) 84.2(4)
In both1aand2a, the aromatic ring of each of the bridging ~ (1)~Ti(2)-0(122)  166.6(5 O(42)Ti(3)-0(62)  81.1(4)

ligands is bent toward one of the bismuth atoms suggesting 8%2?}&5?16%%3 12?:32?) 8%22%:82% SSE&‘;

a weaks-interaction (Figures 1 and 7). The distance between 0231)—)11(2())—0(3(2)) 84.1&4; O(52)Ti(4)—0(41) 90.6(4)

; i i i ; 0(122)-Ti(2)—0(32 82.5(4) O(73)Ti(4)—0O(41) 95.6(4)
the ring Centrq|d and the_ bismuth atom is 3.393 A'in the O(121)-Ti(2)-0(82)  164.6(4) O(5Ti(4)—0(103) 100.2(4)
case oflaand is 3.410 A in the case @ The bismuth- O(83)-Ti(2)—0(82) 84.9(5) O(73)Ti(4)—0O(103) 89.3(4)

oxygen bond lengths in the complexes vary over a large O§31)—)_Ti(2())—0(222)) 96.8243 O§4gTiE4§—0210)3) 167.2(4)

; 0(122)-Ti(2)—0(82 80.0(4) O(52)Ti(4)—0O(51 86.0(4)
range. Inla, the bond distances range from 2.195(4) to 0B2)Ti(2)-0(82) 826(4) O(73)Ti4)—0(BL)  170.4(5)
2.628(4) A. In2a, the bond lengths range from 2.204(6) to O(11)-Ti(3)—0(43) 94.8(5) O(41)Ti(4)—0O(51) 91.9(4)
2.645(5) A. There appears to be a rough correlation in each 8%)):?%—8223 1%?8%2)) 8%2}3?%;1)6%(3)1) 1%%24))

i(3)— . i(4)— 6(4

case petween the bonq lengths so that a long metalgen O(L1)-Ti(3)—0(42) 98.2(5) O(73)Ti(4)—0(72) 85.2(4)

bond is located approximately trans to a short metalygen 0(43)-Ti(3)-0(42) 85.5(4) O(4B Ti(4)—0(72) 83.4(4)

bond. In addition, the chelating salicylate ligands that are 8851);38—882 1g§-8((5)) 8((10§>T(i(;1)—0?(;)2) 28-354;

; ; i(3)— (4 51y Ti(4)—O(7 8(4

bound only to the bismuth atom each contain one long and O43)-Ti(3)-0(12) 1645(4) Ti(3YO(12)-Bi2)  141.5(4)

one short metal oxygen bond. The shortest metal oxygen o(1)-Ti(3)-0(12) 94.5(4)  Ti(1yO(22)-Bi(2) 144.5(4)
bond is roughly trans to the coordinated aromatic ring.

Compound3 is isolated as deep red prisms. The molecule range between 1.730(9) and 2.141(10) A with the ®ibond
was found to be asymmetric, containing six metal atoms in distances ranging between 2.175(10) and 2.808(16) A. The
a variety of coordination environments. As Ia and 2a, bismuth atoms are found to be five- or six-coordinate (Figure
the transition metals ir8 are six-coordinate and exist in  8). The metal oxygen bond lengths compare favorably to

distorted octahedral environments. The-T bond lengths  those in similar molecule?.
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Table 5. Bond Lengths [A] and Angles [deg] for7gH42Bi,Os0Ti3 (4)

Bi(1)—0(23) 2.238(4) Ti(3}0(13) 2.008(4)
Bi(1)—0(43) 2.309(4) Ti(3}0(72) 2.019(4)
Bi(1)—0(32) 2.321(4) Ti(3F0(82) 2.046(4)
Bi(1)—0(73) 2.417(4) Ti(4y0(51) 1.838(4)
Bi(1)—0(42) 2.476(4) Ti(4y0(61) 1.844(4)
Bi(1)—0(22) 2.607(4) Ti(4y0(41) 1.865(4)
Bi(1)—0(33) 2.623(4) Ti(4y0(52) 2.018(4)
Bi(2)—0(93) 2.200(4) Ti(4)0(62) 2.054(4)
Bi(2)—0(103) 2.209(4) Ti(4y0(42) 2.076(4)
Bi(2)—0(83) 2.344(4) Ti(5-0(11) 1.832(4)
Bi(2)—0(53) 2.444(4) Ti(5-0(101) 1.848(4)
Bi(2)—0(92) 2.496(4) Ti(5-0(21) 1.862(4)
Ti(3)—0(71) 1.816(4) Ti(5-0(12) 2.045(4)
Ti(3)—0(81) 1.845(4) Ti(5-0(22) 2.083(4)
Ti(3)—-0(63) 1.985(4) Ti(5-0(102) 2.093(4)

O(23)-Bi(1)—0(43) 82.35(14) O(23)Bi(1)—0(42) 135.82(13)
0O(23)-Bi(1)—0(32) 81.96(15) 0O(43)Bi(1)—0(42) 53.74(12)
0O(43)-Bi(1)—0(32) 77.24(14) O(32)Bi(1)—0(42) 83.62(14)
0O(23)-Bi(1)—0(73) 80.96(15) O(73)Bi(1)—0(42) 88.52(15)
O(43)-Bi(1)—0O(73) 71.56(14) 0O(23)Bi(1)—0(22) 52.90(13) b
O(32)-Bi(1)-0O(73)  146.04(14) O(43)Bi(1)—-0(22)  135.25(12) Figure 1. ORTEP representation dfa Thermal ellipsoids are drawn at
O(32)-Bi(1)—-0(22) ~ 95.09(14) O(8HTi(3)—O(13) 88.48(17) the 50% probability level. Ther-interactions between bismuth and the
O(73)-Bi(1)—0(22) 97.64(15) O(63)Ti(3)—0(13) 169.27(16) salicylate ring are represented by broken lines.

O(42)-Bi(1)-0(22) 170.46(12) O(7HTi(3)—O(72)  86.51(16)
0(23)-Bi(1)-0(33) 104.09(15) O(8BTi(3)—O(72)  173.49(17)
0(43)-Bi(1)-0(33) 126.39(13) O(63)Ti(3)—0O(72)  90.25(16)
0(32)-Bi(1)-0(33)  52.14(14) O(13)Ti(3)-O(72)  87.16(16)
O(73)-Bi(1)-0(33) 161.55(14) O(7HTi(3)—0(82)  175.30(16)
O(42)-Bi(1)-0(33)  99.25(13) O(BBTI(3)—0(82)  85.97(16)
0(22)-Bi(1)-0(33)  72.77(13) O(63)Ti(3)-0(82)  84.83(16)
0(93)-Bi(2)—0(103)  79.49(15) O(13)Ti(3)—O(82)  84.70(16)
0(93)-Bi(2)-0(83)  77.82(14) O(7Ti(3)—-0(82)  88.82(15)
0(103)-Bi(2)-0(83) 82.18(14) O(BTi(4)—0(61)  99.60(17)
0(93)-Bi(2)-0(53)  74.82(15) O(GBTi(4)—O(41)  94.84(18)
O(103)-Bi(2)—0(53) 89.00(15) O(6HTi(4)—O(41)  97.14(18)
0(83)-Bi(2)-0(53) 152.36(14) O(BBTi(4)—0(52)  84.34(17)
0(93)-Bi(2)-0(92)  55.20(15) O(6BTi(4)—0O(52)  99.96(18)
O(103)-Bi(2)—0(92) 134.14(14) O(4BTi(4)—0(52)  162.78(16)
O(83)-Bi(2)-0(92)  81.79(15) O(5BTi(4)—0(62)  165.00(18)
0(53)-Bi(2)-0(92)  85.85(15) O(6BTi(#)—0(62)  84.32(16)
O(71)-Ti(3)-0(81)  98.72(17) O(4BTi(4)—0(62)  99.05(17)
O(71)-Ti(3)-0(63)  94.62(18) O(52)Ti(4)—O(62)  80.71(16)
0(81)-Ti(3)—0(63)  93.16(17) O(BGBTI(4)—0(42)  95.31(17) d
O(71)-Ti(3)—O(13)  95.61(18) O(6L)Ti(4)—O(42)  165.08(16) Figure 2. ORTEP representation @. Thermal ellipsoids are drawn at
O(41)-Ti(4)—0(42) 81.73(16) O(10[HTi(5)—0(22) 99.37(17) the 50% probability level. Ther-interactions between bismuth and the
O(52)-Ti(4)—0(42) 81.22(15) O(21Ti(5)—0(22) 82.15(16) salicylate ring are represented by broken lines.

0(62)-Ti(4)—0(42)  81.19(15) O(1ATi(5)—0(22)  79.67(15)
O(11)-Ti(5)—0(101) 98.01(19) O(1BTi(5)—0(102)  98.99(17)
O(11)-Ti(5)—0(21)  95.37(18) O(L0BTi(5)—0O(102) 83.00(16)
O(101)-Ti(5)-0(21)  94.89(18) O(2BTi(5)—0(102) 165.64(17)
O(11)-Ti(5)-0(12)  83.90(17) O(12)Ti(5)-0O(102)  81.05(15)
O(101)-Ti(5)—0(12) 164.04(17) O(22)Ti(5)—0O(102)  84.18(15)
O(21)-Ti(5)-0(12) 100.73(17) Ti(50(22)-Bi(1)  139.49(17)
O(11)-Ti(5)—0(22) 162.59(18) Ti(4yO(42)-Bi(1)  135.64(18)

Solid samples 08 were found to contain solvent located
both in the lattice and in the interior of the molecule itself.
Interestingly, a single molecule of water was found to occupy
the center of the molecule & In the crystal lattice, the
water molecule is four-coordinate and exhibits a distorted
tetrahedral geometry. The water molecule is presumably
weakly bound to the bismuth atomds{1)-o@) = 2.783(9)

A, dai2)-0) = 3.004(9) A) through lone pair electrons and
also interacts with two salicylate ligand oxygen atoms (O(32) Figure 3. ORTEP representation thermal ellipsoids have been drawn
and O(102)) through hydrogen bond interactiotis)-o) atgthe 30% probabilitF))/ level for clarity. P

= 2757(14) AldO(IOZVO(l) = 2.83 A) A third possible, but

weaker, interaction was also detected between the watermolecule and O(72)dorzy-o) = 2.92 A). These bond
distances are comparable with distances that have been

(25) Asato, E.. Katsura, K. Arakaki, T. Mikuriya, M.. Kotera, Them. reported for other hydrates, which have been reported to
Lett. 1994 2123-2126. range from 2.6 to 2.9 A in lengt¥.
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Figure 6. Winray representation @*? Metal atoms have been emphasized
to illustrate the connectivity of the complex. Hydrogen atoms have been
omitted for clarity. Color scheme: orange, bismuth; red, titanium; blue,
oxygen; yellow, carbon.

Cl34)
Figure 4. Winray representation &4? Metal atoms have been emphasized
to illustrate the connectivity of the complex. Hydrogen atoms have been Ci3s)
omitted for clarity. Color scheme: orange, bismuth; red, titanium; blue, ciaa)
oxygen,; yellow, carbon.
Ci36)

C(32)

o13)

Figure 7. Representation of the coordination environment of the bismuth
atoms inla and?2a

Figure 5. ORTEP representation @. Thermal ellipsoids are drawn at
the 30% probability level for clarity. o1

The assignment of the oxygen atom as water was based
on the long bond distances of the atom to the metal center
and charge balance requirements of the entire complex.
Hydrated bismuth atoms have recently been characterized
as trifluoromethanesulfonate sat2In these samples, the
Bi—Owawerbond lengths lie in the range 2.448.577 A. This
is considerably longer than the reported bond distances for
U2 bridging oxo ligands, which lie in the range 2.023.123
A.2° The long Bi-Ouater bond in3 can be rationalized as
rising from bridging orientation of the water molecule. This Figure 8. Representation of the bismuth coordination environmer. in
orientation would be expected to give rise to longer bond

distances, compared to the terminal orientation found in the hydrated bismuth triflate structure. The charge balance
requirements of the metal centers in the complex are also

(26) Wells, A. F.Structural Inorganic Chemistrysth ed.; Oxford Press:  fully satisfied by the salicylate and alkoxide ligands alone.

0(59)

Oxford, 1984. ; . . _
(27) Frank, W.: Reiss, G. J.: Schneider Ahgew. Chem., Int. Ed. Eng. This further su_ggests that t_he identity of the oxygen atom in

1995 34, 2416-2417. the structure is water, which would allow the complex to
(28) Lll\l(')ésélimd, J.; Persson, |.; SandstroM. Inorg. Chem200Q 39, 4012~ remain neutral. Spectroscopic characterization of the water

1 . :
(29) Hassan, A.; Breeze, S.; Courtenay, S.; Deslippe, C.; Wang, S. by H NMR an_d FTIR was mconclyswe belcause Qf the
Organometallics1996 15, 5613-5621. presence of residual hydroxyl groups in the salicylate ligands.
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Figure 9. Ball-and-stick packing diagram & detailing the void area found in the crystal lattice.

Modeling of the crystallographic data & using the The mass spectrum & displays the parent ion at the
program PLATON reveals that the solid-state structure expected location. Isotopic matching of the observed spec-
contains void area equal to 2026,Ar 22% of the unit cell trum supports the assignment of the parent ion peak. In

(Figure 9). Disordered solvent molecules that would con- addition to the parent ion, the spectrum3tilemonstrates
tribute to a fairly high residual electron density that is 12 fragments corresponding to the successive loss of sali-
observed in the structure presumably occupy this void area.cylate ions or 2-propoxide ions from the parent complex.
Assuming that a single molecule of 2-propanol has a volume Three peaks heavier than the parent ion were also observed
of approximately 110 A then it appears that as many as 20 in the spectrum. These can be assigned to products resulting
molecules of solvent may be located in the unit cell. Although from exchange reactions or rearrangements of the parent ion.
many of the included molecules are lost during the isolation ~ Compound4 was synthesized by allowing {lOCH-
of the material, it was possible to confirm the presence and (CHs),} 4 to react with the product of the reaction of triphenyl
identity of the lattice solvent through a variety of techniques. bismuth and 4 equiv of salicylic acid in toluene at room
The elemental analysis & agreed with the inclusion of temperature. These are similar reaction conditions to what
approximately three molecules of 2-propanol in the crystal was employed for the syntheses bb and 2b. Careful
lattice. Further,because the molecules assayed consistentlyecrystallization of the product mixture led to the growth of
high for carbon and hydrogen, it was concluded that the deep orange prisms dfalong with the deposition of a yellow
lattice solvent was not exclusively water. The results of powder. The crystals were isolated and characterized both
elemental analysis were confirmed through careful inter- crystallographically and spectroscopically.
rogation of the samples by proton NMR. Fresh samples of The overall structure o# was found to resemble that of
3 demonstrate two distinct methyne resonances=at3.98 3, but it contained one less titanium atom, one less salicylate
and 4.76 ppm. The two methyne peaks integrate to ap-ion, and no residual alkoxide ligands. The- bond lengths
proximately 3.3:1 and can be correlated to the free lattice in 4 range from 1.816(4) to 2.093(4) A. This agrees well
solvent and the single 2-propyl group that is located3pn  with what is observed i3. The geometry of the transition
respectively. The assignment of the peaks is supported bymetal centers, including bond lengths and angles, is similar
examining the NMR spectra of samples3ahat have either ~ to what has been observed in the structur8.compound
been aged for several months or dried under vacuum’(10 4 exhibits Bi~O bond distances that range between 2.200(4)
Torr) for several days. In these cases, the resonance at 4.7@nd 2.623(4) A. Like3, the two bismuth centers in the
ppm is unchanged while that at 3.98 is reduced or absent.compound exhibit different coordination numbers (Figure
This low field shift of the methyne proton in the 2-propoxide  10). In this case, one of the bismuth atoms is five-coordinate,
ligands coordinated to titanium relative to the free alcohol and the other, seven-coordinate. Under the conditions that
has been observed for other complexes as #dlhe NMR were used in the synthesis and purificatiodpthe molecule
analysis is supported by TGA analysis, which demonstratescocrystallizes with three solvent molecules of dichlo-
a quick loss of volatile material comprising approximately romethane. The solvent molecules were ordered in the crystal
9.7% of the mass of the sample (calculated for three lattice and refined well.
molecules of 2-propanol: 9%). It is difficult to conclude from  The thermal decompositions d&—4 were investigated
these experiments if the coordinated water is also lost from by TGA. Compound.abegins to decompose at 200 with
the lattice, as the calculated change in mass for loss of thea mass loss of 22%. This is followed by two additional mass
single water molecule is very small. losses of 27% and 16% at approximately Z&)and 385
°C, respectively. Compoun@a is very similar with its

(30) Motoyama, Y. Tanaka, M.: Mikami, Knorg. Chim. Actal997, 256 decomposition beginning at 22C with a mass loss of 14%.

161-163. This is followed by two additional mass losses of 26% and
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loss required toconver#d-3CH,Cl, to the metal oxide
(calcd 75%, obsd 76%). The final oxide is obtained at 410
°C.

The nature of the oxide that is obtained from each of
the complexes was probed by powder X-ray diffraction.
Samples of heterobimetallic complexes were converted to
the crystalline materials by calcining at temperatures in
excess of 700C for 3 h inair. The product was slowly
cooled to room temperature to produce a white or pale yellow
crystalline solid in all cases. The product was ground to
produce a finely dispersed powder that was used in the
analysis. It was observed that calcining the samples at lower
temperatures than those used in these experiments produced
only amorphous material. The identity of the product

12% at 305°C and 397°C, respectively. Mass losses of 62% materials as the heterobimetallic oxides was confirmed by
and 57% are required for the conversionlafand2ato ~ comparing the powder diffraction patterns to accepted
metal oxide, respectively. This agrees with the total observedStandards, using the computer program JADE has been
losses (62% and 55%, respectively). The thermograms ofdemonstrated thdta and2a decompose with heating at 700
compoundslb and 2b are similar to those ola and 2a, °C to produce the orthorhombic phase (the low temperature
asexpected. The decomposition bb and 2b occurs at ~ form) of BiMOs (M = Nb, Ta), as the major crystalline
slightly lower temperature than that bdand2a. Compound ~ Phase. Samples @awere also found to contain the bismuth-
1b demonstrates three successive mass losses at 110, 278ch heterobimetallic oxide BND;Oys. The oxide of2awas

and 401°C, totaling 59% of the total sample weight. This ound to contain BiOs. No crystalline bismuth-rich hetero-

corresponds well with the calculated value of 61% mass Ioss(tj)'met"’IIIIC o:ju?ef Wastﬁett;a_ctedtrl]n _thhe s%m%_e(.) Comtpr)?ex
for the conversion oflb to BiNbO,. Similarly, 2b demon- ecomposed 1o form the bismutn-rich oxida Bss, as the

strates three distinct mass losses at 124, 302, and®@65 major crystalline phase. The expected produgTBDy, was

. o : . )
totaling 56% of the sample, which agrees exactly with the only detected in ca. 30% relative abundance to the bismuth

calculated mass loss required to convert the sample to metaLiCh phase. Complext was found to react similarly on
q P eating to produce BTiz0;, and BpTisO;; in a ca. 90:10

oxide (56%). ratio

As mentioned earher,_ the thermog_ram:bsﬁhowsaqwck Solution phase measurements of the molar masses of
mass loss of 9.7% starting at approximately’85 probably complexeslb and 3 in THF solution gave results of 1227
correlating to the loss of solvent from the crystal lattice. This and 1960 gmol%, respectively. Calculated masses for the
has been confirmed experimentally by drying a sample of ;o hexes in the solid state are 1876.61 and 2152.63
the cluster under dynamic vacuum for 1 week. In this case, g.mq|-1, respectively. These results are consistent with the
the sample lost approximately 12% of its original mass, conjecture thas dissolves unchanged but tHai dissociates
which, within the limits of experimental error, agrees well ihio a solvated monomer (cf. the molar mass of monemer
with the observations of single-crystal X-ray analysis and 2THF js 1190 gmol-%). While there is some uncertainty
*H NMR. Decomposition oB begins at approximately 270 associated with the molar mass determined in this manner,
°C with a mass loss of 42%. This is followed by a second \when these data are coupled with & NMR results, it

mass loss at 39TC of 19%. A phase change in the material creates a convincing case that molecdleand1b dissociate
is observed at 427C. The final oxide is obtained at 500 in solution (Figure 11).

°C. Conversion o8 completely to metal oxides requires the
60% mass loss from the sample. The final two steps of the Discussion

thermal decomposition & represent a 61% mass loss, which . . ) S
agrees with the expected value. The use of bifunctional ligands such as salicylic acid offers

a direct “one-pot” synthesis for heterobimetallic complexes
containing bismuth. The fact that the solubility of the

bismuth-salicylate complex changes as the amount of
salicylic acid in the reaction mixture is altered implies that
there is an interaction of the excess salicylic acid with the
complex. It seems likely that the complex that is formed from

Figure 10. Representation of the bismuth coordination environment in

The thermal decomposition of is similar to 3. The
molecule decomposes in two steps. Loss of lattice solvent
from the sample occurs between 3T and 152 °C,
represents a loss of 12% of the sample, and is consis-
tent with approximately three molecules of dichlorome-

thane per m_olecule of complex (ca. 12%). Th|s IS 1N "an exact 1:3 ratio of bismuth to salicylic acid is oligomeric
agreement with the results of the X-ray experiments and or polymeric, existing as [Bi(salk] (salicylateH= Oy

elemental analysis. Decomposition of the complex occurs CCeH4-2-OH). Coordination polymerization is common for
in a single step beginning at 278 and reflects a 64% loss

of mass from the sample. This total mass loss observed for(3l) JADE, XRD Pattern-Processing for the RXCL; Materials Data, Inc.:
the sample is in good agreement with the calculated mass  Livermore, CA, 1994.
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Figure 11. Dissociation oflainto a solvated monomer.

Lewis acidic bismuth centers, which are often observed with phenoxycomplexes of bismuth such as Bigbg2,6-
high coordination numbers, and elemental analysis of the (CHs)2); and [Bi(OGFs)s(is-C7Hs)]2 are yellow?!3:33:34
complex supports this formulatidf32

Bismuth (lll) centers with electronegative ligands are
strongly Lewis acidic, so it is reasonable to conclude that
the metal is able to coordinate oxygen atoms of adjacent o
complexes resulting in the oligomerization or polymerization.
It appears that excess salicylic acid disrupts these additional
interactions, probably through the formation of salicylate o'/\*o o o N 4N
adducts such as Bi(salk{$alth). This explains the higher
solubility of the product in the presence of excess salicylic Bi
acid. Investigations into the nature of these complexes, which I I 111
are difficult to isolate free from excess salicyclic acid, are
ongoing.

Drawings | —VI illustrate possible coordination modes
of the salicylate ligand with bismuth or with bismuth and
a transition metal. Of these, the terminal mddfehas not OH o]
been observed in this class of complexes. The structural ,
observations forla, 2a, 3, and 4 suggest that bismuth o o X7
prefers to bond through the carboxylate functionality of the
salicylate ligandl(, V, VI), while transition metals associate
with both the hydoxyl and carboxylate functional groups v v VI
to form a six-membered chelate ring X. However, this
does not rule out the possibility of chelating salicylate ligands ~ Given the high oxophilicity of the group IV and V
that are associated with bismuth through both functional transition metals, one of the most interesting outcomes of
groups, particularly in absence of other metal species. Thethe syntheses is the noticeable lack of oxo ligands and the
fact that [Bi(Q:CCsH4OH)4]» is yellow may indicate that the  relative stability of residual alkoxide moieties Ir-4. This
hydroxyl groups of the salicylate ligands are interacting with is particularly surprising for complexes-3 because of the
the metal centerlf ). This theory is supported by IR studies ~ fact that the syntheses of these compounds were performed

of the complex, which demonstratev@OH) peak at 3231  in the presence of excess carboxylic acid. Under these
cmL. This is at a higher frequency than the free aaid ( conditions, it is known that the unreacted acid can undergo

(OH) = 3059 cntl), suggesting that there is interaction esterification with liberated alcohol or with the solvent
between the phenolic oxygen and the bismuth atom. This yielding water as a byproduct and leading to the formation
conjecture is also supported by the fact that reactions carried®f ©X0 or hydroxo ligands. However, these complexes appear
out using tripheny! bismuth and benzoic or methacrylic acid to exhibit exceptional stability toward hydrolysis. Compound
produce only a white product. Furthermore, many known 3 was observed to cocrystallize with water with no apparent

£=—o0

(33) Jones, C. M.; Burkhart, M. D.; Bachman, R. E.; Serra, D. L.; Hwu,
(32) Asato, E.; Katsura, K.; Mikuriya, M.; Fuji, T.; Reediijk, l&org. Chem. S.-J.; Whitmire, K. H.Inorg. Chem.1993 32, 5136.
1993 32, 5322-29. (34) Evans, W. J.; Hain, J. H.; Ziller, J. \hem. Commuril989 1628.
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hydrolysis or decomposition. Attempts to modify/ by
addition ofY/,—1 mmol of water/mmol of titanium during
various stages of the synthesis still g@ws the only isolable
product.

The z-interaction of the aromatic ring of the salicylate
ligand with the bismuth center ida and 2a (Figure 7)

Thurston and Whitmire

magnetically inequivalent salicylate ions. This strongly
suggests thata, 2a, 1b, and2b are able to undergo ligand
exchange processes at a rate that is fast on the NMR time
scale. Attempts to slow the rate of exchange to the point
that individual salicylate environments could be resolved
through cooling of the sample were not successful.

suggests that the bismuth atom in these complexes is The IR spectra of complexesa—4 are complex and
relatively electron deficient. This type of interaction has been (ifficult to interpret. All of the complexes demonstrate a
documented in other complexes that contain bismuth coor-strong peak in the region of 326@600 cnt?, which

dinated to electronegative ligands, such as petafluorophen-orrelates to the ©H stretch of the singly deprotonated

oxide!33335rifluoroacetate® and chloride’—2° The distances

salicylate ligands in the structure. The coordinated water

between the metal and the aromatic ring compare well with molecule observed in the solid-state structure3afhould
other compounds that have been reported by our group,also produce a distinct peak in this region. However, this

namely Bh(,u4-0)(uz-OC(;Fs)e{ﬂ3-OBi(M-OCeF5)3} z(ﬂe-CGH5-
CH3) and [BI(M-OCer)(OCer)z(,ue-CeH5CH3)]2 which have
bismuth-ring centroid distances of 3.074(2) and 2.968(2)
A, respectively® The bismuth-aromatic ring centroid
distances in these molecules are shorter thahaior 2a,
suggesting that the metal center fra and 2a is less
electropositive than it is in the pentafluorophenoxy com-
plexes, as might be expected.

peak overlaps with the stronger phenolie-B stretch and
was consequently unobservable. The antisymmetric carbonyl
stretch of free carboxylic acids is known to occur in the range
1800-1550 cn?, while the symmetric carbonyl stretch is
known to lie in the range approximately 1450370 cnr.40

For free salicylic acid, thev,dCOO) andv{(COQ) are
observed to be 1662 and 1441 cinrespectively. The
interactions of the ligand with the metal centers in complexes

Molar mass studies undertaken in coordinating solvents discussed in this paper were probed through monitoring the

indicate that3 dissolves unchanged, whilédo demonstrates
a significantly different molar mass in solution than in the

shift in frequency of the/,d COO) andv{(COQO) peaks of
the free acid. For all of the complexes, thg({COO) peaks

solid state. These calculations can be correlated with thewere found to be significantly shifted toward 1550 ¢m

observed solid-state structures of the complexes. Compoundrhis has been noted to be indicative of ionization of the
3is assembled so that all of the metal centers in the complexcarboxyl group and supports the results of the single crystal
are associated through a series of covalent bonds. These-ray studies in indicating that no protons are associated
bonds provide the stabilization needed to protect the integrity with the carboxylic functional group of the ligands. The
of the complex when the molecule is dissolved. In contrast, symmetric carbonyl stretch was found to have shifted to
1bis observed to be a dimer in the solid state, in which the approximately 1350 cni for the complexes. This peak has
two subunits of the complex are associated through dative been used to provide structural information regarding the
interactions. These bonding modes are much weaker thanmode of ligand association between one or more metal
what is observed i8, and solvation results in disruption of  centers in simple casésin our complexes, it is difficult or

the dimeric structure. The monomers, in this case, appear toimpossible to make accurate assignments of specific bonding
be stabilized though coordination interactions of several modes because of the complexity of the structures and
solvent molecules with the metal centers and are thought toresultant spectra; however, the range of the frequencies of

exist in dynamic equilibrium with the dimeric complex.
Nuclear magnetic resonance studieslaf-4 were not

informative either because of the low symmetry of the

complex and resultant large number of peaks4) or the

the peaks that are observed for these complexes is suggestive
of either bidentatel ] or bidentate/bridging coordinatioV (

and V1) by the carboxylate ligand. This observation, like
that for the antisymmetric carbonyl peak, agrees with the

fact that apparent rapid ligand exchange of the salicylate ionsfindings of the single-crystal structure analyses.

produced very broad peaks in the aromatic regibe Ra,

All of the compounds were easily converted to metal

1b, 2b). In all cases, the alkoxide ligand resonances were gyides when the samples were heated in air. TGA analysis
clearly resolved. The protons adjacent to the alkoxide oxygenjngicates that the complexes undergo complete thermal

frequently demonstrated a significant downfield shift upon
coordination, which is consistent with metal coordinafitn.
It is significant that the!H NMR spectra ofla, 2a, 1b,

decomposition on heating to 60C. Thermal decomposition
studies carried out under nitrogen gave similar results. This
suggests that all of the oxygen atoms necessary for the

and2b demonstrate a single salicylate environment, whereasproquction of the oxide may be obtained from the initial

the spectra of3 and 4 show the presence of numerous

(35) Jones, C. M.; Burkhart, M. D.; Whitmire, K. Angew. Chem., Int.
Ed. Engl.1992 31, 451.

(36) Frank, W.; Reiland, V.; Reiss, G.Angew. Chem., Int. EA998 37,
2984-2985.

(37) Frank, W.; Schneider, J.; Muller-Becker, Ghem. Communil993
799-800.

(38) Frank, W.; Muller-Becker, S.; Schneider,Z1. Anorg. Allg. Chem.
1993 619 1073-1082.

(39) Frank, W.; Reiland, VActa Crystallogr., Sect. @998 54, 1626~
1628.
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complex. The bimetallic oxides obtained at these tempera-
tures are amorphous. Heating the molecular samples to
greater than 700C produces crystalline samples of the
bimetallic oxides. Under the conditions that were explored

(40) Lange’s Handbook of Chemistry5th ed.; McGraw-Hill: New York,
1999.

(41) Deacon, G. B.; Phillips, R. Coord. Chem. Re 198Q 33, 227—250.

(42) Soltek, RWinray GL Zurtk zum Anorganisch-Chemischen Institut:
Heidelberg, 2000.
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in these studies, mixtures of oxides were obtained for all of hydrolysis. The materials can be converted to bimetallic
the samples. The higher temperatures required to produceoxides by heating in an oxygen-containing atmosphere at
crystalline samples may favor disproportionation and redis- 600 °C. Powder X-ray diffraction and TGA studies of the
tribution of metal atoms in the oxide system and allow the oxides indicate that the ratio of metals in the molecular
formation of the stable bismuth-rich perovskite phase in the precursor influences the ratio of metals in the final oxide.
case of3 and 4. In all cases, the conditions required to The titanium containing complexes gave the bismuth-rich
produce the bimetallic oxide are substantially milder than Bi,TizO;, phase along with the Bl'i;O;1 phase expected on
those required under conventional solid-state synthesisthe basis of the metal stoichiometry of the precursor.

conditions. For example, the formation of a low temperature )
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Supporting Information Available: Full presentation of the

Bifunctional hydroxy-carboxylate ligands offer a conve-  crystallographic data and experimental parameters including atomic
nient and direct route to the synthesis of heterobimetallic coordinates, bond lengths and angles, anisotropic displacement
complexes. We have demonstrated that it is possible to effectparameters, and hydrogen atom coordinates (CIF). Detailed num-
the construction of these compounds in a rational and bering schemes for the structureslef 2a, 3, and4, representative
stepwise manner by choosing ligands whose functional groupPowder X-ray diffraction patterns, TGA spectra, and IR data. This
protons have differing acidities. The compounds synthesizedmate”al is available free of charge via the Internet at http:/
in this manner demonstrate both good solubility in a variety PUPS-acs-0rg.
of organic solvents and excellent stability against unwanted 1C0255454
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