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The reaction of a 1:2 mixture of bismuth(1ll) salicylate with titanium(lV) isopropoxide in refluxing toluene has been
investigated and found to proceed with ligand exchange to produce the new heterobimetallic complexes BiTis-
(sal)g(u-OPr)3(QPr)4 (1), BigTis(sal)1o(u-OPr)a(OPr)4 (2), and BigTig(Sal)20(u-OPr)g(O'Pr)g (3). Complex 1 is the major
product, while 2 and 3 were identified as minor products from the reaction. Compound 1 is produced pure and in
high yield by employing stoichiometric amounts of reagents; its crystal structure consists of a [Tis(sal)s(OPr);]*~ ion
capped by a Bi®* ion. Complexes 2 and 3 exhibit cyclic ring structures of bismuth and titanium atoms showing
crystallographically imposed inversion symmetry. Both structures occlude large quantities of lattice solvent. The
compositional and structural parameters from the single crystal studies indicate that complexes 2 and 3 may represent
sequential steps in a ligand exchange process between the two metal species, while the reactivity patterns that
were observed provide clues about the solution state structure of bismuth(lll) salicylate itself. The 2D COSY *H
NMR spectrum of 1 indicates retention of the asymmetric structure in solution as evidenced by the presence of 14
diastereotopic isopropoxide methyl resonances.
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explored for numerous applications including the develop- O the chemical and physical properties of the products.
ment of new nonlinear opt|é$nd ferroelectric and piezo_ Moreover, there is Slgl’llflcant evidence |nd|Cat|ng that oxide-
electric materiald,and for the exceptionally high ion mobility ~ based materials produced by wet chemical approaches have
some of these systems exhibit in the solid staterthermore, ~ Superior properties to those generated by traditional solid-
heterometallic bismuth oxides have been utilized as oxidation State techniques:® Specific examples include reports that
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stated that the catalytic activity of monoclinic BiMO formation of heterometallic bismuth coordination complexes.
generated by wet chemical approaches is superior to sample3he reactivity of these complexes provides important clues
of the oxide produced by solid-state techniqife®.lt has about the solution state structure of bismuth(lll) salicylate.
been observed that the use of such soft chemical approaches

to the formation of oxides can allow for the isolation of Experimental Section

kinetic or metastable phases that are difficult to produce by  Ajj synthetic reactions were carried out using standard Schlenk
more traditional techniqués. The limitation of the wet  or glovebox techniques under an atmosphere of purified nitrogen
chemical approach to the synthesis of oxides is the deliberateor argon. Solvents were purified over an appropriate drying reagent
design and synthesis of single-source precursors whoseunder argon and were distilled immediately prior to s&he
overall stoichiometry is reflective of the target oxide that starting materials triphenylbismuth (Strem Chemical Co.), titanium-
will be produced on decompositidh,allowing for the (IV) isopropoxide (Strem Chemical Co.), and salicylic acid (Aldrich
formation of high purity materials at relatively low temper- Chemical Co.) were purchased and used as received. Bismuth(lll)
atures? salicylate was prepared in situ by reacting triphenylbismuth with

Clearly the success of this method is dependent upon theSaIiCyIiC acid in reﬂuxmg to'”.ene’ as pr.eViously r_epo_r?éd_his

bility to efficient] roduce molecular complexes with complex was npt isolated prior to reaction with titanium isopro-
abiity o y P . . P . poxide. Galbraith Laboratories performed all elemental analyses.
ComDOSItIOI’l.S representatlve of the .desm?d materials ‘f’mdMultinuclear NMR studies were performed on Bruker 500 and 400
whose physical properties are compatible with the constraintsyj; avance instruments and are referenced to the protio impurity
ofa giVen reaction SySteﬁQIJn Comparison to the other main in the deuterated So|venf-|-()’ or to the solvent Signa|1:{c)_
group metals, the coordination chemistry of bismuth is poorly Chemical shifts are reported in parts per million (ppm), while
developed. The difficulties encountered in exploring the coupling constants are reported in hertz (Hz). Infrared spectra were
coordination chemistry of the metal stem largely from the collected on a Thermo-Nicolet 630 instrument utilizing an attenuated
high ligand lability and Lewis acidity, coupled with the total reflectance (ATR) aperture fitted with a germanium window.
ability of the bismuth center to expand its coordination sphere  BiTi«(sal(u-O'Pr)s(O'Pr)s (1) and BisTis(salho(u-O'Pr)4-
readily? These characteristics tend to result in the formation (©'P)4 (2). Method 1.A toluene suspension of [Bi(Hsal) (ca.
of intractable coordination oligomers or polymers that are 0-67 9. 1.0 mmol) was treated with neat Ti@; (0.6 mL, 2.0
difficult to characterize. Additionally, many known molecular "™MO} atroom temperature. The solid [Bi(Hshlyapidly dissolved,
bismuth complexes, which could serve as sources for theglvmg a clear, bright yellow solution. The solution was stirred

. . . N overnight, and then, the solvent was removed under reduced
formation of heterobimetallic coordination complexes, are pressure to give a yellow, slightly oily residue that was extracted

reported to be stubbornly unreactive under many of the yith dichloromethane (15 mL), filtered through Celite, and layered
conditions that are commonly employed for the synthesis of with hexane (75 mL). Solvent diffusion was allowed to occur at
heterobimetallic systems, necessitating the development of—20°C. A small amount of compoun2 (ca. 10 mg) crystallizes
alternate synthetic rout@s.As a result, relatively few  after 3-4 weeks as yellow blocks. Concentration of the mother
molecular heterobimetallic coordination complexes of bis- liquor to approximately 15 mL followed by layering with additional
muth have been reported. hexane (75 mL) resulted in the crystallizationlcdis bright yellow

The numerous potential applications of bismuth-based needles of the hexane solvate after an additional 2 week®@at
materials, combined with the lack of general synthetic °C. Samples o2 prepared in this fashion were always contaminated

. . - . ... with small amounts ofl, precluding meaningful spectroscopic
approlaches;o hec;[erobtlrr]netalllf ?r rrultllmetalllc Cf?r:dl?at;ﬁn analyses oR. Yield of 1: 225 mg (0.134 mmol, 27% based on
complexes based on the metal, clearly warrant the Turtherr 1, \r (c,Ds, 400 MHz, 25°C): ¢ 0.761 (d, 34— = 6.33

exploration and development of wet chemical approachesy; c) 0.863 (d,J4_ = 6.14 Hz, CH), 0.938 (d,J% 1 =

to such materials. As part of our ongoing research into 432 Hz, CH), 1.211 (d,J%_y = 6.13 Hz, CH), 1.228 (d,4_
developing the coordination chemistry of bismuth, we have = 2.37 Hz, CH), 1.371 (dJ%_ = 6.19 Hz, CH), 1.399 (d )%
explored the direct solubilization of polymeric bismuth =6.18 Hz, CH), 1.418 (dJ%-n= 6.31 Hz, CH), 1.461 (d J*4_n
salicylate by titanium isopropoxide, and wish to report here =6.19 Hz, CH), 1.515 (d J%-4 = 6.17 Hz, CH), 1.718 (d J%-n
the synthesis and characterization of the new complexes= 6.25 Hz, CH), 1.181 (d,J'4-n = 6.14 Hz, CH), 1.840 (m,
BiTi4(sal)s(u-O'Pr)s(O'Pr) (1), BisTig(salyo(u-O'Pr)(OPr) 4w = 6.24 Hz, CH), 4.411 (septetf'y—n = 6.22 Hz, CH), 4.942
(2), and BiTig(salpo(u-OPr(OPr (3). The composition  (Septet—y = 6.17 Hz, CH), 5.280 (septed; 4 = 6.18 Hz,
and structure of the compounds, as determined by single-CH): 6:050 (septetfy = 6.27 Hz, CH), 6.26-8.62 (mult, ArH).

) . . . . . . 13C{1H} NMR (CgD¢, 125 MHz, 25°C): o 24.57, 24.72, 24.79,
crystal X-ray diffraction studies, provides insight into the 24.88, 24.94. 25.01, 25.04, 25.57, 25.78, 26.79, 26.95. 75.37, 80.03,

(19) Tokunaga, S.; Kato, H.; Kudo, AChem. Mater.2001, 13, 4624- 80.96, 83.35, 83.43, 83.46, 84.02, 117.74, 117.88, 118.05, 118.45,
4628. 118.81, 118.89, 118.99, 119.10, 119.20, 119.42, 119.66, 119.81,
(20) Kohtani, S.; Makino, S.; Kudo, A.; Tokumura, K.; Ishigaki, Y.;  120.28, 120.49, 120.63, 120.78, 126.03, 127.87, 128.06, 128.20,
gﬂoaggug‘aggggﬁ'ka'd"* O.; Hayakawa, K.; NakagakidRem. Lett. 158 3 198 39, 128.49, 128.58, 128.90, 129.21, 129.30, 129.67
(21) Kessler, V. GChem. Commur2003 1213-1222. 131.65, 131.77, 132.10, 132.62, 132.89, 132.89, 134.55, 135.23,
(22) Veith, M.J. Chem. Soc., Dalton Trang002, 2405-2412. 135.97, 136.14, 136.32, 136.36, 136.59, 136.85, 165.54, 167.10,

(23) Boulmaaz, S.; Papiernik, R.; Hubert-Pfalzgraf, L. G.; Septe, B.; ~
Vaissermann. 1. Mater. Chem1997 7, 2053-2061. 168.42, 169.48, 173.61, 174.38, 175.34, 176.00. ATR FT-IR (Ge,

(24) Briand, G. G.; Burford, N.; Cameron, T. 3. Chem. Soc., Chem.

Commun200Q 13-14. (26) Armarego, W. L. F.; Chai, C. L. LPurification of Laboratory
(25) Parola, S.; Papiernik, R.; Hubert-Pfalzgraf, L. G.; Jagner, S.; Hakans- Chemicals 5th ed.; Butterworth-Heinemann: Boston, 2003.
son, M.J. Chem. Soc., Dalton Tran£997, 4631. (27) Thurston, J. H.; Whitmire, K. Hnorg. Chem2002 41, 4194-4205.
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Figure 1. Solid-state structure df. (A) ORTEP representation. Thermal
ellipsoids are drawn at the 30% probability level. Hydrogen atoms have
been omitted for clarity. (B) WinRay representation. Metal atoms have been
emphasized to illustrate the connectivity of the complex. Hydrogen atoms
have been omitted for clarity. The color scheme used is the following: Bi,
orange; Ti, red; O, blue; C, yellow.

Figure 2. Solid-state structure df. (A) ORTEP representation. Thermal

ellipsoids are drawn at the 30% probability level. Hydrogen atoms have
been omitted for clarity. (B) WinRay representation of the solid-state
structure of 2. Metal atoms have been emphasized to illustrate the
cm™1): 1600, 1574, 1532, 1517, 1487, 1472, 1456, 1385, 1320, connectivity of the complex. Hydrogen atoms have been omitted for clarity.

1252, 1239, 1163, 1146, 1121, 1009, 916, 897, 859, 830, 813, 758,The color scheme used is the following: Bi, orange; Ti, red; O, blue; C,
702. Elemental Analysis (% Calcd for BillssH75025): C, 46.23 yellow.
(46.40); H, 4.89 (4.51).

BiTi 4(sal)s(u-O'Pr)3(O'Pr), (1). Method 2. A mixture of tri-
phenylbismuth (0.44 g, 1.0 mmol) and salicylic acid (0.83 g, 6.0
mmol) was refluxed in 25 mL of toluene for 1 h. The resulting
yellow paste was treated with Ti{@r), (1.2 mL, 4 mmol) dropwise. i A ) i
The solid was rapidly consumed, and the resulting clear, bright studied on a Bruker Smart 1000 diffractometer equipped with a
yellow solution was stirred at room temperature for 15 h. The CCD_ art_aa detector. The df"‘ta were gorrected for_ Lorer_wtz and
| Ppolarization effects. Absorption correction was applied using the

reaction mixture was then concentrated to approximately 10 mL, o - - :
and hexanes (25 mL) were added. The solution was mixed to give program SADABSE The structures were solved using either direct
methods { and 3) or from the Patterson map2)( with the

a single phase and then stored-&0 °C for 15 h. During this

time, yellow needle-shaped crystals deposited in the flask. Yield SHELXTL software package to locate the heavy atéfusll other

of 1: 1.32 g (0.85 mmol, 85%). The product of this synthesis gave atoms were identified by successive Fourier difference maps and

spectroscopic datdfl NMR and FT-IR) identical to that listed for refined using the full-matrix least-squares techniqué&orll non-

method 1. hydrogen atoms, with the exceptions discussed below, were refined
BisTi(sal)o(u-OPr)5(OPN)s (3). After removal ofL from the anisotropically. Hydrogen atoms in all of the complexes were placed

mother liquor, as described in method 1, the filtrate was further

concentrated, layered with hexane (100 mL), and allowed to (28) ggsﬂ;ﬁ; 1%-937ADABS 5.1; University of Gttingen: Gtingen,
recrystallize at room temperature for approximately 2 months. (29) sheldrick, G.SHELXTL 6.1; University of Getingen: Gatingen,

During this time, a few very well formed rhombohedral crystals of Germany, 2001.

3 deposited in the flask in addition to crystals bfSamples of3
were separated under a microscope and characterized crystallo-
graphically.

Crystal Structure Determination. Compounds1—3 were

Inorganic Chemistry, Vol. 43, No. 26, 2004 8429
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Table 1. Crystallographic Data for Compounds-3

1 2 3
formula BiTisCe3H73025 BigTisCosHoeOss BigTigCiggH102076
fw 1630.79 2861.22 5722.46
space group P1 P1 C2lc
A 2 1 8
cryst syst triclinic triclinic monoclinic
a(h) 12.130(2) 13.551(3) 24.115(5)

b (A) 15.073(3) 14.397(3) 29.755(6)

c(A) 23.789(5) 16.376(3) 35.369(7)

a (deg) 98.62(3) 66.70(3)

B (deg) 101.38(3) 76.71(3) 108.59(3)

y (deg) 113.55(3) 79.71(3)

V, A3 3779.9(13) 2841.9(10) 24055(8)

D(calc), gmm™1 1.433 1.672 1.580

temp €C) 25 —60 25

A, MoKa (A)  0.71073 0.71073 0.71073

u (cm™) 27.95 65.10 61.53

R12 0.0723 0.0460 0.0390

WR20 0.2166 0.1374 0.0786
aConventionalR on Fry: S|Fol — [Fel1Y|Fol. P ConventionalR on

[Frial% {3wIFe> — Fe] Sw(Fo?)?]} 2.

disorder that was successfully modeled. For the other isopropoxide
ligands, the apparent disorder could not be resolved. The structures
of complexe® and3 were also probed using the program PLATON
and were found to contain void areas of 503.5ukit cell and
6632.3 Bunit cell, respectively, corresponding to the presence of
approximately 1.5 and 2.5 molecules of solvent per asymmetric
unit of the heterobimetallic complé®.This lattice solvent could

not be located with any certainty from Fourier maps of the residual
electron density of the X-ray data, and it was clear that the solvent
is highly disordered in the crystal lattices of both complexes.
Consequently, the electron density of the disordered solvent was
subtracted from the data using the program SQUEEZtae crystal
structures are found in Figures—B. Due to the structural
complexity of2 and3, WinRay representations have been employed
for clarity 31

Results and Discussion

The oligomeric complex produced from the reaction of a
Figure 3. Solid-state structure &. (A) ORTEP representation. Thermal ~ 1:3 r_thure O_f_ triphenyl b|s_mUth_anC! Sa_“Cyl'F acid can be
ellipsoids are drawn at the 30% probability level. Hydrogen atoms have readily solubilized by reaction with titanium isopropoxide.

been omitted for clarity. (B) WinRay representation of the solid-state Under the conditions employed in our study (i.e. 25
structure of 3. Metal atoms have been emphasized to illustrate the .

connectivity of the complex. Hydrogen atoms have been omitted for clarity. to'”?ne)- 2 equiv of .the m?ta| alkOXide_Were requ.ired to
The color scheme used is the following: Bi, orange; Ti, red; O, blue; C, achieve complete dissolution of the bismuth salicylate.

yellow. Subsequent analysis of the solution produced from this
in calculated positions and allowed to ride on the adjacent atom. reaction indicated that it contained a mixture O_f complexes
Hydrogen atoms associated with phenolic oxygen atoms were that were separable from one another by fractional crystal-
placed in calculated positions and refined geometrically using a lization. The products of the reaction were characterized by
riding model. Under the conditions employed in these experiments, Single crystal X-ray diffraction studies and, in the case of
all of the complexes cocrystallize with a significant amount of lattice the high yield product, by spectroscopic techniques.
solvent including hexane, dichloromethane or toluene (depending The solid-state structures of the new complexes, as
on which solvent was used for crystallization), and 2-propanol. In - determined by single crystal X-ray diffraction, are presented
the case of compourg| this resulted in rapid efflorescence of the Figures 13, while pertinent details relating to data
sample and inevitable crystal decay, even at reduced temperatures 1o ction and structure refinement are presented in Tables
The data_ presented here allow for the unequwocal_|dent|f|cat|on 1—4. Complext, which is the major product of the reaction,
of the solid-state structure of the complex, but the refined structure . . .

consists of a central bismuth atom that caps a ring of four

is of limited quality. Repeated attempts to achieve higher quality =~ . . .
data were not successful. For compoudsd3, the bond distances titanium atoms. The bismuth atom is eight-coordinate and

and angles of the isopropoxide ligands showed distortion from - -
normal sg hybridized carbon, and so, the isopropoxide ligands were (30) SPek, A. L.Platon, A Multipurpose Crystallographic TqdUtrecht

. . . . . University: Utrecht, The Netherlands, 2001.
refined with constraints to give them more chemically reasonable (31) soitek, RWinray, GL; Heidelberg University: Heidelberg, Germany,

geometries. In the case 8ftwo of the isopropoxide ligands showed 2000.
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Table 2. Selected Bond Lengths [A] and Angles [deg] fbr

Table 3. Selected Bond Lengths [A] and Angles [deg] @&

Bi(1)—0(23)
Bi(1)—O(33)
Bi(1)—O(71)
Bi(1)-0(13)
Bi(1)—0(22)
Bi(1)—0(32)
Bi(1)—0(52)
Bi(1)-0(12)
Bi(1)—Ti(3)
Ti(1)~0(91)
Ti(1)-0(21)
Ti(1)-0(61)
Ti(1)-0(53)
Ti(1)-0(62)
Ti(1)-0(22)
Ti(2)-0(131)
Ti(2)-0(11)
Ti(2)-0(63)
Ti(2)—0(101)
Ti(2)-0(111)
Ti(2)-0(12)
Ti(2)—Ti(4)
Ti(3)-0(81)
Ti(3)-0(41)
Ti(3)-0(51)
Ti(3)-0(71)
Ti(3)-0(52)
Ti(3)-0(42)
Ti(4)—0(121)
Ti(4)—0(31)
0(32)-Bi(1)—0(12)
0(52)-Bi(1)—0(12)
0(91)-Ti(1)-0(21)
O(91)-Ti(1)-0(61)
O(21)-Ti(1)-0(61)
0(91)-Ti(1)~0(53)
0(21)-Ti(1)-0(53)
0(61)-Ti(1)—0O(53)
0(91)-Ti(1)—0(62)
O(21)-Ti(1)—0(62)
O(61)-Ti(1)—0(62)
O(53)-Ti(1)—0(62)
0(91)-Ti(1)—0(22)
0(21)-Ti(1)—0(22)
0(61)-Ti(1)—0(22)
0(53)-Ti(1)—0(22)
0(62)-Ti(1)—0(22)

O(131)-Ti(2)—0(11)
O(131)-Ti(2)—0(63)

O(11)-Ti(2)—0(63)

O(131)-Ti(2)-0(101)
O(11)-Ti(2)-0(101)
O(63)-Ti(2)-0(101)
O(131)-Ti(2)~0(111)
O(11)-Ti(2)—0(111)
0(63)-Ti(2)-0(111)
O(101)-Ti(2)—0(111)
O(131)-Ti(2)—0(12)

O(11)-Ti(2)—0(12)
0(63)-Ti(2)—0(12)

O(101)-Ti(2)-0(12)

Ti(1)—0(22)-Bi(1)
Ti(4)—0(32)-Bi(1)
Ti(3)—0(52)-Bi(1)

adopts a roughly square prismatic geometry. All of the
titanium atoms exist in distorted octahedral coordination
environments in which there are two long, two intermediate,
and two short TH+O distances with the long distances being
trans to the shortest ones. The-B) bond distances range
from 2.276(9) to 2.715(9) A. The solid-state structurelof

2.276(9)
2.316(9)
2.326(9)
2.401(9)
2.534(9)
2.545(9)
2.692(9)
2.715(9)
3.510(3)
1.738(9)
1.893(10)
1.896(11)
2.029(9)
2.044(10)
2.116(10)
1.747(9)
1.873(10)
1.989(10)
2.015(9)
2.028(9)
2.072(10)
3.187(4)
1.743(9)
1.864(9)
1.880(9)
1.998(9)
2.102(9)
2.148(10)
1.759(8)
1.889(11)
63.9(3)
114.9(3)
100.7(5)
96.5(5)
94.1(5)
89.7(4)
96.9(4)
166.2(4)
97.2(4)
162.0(4)
83.3(4)
83.7(4)
173.1(4)
81.4(4)
89.8(4)
83.5(4)
80.8(4)
93.8(5)
94.4(5)
97.7(5)
100.1(4)
161.6(4)
93.3(4)
97.9(4)
90.9(4)
164.5(4)
75.4(4)
173.7(5)
82.2(4)
81.4(4)
84.9(3)
134.7(4)
132.0(4)
93.3(3)

Ti(4y0(111)
Ti(4}-0(43)
Ti(4¥-0(101)
Ti(4}-0(32)
0(23)Bi(1)—0(33)
0(23)Bi(1)—-0(71)
0(33)Bi(1)—-0(71)
0(23)Bi(1)—0(13)
O(33)Bi(1)—0(13)
O(71)Bi(1)—0(13)
0(23)Bi(1)—0(22)
0(33)Bi(1)—0(22)
O(71)Bi(1)—0(22)
0(13)Bi(1)—0(22)
0(23)Bi(1)—0(32)
0(33)Bi(1)—0(32)
O(7HBi(1)—0(32)
0(13)Bi(1)—0(32)
0(22)Bi(1)-0(32)
0(23)Bi(1)—0(52)
0(33)Bi(1)—0(52)
O(71¥Bi(1)—0(52)
0(13)Bi(1)—0(52)
0(22)Bi(1)—0(52)
0(32)Bi(1)—-0(52)
0(23)Bi(1)—-0(12)
0(33)Bi(1)—0(12)
O(71)Bi(1)—0(12)
0(13)Bi(1)—0(12)
0(22)Bi(1)—0(12)
O(11BHTi(2)—0(12)
O(8BTi(3)—0(41)
O(8BTi(3)—0(51)
O(41)Ti(3)-0(51)
O(81)Ti(3)—O(71)
O(41)Ti(3)—0(71)
O(51)Ti(3)—0(71)
O(81)Ti(3)—0(52)
041 Ti(3)-0(52)
OB Ti(3)—0(52)
O(71Ti(3)-0(52)
O(81)Ti(3)—0(42)
O(4BTi(3)—0(42)
O(51Ti(3)-0(42)
O(71)Ti(3)~0(42)
0(52) Ti(3)-0(42)
O(121Ti(4)—0(31)

O(125 Ti(4)—0(111)

O3B Ti(4)—0(111)
O(128Ti(4)—0(43)
O3B Ti(4)—0(43)

O(11BTi(4)—0(43)

O(128Ti(4)—0(101)

O3B Ti(4)—0(101)

O(11BTi(4)—0(101)

0(43)Ti(4)—0(101)
O(12B)Ti(4)—0(32)
OBBTi(4)—0(32)
O(111)Ti(4)—0(32)
O(43)Ti(4)—0(32)
O(101)Ti(4)—0(32)
Ti(3)-0(71)-Bi(1)
Ti(2)-0(101)-Ti(4)
Ti(4)-0O(111)-Ti(2)

2.000(10)
2.012(11)
2.027(9)
2.093(10)
89.3(3)
78.3(3)
78.0(3)
74.1(3)
76.7(3)
142.5(3)
53.2(3)
138.5(3)
106.6(3)
76.2(3)
138.5(3)
53.2(3)
106.1(3)
79.8(3)
147.2(3)
92.8(3)
137.4(3)
60.9(3)
144.2(3)
69.5(3)
126.0(3)
116.5(3)
101.8(3)
165.2(3)
49.6(3)
83.5(3)
87.1(4)
95.5(4)
96.4(4)
97.3(4)
101.1(4)
99.6(4)
154.3(4)
97.7(4)
166.8(4)
81.8(4)
77.4(3)
178.1(4)
82.7(4)
84.6(4)
78.5(3)
84.1(3)
91.3(5)
101.1(4)
98.5(4)
92.9(4)
92.4(4)
161.9(4)
98.9(4)
169.1(4)
75.7(4)
91.0(4)
169.8(4)
80.9(4)
86.6(4)
81.0(4)
89.4(3)
108.3(3)
104.1(4)
104.6(4)

is reminiscent of the complexes Bifk-O)s(salh(Hsal)-

Bi(1)—O(81)
Bi(1)-0(13)
Bi(1)—0(52)
Bi(1)—0O(33)
Bi(1)—0(43)
Bi(1)—0(12)
Bi(1)—0(32)
Bi(2)—0(31)
Bi(2)—0(91)
Bi(2)—0(32)
Bi(2)-0(23)
Bi(2)—O(42)#1
Ti(1)-0(61)
Ti(1)—0(11)
Ti(1)-O(41)#1
Ti(1)—O(42)#1
Ti(1)—0(91)
Ti(1)—0(12)
Ti(2)—0(71)
Ti(2)—0(21)#1
Ti(2)—0(51)
Ti(2)—0(81)
Ti(2)—0(52)
Ti(2)—0(22)#1
O(21)-Ti(2)#1
O(22)-Ti(2)#1
O(41)-Ti(1)#1
O(42)-Ti(1)#1
O(42)-Bi(2)#1
O(81)-Bi(1)—0(13)
0(61)-Ti(1)—O(11)
O(61)-Ti(1)—O(41)#1
O(11)-Ti(1)~O(41)#1
O(61)-Ti(1)—O(42)#1
O(11)-Ti(1)—O(42)#1
O(41)#1-Ti(1)—O(42)#1
O(61)-Ti(1)-0(91)
O(11)-Ti(1)—0(91)
O(41)#1-Ti(1)—0(91)
O(42)#1-Ti(1)—0(91)
O(61)-Ti(1)-0(12)
O(11)-Ti(1)—0(12)
O(41)#1-Ti(1)—0(12)
O(42)#1-Ti(1)—0(12)
O(91)-Ti(1)—0(12)
O(71)-Ti(2)—O(21)#1
O(71)-Ti(2)-0O(51)
O(21)#1-Ti(2)—0(51)

2.186(6)
2.273(6)
2.390(8)
2.366(7)
2.606(6)
2.679(5)
2.690(6)
2.127(6)
2.194(5)
2.320(6)
2.328(6)
2.517(6)
1.759(6)
1.872(6)
1.885(6)
2.045(6)
2.085(6)
2.142(6)
1.742(7)
1.884(7)
1.850(9)
2.078(7)
2.025(8)
2.148(6)
1.884(7)
2.148(6)
1.885(6)
2.045(6)
2.517(6)
86.3(2)
99.7(3)
95.2(3)
97.4(3)
97.5(3)
162.7(3)
83.4(3)
93.6(3)
99.9(2)
158.9(3)
76.4(2)
177.9(3)
81.9(2)
85.8(3)
80.8(2)
84.8(2)
96.0(3)
97.9(4)
97.4(4)

O(81)Bi(1)—0(52)
0(13}Bi(1)-0(52)
O(81)Bi(1)—0(33)
0(13}Bi(1)-0(33)
0(52)Bi(1)—0(33)
O(81)Bi(1)—0(43)
O(13)Bi(1)—0(43)
O(52)Bi(1)—0(43)
0(33)Bi(1)—0(43)
O(81)Bi(1)—0(12)
0(13}Bi(1)-0(12)
O(52)Bi(1)-0(12)
0(33}Bi(1)-0(12)
0(43)Bi(1)-0(12)
O(8HBI(1)-0(32)
O(13)Bi(1)-0(32)
0(52}Bi(1)-0(32)
0(33)Bi(1)—0(32)
0(43)Bi(1)—0(32)
O(12)Bi(1)-0(32)
O(31)Bi(2)—0(91)
O(31Bi(2)-0(32)
O(91)Bi(2)-0(32)
0(3BBI(2)-0(23)
O(91)Bi(2)—0(23)
0(32)Bi(2)—0(23)
O(31)Bi(2)—0(42)#1
O(91)Bi(2)-0(42)#1
O(32)Bi(2)—0(42)#1
O(23)Bi(2)—0(42)#1
O(71Ti(2)-0(81)
O(21)#4Ti(2)—0(81)
O(5BTi(2)-0(81)
O(7HTi(2)-0(52)
O@L#TI(2)-0(52)
O(5BTi(2)-0(52)
O(B1}Ti(2)-0(52)
O(71Ti(2)-0(22)#1

O(21)#2Ti(2)—0(22)#1

O(51Ti(2)—0(22)#1
0O(8BTi(2)—0(22)#1
O(52)Ti(2)—0(22)#1
Ti(1}0(12)-Bi(1)
Bi(2)-O(32)-Bi(1)

Ti(1)#+0(42)-Bi(2)#1

Ti(2 O(52)-Bi(1)
Ti(2)-O(81)-Bi(1)
Ti(1}0(91)-Bi(2)

67.5(3)
80.4(3)
92.3(2)
79.7(3)
152.4(3)
86.5(2)
158.8(3)
114.8(2)
80.8(2)
137.1(2)
51.6(2)
94.3(2)
88.1(2)
135.7(2)
138.1(2)
102.1(2)
154.1(2)
50.5(2)
71.0(2)
68.95(19)
90.3(2)
79.2(2)
83.5(2)
87.6(2)
81.4(2)
159.8(2)
150.0(2)
65.26(19)
81.0(2)
104.5(2)
92.8(4)
95.9(3)
161.9(3)
99.9(3)
162.7(3)
87.1(4)
76.7(3)
176.2(4)
83.1(3)
85.9(4)
83.6(3)
80.6(3)
142.1(3)
136.7(3)
103.7(2)
104.4(3)
110.1(3)
114.5(2)

a Symmetry transformations used to generate equivalent atoms:x#1

+1,-y+1,-z+1

(OP#)4 (M = Nb, Ta), which show MO, squares capped
on one side by a bismuth salicylate moiéty.
The solution-state behavior of compouhdvas investi-

gated through multinuclear NMR experiments. Figures 4 and
5 show the methyne region, methyl region, and 2D COSY
H NMR spectra® From Figure 4A, four methyne multiplets
that integrated as 1:3:2:1 were identified. The methyl region
of the spectrum (Figure 4B) is complex, indicating that the
methyl groups of the isopropoxides were inequivalent and
therefore diastereotopic. The methyne signals with intensities
3 and 2 clearly arise from close overlap of independent
signals. This overlap was confirmed by the 2D COSY
spectrum, which shows relationships between the seven
different methyne signals and the 14 different methyl groups
(see Figure 5), consistent with the solid-state structurk of
The aromatic region of the spectrum is also consistent with

(32) Thurston, J. H.; Whitmire, K. Hnorg. Chem2003 42, 2014-2023.
(33) Gottlieb, H. E.; Kotlyar, V.; Nudelman, Al. Org. Chem1997, 62,

7512-7515.

Inorganic Chemistry,

Vol. 43, No. 26, 2004 8431



Thurston et al.
Table 4. Selected Bond Lengths [A] and Angles [deg] &

Bi(1)—O0(61) 2.113(5) Ti(4y0(132) 2.041(7)  O(@BBi(4)-0(133)  88.1(2) O(163)Ti(2)~0(172)  83.3(2)
Bi(1)-O(103)#1 2.241(7) Ti(4yO(192) 2131(7)  O(B)Bi(4)-0(102)  92.6(2) O(BBTI(2)-0(112)  173.8(3)
Bi(1)-O(193)#1 2.290(7) O(103)Bi(1)#1 2.241(7)  O(133)Bi(4)-0(102) 75.1(2) O(17BTi(2)-0(112) 85.2(3)
Bi(1)—O(71) 2.394(6) O(193)Bi(1)#1 2.290(7)  O(1yBi(4)-0(31)  71.5(2) O(11BTi(2)—0(112) 83.5(3)
Bi(1)-0O(123)  2.443(7) O(6BBI(1)—0O(103)#1 81.9(2) 0(133)Bi(4)-0(31)  78.3(2) O(163)Ti(2)—0(112) 81.5(3)
Bi(2)—0(71) 2.144(5) O(61Bi(1)—O(193)#1 84.5(2) O(103)Bi(4)-0(31)  149.4(2)  O(17ATi(2)—0(112) 81.2(3)
Bi(2)—0O(152)  2.305(6) O(L03)#Bi(1)—O(193)#1 82.7(3) O(2BBi(4)-0(101)  91.5(2) O(4BTi(3)-0(141)  100.2(3)
Bi(2)—0(61) 2.350(6) O(6HBi(1)—O(71) 69.7(2) O(133}Bi(4)-0(101) 146.5(2)  O(4BTI(3)-0O(181)  101.4(3)
Bi(2)—O(173)  2.437(6) O(103)#1Bi(1)—O(71) 88.7(2) O(102)Bi(4)-0(101)  71.4(2) O(14BTi(3)-0O(181) 95.1(3)
Bi(2)-O(151)  2.513(6) O(193)#1Bi(1)—0(71) 153.7(2)  O(3H)Bi(4)-0(101)  132.97(19) O4BTI(3)—0(101)  92.3(3)
Bi(2)-0(122)  2.573(6) O(6BBi(1)—0O(123) 76.3(2) O(2BBi(4)-0(182)  145.7(2)  O(14BTi(3)—0(101) 101.3(3)
Bi(2)-0(172)  2.686(5) O(103)#Bi(1)—0(123)  156.3(2)  O(133)Bi(4)—0(182) 126.2(2)  O(18HTi(3)—O(101) 156.4(3)
Bi(3)—0(31) 2.104(6) O(193)#4Bi(1)-0(123)  86.2(2) O(102)Bi(4)—0(182)  96.1(2) O(4BTi(3)-0(182)  92.5(3)
Bi(3)-0(113)  2.276(6) O(7BBi(1)—0O(123) 92.2(2) O(3BBi(4)—0(182)  111.80(19) O(14H)Ti(3)—0(182) 167.3(3)
Bi(3)-0O(153)  2.299(6) O(7HBi(2)—0(152) 87.0(2) O(10BBi(4)—0(182)  60.5(2) O(18BTi(3)-0(182) 82.6(3)
Bi(3)-0(143)  2.367(6) O(7HBi(2)—0O(61) 70.1(2) O(2BBi(4)-0(142)  85.3(2) O(10BTi(3)-0(182)  77.6(3)
Bi(3)—0(21) 2.455(5) O(152)Bi(2)—0(61) 142.9(2)  O(133)Bi(4)-0(142) 154.14(19) O(4BTI(3)-0(142)  167.3(3)
Bi(4)—0(21) 2.108(5) O(7HBi(2)—0(173) 90.3(2) O(102)Bi(4)—0(142) 130.07(19) O(14HTi(3)-0(142) 84.3(3)
Bi(4)-0(133)  2.357(6) O(152)Bi(2)—0(173) 73.2(2) O(3BBi(4)-0(142)  75.87(18) O(18BTi(3)-0(142) 89.9(3)
Bi(4)-0(102)  2.368(6) O(6BBi(2)—0O(173) 78.0(2) O(10BBi(4)—0(142) 58.86(18)  O(10HTi(3)-0(142) 75.1(2)
Bi(4)—0(31) 2.378(6) O(7HBi(2)—0O(151) 91.7(2) 0(182)Bi(4)—0(142)  63.8(2) O(18Ti(3)-0(142) 83.2(3)
Bi(4)-0(101)  2.530(6) O(152)Bi(2)—O(151) 73.7(2) O(8BTi(1)—0O(161)  97.9(3) O(1BTi(4)—0(191)  99.4(3)
Bi(4)—0O(182)  2.645(7) O(6BBi(2)—O(151) 133.44(19) O(8BTi(1)—-0(121)  98.6(3) O(1BTi(4)—0(131)  94.7(4)
Bi(4)—0(142)  2.677(6) O(173)Bi(2)—O(151) 146.7(2)  O(16BTi(1)—0(121) 99.1(3) O(19BTi(4)-0(131)  99.2(3)
Ti(1)—0(81) 1.751(6) O(7HBi(2)—0(122) 86.1(2) O(8BTi(1)—0(122)  92.5(3) O(1BTi(4)—0(183)  92.1(3)
Ti(1)-O(161)  1.843(6) O(152)Bi(2)—0(122) 134.6(2)  O(16BTI(1)—O(122) 169.2(3)  O(19BTi(4)—O(183) 89.8(3)
Ti(1)-0(121)  1.880(7) O(61)BI(2)—0(122) 74.2(2) O(12BTi(1)-0(122) 82.4(3) O(13BTi(4)-0(183)  167.6(3)
Ti(1)-0(122)  2.058(6) O(173)Bi(2)—0(122) 1515(2)  O(BBTi(1)—-0(151)  97.8(3) O(1BTi(4)-0(132)  97.9(3)
Ti(1)-O(151)  2.098(6) O(15HBi(2)—0(122) 61.7(2) O(16BTi(1)-0(151) 97.6(3) O(19BTi(4)-0(132)  162.0(3)
Ti(1)-0(162)  2.127(6) O(7HBI(2)—0(172) 1405(2)  O(12BTi(1)—O(151) 154.7(3)  O(13BTi(4)—0O(132) 84.2(3)
Ti(2)—0(51) 1.734(6) O(152)Bi(2)—0(172) 80.63(19)  O(123)Ti(1)—O(151) 77.8(3) O(183)Ti(4)—0(132)  84.6(3)
Ti(2-0(171)  1.879(7) O(6BBI(2)—0(172) 98.47(18)  O(8BTI(1)—0O(162)  173.8(3)  O(LBTI(4)—0(192)  177.5(3)
Ti(2)-0(111)  1.888(7) O(173)Bi(2)—0(172) 50.22(19)  O(16BTi(1)—0(162) 84.6(3) O(19BTi(4)-0(192)  83.1(3)
Ti(2)-0(163)  1.992(7) O(15BBi(2)-0(172) 119.90(18) O(12B)Ti(1)—0(162)  86.6(3) O(13BTi(4)-0(192)  84.9(3)
Ti(2—-0(172)  2.036(6) O(122)Bi(2)—0(172) 128.35(19) O(122)Ti(1)—0(162)  84.8(2) O(183)Ti(4)-0(192)  87.8(3)
Ti(2-0(112)  2.120(7) O(3B)BI(3)~0(113) 84.0(2) O(15BTi(1)-0(162)  76.2(2) O(13)Ti(4)-0(192)  79.6(3)
Ti(3)—0(41) 1.746(6) O(31)Bi(3)—0(153) 78.3(2) O(BBTI(2)-0(171)  100.9(3)  Bi(4yO(21)-Bi(3) 106.7(2)
Ti(3)-0(141)  1.855(7) O(113)Bi(3)—0O(153) 85.7(2) O(BBTI(2)-0(111)  96.0(3) Bi(1)-O(61)-Bi(2) 110.0(2)
Ti(3)-0O(181)  1.888(7) O(3B)BI(3)—0(143) 81.2(2) O(17BTi(2)-0(111) 97.7(3) Bi(2)-O(71)-Bi(1) 107.4(2)
Ti(3)—0O(101)  2.064(6) O(113)Bi(3)—0(143) 79.8(2) O(BBTI(2)—0(163)  92.3(3) Ti(3rO(101)-Bi(4)  100.7(2)
Ti(3)—0(182)  2.100(7) O(153)Bi(3)—0(143) 156.1(2)  O(17BTi(2)-O(163) 162.2(3)  Ti(1rO(122)-Bi(2)  100.0(3)
Ti(3)-0(142)  2.138(7) O(3BBI(3)-0(21) 70.0(2) O(118Ti(2)—0(163)  92.5(3) Ti(3FO(142)-Bi(4)  94.3(2)
Ti(4)—0(11) 1.731(7)  O(113)Bi(3)—0(21) 151.8(2)  O(BGBTI(2)-0(172)  99.0(3) Ti(1}O(151)-Bi(2)  100.8(3)
Ti(4)—0(191)  1.854(7) O(153)Bi(3)—0O(21) 98.9(2) O(17BTi(2)-0(172)  83.0(3) Ti(2}O(172)-Bi(2)  133.0(3)
Ti(4)-0(131)  1.869(8) O(143)Bi(3)~0(21) 85.5(2) O(11BTi(2)-0(172) 164.6(3)  Ti(3YO(182)-Bi(4)  96.1(3)
Ti(4)—-0(183)  2.000(7)

a Symmetry transformations used to generate equivalent atoms:x#t 1,y, —z + /5.

the solid-state structure of the complex since six sets of interacts with the two adjacent bismuth atoms through
doublets indicate the presence of six unique salicylate bridging salicylate ligands, and each bismuth atom further
environments (see Supporting Information). Unequivocal interacts with two titanium atoms, one through the carboxy-
confirmation of the!H NMR analysis was obtained from late of a salicylate ligand and the other through bridging
13C{1H} NMR experiments which can be found in Support- interactions of both an alkoxide and a salicylate ligand, to
ing Information. These data are consistent with retention of form a four membered MMOO' ring system (Figure 7).
the solid-state structure in solution, as is consistent with  Similar to 2, complex3 is composed of four BTix(salk-
observations for other bismuthitanium salicylate com-  (O'Pr), subunits, which are arranged in a centrosymmetric
plexes that we have reportétf? ring structure. In this case, however, the connectivity of the
Compounds2 and 3, minor side products of the initial  individual subunits has undergone significant reorganization
synthesis ofl, are cyclic isomers. Compour] which is relative to that observed in the solid-state structure2.of
the first compound to be isolated from the reaction mixture Adjacent bismuth and titanium atoms now interact only
(method 1) by fractional crystallization, can be viewed as through bridging salicylate interactions. The tetranuclear
composed of two BTix(saly(u-O'Pr)y(O'Pr), units (Figure subunit can be pictured as being subdivided into bimetallic
6). The four metal centers in each subunit are assembledunits of bismuth, and individual titaniums (Figures 8 and
via bridging salicylate and alkoxide interactions with one 9). It is observed that adjacent bismuth atoms are bridged
another. The overall molecule is organized so that there is aby a salicylate and two bridging alkoxide ligands. Titanium
central square of bismuth atoms with the titanium atoms atoms can be regarded as individual units, since each shares
located on the periphery of the molecule. Each bismuth atom only one salicylate ligand with an adjacent titanium, i.e., Til
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Heterobimetallic Bi(lll) —Ti(IV) Coordination Complexes
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Figure 4. H NMR spectrum of BiTi(salx(O'Pr); (1) in CsDe. The relative peak intensities are indicated above each multiplet, and asterisks indicate
solvent peaks. (A) Methyne region with solvent signal identified as 2-propanol at 3.67 ppm multiplet. (B) Methyl region with solvent signaélidsntif
toluene, 2.11 ppm singlet; 2-propanol, 0.95 ppm doublet; and hexane, 0.89 ppm3riplet.

with Ti2, and Ti3 with Ti4. An important difference between this bridge occurs between a titanium and bismuth atom,
2 and3is that all of the bridging alkoxide interactions occur whereas in the case 8fthe bridging alkoxides are associated
between bismuth atoms i8 whereas in2 the alkoxides exclusively with the bismuth atoms. Only a handful of such
bridge between Ti and Bi. As with the BO—Ti interaction complexes showing bridging alkoxide interactions between
in complex2, the Bi-O—Bi interaction in3 is asymmetric, bismuth and another metal have been repokfed 3536
with one bond being on average 0.27 A longer than the other, Additionally, there has been no spectroscopic or crystal-
indicating that the alkoxide ligand is shared unequally lographic evidence for the interaction of an alkoxide ligand
between the two metal centers. This is in agreement with with a bismuth center in any of the other similar heterome-
the observations that have been made on other bismuthtallic complexes that we have produced that contain both
alkoxide complexes including [Bi(OCH(GJz)s THF],.34 salicylate and alkoxide ligands, the latter always previously
Both 2 and 3 have large cavities in which the solvent is being associated with the transition metal portion of the
occluded. In the case @& the solvent is primarily in a void  molecule. In this case, it seems plausible that the formation
centered at the origin (0,0,0), while the molecule is centered of the alkoxide interaction between the two metal species
at (45, Y, 4,). For 3 there are several smaller void areas (1 and2) or between the adjacent bismuth cent@dg due
located around the periphery of the molecule. to the bismuth attempting to satisfy its high Lewis acidity,
It is noteworthy that all of the complexes show bridging which may be enhanced by the apparent electron withdrawing
alkoxide ligands attached to bismuth. In the casg and2,

(35) Hunger, M.; Limberg, C.; Kircher, Angew. Chem., Int. EA.999
38, 1105-1108.

(34) Jones, C. M.; Burkhart, M. D.; Bachman, R. E.; Serra, D. L.; Hwu, (36) Hunger, M.; Limberg, C.; Kircher, POrganometallics200Q 19,
S.-J.; Whitmire, K. H.Inorg. Chem.1993 32, 5136-5144. 1044-1050.
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Figure 5. 2D H NMR COSY of1 in CsDs showing interaction of methyne and methyl protons from the seven different isopropyl groups: The horizontal
lines mark the methyne signals labeled with letters and the 14 diastereotopic methyl signals are marked with vertical lines and are represeveesi by num

O

Figure 7. Line drawing of the four-centered M@CO  ring found in the
solid-state structure dZ.

The Bi—Oajkoxide bONd distance in compourdis 2.326-

(9) A, while in complex2, the Bi—Oaoxige bONd distances

are 2.186(6) and 2.194(5) A. These bond lengths compare

well with the Bi—Ogoxide distances of 2.188(7) and 2.116-
Figure 6. Line drawing highlighing the BiTix(sal)(u-O'Pr)(O'Pr), subunit (7) A, that correspond to the bridging and terminal alkoxide
of dimer2. ligand bond distances in [Bi(OCH(G))z THF],.3* and from

the polymeric complex [B{acac}(O'Pr)]n (dsi—oalkoxide =
effects of the salicylate ligands. In other complexes that we 2.12(3) and 2.19(2) A¥ Both of these bond distances are
have explored, these effects have resulted in the formationsignificantly shorter than what has been observed for dative
of n%-interactions between bismuth centers and adjacentinteractions between bismuth and alkoxide ligands (€sg-o
aromatic ring$’ It is not clear in this case what the factors = 2.688 A in [Bi(OCH(CR),)s THF],),3* suggesting that the
are that have resulted in the formation of the-Blkoxide bismuth-alkoxide interaction is significantly covalent in
as opposed to the Btaryl interactions. nature. The limit of covalency in the BiOgkoxige iNteraction
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Figure 8. Binuclear bismuth subunits i. Bismuth 1 and 2 (A), and
bismuth 3 and 4 (B).

the same methods. Neither the solid-state nor the solution-
state structure of bismuth salicylate is known with certainty.
Information that we have about this compound is based upon
elemental analyses of the complex itself, as well as spec-
troscopic and single crystal X-ray diffraction studies of the
Lewis base adducts [Bi(Hsal®,2-bipyridine}C;Hg], and
[Bi(sal)(Hsal)(1,10-phenanthroling);Hg],.3” What is clear
from our investigations into bismuth salicylate is that the
composition and reactivity of bismuth salicylate produced
from the reaction of salicylic acid with triphenylbismuth
varies relative to the amount of salicylic acid included in
the reaction mixture; with less salicylic acid, the bismuth
salicylate becomes less soluble. This is most dramatic as the
ratio of bismuth to salicylic acid approaches 1:3. While NMR
studies on bismuth salicylate produced from a 1:3 ratio of
triphenylbismuth and salicylic acid have suggested that there
is a single salicylate environment in the complex, the peaks
are broad and difficult to interpret due to apparent rapid
ligand exchang®’ The isolation of the complexes [Bi(Hsgl)
(2,2-bipyridineyC;Hg], and [Bi(sal)(Hsal)(1,10-phenan-
throline)} C;Hg], from the same bismuth starting material (1:3
bismuth/salicylic acid) is more instructive, as it indicates that
it is possible for bismuth salicylate to potentially exist as
either the tris- or bis-salicylato complexes in association with
free salicylic acid (eq 13 At higher concentrations of

'y AN /0/ dn V4 C\ oH
> 0 0 1
ya\ D G
OH \C/o 0/ \0
O |
\0
| 11

salicylic acid, such as what is required for the direct

in these heterobimetallic complexes is observed in the solid- formation of complexi, the potential equilibrium between

state structure 03 (dgi—o = 2.105(6)-2.136(6) A).

the two forms would be shifted in favor of forfn and as

Since complexeg and3 are isomers of one another, we predicted, the heterobimetallic complex is readily produced
have considered the possibilities of how they are constructedin excellent yields. In contrast, when we targeted a ratio of

in light of the very slow rate at whicl3 is formed. We

1:2.5 of triphenylbismuth to salicylic acid which is the

speculate that the exchange of the saclicylate/alkoxide ligandsappropriate stoichiometry required for the synthesis of

between Ti and Bi may be an important step.2inthe Ti
atoms all have the same coordination environmentEFi(
salp(OR)]?", whereas ir8, the Ti centers can all be viewed
as [Ti@7?-salp(r7*-sal)(OR)f . There should be little difficulty
in producing the octahedral [Tj-salp(OR)]?~ unit from
the four-coordinate Ti(OR)starting reagent upon reaction
with two salicylic acid molecules; however, to produge

complexes2 or 3, we always obtained insoluble products
that could not be easily characterized. This suggests that,
under these conditions, bothand Il are present in the
reaction solution leading to less regular oligomers and/or
polymeric species. While other reaction mechanisms, includ-
ing the ability of the free salicylic acid to interact with the
bismuth center and interrupt the coordination polymer, thus

one more of the alkoxide ligands needs to be displaced. Thisenhancing the reactivity, are possible, the empirical observa-
substitution at the six-coordinate octahedral center may betions fit well with such equilibrium. Indeed, it seems

slow.

A final facet of this investigation that merits special

comment is the targeted synthesis of compolinend the

difficulty that we have encountered in attempting to directly 38)

synthesize comple® (and by extension, compour8) by

plausible that the coordination of the free acid with the

(37) Thurston, J. H.; Marlier, E. E.; Whitmire, K. H. Chem. Soc., Chem.
Commun2002 2834-2835.

Andrews, P. C.; Deacon, G. B. Chem. Soc., Dalton Tran2002
4634-4638.
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Figure 9. Titantium coordination environments B Titanium 1 (A), 2 (B), 3 (C), and 4 (D).

bismuth center and the shift in equilibrium between the two and the transition metal centers, resulting in different
potential forms of the complex may work in tandem with structural motifs, and structures with different number of
one another to help direct the heterobimetallic complexes metal centers.
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The bifunctional ligand salicylic acid is a versatile scaffold
for the construction of heterobimetallic coordination com-
plexes incorporating bismuth and titanium. In the casg, of
the scaffold is sufficiently stable that the complex retains ~ Supporting Information Available: Additional NMR spectra
its solid-state structure in solution. The resulting bismuth ~ of 1and complete crystallographic data for compoubd8 in CIF
salicylate interaction in such complexes is labile, particularly format. This material is available free of charge via the Internet at
at low concentrations of salicylic acid relative to bismuth, NtP://pubs.acs.org.
facilitating the exchange of ligands between the main group 1C049061E
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