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Novel structural arrangements for carboxylic acid modified titanium alkoxides were obtained from stoichiometric
reactions between titanium isopropoxide (Ti(@frand formic acid (HOFc). The 1:1 reaction in toluene forms

the tetranuclear species Dp(OFch(OPF)10, 1. The structure ofl. was solved in the triclinic space group P1

with a = 13.034(3) A b = 13.467(2) A,c = 13.996(2) A,a. = 98.79(1}, f = 104.68(2), andy = 97.82(2}

for Z = 2. The general structure dfresembles two face-shared D], cubes with one set of mirror-related
titanium atoms removed. The oxygen atoms are represented hy,gDeoneu-O, and fouru-OR ligands, with

the remaining sites filled by two OFc ligands and six terminal alkoxides. Increasing the stoichiometry to 1:2
(Ti/HOFc) leads to the isolation of gOs(OFCck(OR), 2. The structure of was solved in the monoclinic space
groupP2;/c with a = 8.968(2) Ab = 26.520(4) Ac = 20.046(2) A, angB = 93.19(1) for Z= 4. The structure

of 2 consists of two offset six-membered H{jus-O)]s rings joined through FO bonds. The OFc ligands are
arranged externally around the central hexagon-prism, oscillating between the top and bottom rings. Compound
1 adopts a very symmetrical arrangement in solution due to the labile OFc ligands and was found to undergo
“aging” by a trans-esterification mechanism, the rate of which is enhanced by heating. ConZomamatains

its solid-state structure in solution.

Introduction TigO4(OAC)an(OR)6-4n [OAC = O,CMe; OR= OEt (OCH-
N ) . Me, n= 1)120Pi (OCHMe, n=1 or 2)1314 OBU" (O(CHy)s-
Early transition metal alkoxide complexes are of interest for Me, n = 2)1% have been isolated and characterized. Figure 1a
a wide va_r;ety_ of uses, including metal oxide ceramic gshows the basic structural skeleton of these compounds, which
precursors—® Titanium alkoxides (Ti(OR) are often used as  4re pest described as corner-removed, inversion-related [Ti
precursors to titanium-containing ceramics due to their relatively o), cubes with face-linked oxide bridges. Even when the steric
low decomposition/crystallization temperatures. In an effortto pyk of the alkoxides and/or carboxylic acid was increased, the
tailor hydrolysis and condensation rates, these precursors are;gme general structure was isolated=or example, the reaction
often modified through the addition of multidentate ligands such ¢ Ti(OP1)y(1,2-0:CeHa)> and the cluster-substituted acid,

as acetic acid (H&CMe = HOACc).2%1! When Ti(OR) is
reacted withnHOAc, compounds of the general formula
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HO,C(us-C)[Co3(CO)g] (HOACCs), yielded the isostructural
(Figure 1a) product FO4(OACC3)4(02CeH4)4(OPY) 4.6

Only two other geometries shown in Figure 1 parts b and ¢
have been reported for carboxylic acid (HORc) modified Ti-
(OR),. Figure 1b represents the basic structural arrangement
of TigO4(OPY)1(ONCc), isolated from the reaction between Ti-
(OPH)4 and HQCCH,CMe; (HONc)! This new structural
arrangement was described as two inversion-related, edge-shared
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Figure 1. Schematic representations of the skeletal arrangements of titanium oxo-, alkoxy, acetate compounds: (a) corner-removed, inversion-
related, oxide-bridge cube; (b) inversion-related, corner-removed, edge-shared cube; (c) cube; (d) face-shared, mirror corner-remoyed cube; (e

hexagon-prism.

[Ti—0O]4 cubes with inversion-related corners missing. A similar
structure was found for the reaction product of Ti(QEihd
the HOAcCa, which was characterized as gOu(OEt)>-
(OAcCw)4.Y” The only other arrangement noted in the literature
is the cubane structure (Figure 1c) reported fosOR{OC-
(Me)s)4(0.CCHMey) 41" and TiO4(OR)(OAcCas)4 (OR = Pr,
Bu, OCeHs, O(2,6-(Me})CeH3).16 From these results, it is
apparent that various forms of linked 0], cubelike arrange-
ments are favored for HORc-modified Ti(OR)omplexes.

We are interested in both large and small oligomers of
metallo-organic titanium compounds. It was thought that if the
steric bulk of the modifying HORc was reduced while its acidity

was increased, significantly altered products should be formed.

Formic acid (HQCH = HOFc) appeared to satisfy these
requirements (1.0 M HOFc had a pH of 1.73; 1.0 M HOAc
had a pH of 2.29). This paper reports the synthesis and nove
structure types adopted by HOFc-modified Ti(@Picom-
pounds.

Experimental Section

All compounds described below were handled with rigorous exclu-
sion of air and water using standard Schlenk line and glovebox

Tie(us-O)s(u-OFC)s(OR)s (2). In avial, HOFc (0.32 g, 7.04 mmol)
was added via syringe to a stirring solution of Ti(QP¢1.00 g, 3.52
mmol) in toluene (3 mL), which immediately formed a white precipitate.
The mixture was allowed to stir for 12 h. The soluble fraction was
separated from the precipitate by centrifugation and allowed to stand
at glovebox temperatures until crystals formed. Crystalline yield: 0.39
g (60.5%). 'H NMR (tolueneds, 400.1 MHz): 6 7.86 (5.0H, s, @CH),

5.11 (9.8H, sept., OBMe,, Jy-n = 6.0 Hz), 1.51 (71H, d, OCMe;,,
Ju-n = 6.0 Hz). BC{*H} NMR (toluenee, 100.6 MHz): 6 168.2
(O,CH), 83.6 (QCHMey), 25.4 (OCHVIe;). FT-IR (KBr, cnm?): 2966
(m), 2926 (m), 2873 (m), 1627 (s), 1547 (s), 1381 (s), 1322 (W), 1262
(w), 1131 (sh), 1129 (s), 1010 (s),864 (w), 705 (s), 625 (m), 493 (m).
Anal. Calcd for GiHs¢O4Tie: C, 33.84; H, 5.13. Found: C, 33.58;
H, 4.94.

X-ray Collection, Structure Determination, and Refinement.
Colorless rectangular block crystals bfor 2 were mounted, from a

IpooI of mineral oil under an argon gas flow, onto a thin glass fiber

and then placed under a liquid nitrogen stream on a Siemens P4/PC
diffractometer. The radiation used was graphite-monochromatized Mo
Ko radiation ¢ = 0.710 69 A). The lattice parameters were optimized
from a least-squares calculation on 25 carefully centered reflections of
high Bragg angle. The data were collected usingcans with a 0.94

and 1.18 scan range fot and2, respectively. Three check reflections
monitored every 97 reflections showed no systematic variation of

techniques. Analytical data were obtained and solvents were dried asintensities. No extinction corrections were made for either crystal.

previously describe# Ti(OPr), (Aldrich) and HOFc (96%, ACS
reagent Aldrich) were freshly distilled immediately prior to use.
Tia(us-O)(u-O)(OFC)(1-OR)4(OR)s (1). In a vial, Ti(OPf)4 (1.00
g, 3.52 mmol) was added to a solution of HOFc (0.16 g, 3.52 mmol)
in toluene (3 mL). A white precipitate immediately formed but
dissolves during 12 h of stirring. Crystals were grown by slow
evaporation of the volatile component of the reaction mixture under
glovebox atmosphere conditions. Crystalline yield: 0.34 g (42.7%).
1H NMR (tol-ds, 400.1 MHz, sample prep time 30s): 6 8.16 (1H, s,
O,CH), 5.20 (1.2H, sept., OBMe;,, J4—n = 6.4 Hz), 5.04 (3.6H, sept.,
OCHMey, Ju-n = 6.4 Hz), 4.75 (1.1H, sept., G@Mey, Ju-n = 6.0
Hz), 1.58 (10.6H, d, OCMe,, Jy—4 = 6.0), 1.35 (22.0H, mult.,
OCHMe,, Jy— = 6.8), 1.26 (9.8H, mult., OCMe,, Jy—n = 6.8). 1°C-
{*H} NMR (tol-ds, 100.6 MHz, sample prep time 30s): 6 168.4
(OCH), 79.8,79.7, 78.5, 76.1 (@HMe,), 26.2, 26.1, 25.7, 25.5, 25.3,
25.0, 24.8, 24.7 (OCMe;). FT-IR (KBr, cn): 2968 (m), 2930 (m),
2863 (m), 2615 (w), 1582 (m), 1467 (w), 1443 (w), 1381 (m), 1362
(m), 1328 (w), 1164 (sh, s), 1132 (s), 1016 (s), 952 (m), 855 (m), 770
(w), 668 (sh, m), 603 (s), 530 (sh, w), 474 (w) ¢m Anal. Calcd for
CaH72016Tia: C, 42.49; H, 8.02. Found: C, 42.66; H, 7.97.

(17) Lei, X.; Shang, M.; Fehlner, T. ®rganometallics1996 15, 3779.
(18) Boyle, T. J.; Alam, T. M.; Mechenbeir, E. R.; Scott, B.; Ziller, J. W.
Inorg. Chem.1997, 36, 3293.

Transmission factors were equal to 0.74/0.88. Lattice determination
and data collection were carried out using XSCANS version 2.10b
software!® All data reduction, including Lorentz and polarization
corrections and structure solution and graphics were performed using
SHELXTL PC version 4.2/360 softwaté. The structure refinement
was performed using SHELX 93 softwdfe. The data were not
corrected for absorption due to the low absorption coefficient. Data
collection parameters are given in Table 1.

The heavy atoms and carbon atoms of the structutensre located
in the space group Rising Patterson and difference Fourier techniques.
The hydrogen atoms were fixed in positions of ideal geometry with
C—H distances of 0.98, 0.93, and 0.96 A for the isopropyl, formate
ion, and methyl hydrogens, respectively. The hydrogen atoms were
refined using a riding model. These idealized hydrogen atoms had
their isotropic temperature factors fixed at 1.2 times (isopropyl and
formate) or 1.5 times (methyl) the equivalent isotragiof the C atoms
they were bonded to. The final refinement included anisotropic thermal
parameters on all non-hydrogen atoms and converged te BD462
and wR2= 0.1168.

(19) XSCANS and SHELXTL PC are products of Siemens Analytical X-ray
Instruments, Inc., 6300 Enterprise Lane, Madison, WI 53719. SHELX-
93 is a program for crystal structure refinement written by G. M.
Sheldrick in 1993 at the University of Gottingen, Germany.
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Table 1. Data Collection for:
Tia(ua-O)(u-O)(u-O2CH)o(u-ORU(OR) (1) and
Tig(us-O)e(u-O2CH)s(OR)s (2)-C7Hg

compound 1 2-C7Hs

chemical formula €2H72015Ti4 C31H55024Ti6

fw 904.50 1100.16

temp (K) 183 198

space group P1, triclinic P2;/c, monoclinic

a(h) 13.034(3) 8.968(2)

b (A) 13.467(2) 26.520(4)

c(A) 13.996(2) 20.046(2)

o (deg) 98.79(2)

p (deg) 104.68(2) 93.19(1)

y (deg) 97.82(2)

V (A3 2309(1) 4760(1)

z 2 4

Dcaica (Mg/md) 1.301 1.535

u, (Mo Ka) (mm™2) 0.725 1.036

R12 (%) 4.62 5.23

WR2(%) 11.68 10.78

R12 (%, all data) 6.35 10.36

WR2 (%, all data) 15.20 13.2¢

aR1 = Y||Fo| — |Fe|l/3|Fol x 100.PwR2 = [Sw(F — F2)?¥ ca
S (W|Fo|9)3 Y2 x 100.° Final weighting scheme calculated using= Figure 2. Thermal ellipsoid plot of Ti(us-O)(u-O)(OFcy(u-OR)-
1U[a?(F?) + (0.0526°)2 + 3.7866°], whereP = (F¢? + 2F2)/3. ¢ Final (OR)s, 1. Thermal ellipsoids are drawn at 50% probability.

weighting scheme calculated usimg= 1/[a?(F,?) + (0.0442P)? +

0.0399°], whereP = (F,? + 2F?)/3. . . . . .
], where ( ) Figure 2. A higher yield ofl was realized by drastically

reducing the volume of the reaction mixture and cooling it to
The titanium, carbon, and oxygen atom position2 oiere solved —35°C; however, the crystals were significantly smaller. The
Subsequent Fourier synthesis gave all remaining non-hydrogen atomyith the solid-state structure. Compoutidvas found to be
positions. A lattice toluene molecule was found and refined at full soluble in aromatic solvents and sublimed below 16Gt 10°3

occupancy. All hydrogen atoms were fixed in positions of ideal . . . a
geometry, with C-H distances of 0.97 A for methylene hydrogens, Torr. Increasing the ratio of the Ti/HOFc to 2:1 did not result

0.96 A for methyl hydrogens, and 0.93 A for aromatic hydrogens and N the formation of a new complex but instead led to the isolation
refined using the riding model in the HFIX facility in SHELXL 93.  Of 1 and Ti(OP¥a.

These idealized hydrogen atoms had their isotropic temperature factors Decreasing the ratio of Ti/HOFc to 1:2, under similar
fixed at 1.2 times (methylene and aromatic) or 1.5 times (methyl) the conditions (toluene), produced a white precipitate, which did
equivalent isotropidJ of the carbon atom they were bonded to. The not redissolve (even with the application of heat). The soluble
final refinement included anisotropic thermal parameters on all non- fraction of an unheated suspension was separated from the

hydrogen atoms and converged to=R0.0523 and wR2= 0.1078. precipitate and allowed to sit for several days at glovebox
) ) temperatures. Long needlelike crystals were isolated and were
Results and Discussion found to be Ti(us-O)s(u-OFCK(OPI)s (2), eq 2. A thermal

Several Ti(ORy modified by HORc have been structurally ] _ toluene
characterized and found to adopt similar skeletal arrangements8Ti(OPY), + 12HOFc——
(Figure 1a-c) independent of the pendant hydrocarbons of the Ti.O (OFC)B(OPIi) + 12HOP} + 6PIOFC )
alkoxide and/or carboxylic aci#t17 Crystals of these com- e~ 6
pounds were typically obtained from neat mixtures of the various ellipsoid plot is shown in Figure 3 (the lattice toluene molecule
components by allowing them to sit at glovebox temperatures 5 ot shown for clarity). The insoluble material has not been
for several days. _We initiated studies of HQFc-mod|f|ed Ti- identified, as of yet, but was found to be soluble in pyridine,
(OPY), to determine the structural properties of these less gng further characterization is underway. The thermal and
sterically demanding acids. As a result of the propensity of glemental data of the bulk powder @fwere consistent with
these reagents to precipitate out of solution when reacted, toluengne 5gjig-state structure, with the inclusion of the toluene
was used as the solvent. molecule. Compoun@ was found to be soluble in aromatic
Synthesis. To a stirring solution of HOFc in toluene 1 equiv  splvents and readily sublimed intact at 18D at 103 Torr.
of Ti(OPr), was added, which immediately resulted in the  Solid State. a. X-ray Crystallographic Structures. Table
formation of a white precipitate. After being stirred for 4 h, 1 |ists the data collection parameters for compouhdsd 2.
the precipitate began to dissolve, and after 12 h, no precipitate Taples 2 and 3 display the heavier atom positional parameters
was present. (Note: the order of addition of the reagents is for 1 and 2, respectively. Tables 4 and 5 give selected bond
critical; if HOFc is added to Ti(OP), the precipitate does not  distances and angles farand2, respectively. The structures
redissolve!) Crystals were grown by slow evaporation of the of 1 and2 are shown in Figures 2 and 3, respectively. Only
solvent and proved to be fits-O)(u-O)(u-OFch(u-OPr)s- the general cubelike structures shown in Figure d aave been
(OP1)s (1), eq 1. A thermal ellipsoid plot ol is shown in  previously reported as structures adopted by HORc-modified
Ti(OR)4_12—14,17
4ATi(OPY), + AHOFc-2uene The structure of is the first OFc-modified Ti(OR)derivative
) ) . : reported. Figure 2 is the thermal ellipsoid plot bivith the
Ti,O,(OFc),(OPY)y,+ 4HOPt + 2PfOFc (1) appropriate labeling scheme for The basic skeletal arrange-



Formic Acid Modified Ti(OCHMe), Inorganic Chemistry, Vol. 37, No. 21, 1998591

Table 2. Select Atomic Coordinatesx(10*) and Equivalent
Isotropic Displacement Parameters?(A 10°) for 1

atoms X y z Ueqp
Ti(1) 2944 (1) 2540 (1) 1078 (1) 28 (1)
Ti(2) 1936 (1) 2609 (1) 3528 (1) 29 (1)
Ti(3) 4205 (1) 2260 (1) 3266 (1) 28 (1)
Ti(4) 2321 (1) 685 (1) 2086 (1) 25(1)
0O(1) 2671 (2) 2269 (2) 2392 (2) 24 (1)
0(2) 4443 (2) 2618 (2) 1976 (2) 29(1)
O(3) 2831 (2) 944 (2) 927 (2) 28 (1)
O(4) 1307 (2) 2106 (2) 401 (2) 36 (1)
O(5) 2808 (2) 3863 (2) 1293 (2) 39 (1)
O(6) 3243 (2) 2499 (2)  —106 (2) 40 (1)
Oo(7) 3438 (2) 2361 (2) 4306 (2) 32(1)
0o(8) 1541 (2) 1078 (2) 3125 (2) 28 (1)
0(9) 807 (2) 2989 (2) 2760 (2) 37 (1)
0(10) 1581 (2) 2796 (2) 4704 (2) 41 (1)
O(11) 2764 (2) 4078 (2) 3773 (2) 39 (1)
0(12) 3704 (2) 876 (2) 2891 (2) 31(1)
0O(13) 5565 (2) 2256 (2) 3911 (2) 39 (1)
0O(14) 4426 (2) 3893 (2) 3668 (2) 37(1)
0O(15) 1953 (2) —675(2) 1882 (2) 33(1)
0O(16) 809 (2) 781 (2) 1086 (2) 32(1)
2U(eq) is defined as one-third of the trace of the orthogonalizgd
tensor.

Table 3. Select Atomic Coordinatesx(L0*) and Equivalent
Isotropic Displacement Parameters?(A 109) for 2

atoms X y z Ueqgp
Ti(1) 2649 (1) 3024 (1) 5196 (1) 20(1)
Ti(2) 4349 (1) 1917 (1) 3604 (1) 21(1)
Ti(3) 5099 (1) 3039 (1) 3908 (1) 20(1)
Ti(4) 5523 (1) 2366 (1) 5187 (1) 21(1)
Ti(5) 1479 (1) 2573 (1) 3623 (1) 22(1)
Ti(6) 1912 (1) 1900 (1) 4902 (1) 21(1)
0(1) 1939 (5) 3639 (2) 5081 (2) 26(1)
0(2) 5073 (5) 1299 (2) 3690 (2) 30(1)
0o(3) 4647 (5) 3664 (2) 3699 (2) 27(1)
O(4) 6174 (5) 1785 (2) 5493 (2) 31(1)
0o(5) 821 (5) 3157 (2) 3337 (2) 32(1)
0(6) 2323 (5) 1273 (2) 5131 (2) 30(1)
, o(7) 4497 (4) 3053 (1) 4810 (2) 19(1)
Isopropyl groups omitted for clarity o(8) 3550 (5) 2670 (2) 3467 (2) 22(1)
Figure 3. Thermal ellipsoid plot of (a) F{us-O)s(OFC)(OR)s, 2, and 0(9) 1453 (4) 2653 (2) 4555 (2) 18(1)
(b) the central core where the isopropyl groups have been removed for O(10) 2517 (5) 1882 (2) 4003 (2) 22(1)
clarity. Thermal ellipsoids are drawn at 50% probability. 0(11) 3451 (5) 2267 (2) 5344 (2) 20(1)
0(12) 5548 (4) 2277 (2) 4253 (2) 20(1)
0(13) 3706 (5) 3203 (2) 6098 (2) 28(1)
ment is illustrated in Figure 1d. The structure is best described 0(14) 5749 (5) 2715 (2) 6113 (2) 27(1)
as two face-shared [FiO], cubes, which have one of the 882; ;é%g g g%gg % gigg g; ggg;
notr:she_tl_rﬁd,f mirror relatg_d t|taan|ym atoms relmoved from_ e_acg o(17) 6377 (5) 2006 (2) 3114 (2) 20(1)
cube. The four six-coordinated titanium metal centers are joine 0(18) 6015 (5) 2081 (2) 2944 (2) 26(1)
by bridging alkoxide ligands and a single-O. Two of the 0(19) 1222 (5) 2235 (2) 2692 (2) 30(1)
opposing titaniums [Ti(4) and Ti(3)] are further bound to a single  0O(20) 3285 (5) 1752 (2) 2695 (2) 27(1)
1-O and possess a terminal OR. The OFc ligands bridge from 8%33 —ggg g i%gé % iggg gg %gg
roormadion TG EnE. Tmadne il S iy Wed  He  E
P y 0(24) 602 (5) 2040 (2) 5697 (2) 26(1)

other crystallographically characterized tetranuclear complexes _ _ _
observed for an alkoxy, oxo, acetate, titanium complex are noted *U(€q) is defined as one-third of the trace of the orthogonalizgd
in the literature, TiO4(OP#)JOACcCos]4 and an unpublished ~ €nsor-

structure of TiO4(OPc)(OBU),).16 Both of these adopt the

opposing edg‘iez-g(hareg(parti;ﬁmh cube structure sho?/vn in for 22072 The structure of this compound consists of two six-
Figure 1b. Surprisinglyl has only two oxo ligands versus the Membered rings of alterating Ti and O atoms+{is-O)]s

four oxo ligands of the other tetranuclear compounds. that are stacked, _offset to _each other. Each titanium at_om
Figure 3 shows the structure @f with the basic skeletal POSSESSES a termlmal aIkomdg and two O.FC ligands, forming
arrangement shown in Figure 1d. Compoudds the first an up-down chain of OFc ligands. This new structural

hexagon-prismatic shaped alkoxy, oxo, acetate, titanium com- -
plex isolated and only the second OFc titanium derivative (20) g?ﬂ'ﬁfgn’gﬁéﬁa{(éf%"s% gé,AMabbs, F. E.; Powell, A. K.; Tumner, S.
qharactenzed (vide supra); however, othe_r qarboxylate deriva- (21) Swamy, K. C. K.; Said, M. A.: Nagabrahmanandachari, S.; Poojary,
tives have been found to adopt structures similar to that observed — D. M.; Clearfield, A.J. Chem. Soc., Dalton Tran&998§ 10, 1645.
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Table 4. Interatomic Distances (A) and Angles (deg) for

distances (A) angles (deg)
Ti—(u-OR) Ti(1)-0(2) 2.017 (2) Ti-(u-OR)—Ti Ti(1)—O(2)-Ti(3) 104.35 (9)
Ti(1)—0(3) 2.108 (2) Ti(1yO(3)-Ti(4) 101.83 (9)
Ti(2)—0(7) 2.083 (2) Ti(2-O(7)—Ti(3) 102.58 (10)
Ti(2)—0(8) 2.010 (2) Ti(2y-O(8)—Ti(4) 105.51 (9)
Ti(3)—0(2) 2.025 (2)
Ti(3)—0(7) 1.962 (2)
Ti(4)—0(3) 1.962 (2)
Ti(4)—0(8) 2.024 (2)
Ti—(OFc) Ti(4)-0O(16) 2.142 (2) (OyC—(0) 0O(4)-C(32)-0(16) 127.6 (3)
Ti(2)—0(11) 2.146 (2) O(11)C(31)-0(14) 128.0 (3)
Ti(3)—0(14) 2.054 (2)
Ti(1)—0(4) 2.064 (2)
Ti—(u-0) Ti(4)—0(12) 1.827 (2) T (u-0)—Ti Ti(4)—O(12)-Ti(3) 107.33 (11)
Ti(3)—0(12) 1.836 (2)
Ti—(u4-O) Ti(1)—0(1) 2.036 (2) Ti(us-O)—Ti Ti(1)—O(1)-Ti(2) 148.82 (11)
Ti(2)—0(1) 2.078 (2) Ti(1}O(1)-Ti(3) 102.24 (9)
Ti(3)—0(1) 2.065 (2) Ti(1}O(1)-Ti(4) 91.00 (8)
Ti(4)—0(1) 2.073 (2) Ti(2y-O(1)—-Ti(3) 99.28 (9)
Ti(2)—O(1)-Ti(4) 101.33 (9)
Ti(3)—O(1)-Ti(4) 91.00 (8)
Ti—OR Ti(1)—0O(5) 1.802 (2)
Ti(1)—O(6) 1.791 (2)
Ti(2)—0(9) 1.776 (2)
Ti(2)—(10) 1.810 (2)
Ti(3)—0(13) 1.775 (2)
Ti(4)—0O(15) 1.788 (2)
Ti--Ti Ti(3)—Ti(4) 2.952 (1)
Ti(2)—Ti(3) 3.158 (1)
Ti(1)—Ti(4) 3.161 (1)
Ti(1)—Ti(3) 3.193 (1)
Ti(2)—Ti(4) 3.211 (1)

arrangement is the first noncubelike geometry that these typesHowever, there is a significant difference in the intensity of
of molecules have been shown to adopt. The center of thethe stretches, which is consistent with the observed solid-state
molecule is empty, generating a hold.72 A in diameter (Ti- structures. Fod, there is only one broad stretch observed at
(6)-+-O(3) = 3.72 A; Ti(4)--0(10)= 3.72 A; Ti(2y--O(11)= 1582 cnt?, which was assigned to the OFc ligands, whetas
3.74 A). The molecules were found by analysis of the packing has two strong stretches associated with the OFc ligand at 1627
diagram to be slightly offset from each other, and channels areand 1547 cm!. The M—O region forl consists of a number

not formed. of broad stretches centered around 600 tindicative of the
The bond distances and angles observedlf@nd 2 are many types of T+-O bonds present, whereas rthis region
consistent with literature valuds:*> The Ti—(u-O), Ti—(us- has one strong (705 crt) and two medium sharp stretches (625

0), and Ti-Ti distances ] (av 3.14 A) and® (av 3.12 A)] and and 493 cm?) indicative of the three types of FO bonds
the Ti-OFc distances of and2 [1 (2.10 A) and2 (2.07 A)] present in the structure &

are similar to the metrical data reported for the—TOAc Solution State. The degree of condensation for alkoxy, oxo,
compoundg9!! The Ti—(us-O) distances of (av 2.06 A) are titanium species as defined by the ratioybt [y = the number
slightly longer than the Fi(us-0) (av 1.93 A) distances &, of 02~ anions; x = the number of T" cations {i.e.,

in agreement with what is typically observed for these com- TixO,(ORx-2/}] has been suggested as a method for indicating
pounds (i.e., the bond length increases with the degree ofthe stability of a complex in solutioff. For 1, the y/x value

bonding). The bite angles of the OFc ligands fofav 127) would be 0.5, indicative of a rather unstable complex, whereas
and 2 (av 127) are similar to those reported for the OAc the degree of condensation @(y/x = 1) would be considered
compounds oh = 1 (126) andn = 2 (125). The [Ti—0O]s to be stable in solution. Fehlner and co-workers have also

rings of2 are distorted hexagons, which have alternating angles pointed out that the degree of “free space” in a specific molecule
of 135 and 100. The top ring is bound to the lower ring by  may be equally important in determining stabifltfy.Investiga-
roughly 90 Ti—(us-O)—Ti angles. The unusual structures tion of these compounds in solution using molecular weight
adopted byl and2, in comparison to the previously reported determinations and NMR solution studies was undertaken to
cubelike structures of other acid-modified Ti(QRhust be due determine their solution stability.
to the characteristics of the OFc ligand. The faster esterification a. NMR. NMR information on metal alkoxide compounds
(hydrolysis) caused by the increased acidity of the formic acid, is often complicated by rapid ligand exchange and multinuclear
coupled with its reduced steric bulk, allows for highly condensed equilibria?=527:28 |n an effort to minimize these effects, only
species to form. saturated samples were investigated.

b. FT-IR. Since bothl and2 possess OFc and ORgands, As a result of the asymmetry df, 10 unique OPrand 2
the FT-IR spectra of these compounds are very similar. OFc ligands should exist for the static molecule in solution. A

(22) Diebold, M. P.; Drake, S. R.; Johnson, B. F. G.; Lewis, J.; McPartlin, (26) Day, V. W.; Eberspacher, T. A.; Chen, Y.; Hao, J.; Klemperer, W. G.

M.; Powell, H.J. Chem. Soc., Chem. Commuad9388 1358. Inorg. Chim. Actal995 229 391.
(23) Adams, R. D.; Chen, G.; Huang,Jl.Cluster Sci1993 4, 151. (27) Boyle, T. J.; Alam, T. A.; Dimos, D.; Moore, G. J.; Buchheit, C. D.;
(24) Turpeinen, U.; Hamalainen, R.; Reedijk,dorg. Chim. Actal988 Al-Shareef, H. N.; Mechenbier, E. R.; Bear, B.Ghem. Mater1997,
154, 201. 9, 3187.

(25) Ka, K.; Lee, H.; Wong, W. Tlnorg. Chem.1996 35, 5393. (28) Kagan, H. B.; Riant, OChem. Re. 1992 92, 1007.
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Table 5. Interatomic Distances (A) and Angles (deg) @r

distances (A) angles (deg)

Ti—(OFc) Ti(1-0O(13) 2.049 (4) (0yC—(0) O(13)-C(19)-0(14) 126.9 (6)
Ti(4)—0(14) 2.076 (4) O(15)C(20)-0(16) 126.3 (6)
Ti(3)—0(15) 2.079 (4) O(1AHC(21)-0(18) 127.3 (6)
Ti(4)—0O(16) 2.052 (5) 0O(19)C(22)-0(20) 127.7 (6)
Ti(3)—0(17) 2.042 (5) O(21)C(23)-0(22) 127.7 (7)
Ti(2)—0(18) 2.095 (4) O(23)C(24)-0(24) 127.9 (6)
Ti(5)—0(19) 2.071 (4)
Ti(2)—0(20) 2.057 (4)
Ti(5)—0(21) 2.071 (4)
TI(6)—0(22) 2.072 (5)
Ti(1)—0(23) 2.081 (4)
Ti(6)—0(24) 2.066 (5)

Ti—(us-O) Ti(1)—0(7) 1.870 (4) Ti (uz-O)—Ti Ti(1)—O(7)-Ti(3) 133.9 (2)
Ti(3)—0(7) 1.915 (4) Ti(1}O(7)—Ti(4) 101.0 (2)
Ti(4)—0(7) 2.158 (4) Ti(1}O(9)-Ti(6) 99.9 (2)
Ti(2)—0O(8) 2.133 (4) Ti(2y-O(10)-Ti(6) 134.8 (2)
Ti(3)—0(8) 1.880 (4) Ti(2)-O(10)-Ti(5) 100.2 (2)
Ti(5)—0(8) 2.071 (4) Ti(2y-O(12)-Ti(3) 99.3(2)
Ti(1)—0(9) 1.902 (4) Ti(3O(7)—Ti(4) 100.2 (2)
Ti(5)—0(9) 1.883 (4) Ti(3-0(8)—Ti(2) 101.1 (2)
Ti(6)—0(9) 2.148 (4) Ti(3-0O(8)—Ti(5) 133.6 (2)
Ti(2)—0(10) 1.869 (4) Ti(4rO(11)-Ti(1) 99.8 (2)
Ti(5)—0(10) 2.173 (4) Ti(4rO(12)-Ti(2) 134.8 (2)
Ti(6)—0O(10) 1.912 (4) Ti(4r0O(12)-Ti(3) 100.8 (2)
Ti(1)—0(11) 2.146 (4) Ti(5r-0(8)-Ti(2) 100.1 (2)
Ti(4)—0(11) 1.920 (4) Ti(5-O(9)—Ti(1) 133.7 (2)
Ti(6)—0O(11) 1.872 (4) Ti(5r-O(9)—Ti(6) 101.8 (2)
Ti(2)—0(12) 1.898 (4) Ti(6)-O(10)-Ti(5) 99.9 (2)
Ti(3)—0(12) 2.167 (4) Ti(6)O(11)-Ti(1) 100.9 (2)
Ti(4)—0(12) 1.887 (4) Ti(6Y O(11)-Ti(4) 133.5 (2)

Ti—OR Ti(1)-0(1) 1.762 (4)
Ti(2)—0(2) 1.768 (4)
Ti(3)—0(3) 1.751 (4)
Ti(4)—0(4) 1.747 (4)
Ti(5)—0O(5) 1.743 (4)
Ti(6)—O(6) 1.757 (4)

Ti+-Ti Ti(1)—Ti(4) 3.112 (2)
Ti(1)—Ti(6) 3.103 (2)
Ti(2)—Ti(5) 3.108 (2)
Ti(3)—Ti(4) 3.129 (2)
Ti(5)—Ti(6) 3.132 (2)

sample ofl, dissolved immediately before analysis, reveals a —30 °C. The methyl peaks do reveal a sharpening of several
simple spectrum that consists of one OFc resonance and threef the methyl resonances; however, due to overlapping peaks,
types of OPrresonances (methine region has three resonanceshis region is still very complex. Low-temperatutéC{H}

ato 5.20, 5.04, and 4.75 in a 1:3:1 ratio). This simple NMR NMR (—35 °C) spectroscopy revealed a sharpening of the four
pattern indicates that a highly symmetric molecule exists in methine resonances and a simplification of the multiplet of
solution, which can be explained if the OFc ligands are rapidly methyl resonances to eight distinct methyl resonances, but the
exchanging among each of the four Ti metal centers or if the region is still congested. The rate of dynamic exchange of the
OFc ligands become monodentate. If either condition exists, aligands of1 was not significantly lowered at this temperature;

I 1 i 1 i
mirror plane is created through the Tit4D(12)-Ti(3)—O(1) gowetzver, cfoldert_telmper?tltlj_re anes;;ganons were not performed
plane, thereby generating two pairs of equivatei@Pt ligands ue to preterential crystallization

and equating four of the terminal Ofigands. The remaining A 2D heteronuclear multiple quantum correlation (HMQC)
terminal OP¥ ligands must then be coincidentally overlapped VT NMR experiment was undertaken &85 °C to aid in the
with the other terminal OPrligands. The3C{*H} NMR interpretation of the methine region. From the HMQC studies,

spectrum obtained on a freshly dissolved samplé @vealed the o 5.041H methine resonance is clearly associated with three
carbon resonances consistent with one type of OFc, four typesdifferent*3C resonancesy(79.8, 79.7, 76.1 ppm). The other
of methine, and multiple methyl ligands, which is consistent two *H methine resonancé €.20 and 4.75) are associated with
with the symmetric molecule generated by labile OFc ligands the *3C resonance ai 78.5. This suggests that the 5.04 ppm
noted previously. resonance results from a coincidental overlap of three terminal
To further elucidate the solution behavior &f variable OP¥ ligands, whereas the 78.5 ppfC{'H} resonance repre-
temperature NMR (VT NMR) spectra were obtained on a freshly sents the coincidental overlap of the other iw@Pt ligands.
dissolved sample of using cooled (0°C) tolueneds as the The HMQC data suggest that a symmetric structure is adopted
solvent. The sample was immediately placed into a cootdd( in solution with coincidental overlapping of several resonances.
°C) probe. The low-temperatutel NMR spectra ofl showed As was inferred from théH and 3C{1H} interpretation, the
no change in the number of OFc or methine regions versus theOFc ligands must be labile to realize this effect. The initial
room temperature spectrum; however, the OFc peak shifts stability of 1 in solution is not predicted by thgx computation,
slightly from 8.21 ppm at room temperature to 8.25 ppm at but due to the high degree of condensation (lack of “openness”)
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A) decomposed within 30 min. Analysis of these data concerning
. 05 min. the o_rder of reaction based on the amount of “ester” generated
" N was inconclusive.
B\ PN 1

o For 2, there are only three resonances in the NMR

IN

,_J“’k\‘ L spectrum ¢ 7.86, 5.11, 1.51) and thH€C{H} NMR spectrum

! ik JA\L (6 168.2, 83.6, 25.4), which have been assigned as the OFc
1 :JJ j

49 min- resonances, the methine, and the methyl moiety of thé OPr
ligand, respectively. This indicates that a highly symmetrical
molecule exists in solution, which is in agreement with the solid-
state structure oR2. On the basis of the high degree of

3 min. condensationy(x = 1) as well as the condensed nature of this
1

15 min.

« = decomposition product molecule, it is expected that this compound would remain intact
[ T T ‘ ; . T 1 | \ in solution. Itis also possible that due to rapid ligand exchange
8 7 6 5 4 3 2 1 ppm the resonances appear equivalentt$& T NMR spectra were
collected. On the basis of these data, there was no evidence
for ligand exchange at either high or low temperature.
0{ e S oy (s4e b. Molecular Weight Determination. Isopiestic molecular
weight (MW) studies (Signer methdd)of 1 found the MW to
08 be av 860+ 14. This value is lower than the solid-state
structure would predict (MW= 904.50) and indicates some
disruption of the solid-state structure. As a result of the
extended period of time required to obtain the MW values and
the trans-esterification decomposition noted above, it is not
04 - . unreasonable that this value is not consistent with the solid-
o state structure.2 was not soluble enough to allow a MW
determination to be realized at the standard 0.1 M concentration.

B)
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Conclusion

0.0 T T T T T .
0 20 40 60 80 100 Ti(OPr); modified by HOFc has resulted in two novel

Time (min) compounds, Ti(us-O)(u-O)(OFcy(u-OPF)4(OPt)e, 1, and T-
Figure 4. High-temperature (35C) aging ofL. () Stack plot ofH (u3-O)s(OFC)H(OPHg, 2. These molecules expand the structural

NMR spectra at listed minutes. (b) Plot of decompositiorl ekrsus arrangemgnts knovyn for this family of compou.nd.s. The steric
time (min) based on peak integration. decongestion and increased acidity characteristics of the OFc

ligand versus other ORc ligands allow for highly condensed
retention of the solid-state structure appears to occur in solution SPecies to form. Foll, a symmetric molecule was found to
at room and low temperature. exist in solution. This was interpreted as being a result of labile

A sample of1 sealed under vacuum and stored at room OFC ligands, which also allow for facile decompositiorildfy

temperature was monitored over time. ®we2 week period a trans-esterification mechanism. Elevated temperatures in-
of time (~310 h), the sample of underwent more than 50% creased the observed rate of decompositioh of he structure
conversion (the majority of which occurs within the first 120 of 2 was also retained in solution, which is consistent with the
min) with the ingrowth of three broad peaks around the OFc, highly condensed nature of the compound.

methine, and methyl resonances. The high-temperditre Acknowledgment. For support of this research, the authors
NMR spectra (up to 60C) of 1 also reveal the ingrowth of the  {han the U.S. Department of Energy under Contract DE-ACO4-
same three broad peaks; however, upon cooling this sample to94 0| g5000. Sandia is a multiprogram laboratory operated by

room temperature, the original spectrum was not obtained. The g44ia Corporation, a Lockheed Martin Company, for the U.S.
new peaks observed far(either due to extended “aging” over Department of Energy.

time or after high-temperature treatment) are consistent with

the “ester” reaction product between HOFc and HOHMAhis Supporting Information Available: A complete listing of crystal
indicates thafl undergoes a trans-esterification decomposition, data collection, positional and thermal parameters, additional figures,
which has been reported for other acid alkoxy syst&méf. and bond distances and angles foand 2 are available (30 pages).

the OFc ligands are labile (vide supra), then the rapidity of Ordering information is given on any current masthead page.

esterification is easily visualized. Heating the sample t6G5 IC980601F
and following the decomposition (Figure 4) by monitoring the
ingrowth of these new peaks indicate that the samplev&i9o (29) Clark, E. PAnal. Educ.1941, 820.






