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Titanium Alkoxide Complexes: Condensed Phase and Gas Phase Comparisons
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The complex [Ti(2,4-dimethyl-2,4-pentanediolaje1) has been synthesized from [Ti@)] by transesterification

with a stoichiometric amount of 2,4-dimethyl-2,4-pentanediol. We have characterized coinpletke solid

state by single-crystal X-ray diffraction and in the gas phase by desorption chemical ionization mass spectrometry
(DCI-MS). The structural and mass spectrometric data show conipieoe stable as a dimer in both the solid

and gas phases. The retention of dimeric nuclearity in the gas phase sets canaplart from other simple
titanium alkoxide complexes [Ti(@r)y] and [Ti(OMe)]4 that give rise to respective families of molecular ions

in the DCI-MS experiment. The highest mass molecular ions for Ti alkoxide complexes in the gas phase may
reveal the highest nuclearity that these complexes achieve in condensed phases. According to this interpretation
the complex [Ti(GPr)y] is principally dimeric in the gas phase and probably also in the pure liquid phase and
should be represented by the formula [TR®]..

Introduction In this paper we report on the synthesis and structural char-
acterization of a new titanium alkoxide complex [Ti(2,4-di-
methyl-2,4-pentanediolatg), [Ti(DMPD>)]. (1), that was syn-
thesized as part of our research on chalcogenide complexes.
Qualitatively, complex is relatively stable under ambient con-
ditions, as might be expected for a crystalline séfitlowever,

it is sufficiently volatile at elevated temperature to be studied
by soft ionization mass spectrometry in the gas phase. We com-
pare its solid-state molecular structure and gas-phase specia-
tion with those of other simple titanium alkoxide complexes,
[Ti(OMe)4]4 and [Ti(OPK)4). The experiments on complek
provide a unique window to the gas phase coordination chem-
istry of homoleptic titanium alkoxides. The species observed
in the gas phase by mass spectrometry are related to the
complexes in condensed phases, either liquid or solid state. The
results of our work highlight the utility of mass spectrometric
methods for the study of Ti alkoxide complexes whose nu-
clearity and structures are known only approximatéf.

Titanium alkoxide complexes have been prepared from a
variety of alcohol precursofsThe simple titanium tetraalkoxides
are all volatile, including the titanium tetramethoxide, which is
a solid at room temperature that sublimes at 18¢ Despite
their simplicity of composition the nuclearities of the titanium
alkoxides have been the subject of debate. The titanium meth-
oxide and ethoxide complexes are tetrameric in the solid fate.
By contrast, there is strong evidence that [Ti(QES trimeric
in both the liquid state and in solutién.

The nuclearity of Ti alkoxides is of technological relevance
because the simple titanium alkoxide complexes, [Ti((PE
= Me, Et,'Pr, etc.), are well-known precursors for BiGrmed
by hydrolysis in sot-gel applications, or thermolysis in the
process of chemical vapor deposition (CVD}! Titanium
isopropoxide, [Ti(CPr)y], is the most volatile of the titanium
alkoxides, a property that it owes to its low molecular weight
and the steric effects of the ligand which restricts the nu-
clearity (molecular complexity) of the compléxTitanium Experimental Section
isopropoxide is a liquid at or above ambient temperature, and

its nuclearity has long been accepted as being approximately All syntheses were carried out under an inert atmosphere of nitrogen
1.21213 using a glovebox or standard Schlenk line techniques. Solvents were

dried by conventional methods and degassed before use. The complexes
[TiCl4] (99.9%) and [Ti(CPr)] (97%) were purchased from Aldrich
and used without further purification. Melting points are uncorrected.
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diethyl ether (120 mL) and added dropwise to magnesium turnings
(4.61 g, 190 mmol) in refluxing ether (20 mL) containing a catalytic
amount of iodine crystals. After the formation of the Grignard reagent,
IMgCHjs, the solution was cooled to room temperature and 4-hydroxy-
4-methyl-2-pentanone (10.00 g, 86.4 mmol) in ether (50 mL) was added
dropwise. The resulting solution was stirred for 6 h, and then quenched
with 1 N HCI at 0°C. The organic layer was collected, and the aque-
ous layer was extracted twice with chloroform. The organic layers
were combined, washed with brine, dried over anhydrous sodium
sulfate, and concentrated on a rotary evaporator to yield DMP&H

a yellow oil. The product was purified by distillation from potassium
carbonate under reduced pressure (bf®®.1 mm) to give 8.88 g
(78% yield).*H NMR (ppm) (CDC}): 1.34 (—~CHg), 1.75 -CH,—),

3.43 (—OH).

Synthesis of [Ti(DMPDY),], (1) from Titanium(lV) Isopropoxide.
DMPDH; (2.01 g, 15.2 mmol) was added to titanium(IV) isopro-
poxide (2.16 g, 7.60 mmol) in 40 mL of toluene and stirred at room
temperature for 12 h. The 2-propanol liberated during the reaction was
removed by distillation, and the solvent was removed under vacuum
leaving a slightly yellow amorphous solid. The crude product was
dissolved in warm heptane from which it separated as a white crystalline
solid after the solution was cooled and concentrated under vacuum.
The solid was collected by filtration and dried under vacuum yielding
2.11 g of product (90% vyield). Colorless, transparent blocks suitable
for single-crystal X-ray diffraction were obtained from a saturated
CHClI; solution of complexi that was maintained at 1C for 2—3
days. Mp: 148-150°C. The product obtained by this low-temperature
method is the chloroform solvate, [Ti(DMPg)-2CHCL. *H NMR
(ppm) (CDCh): 1.35 (-CHy), 1.76 (-CH,—). MS: m/z= 617. Anal.
Calcd for GoHssCleOgTi2 (855.26): C, 42.13; H, 6.84. Found: C, 42.65;
H, 7.09.

Synthesis of [Ti(DMPD)], (1) from Titanium(lV) Chloride.
Titanium(IV) chloride (0.722 g, 3.80 mmol) was added dropwise to a
solution of DMPDH (1.00 g, 7.60 mmol) and pyridine (0.60 g, 7.60
mmol) in 30 mL of benzene. The solution was stirred at room
temperature for 2 h. Anhydrous NHvas then bubbled through the
solution. The resulting ammonium salt was removed by filtration, and
the solution was extracted with two 10 mL portions of benzene. The
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Table 1. Crystallographic Data for [Ti(DMPD). (1)
chem formula GoHssCleOsgTi2
fw 855.26
space group P2i/c
a, 14.1105(2)
b, A 17.0887(2)
c, A 18.2851(2)
a, deg 90
B, deg 101.5583(3)
y, deg 20
vV, A3 4319.68(6)
A 4
T K 173(2)
Pealca g CNT 3 1.315
u, cnrt 7.81
R(F),2 % 4.92
Ru(F?),2% 16.26
a R(F) = YIFol — ‘FCH/ZlFo“ RW(Fz) = [ZW(FO2 - FCZ)Z/

SW(FAAYZ wt = 0%F?) + (@P)2 + bP; P = [2F2 + max(F.2,0)]/3.

Table 2. Selected Bond Lengths and Angles for [Ti(DMBR)(1)2
Bond Distances (A)

Ti(1)—0(1) 1.8158(18) Ti(2)O(6) 1.8113(18)
Ti(1)—0(3) 2.1375(18) Ti(2yO(8) 2.1528(17)
Ti(1)—0(2) 1.8051(19) Ti(2yO(5) 1.8015(19)
Ti(1)—0(4) 1.8329(18) Ti(2rO(7) 1.8366(19)
Ti(1)—O(8) 1.9542(16) Ti(2}0(3) 1.9572(17)
Bond Angles (deg)
O(1)-Ti(1)—0O(3) 174.12(7) O(6)Ti(2)—O(8) 174.08(7)
0(2)-Ti(1)—O(4) 114.28(9) O(5)Ti(2)—O(7)  112.72(9)
O(4)-Ti(1)—0(8) 124.50(8) O3 Ti(2)—O(7) 124.44(8)
O(2)-Ti(1)—0(8) 117.46(8) O(5)Ti(2)—O(3) 118.72(8)
O(2)-Ti(1)—0(1) 92.45(8) O(5)Ti(2)—0(6) 92.81(9)
O(4)-Ti(1)—0(1) 96.73(8) O(ATi(2)—0O(6) 96.82(8)
O(8)—Ti(1)—0(1) 99.75(8) O(3)Ti(2)—O(6) 100.16(8)
O(2)—Ti(1)—0(3) 90.31(8) O(5)Ti(2)—0(8) 90.62(8)
O(4)—-Ti(1)—0(3) 86.86(8) O(ATi(2)—0O(8) 86.29(7)
O(8)—Ti(1)—0(3) 74.36(7) O(3)Ti(2)—0O(8) 73.95(7)
Ti(1)—O(3)-Ti(2) 103.86(8) Ti(2)-O(8)-Ti(1) 103.40(7)

extracts were combined, and the solvent was removed under vacuum

leaving a slightly yellow powder that was purified by sublimatioh89
°C/0.09 mm to yield 1.09 g (93% yield) of microcrystalline material.
Mp: 148-150°C. MS: m/z = 617.

Synthesis of [Ti(OMe)y]4. [Ti(OMe)4]4 was synthesized by published
procedures.Titanium(IV) isopropoxide (5.00 g, 17.6 mmol) was added
to excess methanol. A white solid immediately precipitated from
solution, and the resulting slurry was stirred for 4 h. The solvent was
removed under vacuum leaving a white crystalline solid that was
purified by recrystallization from hot methanol to yield 2.91 g (96%
yield) of titanium(IV) methoxide. Mp: 205206 °C.

Crystal Structure Determination. Crystal data for [Ti-
(DMPD),]2:2CHCE are given in Table 1. A goodness-of-fit of 1.425
was achieved for 7454 observed independent reflectiohs<(£260
< 50°). Intensity data were collected on a standard P4 X-ray dif-

current was increased at a rate of 30 mA/s to a maximum of-200
mA. The corresponding probe temperature was in the range of 220
500°C.

Results and Discussion

Synthesis and Crystal Structure.Compoundl was syn-
thesized by two related methods, with similar results (i) by
displacement ofPrO- from titanium tetraisopropoxide, [“Ti-
(O'Pr)"] by the diol DMPDH; and (ii) by displacement of Cl
in TiCl4 by DMPDH,.1 Crystallographic results (Tables 1 and
2) show1 to be dimeric in the solid state with approximate
overall C, symmetry. Two diolate ligands provide terminal
coordination of Ti(1) and Ti(2), respectively. In each of the other

fractometer equipped with a SMART CCD area detector and a graphite two ligands one oxygen atom provides terminal ligation while
monochromator((= 0.710 73 A). The str.ucture was solyed using direct  the other oxygen atom serves to bridge the metal ions. The Ti
methods, completed by subsequent difference Fourier syntheses, angitoms each occupy a trigonal bipyramidal coordination site

refined by full-matrix least-squares procedures. All non-hydrogen atoms (Figure 1). Axial ligation is provided by O(1) and O(3) on
were refined with anisotropic displacement coefficients, and all hy- Ti(1) and by O(6) and O(8) on Ti(2). The respective axial
dr(ﬁfzo?tt\?v:rse V;i:jest(r)iit:eei ?; :s:eif;?e;?]g:z:;rs are contained in O Ti—O angles for Ti(1) and Ti(2) are 174.12(7) and 174.08-
. . . (7)°. Atoms O(3) and O(8) also bridge between the Ti atoms

mgdiss%ELi/(\;l-)L (5.10) program library (G. Sheldrick, Siemens XRD, and provide equatorial ligation for Ti(2) and Ti(1), respectively.
b ’t' ' Chemical lonization M Spect v, Metal The axial bonds to the bridging oxygens are relatively long,
esorption \L.hemica’ ‘onization Mass sSpectrometry. Veta with an average value of 2.146 A as compared with 1.814 A

complexes were characterized by desorption chemical ionization (DCI)f h ial bonds of th inal C d
mass spectrometry which minimizes fragmentation and favors observa-1O" th€ axial bonds of the terminal oxygen atoms. Correspond-

tion of the molecular ion. Mass spectrometric data were recorded on aNdly, the equatorial bonds to bridging oxygen atoms have an
Nermag R-10-10 quadrupole mass spectrometer in desorption chemicaPVerage value of 1.956 A, which is somewhat longer than the
ionization mode using Nias the reactant gas. The sample probe was average value of 1.819 A observed for the equatorial bonds to
heated with a tungsten filament to volatilize solid samples. The filament the terminal oxygen donor atoms.
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Table 3. Anionic and Cationic Species Obtained from Desorption
Chemical lonization Mass Spectrometry of the Idealized Neutral
Monomeric Complexes Ti(OMg) Ti(O'Pr),, and “Ti(DMPD),"

(1=

rel peak
compd ion m'z height (%)

Ti(OMe)s, neg iorf [Mg]~ 344, 348 85.7
[Mg]~ 516 100.0

Mg~ 688 100.0
Ti(OMe)s, pos ior [M; — MeOHJ™ 313 48.2
[M3— MeOH]™ 485 60.7
Ti(O'Pr)s, neg ion M 284 45.3
Mg~ 568 100.0

Ti(O'Pr), pos ion M — OPr]™ 509 100.0
Ti(DMPD),, negiof  [M] 308 6.8
M)~ 616 100.0

Ti(DMPD),, posiorf  [M,+ H]*™ 617 100.0

Figure 1. ORTEP diagram of [Ti(DMPDy),:2CHCk (1), showing the
atom-labeling scheme. Thermal ellipsoids are at 30% probability. The 2 For the sake of simplicity the titanium complexes are all represented
solvent molecules and hydrogen atoms were omitted for clarity. by monomeric formulas. These monomers are represented by M in the
molecular ion formula? Only molecular ions and closely related
Among the structurally characterized DMPD complexes is fragmentation products are showirData acquired with heated probe.
an Al complex, [MgAl3(DMPD),].*° This is a linear trinuclear . .
molecule whose terminal At ions are coordinated by two  Methylene groups, respectively. The absence of discrete peaks
terminal methyl groups and two-alkoxide oxygen atoms. The ~ for bridging, equatorial, and axial methyl groups is consistent
central Al atom is five coordinate with a square-based pyramidal With rapid exchange in solution which is characteristic of
geometry formed by foyz-oxygen atoms of the DMPD ligands  titanium alkoxide complexe€.20 .
in the basal plane and an axial methyl group. As in complex ~ Mass Spectrometry.We have studied the gas-phase specia-
the low coordination number of the central Al atom results from tion of complex1 and two related complexes by means of
the steric constraints imposed by the gem dimethyl groups. ~ desorption chemical ionization mass spectrometry (DCI-MS).
The recently reported titanium neopentyl alkoxide dimer, [Ti- This is a soft ionization method in which ion fragmentation is
(ONp)l> (Np = neopentyl), is structurally related to complex m|n|m|z_ed._ DCI mass spectrometry is a proven methoq for the
1.20 The coordination environment of 4fi in the neopentoxide ~ deétermination of hydrolytically labile ions, particularly in the
complex is identical to that of compleg with trigonal electron capture modé.Because of variable nuclearity in the
bipyramidal coordination about eacttTion. The average bond 92 phase, we discuss the relevant complexes in terms of their
lengths of [Ti(DMPD}], and [Ti(ONp)]. are nearly identical, ~ 'esSpective empirical formulas Ti(OMg)Ti(O'Pr),, and Ti-
with values of 1.86 A (axial), 1.96 A (equatorial) and 1.85 A (DMPD). (1) (Table 3). For the simple alkoxide complexes,
(axial), 1.94 A (equatorial), respectively. However, the average Metat-ligand bond scission accounts for the fragments that are

axial bond angles of the two complexgk74°, [Ti(DMPD)]: obgerved among both positive and.negative i(?ns. The fragmen-
156, [Ti(ONp)]. } are quite different, which results from the tation product peaks are a_ccompamed by relatively mt_ense_peaks
steric properties of the DMPD and ONp alkoxide ligands.  @ssignable to molecular ion#f]*~* and corresponding dis-

sociation products of lower nuclearitMp—] 7, m= 1, 2,
3 .... In the discussion that follows we focus on peaks assignable
to species of integral nuclearity and closely related ions.

On the basis of single-crystal X-ray crystallography, the

The DMPD ligand with its tertiary alkoxide groups limits
the nuclearity and prevents oligomerization of its metal com-
plexes. Further, the binding of this ligand to*Tireduces the

coordination number below the optimal value of six observed - g
in complexes that incorporate primary alkoxides as in “Ti- complex “Ti(OMe)” is a tetramer whose actual formula is [Ti-

(OEt)", “Ti(OMe) ", and the propanediol-containing com- (OMe)]4.* DCI-MS data acquired with a heated probe shows
plexes [TICI(HOCHCH,CH,O)(OCH,CH,CH;O)]» and [TiCk- that the tetrameric composition is partially sustained in the gas
(OCH,CH,CH,O)(THF)]».1342%23 The latter two complexes phase with a corresponding peaknalz 688 ([Ma] , 100%) in

are closely related ta by virtue of the respectivg? andu, > negative ion data. ReIaEed species of lower rluclearlty are
coordination patterns of their diolate ligands. If 2 equiv of HCI observed a_ltn/z 5_16 (s, 190%) and 344 (™ " .850/.0)'
were removed from the monodeprotonated-diol complex above, Other readily aSS|gnabIefpeC|es appear in the pos+|t|ve ion data
the coordination geometry about Ti would be reduced from 2tMZ485 ([Ms —MeOH]™) and 313 ([M — MeOH]™). The

pseudooctahedral to the approximate trigonal bipyramidal 2PP€arance of ions .Of lower nuclearity in the gas phase of the
structure ofl DCI-MS apparatus likely results from spontaneous fragmenta-

Proton NMR Spectroscopy. Complex1 gave two signals tion during the process of sublimation. Fragmentation is

. . extensive, with appearance of nearly equal amounts qf {iV
at 1.35 and 1.76 ppm, corresponding to the ligand methyl and [M]—. and [Mb]—* species.

Negative ion data on the title complex, “Ti(DMPD)

(19) Ziemkowska, W.; Pasynkiewicz, S.; Glowiak,Jl Organomet. Chem.

1998 562, 3. acquired with probe heating, reveals two peaks, one for an ion
(20) Boyle, T. J.; Alam, T. M.; Mechenbier, E. R.; Scott, B. L.; Ziller, J. atm/z616 ([My] *, 100%) and another for a minor monomeric
(21) \'f'vﬁc:rngH CEEB]§937 Igr60b3a291\i Wong, J.; Reller,JAMater. Chem dissociation _p_rod_uct ar/z 308 (M, 6'8%)' The [M] ion is

1998 8 1447. . s "~ ’ : the sole positive ion species detected withnalm value of 617
(22) Huang, Y.; Stephan, D. WCan. J. Chem1995 73, 956.
(23) Winter, C. H.; Sheridan, P. H.; Heeg, M.ldorg. Chem.1991 30, (24) Forest, E.; Marchon, J. C.; Ulrich, J.; Virelizier, lHorg. Chem1986

1962-1964. 25, 3570.
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(M2 + H]™, 100%). While fragmentation is extensive among predominantly as an associated species that yields a gas-phase
the simple monohapto alkoxide complexes, it is negligible for dimer with the formula [Ti(CPr)],. This dimer is the likely
the DMPD complex I). The molecular ion again is readily  precursor to TiQin MOCVD applications. The association of
assignable to the highest mass specieg.[M monomeric species to form dimeric compounds in the gas phase
Negative ion data on the isopropoxide complex “TR€y" would likely be marked by a higher abundance of monomer
show assignable peaksratz 568 ([M;] ~*) and 284 ([M]™*). In molecular ions in the DCI experiment. Our experiment does
keeping with data from complex and the Ti methoxide  not rule out the possibility of higher nuclearity. The existence
complex, discussed above, we assign the highest mass titaniunpf [Ti(O'Pr)y] as a dimer in the condensed phase would be

isopropoxide species to the molecular ion M. The dimeric
and monomeric ions, [M— and [M]™, have relative peak

consistent with the observed dimeric forms of compleand
the neopentoxide complex [Ti(ONg). The latter two com-

heights of 100% and 45%, respectively, indicative of extensive plexes incorporate tertiary alkoxide ligands that, because of their

dissociation of the [M]~* ion. In the positive ion mode the sole

steric effects, are expected to be more restrictive on complex

fragmentation product hasa(z value of 509, which corresponds
to the ion [Mp — OPr]*. The negative ion data allow the
possibility that significant amounts of monomer exist in the neat Summary
liquid. However the absence of a positive ion species corre-
sponding to a monomeric molecular ion strongly supports the  The X-ray crystallographic and DCI-MS data presented here
idea that “Ti(OPr),” exists principally as a dimer, [Ti(®r)]2, show that the composition of the complexis relatively
in the neat liquid at room temperature. Such a formulation would insensitive to phase. It is dimeric in the solid state and undergoes
be in keeping with data reported on the titanium neopentoxide negligible dissociation in the gas phase, unlike the titanium
complex which is dimeric despite the greater steric hindrance methoxide or isopropoxide complexes. Because of its relative
of the tertiary alkoxide ligand¥. stability among the titanium alkoxide complexdsgan serve
The results from DCI-MS analysis are in general agreement as a benchmark for the study of liquid- and/or gas-phase
with earlier electrospray-MS data on "Ti(OFt)n dry ethanol  stabilities of Ti alkoxide complexes. Simple neutral Ti alkoxide
in which the following negative ion complexes of high nuclearity complexes may have variable nuclearity in the liquid phase,
are observed: [B{OEthy , [Tis(OEth7 ", and [T(OEtp] "2 which would result in the appearance of a family of molecular
Whereas a pentameric complex is formed in the electrosprayjons in mass spectrometric data. Alternatively, polynuclear
experiment, only the tetramer is observed in the solid state by molecular ions of these alkoxides may undergo unimolecular
X-ray crystallography.Both the increase in nuclearity relative gissociation in the gas phase, which would likewise result in
to the crystalline s_olld and the occurrence of odd numbers o_f the appearance of a family of Ti(IV)-containing ions in the gas
ligands may be artifacts of the electrospray mass spectrometricpnase. In either case, there is strong evidence from DCI-MS
method. data that [Ti(CPr)] is a dimeric complex in the gas phase and

_The DCI-MS data reported here are relevant to earlier y3paply also as a neat liquid and is therefore best represented
discussions on the nuclearity of Ti alkoxide complexes. EXAFS by the formula [Ti(OPr)]».

measurements have been interpreted to show one type-@ Ti
bond in “Ti(OPr),", corresponding to a monomeric complex
with Tq symmetry?6 However, vibrational spectroscopic data
on “Ti(O'Pr)y” (neat liquid) show bands that provide evidence
for an associated speciésvhose nuclearity decreases with
dilution, consistent with the early results of Martin and Winter
on “Ti(OEt)," and “Ti(OBu),". 15> Our DCI-MS data support the
argument that as a pure liquid the complex “TR®," exists

nuclearity than isopropoxide, a secondary alkoxide.

Acknowledgment. We wish to thank Ms. Vinka Parmak-
ovich (Columbia University) for the acquisition of DCI-MS data.
This investigation was supported by Grant 32208-AC3 from
the American Chemical Society.

Supporting Information Available: Figures and complete listings
of mass spectrometric data and on electronic listing of the X-ray CIF
file for the structure determination of [Ti(2,4-dimethyl-2,4-pen-
tanediolate),. This material is available free of charge via the Internet
at http://pubs.acs.org.

IC990844N

(25) Lover, T.; Henderson, W.; Bowmaker, G. A.; Seakins, J. M.; Cooney,
R. P.J. Mater. Chem1997, 7, 1553.

(26) Babonneau, F.; Doeuff, S.; Leaustic, A.; Sanchez, C.; Cartier, C.;
Verdaguer, M.Inorg. Chem.1988 27, 3166.





