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Summary: Titanium complex{Ti(CH,Ph),] (2) was prepared

by reaction of [()TiCl;] (L = 2,2-methylenebis(6-tert-butyl-
4-methylphenolato))1) with PhCHMgCl in a 1:2 ratio in EtO

in 69% yield, while the reaction df with PhLi under the same
conditions vyields [L)Ti(Ph),] (3) in less than 40% yield and
an unexpected rare phenyl alkoxide-bridged compofJid)-
Ti(Ph)]2(u«-OEt)} (4) in ca. 9% yield. According to the crystal
structure,2 and 3 are monomeric and tetrahedral, with boat-
conformation ligands. The X-ray structure dfshowed the
complex to be dimeric, with titanium in a distorted pyramidal
coordination geometry. The reduction dfwith 1.0 equi of
LiBEtsH, excess Na/Hg, or 1.0 equodf KCg gave the titanium-
(1) salts [Ti(L)2*M(THF)z] (M = Li, 5, M = Na, 6) and [Ti-
(L)2:K(DMEY),] (7), respectiely. The molecular structures bf
and 7 were confirmed by single-crystal X-ray analysis. The
titanium atom in complexeésand 7 is four-coordinate, with a
distorted tetrahedral arrangement and the same ligand orienta-
tions as in2—4. The lithium atom irb is four-coordinate with
two coordinated THF molecules, while the big potassium ion
in 7 is six-coordinate with two chelated DME molecules added
to the two bridging oxygen atoms of the bis(phenolato) ligands.

Introduction

The aryloxide-based multidentate ligands continue to attract
considerable attention for their use in stabilizing reactive metal
centers for a number of unusual reactiérS8o we chose to
explore the chemistry of transition metal complexes with such
ligands. Over the last several years, we have been investigating
the use of multidentate aryloxides ligands to genegatdock
and group 4 metal species and nickel compléxasning to
explore more unusual aryloxide-containing compounds such as
low-valent metal derivatives, we have now turned to the study
of the reactivity of these mononuclear Ti-aryloxide complexes.
Recently, we reported the facile formation of six-membered ring
[Al30,Cl] aluminum and alkoxide-bridged titanium complexes
by the reactions of AlIMgwith [(L)TiCl;] (L = 2,2-methyl-
enebis(Btert-butyl-4-methylphenolato))1j.52 The present work
describes the synthesis and characterization of the unexpected
alkoxide-bridged titanium product generated from@ bond
rupture of diethyl ether as well as the reduction of dichloride
titanium(lV) compoundl by different reducing agents to
generate some alkali-metal-containing low-valent titanium spe-
cies (Scheme 1).

(3) For recent examples of carbenxygen bond cleavage using group

Group 4 transition metal complexes have been the most 4 transition metal complexes, see: (a) Bradley, C. A.; Veiros, L. F.: Pun,

extensively studied for their promotion of numerous organic
transformations, in part due to their steric and electronic
modularity and convenient synthetic access to low-valent
derivatives by treatment with alkyl lithium reagents or alkali
metal reductants.However, a better understanding of the
synthesis, structure, and reactivity of reduced titanium com-
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plexes is needed in order to achieve a greater mechanistiCcovert, K. J.; Mayol, A.-R.; Wolczanski, P. Taorg. Chim. Actal997,

understanding and better control over selectivity of the reactions.
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Hence, increased effort has been focused on developing the (4) For recent reviews, see: (a) Britovsek, G. J. P.; Gibson, V. C.; Wass,

synthesis and reactivity of well-characterized low-valent group
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been investigated for their promotion of small molecule activa-
tion processes and carbeoxygen bond cleavage
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Scheme 1. Synthesis of Titanium Complexes—2/2
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M=Li, 5; M =Na,
@ Reagents and conditions: (i) 2 Ph@#yCI/Et,O, —78 °C to rt,
overnight; (ii) 2 PhLi/EtO, —78 °C to rt, 3 days; (iii) for5: LiBEtsH/
THF, —78 °C to rt, overnight; for6: excess Na/Hg/THF, rt, 2 days;
(iv) KC¢/DME/toluene,—29 °C to rt, overnight.

Results and Discussion

Complex [L)TiCl;] (1) could readily be converted to the bis-
(alkyl) or bis(aryl) compounds [) TiR,] by salt metathesis using
Grignard or organolithium reagerftén this way complex [ )-
Ti(CH2Ph)] (3) was made by addition of PhGMgCI reagent
to a cooled £78°C) suspension of dichloride complex in ether
and subsequent workup from pentane in 69% yield. Moreover,
protonolysis of the readily available precursor Ti(gH), with
chelating bisphenol at 20C could yield3 with concomitant
liberation of toluene, but the product includes a small amount
of impurities. In a similar way, complekreacts with 2.0 equiv
of PhLi in diethyl ether to give the corresponding diphenyl
complex [L)TiPhy] (2) in less than 40% yield. The syntheses
of 2 and 3 have been described elsewh&€put no detailed
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to afford a red crystalline compounfl(L )TiPh],(«-OEt)} (4)
(Scheme 1). Comple4 is stable in the solid state but slowly
decomposed to unidentified compounds igDg at room
temperature. Single-crystal X-ray analysis confirms that com-
pound4 is a dimer, with two ethoxo-oxygens bridging the two
titanium atoms (see the Supporting Information).

The unexpected formation df clearly indicates the alkyt
oxygen bond cleavage of diethyl ether. It has been observed
that some Sc, Ti, and Zr complexes could promoteCGCbond
cleavage of BO and THF3®9 The force of this process is
ascribed to the low oxidation states of the transition metal. For
example, they®;%-bis(indenyl)zirconium sandwich complex was
just reported to promote the-€ bond cleavage of dialkyl
ethers such as diethyl ether, @R (R= Et, nBu, tBu), nBu,0O,
oriPr,0 by Chirik et al*2 Then2-benzyne titanium intermediate
complex could be generated from the thermolysis of diphe-
nylzirconocene, and the nascent benzyne complex can be used
as a means for carbercarbon bond formation in organic
synthesis. Herein we suppose that the titanium(ll) complexes,
e.g., thep?-benzyne titanium complex (Chart 1), are possible
intermediates in the formation df Although trace ethylbenzene
was detected in reaction mixture by GC-MS, unfortunately until
now it is not clear which phenyl carbon the ethyl migrates to
because there are five H atoms on the phenyl ring and a hydride
shift is required.

Given that only few low-valent species of phenolato titanium
complexes have been reporfeskveral kinds of reducing agents
including Mg powder, Na/Hg, LiBEH, and KG were used to
reduce dichloride titanium compleix The experimental results
showed that Mg powder almost has no reducing ability and
compoundl could be retrieved from the reaction mixture in
87% yield. Treatment of with LiBEtsH in THF at—78°C led
to a color change from yellow to pale green, which changed to
yellow-green on warming to room temperature. The Ti(lll)
reduction product, [TI),-Li(THF)7] (5), was isolated as yellow-
green plate crystals. Titanium complexes [)i*Na(THF)] (6)
and [TiL)2"K(DME);] (7) were similarly prepared from the
reaction ofl with excess sodium amalgam in THF and 1.0 equiv
of KCg in toluene/DME, respectively (Scheme 1). The composi-
tions of 5, 6, and7 were confirmed by elemental analysis, and
the X-ray structures of complex&sand7 were determined (see

NMR spectra and X-ray single-crystal analyses have been givenihe Supporting Information).

due to their thermal- and light-instability. In this paper
complexe and3 were fully characterized biH and3C{H}

The titanium atom in comple’ is four-coordinate, with a
distorted tetrahedral arrangement and the same ligand orienta-

NMR spectroscopy and X-ray single-crystal determination (see tjgns as in2—4. Two oxygen atoms from the aryloxide ligands

Experimental Section and the Supporting Information).

The yield of diphenyl titanium compleR is very low, less
than 40%, which made us wonder what the other products are
After complex3 was completely extracted with pentane, the

are also involved in oxygen bridges between the lithium and
titanium atoms. The lithium atom is four-coordinate, with two

-coordinated THF molecules added to the bridging oxygen atoms.

The titanium(lll) coordination geometry irY (a distorted

resultant crude was washed with hexane and treated with toluene

(6) (a) Floriani, C.; Corazza, F.; Lesueur, W.; Chiesi-Villa, A.; Guastini,
C.Angew. Chem., Int. Ed. Endl989 28, 66—67. (b) Corazza, F.; Floriani,
C.; Chiesi-Villa, A.; Guastini, Clnorg. Chem.1991 30, 145-148. (c)
Okuda, J.; Fokken, S.; Kang, H.-C.; Massa,@em. Ber1995 128 221-
229.

(7) Buchwald, S. L.; Watson, B. T. Am. Chem. S0d986 108 7411—
7413.

(8) (a) Durfee, L. D.; Latesky, S. L.; Rothwell, I. P.; Huffman, J. C.;
Folting, K. Inorg. Chem.1985 24, 4569-4573. (b) Sarazin, Y.; Howard,
R. H.; Hughes, D. L.; Humphrey, S. M.; Bochmann, Dalton Trans 2006
340-350.
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Figure 1. Molecular structure of. All hydrogen atoms are omitted
for clarity.

tetrahedral arrangement) is very similar to that in comgex
The big potassium ion is six-coordinate, with two chelated DME
molecules added to the two bridging oxygen atoms of the bis-
(phenolato) ligands (Figure 1).

Although we did not isolate the titanium(ll) compounds using
the above-mentioned reducing agents, treatmert with 2
equiv ofnBuLi in THF for 3 days at room temperature afforded
a dark blue mixture that continuously reacted with 1.0 equiv of
tBu-Nj to afford the yellow-orange titanium(lV) complex BFi
(u-NBU)(L)2] (8) (Scheme 2). ThéH NMR spectrum of8
exhibits a singlet for théert-butyl imido group at 0.98 ppm
and two doublets for bridged methyleneda4.41 and 3.53 ppm
with the coupling constanly—y = 14.2 Hz. Orange crystals of
complex8 suitable for X-ray analysis could be obtained although
their quality was not ideal because they are very thin platelets.
The outline of the solid-state structure®€learly indicates its
dimeric structure with two bridged imida:{NtBu) moieties’
Clearly the process includes a dark blue titanium(ll) intermediate
compound.

In summary, we have demonstrated the formation of an
unexpected alkoxide-bridged diphenyl titanium(1V) bis(pheno-
late) complex by carbonoxygen bond cleavage. Upon reduc-
tion, some alkali-metal-containing low-valent titanium species
can be achieved. Further experiments are now in progress.

Experimental Section

Notes
Scheme 2. Synthesis of Complex 8
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over a potassium mirror and vacuum transferred prior to use. H
(L) (L = 2,2-methylenebis(Gert-butyl-4-methylphenolato)) and
[(L)TICl;] (1) were prepared by a literature proced@iriMR
spectra were recorded on a Bruker AVANCE-DMX 500 spectrom-
eter.’H and3C{'H} NMR are reported with reference to solvent
resonances (residualellsH in CgDg, 0 7.15 and 128.0 ppm).
Elemental analysis was performed on an Elementar Vario EL Il
analyzer.

Synthesis of [(L)Ti(CH,Ph);] (2). Path A..¢ CgHsCH,MgClI
(1.6 mL, 1.0 M solution in diethyl ether, 1.6 mmol) was added
dropwise to a precooled suspensionldD.373 g, 0.816 mmol) in
Et,O (30 mL) at—78°C. The mixture was slowly warmed to room
temperature and stirred overnight. The solvent was removed under
vacuum, and CkCl, (20 mL) was added to the solid residue. The
suspension was centrifuged to remove formed salt, and the upper
clear solution was evacuated to dryness. The orange-red crude was
purified by recrystallization from hexanefex to afford 0.32 g of
orange, block-like crystals in 69% yield.

Path B. A sample of Ti(CHPh), (0.405 g, 1.0 mmol) in 20 mL
of hexane, precooled te-40 °C, was added dropwise to a
suspension of BL (0.340 g, 1.0 mmol) in 20 mL of hexane, also
cooled to—40°C. After addition, the reaction mixture was allowed
to warm slowly to room temperature and stirred overnight. The
resulting red-colored solution was stripped under vacuum to give
a red foam. Crystallization of a concentrated hexane solution at
—30 °C gave 0.31 g of a microcrystalline solid in 55% yielt
NMR (C¢Ds, 500 MHz): 6 7.37 (d, 2H,J4—n = 7.08), 7.23 (m,
2H, H-Ar), 7.06-6.88 (m, 10H, H-Ar), 6.75 (m, 1H, H-Ar), 3.25,
3.22 (d, 1H,dy—n = 14.4, 1H, ®¢y), 3.16, 3.13 (d, IHJy-p =
14.4, tHy), 3.14 (s, 1H, Ti-®,Ph), 2.77 (s, 1H, Ti-B,Ph), 2.08
(s, 6H,p-CH3), 1.54 (s, 18H0-C(CHg)3). 13C{1H} NMR (Cg¢Ds,
127 MHz): 6 160.95 (OC,), 146.48, 141.24, 135.92, 135.37,

General ProceduresUnless otherwise noted, all operations were 131.73, 130.02, 129.56, 129.23, 128.81, 128-_30’ 127.37, 125.83,
performed either under an inert atmosphere of argon using standardt25-43, 123.33QHx,), 83.39 (d,J = 69.5 Hz, TiCH,Ph), 35.24

Schlenk techniques or under nitrogen in an MBraun glovebox. All

(Ar-CH,-Ar), 34.15, 0-C(CHs)3), 30.41 6-C(CHz)3), 21.03 p-CH).

dried solvents and chemicals commercially available were used as”Anal- Calcd for G/H.O,Ti: C, 78.15; H, 7.80. Found: C, 77.94;

received without further purification.¢Ds was dried and degassed

(9) For titanium imido complexes, see: (a) Owen, C. T.; Bolton, P. D;
Cowley, A. R.; Mountford, POrganometallic007, 26, 83—92. (b) Bolton,
P. D.; Adams, N.; Clot, E.; Cowley, A. R.; Wilson, P. J.; Saleg M.;
Mountford, P.Organometallics2006 25, 5549-5565. (c) Dunn, S. C.;
Hazari, N.; Jones, N. M.; Moody, A. G.; Blake, A. J.; Cowley, A. R.; Green,
J. C.; Mountford, PChem=Eur. J.2005 11, 2111-2124. (d) Said, M.;
Hughes, D. L.; Bochmann, MDalton Trans.2004 359-360. (e) Abarca,
A.; Gomez-Sal, P.; Mafh, A.; Mena, M. J.; Poblet, M.; lamos, Clnorg.
Chem.200Q 39, 642-651. (f) Benito, J. M.; Afealo, S.; de Jésy E.; de
la Mata, F. J.; Flores, J. C.; @®z, R.J. Organomet. Chen200Q 610,
42—48. (g) Li, Z.; Huang, J.; Yao, T.; Qian, Y.; Leng, M. Organomet.
Chem.200Q 598 339-347. (h) Collier, P. E.; Blake, A. J.; Mountford, P.
J. Chem. Sac¢Dalton Trans.1997, 2911-2919.

1

Synthesis of [(L)TiPhy] (3) and {[(L)Ti(Ph)] 2(«-OEt),} (4).
LiPh (1.2 M, 1.65 mL, 1.98 mmol) was added to a diethyl ether
solution (20 mL) ofl (0.432 g, 0.94 mmol) at room temperature.
The resulting solution was allowed to stand for 3 days, then
evaporated to dryness. The resulting solid was extracted with
pentane (20 mL), and LiCl was removed by centrifugation. The
pentane solution, upon cooling t630 °C, gave green needles of
3in 40% yield (0.20 g)H NMR (CgDg, 500 MHz): 6 8.23 (d,
1H, J4—4 = 1.95,H-Ar), 8.22 (m, 1H,H-Ar), 8.13 (m, 1H,H-Ar),
8.12 (d, 1HJy-n = 1.95,H-Ar), 7.11 (d, 1H,J4—n = 1.95,H-Ar),
7.09 (d, 1H,Jy—yy = 1.95,H-Ar), 7.07 (d, 1H,Jy—p = 2.2,H-Ar),
7.06 (d, 1HJ4—n = 1.2,H-Ar), 7.02 (g, 2H,J4—n = 1.95,H-Ar),
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3.97 (d,Jy_n = 14.65 Hz, 1H, @), 3.40 (d,Jy_n =14.65 Hz,
1H, CH,), 2.08 (s, 6Hp-CHs), 1.59 (s, 18HP-C(CHa)s). 13C{1H}
NMR (CeDs, 127 MHz): & 196.63, 196.35, 196.05, 161.09 (O-

Car), 150.04, 136.33, 135.90, 132.21, 131.90, 131.63, 131.22,

131.17, 129.55, 128.49, 127.92, 126.2H], 36.02 C(CHs)s),
35.54 (ArCH,-Ar), 30.59 (CCHs)3), 21.23 (ArCH3). Anal. Calcd
for CagHaoO,Ti: C, 77.77; H, 7.46. Found: C, 77.64; H, 7.52. The

Organometallics, Vol. 26, No. 16, 2004075

Synthesis of [Th(u-NtBu),(L)2] (8). To a solution of 1
(0.229 g, 0.5 mmol) in THF (20 mL) was slowly added the hexane
solution of nBuLi (0.6 mL, 1.6 M, 1.0 mmol) at-78 °C. The
mixture was slowly warmed to room temperature and continuously
stirred for 72 h to give a dark blue solution. Thi&u-N; (0.050 g,

0.5 mmol) was added at40 °C. The reaction mixture was slowly
warmed to room temperature and stirred for another 8 h. The solvent

above residual crude solid was washed with hexane (5 mL) and was evaporated to dryness. Extraction of the residue with THF/

then extracted with toluene (10 mL). The resulting red solution
was concentrated to ca. 2 mL and cooled-dt °C for several
days to give 45 mg o# as orange-red crystals in.c@0o yield.H
NMR (CsDg, 500 MHz): 6 8.24 (d, 2H,J4—n = 6.4,H-Ar), 7.23
(m, 3H, H-Ar), 6.97 (s, 2H,H-Ar), 6.83 (s, 2H,H-Ar), 5.31 (br,
2H, CHy), 3.26 (br, 2H,u-OCH,CHj), 2.06 (s, 6H,p-CH3), 1.47
(s, 18H,0-C(CH3)3), 1.24 (br, 2H,u-OCH,CHjs). Anal. Calcd for
CgoHgoO6Tio: C, 73.22; H, 7.94. Found: C, 73.14; H, 8.01.
Synthesis of [Ti(L).-Li(THF) 7] (5). A solution of 1 (0.229 g,
0.5 mmol) in toluene (10 mL) was cooled +6/8 °C in a methanol/
Ny(liquid) bath, and 1.0 equiv of LiBEgH (0.5 mL, 1.0 M solution
in THF, 0.5 mmol) was added slowly via a syringe. The color
changed rapidly from red to yellow. The mixture was allowed to

hexane gave an orange solid (0.133 g) in 58% yiét.NMR
(CsDe, 500 MHz): 6 7.01 (s, 2 H, H-Ar) 6.93(s, 2 H, H-Ar), 4.41
(d, 1H, 34—y = 14.2, 1H, ®¢1,), 3.57 (br, 2H, THF), 3.53 (d, 1H,
Ju-n = 14.2, 1H, ®,), 2.06 (s, 6H,p-Me), 1.58 (s, 18H,
0-C(CH3)3), 1.41 (br, 2H, THF), 0.98 (5NC(CHj3)3). Anal. Calcd
for CssH7gN2O4Tio: C, 70.89; H, 8.59; N, 3.06. Found: C, 70.46;
H, 8.63; N, 3.12.

Crystallographic Data. A suitable crystal was immersed in
mineral oil and mounted on a nylon loop in a random orientation
under a cold stream of dry nitrogen. Diffraction experiments were
performed with Mo K radiation ¢ = 0.710 70 A) on a Rigaku
CCD diffractometer. The data were collected in a hemisphere of
data in 720 frames with 2040 s exposure times. The data sets

warm to room temperature and was stirred another 4 h, when thewere collected (40< 26 < 45-55°). The data were processed

color gradually turned very dark green. The solution was filtered,
and the solvent was concentrated toZellL under vacuum, layered
with 1 mL of hexane, and cooled at29 °C for a week to afford
0.21 g of5+(CsH14) as yellow-green plate crystals in 43% yield.
Anal. Calcd for GgHgoLiOgTi: C, 74.90; H, 9.43. Found: C, 74.86;
H, 9.42. The paramagnetic naturesoprecluded the acquisition of
suitable NMR data.

Synthesis of [Ti(L),*Na(THF),] (6). THF (15 mL) was added
at—78°C to a freshly prepared sodium amalgam (mercury: 2.0 g,
10.1 mmol; sodium: 0.02 g, 0.85 mmol). A solutionf0.229 g,

0.5 mmol) in THF (20 mL) was cooled t678 °C and added slowly
to the Hg/Na amalgam. The mixture was allowed to warm to room

temperature and was stirred 2 days, when the color gradually turned
very dark green. The solution was filtered to remove the excess of

Hg/Na, and the solvent was removed under vacuum to Yield
a green crystalline compound. Yield: 0.19 g (42%). We tried but
failed to obtain X-ray quality crystals. Anal. Calcd fog£&7¢NaOs-

Ti: C, 72.71; H, 8.59. Found: C, 72.36; H, 8.32. The paramagnetic

nature of6 precluded the acquisition of suitable NMR data.
Synthesis of [Ti(L),"K(DME) ] (7). A solution of1 (0.229 g,

0.5 mmol) in toluene/DME (20/10 mL) was cooled te29 °C,

and 1.0 equiv of Kg(0.068 g, 0.5 mmol) was added slowly in a

using Crystal Clear Processing packatfe$he structures were
determined by routine heavy-atom and Fourier methods by using
SHELXS 97! and refined by full-matrix least-squares with the non-
hydrogen atoms anisotropic and hydrogen with fixed isotropic
thermal parameters of 0.07 A by means of the SHELXL 97
program!? The hydrogens were partially located from difference
electron-density maps, and the rest were fixed at predetermined
positions. Scattering factors were from common sout¢&ome
details of data collection and refinement are given in the Supporting
Information.
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structure, tables of selected bond lengths and angles, and a
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available free of charge via the Internet at http://pubs.acs.org.
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2 weeks. Anal. Calcd for £HgKOgTi: C, 68.69; H, 8.54. Found:
C, 68.46; H, 8.43. The paramagnetic nature7gbrecluded the
acquisition of suitable NMR data.

(11) Sheldrick, G. MSHELXS 97Program for the Solution of Crystal
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