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Di-tert-butyl Phosphate Complexes of Titanium
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Reactions of 1 equiv of HO(O)P{Bu), with Ti(OR), (R = Et, 'Pr) give the new molecular titanium phosphates
[Ti(OR)30.,P(OBuU)], (1, R = Et; 2, R=Pr). In the solid state2 exists as a centrosymmetric dimer containing
five-coordinate metal centers. Addition of 2 equiv of KOEt to an ethanol solutidhlefl to the formation of
[Ti2K(OEt)sO.P(OBu),]. (3) and 1 equiv of KQP(OBu),. A single-crystal X-ray structure analysis ®fevealed
that this complex exists in the solid state as a centrosymmetric dimer containing two Ti-centered, face-sharing
pseudooctahedra in the unique half of the dimer. Addition of 2 equiv dPK® a 2-propanol solution & led

to the formation of KQP(OBu); (4) and Ti(OPr), in high yield. Cooling a 2-propanol solution dfto —80 °C

led to crystallization of the solvated tetraméHfIO'Prs]4 (mp= —30°C). A single-crystal X-ray structure analysis
revealed that this tetramer possesses a cubeliki gore with 4-fold improper rotation symmetry. Multinuclear
NMR studies ofl—3 show that the structures of these complexes are dynamic in solution. Crystalaref
tetragonal P4,/n) with a = 18.6261(3) A,c = 14.7114(3) A, andZ = 8.

Introduction mixtures of Ti alkoxides, phosphate esters, and K alkoxides.
Alkali-metal-containing titanium phosphate materials have The existence of a molecular alkoxide complex containing
g phosp potassium, titanium, and phosphorus in a 1:1:1 stoichiometry

been studied for a variety of applications. Lamellar titanium . .
. . was inferred from NMR spectroscopy and a solution molecular

phosphates have been shown to have ion exchange properties " R . . .
for numerous alkali- and alkaline-earth-metal iéndlasicon- weight dete_zrmlnatlon, howe_ver_, the oily nature of this material
type phosphates (KIPQy)3) have been shown to be fast ion prevented its ful characterlza_n@n. )
conductord and low thermal expansion ceramicsPotassium We have been interested in the preparation and study of
titanyl phosphate (KTiOPor KTP) has been studied exten- “single source” molecular precursors of the type M[OSi-
sively as a nonlinear optical matefifllas well as a structural ~ (O'Bu)g]n, which are transformed under mild thermolysis to
archetype from which numerous related structures have beencarbon-free, homogeneous silicate matetfalsVe have recently
derived® extended this approach to the preparation of phosphate materials

In contrast, the chemistry of molecular titanium phosphates, by employing the diert-butyl phosphate ligand,0,P(OBu)..1*
which might serve as precursors to solid-state materials, is quiteUse of this ligand led to the isolation of several zinc phosphates
limited. Early work in this area afforded insoluble titanium which could be transformed at low temperatures to zinc
dialky phosphates, which were proposed to be polymers and/orphosphate materials. In this contribution we describe the
three-dimensional networKs.Starting from titanium halides,  synthesis of two new members of a small class of compounds
amides, and siloxides, Thorn and Harlow have recently preparedinvolving phosphate coordination to titanium, [Ti(QRP-
and structurally characterized the first well-defined molecular (O'Bu),], (1, R = Et; 2, R=Pr). The reaction of KOEt with
titanium phosphate complexésAlso, several reports have 1 resulted in formation of the crystalline potassium titanium
appeared describing the preparation of KTP films from dissolved
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Figure 1. ORTEP view of2. Hydrogen atoms have been removed for
clarity. Thermal ellipsoids are drawn at 50% probability.

phosphate complex [FK(OEt)sO,P(OBu),]2 (3). However, the
analogous reaction between K and2 resulted in conversion
to Ti(O'Pr), and KOQ,P(OBuU),.

Results

Reaction of 1 equiv of HO(O)P(Bu),2 with Ti(OR)4 (R =
Et, 'Pr) in pentane afforded the new titanium phosphates [Ti-
(OR)%R0,P(OBU);]n (1: R=Et; 2. R=1Pr) in good yields as

Lugmair and Tilley

environments. The!H NMR spectrum of2 in tolueneds
contains three sets of P resonances (in a 1:8:1 ratio) and three
O'Bu resonances over the temperature range-59 to —20

°C. The appearance of these spectra are constant over this
temperature range. Above 3C, only one resonance corre-
sponding to the Bu groups is observed, and resonances for
the different CPr environments become broad and are no longer
resolved. The solution behavior ®indicates that the structure

of this complex is dynamic in solution (the observed changes
with temperature are reversible), and aboveé@0nterconver-
sion between various species (e.g., monomer, dimer, etc.) is
rapid on the NMR time scale.

Complex1 forms large cube-shaped crystals from pentane
at —30 °C which analyze according to the empirical formula
Ti(OEt):;0,P(OBu),. The room-temperatuféi NMR spectrum
of 1 reveals two sets of sharp resonances for the OEt groups,
in a 1:2 ratio, and a single resonance for th@wWgroups.
However, the'3C NMR spectrum reveals two sets of resonances
for both the OEt and Bu groups. The®P NMR spectrum
contains two major resonances and four smaller peaks. This
indicates thafl also adopts several structural forms in solution
at room temperature. No significant change in the appearance
of the 'H NMR spectrum occurs upon cooling the sample to
—80°C. Above 70°C, only one set of resonances correspond-
ing to the—OEt groups is observed, signifying rapid intercon-

colorless crystalline compounds (eq 1). The analogous reactionversions of isomers and/or species with different degrees of

OH
2 HO(O)P(O'Bu)y —

2TiOR)s +
'BuQ O'Bu
RO _P—o OR
o} N/ )
RO\/T' O/T<OR = 2/n[Ti(OR)30,P(0'Bu)2],
RO N P/ OR
/\
BuO O'Bu ‘
R=Et(1),'Pr(2) (1)

with Ti(O'Bu), did not produce an isolable compound. On the
basis of NMR data (vide infra), it appears that badttand 2
exist in solution as equilibrium mixtures of species with varying

association. Solution molecular weight determination$ ¢y
vapor diffusion) gave inconsistent results. It seems unlikely
that some of the resonances in the NMR spectra are due to im-
purities, since the spectra did not change during eight recrys-
tallizations of1 using pentane and dichloromethane as solvents.
An attempt was made to prepare an alkoxide KTP precursor
containing titanium, phosphorus, and potassium in a 1:1:1
stoichiometry. Combination of ethanol solutions of 2 equiv of
KOEt and1 led to a clear solution. Removal of the solvent
and extraction of the remaining solid with pentane led to isola-
tion of a complex which was formulated on the basis of combus-
tion analyses and X-ray crystallography as;K{OEt)sO,P-
(OBu)z]2 (3). The remaining insoluble material was found to

degrees of association. On the basis of the solid-state structurese KO,P(OBu), (by IR spectroscopy; eq 2).
of 2, we assume that dimeric structures are adopted to some

degree by both compounds in solut|0|_1. 4/n [(Et0)3TiOoP(OBU)g)y + 4 KOE EtOH

Compound? forms large, colorless diamond-shaped crystals 12h
from pentane at-80°C. These crystals become opaque within 1
minutes when warmed to room temperature, and bulk samples OEt Et tgyo O'Bu

. . . . . EtO, / S uo T OEt
display no diffraction peaks in their room temperature XRD Ti— O, 0 _I_OEt
spectra. This phenomenon is probably due to a phase change / \OEQ _0 et
rather than desolvation (the crystals do not contain solvent) or Et'o\ /O/K\ \K<O 2 \oa @
decomposition (the compound is stable at room temperature). T E /0/ \ S\ W4
Compound2 was found to be a centrosymmetric dimer in the EtO/C’);O_/P . o—Ti
solid state by single-crystal X-ray structure analysis (Figure 1). Buo OBY E go OF

The titanium atoms are five coordinate with trigonal bipyramidal
geometries. The O(H)Ti(1)—O(7) angle is 170.1(2) and the 3

sum of O-Ti—O angles involving the equatorial oxygens (O(3),
0O(4), and O(6)) is 3588 The Ti—O—P angle involving the
oxygen atom in an axial position is 169.4{l\vhereas the F
O—P angle involving the equatorial oxygen atom is only 132.3-

+ 2 KO(0)P(O'Bu),

A single-crystal X-ray structure analysis 8frevealed that
this complex is a centrosymmetric dimer in the solid state

(Figure 2). The two Ti atoms in the unique half of the dimer
are bridged by three ethoxy groups, two of which also bridge
to a potassium atom. The 6-fold coordination of Ti(1) is
completed by two terminal OEt ligands and one oxygen atom
of the QP(OBu), group. The other oxygen atom of the
phosphate ligand bridges the K atoms in each half of the dimer.
Two terminal ethoxide ligands and a #QEt)K linkage com-
plete the coordination sphere of Ti(2). The fragment containing

(2)°. The Ti—OP bond lengths are very similar [Ti@PD(1)
= 2.048(2) A; Ti(1-0O(3) = 1.997(2) A].

In benzeneds the 'H NMR spectrum of2 contains two sets
of broad resonances for theRD groups in a 3:1 ratio and two
barely resolved resonances for thi8®groups. Thé3C and
31P NMR spectra also reflect the presence of twd @Bu),

(12) Goldwhite, H.; Saunders: B. Q. Chem. Socl957 24009.
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Figure 2. ORTEP view 0of3. Methyl groups have been removed for
clarity. Thermal ellipsoids are drawn at 50% probability.

the two Ti atoms can be viewed as face-sharing octahedra,
although the G- Ti—O angles deviate by as much as 2Xrém

the ideal values. The Ti(2}Ti(2) distance in this fragment
(2.969(3) A) is similar to the Fi-Ti distances of 3.028(2) A in
[Ti2(OEtECI]2Mgao(u-Cl)2132and 3.100 A in [Ti(OEt)]YCl,,130
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which also contain face-sharing pseudooctahedra. In compoundigure 3. ORTEP view of the tetramer af-3HOPr. Two molecules

of HO'Pr per monomer, which interact with the cube only via hydrogen

3, all the Ti—O bond distances involving Ti(1) are slightly
horter than the bond distances to Ti(2). As expected, the Ti bonds, _have been rem_oveq. The methyl groups have alsc_)_been removed
S ’ p ! for clarity. Thermal ellipsoids are drawn at 50% probability.

OEt bond distances increase as the coordination number of the

oxygen atom increases: FO < Ti—(u2-O) < Ti—(u3-0O). The
K atom is coordinated by five oxygen atoms at normat®
bond distances [2.694(6R.787(6) A]}4 The coordination
sphere of K(1) also includes O(9) and O(11)*, which exhibit
significantly longer contacts to potassium [K(9) = 3.099-
(6) A; K(1)—O(11)* = 2.999(6) A]. A powder XRD pattern
obtained from a bulk sample &matched the powder pattern
calculated from the single-crystal data, indicating the presence
of only one crystalline phase in this sample.

The solid-state structure of compouBdontains five unique
OEt environments. However, the room temperafiteNMR

and cooled to-80 °C, crystals of KQP(OBu), form over sev-
eral weeks. The synthesis of this compound has been previously
reportedt®

A single-crystal X-ray structure analysis reveals that,RO
(OBu)2 (4) exists in the solid state as a tetramer with a cubelike
core (Figure 3). The structure contains 3 equiv of PiCper
phosphate, leading to a low melting point for the crystal8Q
°C). Alternating cube corners are occupied by K atoms which
are all related by a 4-fold improper rotation axis running through

the center of the cube and parallel to the four hollow bonds
shown in the ORTEP diagram (Figure 3). Oxygen atoms of

spectrum of3 contains only a broad peak with a shoulder cor- the GP(OBu), group, O(1), occupy the other four corners of
responding to the methylene protons of the OEt groups. Thethe cube. A second oxygen atom of eaclP@Bu), group

room-temperatur®®C NMR spectrum reveals two pairs of broad
resonances resulting from the OEt groups. Above@0the

IH NMR spectrum exhibits one pair of sharp resonances for
the OEt groups signifying rapid exchange between the various
sites. Between-40 and—50 °C, four overlapping triplets are
observed for the methyl groups of the OEt ligands, indicating
that dynamic processes f8rhave been substantially slowed.

coordinates to potassium, forming a bridge across the cube edge.
One of the CBu groups also coordinates & K atom, forming

a second type of bridge across cube edges. The coordination
number for K is brought to 6 by a terminally bound HR®
molecule. The two molecules of HRr not shown in Figure 3

are involved in hydrogen-bonding interactions with each other
and with O(5) and O(4)* [O(5):0(6) = 2.768(4) A; O(6)-

An attempt was also made to prepare a potassium-containingO(7) = 2.666(4) A; O(7)--0O(4)* = 2.657(4) A]. These two

complex from2. However, the reaction of 2 equiv of KExr
with 2 in 'PrOH led to isolation of KGP(OBu), and Ti(OPr)
in good yields (eq 3). If the reaction mixture is concentrated

4 ~ ProH
[(PrO)sTiOoP(OBuU)]; + 2 KOPr ———
12h
2
2Ti(O'Pr)s + 2 KO(O)P(O'Bu),
4

®)

(13) (a) Malpezzi, L.; Zucchini, U.; Dall'Occo, Tnorg. Chim. Actal991,

180, 245. (b) Veith, M.; Mathur, S.; Huch, Mnorg. Chem1997, 36,
2391.

(14) (a) Chisholm, M. H.; Drake, S. R.; Naiini, A. A.; Streib, W. E.
Polyhedron1991 10, 337. (b) Boyle, T. J.; Bradley, D. C.; Hampden-
Smith, M. J.; Patel, A.; Ziller, J. Winorg. Chem 1995 34, 5893. (c)
Teff, D. J.; Huffman, J. C.; Caulton, K. Gnorg. Chem.1994 33,
6289. (d) Meese-Marktscheffel, J. A.; Weimann, R.; Schumann, H.;
Gilje, J. W.Inorg. Chem 1993 32, 5894.

HO'Pr molecules do not interact with the K atoms [K¢1)
O(6)= 4.602(3) A; K(1):-O(7)= 4.266(4) A]. There are three
unique K—O distances along the cube edges, 2.642(3), 2.789-
(3), and 3.201(2) A, which are drawn as thick, thin, and hollow
bonds, respectively (Figure 3). The shortest ® distance
(2.642(3) A) is along the cube edge that is unsupported by any
bridging interaction. The cube edge of intermediate length
(2.789(3) A) is bridged by P and an alkoxy O atom. The cube
edge with the longest KO distance is bridged by both P and
O atoms. The bond angles associated with the cube core are
close to 90, the K—O—K angles [92.21(8)98.67(7Y] being
slightly larger than the ©K—0 angles [81.66(786.55(8J].

Discussion

The metal-organic complexes [Ti(ORP.P(OBu).]» (1, R
= Et; 2, R=Pr) represent rare examples of molecular titanium

(15) Zwierzak, A.; Kluba, M.Tetrahedron1971, 27, 3163.
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phosphates. These complexes are formed cleanly by an alcohol-

elimination reaction involving a titanium tetraalkoxide and di-
tert-butyl phosphate. In the solid staBadopts a dimeric struc-
ture that contains two Ti centers in trigonal bipyramidal coor-
dination. Spectroscopy reveals that the structutzisfdynamic
in solution, possibly due (at least in part) to a monondimer
equilibrium. The room-temperatuféP NMR spectrum ofl
suggests that it exists in several forms in solution, and variable-
temperaturéH NMR spectroscopy indicates that the various
species in solution readily interconvert at high temperature. We
postulate that compouridexists as several oligomeric species
in solution. These species may adopt structures with titanium
centers linked by phosphate andforOEt bridges. Similar
results were described by Hirano et al. for the reaction of Ti-
(OEt), with HO,P(O'Bu),, which also led to complexes with
dynamic behavior in solutioh. A related reaction between Ti-
(OSiMe;)4 and HQP(OBu), gave an oxotitanium phosphate
complex in good yield. The latter complex possesses a cubic
Ti4O4 core with one terminal OSiMegroup for each Ti atom
and four QP(OBu), groups which bridge the Ti centers across
the cube’s face diagonals. Careful addition of either 0.5 or 1
equiv of water to a THF solution o2 did not lead to the
formation of an isolable oxotitanium cluster. Addition of 0.5
equiv of water to a benzerd-solution of2 shows that H@r
is formed, as well as several newRIOBuU),-containing species.
Addition of the appropriate potassium alkoxide kand 2
did not lead to the formation of an isolable complex containing
Ti, P, and K in a 1:1:1 stoichiometry. Instead, the phosphate
ligand on Ti is readily displaced by the more basic alkoxide
group, resulting in elimination of K@(OBu),. For 2, this
process is complete and Ti(@), is recovered in good yield.
The reaction betweehand KOEt results in the elimination of
only 1 equiv of KQP(OBu), and formation of [TiK-
(OEt0O,P(OBU);]2 (3). In this case, the sterically less demand-
ing OEt groups allow Ti to achieve a higher coordination
number via bridging alkoxide groups. This results in saturation
of the Ti coordination sphere with retention of the phosphate
ligand. Although this complex exhibits dynamic behavior in
solution, it does not decompose by the elimination of ,RO
(O'Bu), at elevated temperatures. Compo@uid not undergo
decomposition after heating to ?C for 10 min (by!H NMR
spectroscopy). The chemistry of theRJOBuU), ligand in this
system may be contrasted with that gRQO'Bu),, which gives
a complex with the formula KTi(OEfD,P(O'Bu), which does
not eliminate KQP(O'Bu), despite its highly dynamic behavior
in solution?® Therefore the stability of titanium phosphate

Lugmair and Tilley
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Figure 4. Molecular structure of (a) [B(us-OEth(u-OEt(OE)(u-
CI)]2Mga(u-Cl)z and (b) [Zb(us-O'Pry(u-O'Pr)s(O'Pr)]» Bag(u-O'Pr).

(3.201(2) A). The length of this contact is not too surprising
considering that phosphate groups rarely chelate to a single metal
center!® The insolubility of KO;P(OBU); in less polar solvents
such as toluene and THF indicates that it may be polymeric
when not solvated by an alcohol.

Experimental Section

General Methods. All manipulations were performed under a
nitrogen atmosphere using standard Schlenk techniques or a Vacuum
Atmospheres drybox. Diethyl ether, tetrahydrofuran, and pentane were
distilled from sodium benzophenone under nitrogen. Toluene, benzene,
and 2-propanol were distilled from sodium under nitrogen and then
degassed. NMR spectra were recorded on a Bruker AMX-400
spectrometer at 400H), 100 (3C), or 161 §'P) MHz. Benzenek
was used as the solvent for NMR studies unless specified otherwise.
Infrared spectra were collected as Nujol mulls using Csl cells or as
pressed pellets using KBr on a Mattson galaxy 3000 spectrometer.
Powder X-ray diffraction was performed on a Siemens D5000
spectrometer. The compounds H(O)RD),'? and KO(O)P((Bu),'®
were prepared according to literature procedures.

[(EtO)sTiO,P(O'Bu)2]n (1). A pentane solution (30 mL) of HO(O)-
P(OBu), (0.92 g, 4.38 mmol) was added slowly to a pentane solution
(30 mL) of Ti(OEt) (1.00 g, 4.38 mmol) that had been cooled-t40
°C with a dry ice/ethanol bath. After the addition, the cold bath was
removed and the reaction mixture stirred for 12 h. The solvent was
removed under vacuum, and the resulting solid was extracted into
pentane (25 mL). Concentration and cooliregdQ °C) of this solution

afforded 1.42 g ofl as colorless crystals in 83% yield. Anal. Calcd
for C14H3307PTi: C, 42.87; H, 8.48. Found: C, 43.03; H, 8.60. IR

complexes seems to be highly sensitive to small changes in the(Nujol Csl, cnTd): 1469 m, 1447 w sh, 1393 m, 1369 s, 1323 w,

steric properties of the ligands. The structure3ptonsisting

1252 m, 1243 m, 1175 m, 1159 m, 1121 s, 1047 s, 1003 s, 917 m, 895

of face-sharing pseudooctahedra, is similar to the structures ofm, 854 w, 834 m, 813 w, 616 s, 596 m sh, 560 m, 526 m sh, 483 s,

heterometallic alkoxides such as {{lis-OEt),(u-OEt),(OEt)-
(1-CN]2Mga(u-Cl)213 and [Zi(us-O'Pr(u-O'Pr)(O'Pr)].Bas-
(u-O'Pr)18 (Figure 4).

A single-crystal structural analysis of KP(OBu), showed
that it forms a solvated tetramer when crystallized ffemOH.
The cubelike KO, core of this molecule is a common molecular

arrangement which has also been seen in potassium aIkOX|de(S)

and siloxide structure¥217 |n the alkoxides and siloxides, the
K—O distances in the O, core range between 2.6 and 2.8 A.
Two of the three sets of bond distances in th®Kcore of4
have a similar value. The thirdKO distance, associated with
the cube edge supported by the-®(4) bond, is quite long

(16) Caulton, K. G.; Hubert-Pfalzgraf, L. @hem. Re. 1990 90, 969.
(17) McGeary, M. J.; Folting, K.; Streib, W. E.; Huffman, J. C.; Caulton,
K. G. Polyhedron 1991, 10, 2699.

435 m, 412 w. *H NMR (400 MHz): 6 4.74 (g, 2 H,J = 7.1 Hz,
OCH:CHs), 4.64 (9,4 HJ = 6.7 Hz, OGH.CHg), 1.72 (t, 3HJ=7.1

Hz, OCHCHs), 1.51 (s, 18 H, OC(CH}s) 1.33 (t, 6 H,J = 6.9 Hz,
OCH,CHs). %3C{*H} NMR (100 MHz): 6 80.05 (d,2Jcp = 5.0 Hz,
OC(CHz)3), 77.89 (s, @(CHs)3), 71.74 (s, @H,CHs), 68.19 (s, @H,-
CH3) 30.49 (d 3Jcp= 2.3 Hz, OCCH3)3) 26.23 (S OCEH3)3) 19.50

(s, OCHCHj3), 19.08 (s, OCHCHg3). 3P NMR (161.9 MHz):0 —8.29

—8.40 (s),—8.48 (s),—8.88 (s),—10.04 (s),—13.56 (s).

[(iPrO)sTiO,P(OBU);]> (2). This compound was synthesized in
79% yield by the method described fbr Anal. Calcd for G;Hz907-

PTi: C, 47.01; H, 9.05; P, 7.13. Found: C, 47.13; H, 9.06; P, 7.56.
IR (KBr pellet, cnTt): 2975 m, 2931 m, 2866 m, 1475 w sh, 1464 w,
1394 w, 1371 m, 1329 w, 1252 m, 1228 m, 1161 m sh, 1124 s, 1068
s, 1051 m sh, 1005 s, 850 m, 833 w sh, 709 w, 638 w, 625 w, 598 m,

(18) Karayannis, N. M.; Mikulski, C. M.; Pytlewski, L. Linorg. Chim.
Acta Re. 1971, 69.
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Table 1. Selected Interatomic Distances (A) and Angles (deg) for ~ Table 2. Selected Interatomic Distances (A) and Angles (deg) for

[(PrO}TIO.P(OBU), (2) [Ti :K(OEt)s0,P(OBu),]2 (3)
(a) Bond Distances (a) Bond Distances

Ti(1)—0(1) 2.048(2) Ti(1}-O(3) 1.997(2) Ti(1)—Ti(2) 2.969(3) Ti(1)y-K(1) 3.755(3)
Ti(1)—0(4) 1.812(2) Ti(1)-0(6) 1.796(2) Ti(1)—0(4) 1.992(7) Ti(1}-0(5) 2.041(6)
Ti(1)—0(7) 1.788(2) P(1-O(1) 1.490(2) Ti(1)—0(6) 2.072(6) Ti(1}-0(7) 1.794(7)
P(1)-0(2) 1.574(2) P(B-O(3) 1.513(2) Ti(1)—0(8) 1.773(7) Ti(1}-0(9) 1.996(6)
P(1)-0(5) 1.566(2) Ti(2)—K(1) 3.522(3) Ti(2)-0(1) 1.820(8)
Ti(2)-0(2) 1.872(7) Ti(2)-0(3) 1.818(8)
_ (b) Bond Angles Ti(2)—0(4) 2.143(7) Ti(20(5) 2.106(6)
O(1)-Ti(1)—0O(3) 82.40(8) O(1)Ti(1)—0(4) 88.37(9) Ti(2)—0(6) 2.075(6) KK (1) 4.153(4)
O(1)-Ti(1)—O(6)  89.10(10) O(L}Ti(1)—O(7) 170.1(1) K(1)—P(1) 3.430(3) K(1)>P(1) 3.478(3)
O(3)-Ti(1)—O(4) 128.79(10) O(3)Ti(1)—O(6) 118.7(1) K(1)—0(2) 2.743(7) K(1}0(5) 2.783(6)
O(3)-Ti(1)—O(7) ~ 87.90(10) O(4Ti(1)—O(6) 111.3(1) K(1)—0(6) 2.787(6) K(1>-0(9) 3.099(6)
O(4)-Ti(1)—0O(7)  96.3(1) O(6yTi(1)—O(7) ~ 97.2(1) K(1)—0(10) 2.768(6) K(1)-0(10) 2.694(6)
O(1)-P(1-0(2)  110.5(1) O(1}P(1)-O(3)  115.6(1) K(1)—0(11) 2.999(6) P(B0(9) 1.498(6)
O(1)-P(1)-O(5)  113.8(1) O(2yP(1}-O(3)  108.8(1) P(1)-0O(10) 1.468(6) P(50O(11) 1.577(6)

O(2-P(1)-O(5) ~ 103.2(1) O(3yP(1)-O(5)  104.1(1) P(1)-0(12) 1.571(6)

Ti(1)-O(1)-P(1) 169.4(1)  Ti(1}O@R)P() 132.3(1)

_ (b) Bond Angles
552 w, 499 w, 469 m.1H NMR (400 MHz):6 5.20 (br s, OGI(CHs),), O(4-Ti(1)—0(5) 76.2(3)  O(4)Ti(1)—O(6) 79.8(3)
4.53 (br s, OGI(CHa)2), 1.60 (s, OC(Ch)s), 1.57 (s, OC(Ch)s), 1.38 O(A)-Ti(1)—0(7) 94.9(3)  O(4)Ti(1)—O(8) 95.6(3)

(brs, OCH(@5)y), 1.27 (br s, OCH(&4),). 1C{*H} NMR (100 MHz2): 8%;:28;:8% 133_'58} 8@383:8@ 125((?)

5 80.29 (s, G(CHs)s), 79.86 (S, @(CHs)s), 78.69 (s, CH(CHs).), OB-Ti(1)—0(9 BBE(  OBITIL—O(7 166 6(3
NMR (161.9 MHz):6 —17.57 (s),~19.78 (s). = O(7)-Ti(1)—0O(8)  101.8(4) O(7Ti(1)—0O(9) 93.6(3)

[Ti2K(OE) §0,P(O'Bu)2]2 (3). An ethanol solution (15 mL) of O(8)-Ti(1)—0(9) 96.8(3) O(1yTi(2)—0O(2) 96.8(3)
(0.71 g, 1.81 mmol) was added to an ethanol solution (15 mL) of KOEt O(1)-Ti(2)—0(3) 100.0(4) O(1yTi(2)—0(4) 91.7(3)
(0.152 g, 1.81 mmol). The reaction mixture was stirred for 12 h. The O(1)—Ti(2)—0O(5) 94.9(3) O(1)Ti(2)—0(6) 162.8(3)
solvent was then removed under reduced pressure, and the remainingO(2)—Ti(2)—0O(3) 101.6(4) O(2Ti(2)—0O(4) 162.2(3)
white solid was kept under vacuum for 3 h. The solid was extracted O(2)~Ti(2)—0O(5) 92.0(3)  O(2)Ti(2)—0O(6) 91.6(3)
with 25 mL of pentane leaving behind insoluble KEOBU), (IR O(3)-Ti(2)—0(4) 92.1(3)  O(3)Ti(2)—0O(5) 158.4(3)
spectroscopy). The pentane solution was concentrated and cooled to Q(3)~Ti(2)—O(6) 92.9(3)  O(4Ti(2)—0O(5) 71.7(3)
—40°C to afford 0.45 g of3 in 35% yield. Anal. Calcd for GHss O(4)-Ti(2)~O(6) 76.4(3)  O(5)Ti(2)—O(6) 69.8(2)

0(2)-K(1)—0(5) 62.5(2) O(2yK(1)—O(6) 61.6(2)
0(2)-K(1)—-0(9)  111.9(2) O(2yK(1)-O(10)  151.0(2)
0(2-K(1)-0(10)  127.8(2) O(YK(1)-O(11)  98.7(2)

KO1:PTi: C, 40.91; H, 8.30; K, 4.39; P, 4.40. Found: C, 41.22; H,
8.44; K, 4.27; P, 5.08. IR (Nujol, Csl, crf): 1447 m sh, 1392 m,

1098 m, 1066 s, 1003 s, 977 m, 918 m, 893 m, 831 m, 679 w, 600 s, 0(5)—K(1)—0(10) 107.2(2) O(5¥K(1)—0(10) 112.5(2)
568 m sh, 492 w, 466 w, 442 w, 431 wH NMR (400 MHz): 6 O(5)-K(1)—0O(11)  140.3(2) O(6}K(1)—0(9) 57.5(2)
4.63 (br, OC1,CHy), 1.50 (s, OC(CH)3) 1.41 (br, OCHCHs). C- O(6)-K(1)-0O(10) ~ 90.5(2) O(6yK(1)~0O(10)  158.0(2)
{H} NMR (100 MHz): 6 78.14 (br, GC(CHas)3), 69.90 (br, GCH,- O(6)—K(1)—0(11) 152.0(2) O(9yK(1)—0(10) 50.4(2)
CHs), 66.68 (br, @H,CHs), 30.22 (d3Jcp = 4.2 Hz, OCCHa3)3), 20.11 0(9)—-K(1)—0(10) 102.4(2) O(9rK(1)—0(11) 148.5(2)
(br, OCHCHg), 19.46 (br, OCHCH3). 3P NMR (161.9 MHz):6 O(10)-K(1)—0(10) 81.0(2) O(10yK(1)—0O(11) 104.1(2)
“12.34 (s). O(10)-K(1)-O(11)  49.8(2) O(9P(1-O(11)  109.2(4)

Reaction of 2 with KO'Pr. Anhydrous 2-propanol (25 mL) was O(9)-P(1)-0(10) 116.1(4)  O(10yP(1)-O(11)  104.8(3)
added to a flask containing KH (0.038 g, 0.95 mmol). After the KH O(9)-P(1)-0(12) 105.0(4) Q(ll—)P(l)—O_(lZ) 107.6(3)
had completely reacted with the solvent, a 2-propanol (15 mL) solution 2(10)-P(1)-0(12)  113.8(4) = Ti(1)} O(4)-Ti(2) 91.7(3)

o ; Ti(2)—0(2)-K(1) 97.7(3) Ti(1O(5)-K(1) 101.1(2)
of 2 (0.414 g, 0.47 mmol) was added. After stirring of the reaction Ti(1)—0(5)-Ti(2) 91.4(2) Ti(1)-O(6)-Ti(2) 91.5(2)

mixture for 12 h, the volatile material was removed under vacuum. Ti(2)—O(5)—K(1) 91.1(2) Ti(2-0(6)—K(1) 91.7(2)
Extraction of the remaining material with 20 mL of pentane yields Ti(1)—0(6)-K(1) 100.2(2)  Ti(1}-O(9)—K(1) 92.4(2)
KO,P(OBuU), as a white insoluble powder. Concentration of the filtrate K(1)—0(6)—C(9) 115.9(6) K(1}O(9)-P(1) 89.5(3)

under vacuum results in the isolation of TiED) in >90% yield ¢H Ti(1)—O(9)—P(1) 154.7(4) K(1>O(10)-P(1) 103.9(3)

NMR spectroscopy). If the crude reaction mixture is concentrated to  K(1)—O(10)—K(1) 99.0(2) K(1)-O(11)-P(1) 93.8(3)

ca. 10 mL and cooled te-80 °C, colorless crystals of form within K(1)—O(10)-P(2) 109.9(3)

3 days. After removal of the solvent by filtration, the crystals melt

when warmed above-30 °C. correction was necessary. Inspection of the systematic absences

Crystallographic Structure Determinations. Crystallographic data uniquely defined the space groBgi/n. The structure was solved using
are collected in Tables-14. Crystals of2 were grown from a direct methods (SAPI91), expanded using Fourier techniques (DIRDIF92),
concentrated pentane solution-a80 °C. A colorless blocky crystal and refined by full-matrix least-squares methods using teXsan software.
of dimensions 0.25¢ 0.18 x 0.11 mm was mounted on a glass fiber =~ The non-hydrogen atoms were refined anisotropically. The hydrogen
using Paratone N hydrocarbon oil. Data were collected using a Siemensatoms were included at calculated positions but not refined. The
SMART diffractometer with a CCD area detector. A preliminary number of variable parameters was 235 giving a data/parameter ratio
orientation matrix and unit cell parameters were determined by of 11.4. The maximum and minimum peaks on the final difference
collecting 60 10-s frames, followed by spot integration and least-squares Fourier map corresponded to 0.23 anfl.31 e A3 R=0.038,R, =
refinement. A hemisphere of data was collected usirsgans of 0.3 0.052, GOF= 1.66.

and a collection time of 30 s/frame. Frame data were integra¢¥d ( Crystals of3 were grown from a concentrated pentane solution at
spot spread= 1.60°; Z spot spread= 0.6C0°) using SAINT. The data —80°C. A colorless needle crystal of dimensions 0:25.10 x 0.08

were corrected for Lorentz and polarization effects. An absorption mm was mounted on a glass fiber using Paratone N hydrocarbon oil.
correction was performed using XPREHR(= 0.20, Tmax = 0.62, Tmin Data were collected as described above. The data were corrected for

=0.58). The 9993 integrated reflections were averaged in point group Lorentz and polarization effects. An absorption correction was
2/m to give 3864 unique reflectionRi{ = 0.037). Of these 2679 performed using XPRER/R = 0.05, Tmax = 0.88, Tin = 0.83). The
reflections were considered observed X 3.0Q(1)). No decay 15 796 integrated reflections were averaged in point groog@give
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Table 3. Selected Interatomic Distances (A) and Angles (deg) for Table 4. Crystallographic Data for Compoun@s-4
[KO,P(OBuU),(HOPr)]4 (4-3HOPT)

compound
(a) Bond Distances X .

K(1)—K(1) 3.915(2) K(1)-K(1) 4.447(1) 2 3 43HOPr

K(1)—K(1) 4.447(1) K(1)-P(1) 3.443(1) empirical formula GHseOPTi  CoHsKO1PTi,  CyH3gKO7P

K(1)—P(1) 3.384(1) K(1-0(1) 2.789(3) fw 434.36 704.59 42556

K(1)-0(1) 2.642(3) K(1)-0(1) 3.201(2) space group P2:/n P2,/n Pdy/n

K(1)—0(2) 2.817(2) K(1}-0(4) 2.664(2) T,°C -109 -89 -135

K(1)—O0(5) 2.774(3) P(1yO(1) 1.491(3) a, 13.1934(6)  9.5622(2) 18.6261(3)

P(1)-0(2) 1.604(2) P(10(3) 1.588(2) b, A 11.9751(5)  27.3300(4)

P(1)-0(4) 1.488(2) o(2yC(1) 1.472(4) ¢ A 15.9864(7)  14.4630(3) 14.7114(3)

0(3)-C(5) 1.466(4) O(5%C(9) 1.424(5) B, deg 102.917(1)  90.628(1)

0(6)-C(12) 1.416(6) O(7yC(15) 1.327(5) Vv, A3 2461.8(2) 3779.5(1) 5102.9(1)

A 4 4 8
(b) Bond Angles p(calc), gem®  1.172 1.238 1.108

O(1)—K(1)—0(1) 86.55(8) O(1LyK(1)—0(1) 81.66(7) u(Mo Ko), et 4.41 6.23 2.99
O(1)—-K(1)—0(2) 51.55(7) O(1rK(1)—0(4) 128.69(8) R(F), % 3.8 6.6 4.3
O(1)-K(1)-0O(5)  128.28(8)  O(LyK(1)—0O(1) 83.92(7) R(WF), % 5.2 8.5 55
O(1)—-K(1)—0(2) 137.97(8) O(LyK(1)—0(4) 103.42(8)
O(1)-K(1)-0(5) 109.66(8) O(LyK(1)-0O(2)  91.86(7) AR(F) = X |IFol — |Fdll/|Fo|. ® RWF) = [FW(|Fo| — |Fel)#>W(Fo)]"2
O(1)-K(1)-0(4)  50.61(7) O(1}K(1)—O(5) 146.45(8)
0(2)—K(1)—0(4) 105.80(8) O(2yK(1)—0O(5) 96.70(8) The 21 270 integrated reflections were averaged in point graugact/
O(4)-K(1)—0(5) 95.90(8) O(1yP(1)-O(2)  103.8(1) give 4068 unique reflectiond®f, = 0.081). Of these 2395 reflections
O(1)-P(1}-O0(3)  113.1(1)  O(1yP(1}-O(4)  118.0(1) were considered observetl ¥ 3.005(1)). No decay correction was
O(2)-P(1}-0(3) 105.4(1) O(2)P(1)-O(4) 111.0(1) necessary. Inspection of the systematic absences uniquely defined the

S((f)):g((ll))_—ng)) 18??6??58) E&;g%:ﬁg; 1%22%1((8) space grougP4./n. The structure was solved using direct methods

B 8 8 (SIR92) and refined by full-matrix least-squares methods using teXsan
E(l)_O(l)_K(l) 98.67(7) K(1)—O(1)_P(1) 164.4(1) software. The non-hydrogen atoms were refined anisotropically.
(1)—O(1)-P(1) 83.9(1) K(1)0O(2)-P(1) 98.5(1) .
K(1)—O(4)—P(1) 105.7(1) Hydrogen atoms were mclu_ded for theOH groups on t_he three _
2-propanol molecules at locations where peaks were found in the Fourier

5554 unique reflectiond, = 0.059). Of these 2774 reflections were difference map. Thes_e protons were not refln_gd. The remaining
considered observeti ¥ 3.00x(1)). No decay correction was necessary. hydrogen atoms were included at calculated po_5|_t|ons but not refined.
Inspection of the systematic absences uniquely defined the space groth? number of variable pa}rameters was .235 giving a data/parameter
P2;/n. The structure was solved using direct methods (SAPI91), ra_\tlo of 10'19‘. The maximum and minimum peaks 02_ the final
expanded using Fourier techniques (DIRDIF92), and refined by full difference Fourier map corresponded to 0.44 ari35 e A% R =
matrix least-squares methods using teXsan software. The non-hydro-0'043’RW = 0.055, GOF= 1.30.
gen atoms were refined anisotropically. The hydrogen atoms were  Acknowledgment. This work was supported by the Director,
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Crystals of4-3HOPr were grown from a concentrated 2-propanol  for help in determining the crystal structures.
solution at—80 °C. A colorless blocky crystal of dimensions 0.92 Supporting Information Available: Listings of crystal, data

0.40 x 0.20 mm was mounted on a glass fiber using Paratone N collection, and refinement parameters, atomic coordinate8aadlies,

hyﬁlroc_arbqn oil. . ZData;fwere c'c:)llected q as described ab%ve With a ponq distances and angles, and anisotropic displacement parameters
collection time of 20 s/frame. Frame . ata was integrated gpot for 2—4 (16 pages). Ordering information is given on any current
spread= 1.6(; Z spot spread= 0.6C°) using SAINT. The data were masthead page

corrected for Lorentz and polarization effects. An absorption correction
was performed using XPRERR = 0.1, Tyax = 0.87, Tmin = 0.62). IC971347E





