Inorg. Chem.2000, 39, 3325-3332

3325

Syntheses, Characterizations, and Single-Crystal X-ray Structures of Soluble Titanium

Alkoxide Phosphonates

Michael Mehring,* Gilles Guerrero, Francoise Dahang P. Hubert Mutin,* and Andre” Vioux

UMR CNRS 5637, Chimie Mdleulaire et Organisation du Solide, Case 007, UniversgeMontpellier
II, 34095 Montpellier Cedex 5, France, and UPR CNRS 8241, Laboratoire de Chimie de Coordination
du CNRS, 205 Route de Narbonne, 31077 Toulouse Cedex 4, France

Receied January 5, 2000

Reactions of Ti(@Pr), with different phosphonic acids RBB, (R = Ph, 4-CNPh, Me!Bu) in organic solvents

have been investigated. In the presence of small amounts of water, the new molecular titanium oxide alkoxide
phosphonates [Tus-O)(OPrs(u-O'Pri(RPG)3]-DMSO [R= Ph (1), Me (2), 'Bu (3), 4-CNPh @)] were isolated.

The single-crystal X-ray structure analysed @nd2 revealed hexacoordinated titanium atoms and a connectivity

of (111) for each phosphonate. Under rigorous exclusion of water, the reaction &#Ji{@th tert-butylphosphonic

acid in toluene gave the titanium phosphonate tetramer [PilgfBuPQ;)]4 (5). A single-crystal X-ray structure
analysis of5 revealed a 5+ 1 coordination of the titanium atoms as a result of the (112) connectivity of each
phosphonate; such a coordination mode has never been reported for a titanium phosphate, phosphonate, or
phosphinate. Compounds-5 were characterized by FT-IRP MAS NMR, and solution multinuclear NMR

(*H, 13C{1H}, 31P{1H}) spectroscopied3C CP MAS NMR experiments were carried out on arylphosphortates
and4. Solution NMR experiments were also used to investigate the exchange reaction bétarethand the
conversion ob to [Tis(us-0)(OPr)s(u-O'Pri('BuPG)s]- PrOH by partial hydrolysis in the presence of TiR@).

The phosphonate clustets-5 are soluble in organic solvents and are likely intermediates in thegsblprocessing

of inorganic-organic hybrids based on titanium oxide and phosphonate groups that we are currently developing.

Introduction

Metal alkoxides play an important role as precursors to meta

oxide materials prepared by sedel processing or metal
organic chemical vapor deposition (MOCVD})* In the sot
gel process, chemical modifiers such gsdiketonate or

carboxylate ligands are usually allowed to react with the metal

alkoxides prior to hydrolysi& 8 the partial replacement of

alkoxy groups by these ligands decreases the reactivity and thu
permits control of the formation of sols and gels. Furthermore,

it allows the introduction of organic functionalities for organic
inorganic hybrid materials applicatiofS$.

S

use of bidentate diorganophosphinic acidgR&H) or tridentate

| organophosphonic acids (REHB) to prepare molecular titanium

(oxide) alkoxide clusters remains mainly unexplof&é’ al-
though phosphato, phosphonato, and phosphinato ligands have
been widely used to prepare polynuclear oxo anions such as
vanadates and molybdat&s2* layered titanium phosphates and
phosphonate®,and polymeric titanium alkoxide phosphinatés.

To date, the only crystallographically characterized molecular
titanium phosphonates are the titanium alkoxo anion in
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alkoxides, which serve as models for the initial stages in the

1992 271, 57-63.
(12) Campana, C. F.; Chen, Y.; Day, V. W.; Klemperer, W. G.; Sparks,
R. A. J. Chem. Soc., Dalton Tran£996 691—-702.

sol—gel process as well as molecular building blocks for novel (13) Dpay, V. W.; Eberspacher, T. A.; Chen, Y.; Hao, J.; Klemperer, W.

advanced material$-13 Several molecular titanium oxide

alkoxide clusters have been prepared by reactions of titanium (14)

alkoxides with bidentate carboxylic aciéfs1® However, the
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[Tio(OMe)(OsPPh}]["BusN]22° and the partially hydrolyzed
complexes [(Cp*Ti@PR)(u-O),] (R = Me, Ph) and [(Cp*Ti}-
(‘BUPQy)o{ 'BUPQ(OH)} (u-0)2]. 2

The condensation of titanium alkoxides with carboxylic acids
as well as with phosphinic and phosphonic acids results in the
formation of alcohols. In the case of carboxylic acids, esteri-
fication of unreacted acids by the liberated alcohols leads to
the formation of water. Under the same conditions, the esteri-
fication of phosphonic or phosphinic acids by the liberated
alcohols does not take place; hence, no water forms, which
allows a better control of the formation of oxo bridges.

We recently reported a promising sajel route to novel
inorganic-organic hybrids based on metal oxide and phospho-
nate groups. This selgel route involves the nonhydrolytic

condensation between a metal alkoxide and an organophospho-

rus acid, followed by a controlled hydrolysisondensation of
the remaining alkoxy groups.

The present contribution deals with the reaction of TRIQ)
with different phosphonic acids (phenylphosphonic acid, (4-
cyanophenyl)phosphonic acid, methylphosphonic acid tertd
butylphosphonic acid), resulting in the formation of novel,

Mehring et al.
Table 1. Crystallographic Collection Data for
[Ti(u3-O)(OPr)s(u-OPr)x(MePQ)3]-DMSO (2) and
[Ti(O'Pry('BuPQ)]a (5)

2 5
empirical formula 69H71019P35Ti4 C40H92020P4Ti4
fw 1040.43 1208.62
space group P2,/c (No. 14) P1 (No. 2)

a, 19.743(3) 14.1115(17)

b, A 12.6777(11) 19.819(2)

c A 19.896(3) 21.784(3)

o, deg 90 92.677(16)

B, deg 91.019(15) 92.369(16)

y, deg 90 92.074(14)

vV, A3 4979.1(10) 6076.1(14)

Z 4 4

2, A 0.71073 0.71073

T, K 160+ 2 160+ 2

Pcalcd Mg/I"I'T3 1.388 1.321

w(Mo Ka), mmr?t 0.819 0.675

R:2 obsd, all 0.0218, 0.0344 0.0304, 0.0569
Ry:P obsd, all 0.0451, 0.0488 0.0548, 0.0601

AR = J|IFol = IFcll/ZIFol. ® Ry = [ZW(IF? — [F) T wIFo7 M2

organic-soluble molecular titanium phosphonates. The synthesegind high-power proton decoupling’? MAS NMR spectra were

and characterizations of the titanium oxide alkoxide phospho-
nates [Ti(uz-O)(OPr)s(u-O'Pr(RPG)3]:DMSO [R = Ph (),

Me (2), 'Bu (3), 4-CNPh @)] and the titanium alkoxide
phosphonate [Ti(®ry(BuPQy)]s (5) are presented. In a
preliminary communication, the X-ray single-crystal structure
of 1 was reported? In this work, we present the X-ray single-
crystal structures of the methyl analog@eand of the first
example of a molecular phosphonate-bridged titanium alkoxide
5. We also present the characterizations of compoudnrdsby

IR spectroscopy, variable-temperature multinuclear NMR spec-
troscopy {H, 13C, 31P) in solution, ancf'P solid-state NMR
spectroscopy, which shovgsand4 to be analogues df and2.

Experimental Section

General Methods. All manipulations were carried out under an
atmosphere of dry argon using standard Schlenk and glovebox
techniques. Solvents were purified by conventional procedures and
distilled prior to use. DMSO was distilled two times from Ga&hd

recorded without cross-polarization (CP) using & ##p angle and a
10 s recycling delay; chemical shifts are referenced 8® (85% in
water). 33C CP-MAS NMR spectra were recorded using cross-
polarization (CP) wih a 5 srecycling delay; chemical shifts are
referenced to M&Si. FT-IR spectra were obtained on a Perkin-Elmer
Spectrum 2000 spectrophotometer with the KBr pellet technique.
X-ray Data Collections and Structure Determinations for 2 and
5. The data were collectétlon a Stoe imaging plate diffractometer
system (IPDS), equipped with an Oxford Cryosystems cooler device,
at 160 K using Mo K radiation with a graphite monochromatdr=
0.710 73 A). In both cases, the data were collected with a crystal-to-
detector distance of 80 mm, in thé Pange 2.9-48.4 with a ¢ rotation
movement ¢ = 0.0-249.6 andA¢g = 1.3 for 2; ¢ = 0.0-250.5
and Ap = 1.5° for 5). No absorption corrections were made. The
structures were solved using direct mettidmd refine@ by full-
matrix least-squares techniques based~dnll non-hydrogen atoms
were refined anisotropically. Hydrogen atoms were found on difference
Fourier maps and introduced into calculations with riding models, where
Uiso Was equal to 1.1 timeldis, of the atom of attachment. The atomic
scattering factors and anomalous dispersion terms were taken from the

stored over molecular sieve (4 A). Elemental analyses were performedstandard compilatioff. The crystallographic data are summarized in

by the microanalysis laboratory of the CNRS in Vernaison. The melting
points were measured under argon in sealed capillaries oitlhi Bu
450 melting point apparatus and are reported uncorrected. All manipu-
lations were carried out under an inert atmosphere. Pi(@(Aldrich)
was distilled prior to use. Methylphosphonic and phenylphosphonic
acids (Aldrich), tert-butylphosphonic acid (Lancaster), and 4-(cy-
anophenyl)phosphonic aéff®were dried under high vacuum prior to
use.

Spectroscopies.Solution *H and 3P NMR experiments were

Table 1, and the non-carbon fractional coordinate®fand5 are listed
in Tables 2 and 3, respectively.

[Ti a(us-O)(O'Pr)s(u-O'Pr)3(PhPQs)3] - DMSO (1). This compound
was prepared as described previoithnal. Calcd for G4H77010Ps-
STis: C, 43.08; H, 6.32. Found: C, 42.85; H, 6.5321 NMR (200.1
MHz, THF, 23°C), 6 (ppm): 0.33 (d, 12H, Mgey), 0.71 (d, 18H,
Meoipy), 0.80 (d, 18H, Mgry), 1.83 (s, 6H, Mgwuso), 4.03 (sep, 3H,
CHopy), 4.26 (sep, 2H, Cblp), 4.40 (sep, 3H, Cbhlpy), 6.60-6.71
(complex pattern, 12H, &,), 7.16-7.28 (complex pattern, 6H, 43).

performed using a Bruker DPX200 spectrometer. When THF was used **C{*H} NMR (50.3 MHz, THF, 23°C), 6 (ppm): 24.0, 24.2 (Mgp)),
as the solvent for NMR experiments, samples were transferred under38.8 (Mewso), 77.6, 78.4 (Chipy), 126.9 (d,2J(*3C—31P) = 15 Hz,

an argon atmosphere & 5 mm NMRtube and an acetordy-capillary

was used as a lock standatti NMR chemical shifts are referenced
to MesSi and®'P NMR chemical shifts to BPO, (85% in water). Solid-
state NMR spectra were obtained with a Bruker Avance DPX300
spectrometer, using magic angle spinning (MAS) (spinning rate 10 kHz)

(27) Walawalkar, M. G.; Horchler, S.; Dietrich, S.; Chakraborty, D.;
Roesky, H. W.; Schafer, M.; Schmidt, H. G.; Sheldrick, G. M.;
Murugavel, R.Organometallics1998 17, 2865-2868.

(28) (a) Mutin, P. H.; Delenne, C.; Medoukali, D.; Corriu, R.; Vioux, A.
Mater. Res. Symp. Prot998 519, 345-350. (b) Guerrero, G.; Multin,
P. H.; Vioux, A. Chem. Mater200Q 12, 1268-1272.

(29) Hirao, T.; Masunaga, T.; Oshiro, Y.; Toshio, ®ynthesid981, 56—
57.

(30) McKenna, C. E.; Higa, M. T.; Cheung, N. H.; McKenna, M.-C.
Tetrahedron Lett1977, 2, 155-158.

Caryl/meti;, 129.0 (d,4J(13C_31P) = 3 Hz, Caryl/pare)q 130.6 (d,ZJ(13C—
31P) = 9 Hz, Guyliorthg), 135.5 (d,2J(*3C—3P) = 203 Hz, Guyiipso)- 3*P-
{*H} NMR (101.3 MHz, THF, 23°C), é (ppm): 6.8.31P{*H} NMR
(101.3 MHz, THF,—40 °C), 6 (ppm): 6.7, 6.5 (2:1)3'P{*H} MAS
NMR (solid state, 121.5 MHz)) (ppm): 5.84, 6.20, 7.25 (1:1:1%¥C-
{H} MAS NMR (solid state, 75.5 MHz)y (ppm): 24.0, 25.1, 25.7,

(31) StoelPDS Manua] Version 2.87; Stoe & Cie: Darmstadt, Germany,
1997.

(32) Sheldrick, G. MSHELXS-97Program for Crystal Structure Solutipn
University of Gadtingen: Gitingen, Germany, 1990.

(33) Sheldrick, G. MSHELXL-97 Program for the Refinement of Crystal
Structures from Diffraction Data; University of @mgen, Gatingen,
Germany, 1997.

(34) International Tables for Crystallographluwer Academic Publish-
ers: Dordrecht, The Netherlands, 1992; Vol. C.
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Table 2. Selected Positional and Equivalent Isotropic Displacement Table 3. Selected Positional and Equivalent Isotropic Displacement

Parameters (Ax 10?) and Their Esd’s for Parameters (Ax 107 and Their Esd’s for [Ti((Pr)('BuPQ)]4 (5)
[Ti(u5-O)(OPr)s(u-O'Pris(MePGs)s]-DMSO (2) ” y 5 W

X y z U Ti(1A)  0.87566(3) 0.53824(2)  0.34760(2)  1.66(1)
Ti(1) 0.25164(2) 0.33956(3) 0.11894(2) 2.62(1) Ti(2A) 0.83416(3) 0.35688(2) 0.24889(2) 1.45(1)
Ti(2) 0.30721(2) 0.56442(3) 0.09055(2) 2.60(1) Ti(3A) 0.79120(3) 0.49948(2) 0.11874(2) 1.95(1)
Ti(3) 0.32514(2) 0.46501(3) 0.23228(2) 2.69(1) Ti(4A) 0.61346(3) 0.55461(2) 0.25781(2) 1.87(1)
Ti(4) 0.09730(2) 0.60588(3) 0.21244(2) 2.16(1) P(1A) 0.95297(5) 0.46107(3) 0.21287(3) 1.42(1)
S(1) —0.00852(3) 0.41890(4) 0.22391(2) 3.09(1) P(2A) 0.72813(5) 0.44118(3) 0.34979(3) 1.58(1)
P(1) 0.15666(3) 0.51395(4) 0.05957(2) 2.58(1) P(3A) 0.78773(5) 0.61990(3) 0.23969(3) 1.99(2)
P(2) 0.18158(2) 0.37147(4) 0.25523(2) 2.57(1) P(4A) 0.64422(5) 0.42679(3) 0.16949(3) 1.80(2)
P(3) 0.26186(3) 0.68918(4) 0.21728(2) 3.11(1) O(1A) 0.9014(1) 0.46827(7) 0.27400(7) 1.28(4)
o(1) 0.17379(7) 0.3962(1) 0.06800(6) 3.14(3) O(2A) 0.9349(1) 0.38583(7) 0.19416(7) 1.62(4)
0(2) 0.19208(6) 0.3033(1) 0.19250(6) 2.94(3) O(3A) 0.9148(1) 0.50634(7) 0.16317(7) 1.68(4)
O(3) 0.18687(7) 0.6718(1) 0.22113(7) 3.61(3) O(4A) 0.7111(1) 0.50575(7) 0.31574(7) 1.81(4)
O(4) 0.00680(7) 0.5280(1) 0.19543(7) 3.25(3) O(5A) 0.8229(1) 0.45789(8) 0.38624(7) 1.78(4)
O(5) 0.26087(6) 0.4814(1) 0.15828(6) 2.64(3) O(6A) 0.7360(1) 0.37895(8) 0.30667(7) 1.79(4)
0O(6) 0.31354(6) 0.4144(1) 0.05497(6) 2.99(3) O(7A) 0.8710(1) 0.60196(8) 0.28180(7) 1.94(4)
o(7) 0.33079(7) 0.3247(1) 0.18433(6) 3.10(3) O(8A) 0.7508(1) 0.56160(7) 0.19447(7) 1.76(4)
0(8) 0.25046(7) 0.2136(1) 0.07960(7) 3.59(3) O(9A) 0.6994(1) 0.63449(8) 0.27683(7) 2.33(4)
0(9) 0.22060(7) 0.5779(1) 0.04339(6) 3.41(3) O(10A) 0.7476(1) 0.41232(8) 0.18749(7) 1.79(4)

0(10) 0.35642(7)  0.6320(1)  0.03074(7) 3.73(3)  O(11A)  0.6555(1)  0.47229(8)  0.11397(7)  2.28(4)
o(11) 0.28751(7)  0.6903(1)  0.14511(7) 3.87(4)  O(12A)  0.5915(1)  0.46259(8)  0.22091(7)  1.99(4)
0(12) 0.38143(7)  0.5286(1)  0.15815(7) 3.24(3)  O(13A)  0.9974(1)  0.53821(8)  0.37325(7)  2.25(4)
0(13) 0.30275(7)  0.6091(1)  0.26046(7) 3.68(3)  O(14A)  0.8369(1)  0.59971(8)  0.40189(7)  2.58(4)
0(14) 0.38835(7)  0.4394(1)  0.29518(7) 3.40(3)  O(15A)  0.9106(1)  0.32237(8)  0.30414(7)  1.97(4)
0(15) 0.24982(6)  0.4081(1)  0.28468(6) 2.85(3)  O(16A)  0.7885(1)  0.28002(8)  0.21142(7)  2.23(4)
0(16) 0.13256(6)  0.4608(1)  0.24150(6) 2.62(3)  O(17A)  0.8301(1)  0.43856(9)  0.06473(7)  2.71(4)
o(17) 0.11846(7)  0.5587(1)  0.11764(6) 2.80(3)  O(18A)  0.7883(1)  0.56974(9)  0.07066(8)  2.99(5)
0(18) 0.05553(6)  0.72315(9)  0.18192(6) 2.42(3)  O(19A)  0.5339(1)  0.56049(8)  0.31934(8)  2.49(4)
0(19) 0.07822(7)  0.6274(1)  0.30058(6) 3.11(3)  O(20A)  0.5422(1)  0.59058(9)  0.20047(8)  2.76(4)

Ti(1B)  0.21336(3)  1.12488(2)  0.26890(2)  2.09(1)

@ Ueq = one-third of the trace of the orthogonalizel tensor. Ti(2B) 0.25293(4) 0.95891(2) 0.37502(2) 3.10(1)
Ti(3B 0.42685(4)  0.92619(2)  0.23021(2)  3.22(1

125.6-134.9 (broad, &), 136.5 (d,"J(**C—3'P) = 201 Hz, Guyiipso). P(1B) 0.40180(6)  1.03903(4)  0.33465(3)  3.05(2)

137.2 (d,")(**C—%P) = 208 Hz, Guyuips9- FT-IR (Nujol), cnr*: 602 P(2B) 0.09118(5)  1.01517(3)  0.28911(3)  2.12(2)

(m), 623 (m), 618 (m), 697 (M), 719 (w), 750 (m), 838 (m), 854 (M),  P(3B) 0.31436(5)  1.05626(3)  0.15683(3)  2.42(2)
958 (s), 972 (s), 1003 (sh), 1010 (vs), 1035 (m), 1068 (w), 1094 (s), P(4B) 0.25200(6)  0.85923(3)  0.23978(4)  3.03(2)
1137 (vs), 1164 (sh), 1194 (s), 1316 (w), 1327 (w). 0O(1B) 0.2991(1) 1.05880(9)  0.31993(8)  2.76(4)
[Ti 4(u3-0)(O'Pr)s(u-O'Pr)3s(MePOs)3]-DMSO (2). To a solution of 0(2B) 0.3891(1) 0.98398(9)  0.38136(8)  3.62(5)
methylphosphonic acid (270 mg, 2.81 mmol) in 3.5 mL of DMSO was ~ O(3B) 0.4515(1) 1.01139(9)  0.27773(9)  3.44(5)
added Ti(CPr) (1.60 g, 5.63 mmol), giving a colorless precipitate. 82;5; 81?238; 18%;%% 8%;21% %%‘;Eg
Addition of water (17xL, 0.94 mmol) in 3 mL of THF and stirring for : : : :
10 min at room temperature gave a cloudy solutiérb mL portion 0(68B) 0.1297(1) 0.96219(8) 0.33092(8) 2.83(4)

. . ) O(7B) 0.3086(1) 1.11098(8) 0.20781(8) 2.50(4)
of TI—_|F was added, and the reaction mixture was heated u_ntll a clear 0(8B) 0.3305(1) 0.98603(8) 0.18017(8) 2.82(4)
solution was observed. The solvent was evaporated until a cloudy 0(9B) 0.2186(1) 1.04584(8) 0.11950(8) 2.73(4)

solution was obtained. Colorless crystals appeared in this solution after o108)  0.2904(1) 0.90882(9)  0.29201(8)  3.17(5)
several days at @C. These crystals were filtered off, washed withtwo  o(11B) 0.3386(1) 0.85101(9)  0.20036(9)  3.55(5)

5 mL portions of E£O, and dried in vacuo, giving 593 mg (61% yield) 0(12B) 0.1682(1) 0.88569(8) 0.20286(8) 2.89(4)

of 2. Mp: 140-142°C. Anal. Calcd for GeH710:0PsSTis: C, 33.48; O(13B)  0.2587(1)  1.19667(8) 0.31534(8)  2.70(4)
H, 6.83. Found: C, 33.38; H, 6.81H NMR (200.1 MHz, THF, 23 O(14B)  0.1391(1)  1.16725(8)  0.21656(8)  2.56(4)
°C), (ppm): 0.42-0.64 (broad complex pattern, 21H, Mg Meoi), O(15B)  0.2210(2)  1.0133(1)  0.43630(9)  4.02(5)
0.68 (d, 18H, Mep), 0.81 (d, broad, 18H, M), 1.92 (s, 6H, O(16B)  0.2476(2) 0.8808(1) 0.41339(9)  4.47(6)
Mepuso), 4.00 (sep, 3H, Chlpy), 4.23-4.45 (broad complex pattern, O(17B) ~ 0.4963(2) 0.8797(1) 0.2810(1) 4.22(5)
5H, CHop). 23C{'H} NMR (50.3 MHz, THF, 23°C), 6 (ppm): 12.1 8&83 8-3222% 8-8%2&1@)) gigig((g)) ggi((g%
J(13C—31P) = 158 Hz, M), 23.7, 24.0 (Mg, 39.3 (M : : : :
(7%.;, ( 73?2' 7;_8 (gﬁ,w). ’slp?}“ﬁi’ 2 (8190( M%F’Zr)” f-ag’(zfg;o)é’ O(20B)  0.2083(2)  0.90876(9)  0.08502(9)  3.99(5)
(ppm): 17.2, 19.2 (1:2)*'P(*H} NMR (81.0 MHz, CHCI,/CD.Cl, 2 Ugq = one-third of the trace of the orthogonalizel tensor.

23°C), 6 (ppm): 20.7, 21.5 (1:2)3P{'H} MAS NMR (solid state,
121.5 MHz),6 (ppm): 14.7, 16.7, 17.6 (1:1:1). FT-IR (Nujol), cfa gave a clear yellow solution. Colorless crystals were obtained from
608 (m), 769 (w), 776 (w), 798 (w), 835 (w), 854 (w), 890 (vw), 954 this solution after several days. These crystals were filtered off and
(m), 1008 (vs), 1036 (w), 1066 (s), 1104 (s), 1132 (s), 1164 (sh), 1195 dried under high vacuum, giving 670 mg (53% yield) ®fas an
(sh), 1303 (w), 1327 (vw). amorphous powder. Mp: 187190 °C. No satisfactory elemental
Reaction of 1 with 2. Crystals of1 (118 mg, 0.096 mmol) and analysis was obtained f& probably as a result of the high sensitivity
(100 mg, 0.096 mmol) were mixed in 1.5 mL of THF at room of this fine, amorphous powder to hydrolysisl NMR (200.1 MHz,
temperature. A cloudy solution formed, and tH® NMR analysis CD.Cl,, 23°C), 6 (ppm): 1.20 (d3J(*H—3'P) = 15 Hz, 27H, Mew,),
showed signals at 20.8 (1%), 20.1 (8%), 19.6 (12%), 17.7 (20%), 8.5 1.23 (d, 12H, Mer), 1.37 (d, 18H, Mgr), 1.48 (d, 18H, Mg,
(6%), and 7.3 ppm (53%). No assignment was made. 2.61 (s, 6H, Mewmso), 4.65 (sep, 3H, CHpy), 4.87 (sep, 3H, CHlp),
[Ti 4(us-O)(O'Pr)s(u-O'Pr)3('BuPO3)3]-DMSO (3). To a solution of 5.15 (m, 2H, CHp). BC{*H} NMR (50.3 MHz, CDQCl,, 23 °C), 0
tert-butylphosphonic acid (450 mg, 3.25 mmol) in 5 mL of DMSO  (ppm): 25.1, 26.0, 26.1 (M), 26.7 (d,2J(**C—3P) = 2 Hz, Me>w,),
was added Ti(®r), (1.80 g, 6.33 mmol), giving two liquid phases. 31.3 (d, 2J(*3C—3P) = 153 Hz, Gy, 41.5 (Mewso), 77.7, 79.8
Addition of water (20uL, 1.11 mmol) in 3 mL of THF and heating (CHgipy), 80.3 (broad, Clpy). 3*P{*H} NMR (81.0 MHz, THF, 23°C),
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o (ppm): 28.83P{*H} NMR (101.3 MHz, CBRCly, 23°C), 6 (ppm):
27.3.31P{*H} NMR (101.3 MHz, CRCl,, —70 °C), 6 (ppm): 24.3,
25.0 (1:2).3'P{H} MAS NMR (solid state, 121.5 MHz)¢ (ppm):
23.6, 24.5 (1:2) (from the deconvolution of overlapping signals). FT-
IR (Nujol), cm % 606 (s), 694 (w), 827 (sh), 835 (m), 853 (m), 954
(s), 1004 (vs), 1044 (s), 1056 (m), 1070 (m), 1104 (s), 1127 (s), 1164
(sh), 1204 (vw), 1233 (vw), 1308 (W), 1326 (w).

[Ti 4(us-O)(O'Pr)s(u-O'Pr) 3(4-CNPhPQ;)3]-DMSO (4). Water (30
uL, 1.67 mmol) was added to a solution of (4-cyanophenyl)phosphonic
acid (771 mg, 9.85 mmol) in 3 mL of DMSO. The addition of Ti-
(O'Pr), (2.80 g, 9.85 mmol) gave a clear yellow solution. Colorless
crystals were obtained from this solution after several days. These
crystals were filtered off, washed with two 4 mL portions of&tand
dried in vacuo, giving 1.05 g (57% vyield) & Mp: >240°C dec.
Anal. Calcd for G/H74N3O:0PsSTis: C, 43.37; H, 5.73; N, 3.22.
Found: C, 43.18; H, 5.93; N, 3.13H4 NMR (200.1 MHz, THF, 23
°C), 6 (ppm): 0.33 (d, 12H, Mepy), 0.71 (d, 18H, Mgy, 0.79 (d,
18H, Me&jipy), 1.84 (s, 6H, Mewuso), 4.02 (sep, 3H, Chry), 4.22 (sep,
2H, CHyipy), 4.41 (sep, 3H, CHlp), 7.01-7.08 (complex pattern, 6H,
Hany), 7.27-7.38 (complex pattern, 6H, 45). **C{*H} NMR (50.3
MHz, THF, 23°C), 6 (ppm): 23.8, 23.9, 24.0 (M), 39.1 (M&wso),
78.3, 79.2 (CHipy), 113.3 (d,*J(**C—3P) = 3.4 Hz, Guyipard, 117.7
(d,53(*3C—21P)= 1.6 Hz, CN), 130.9 (d®J(**C—5'P) = 15 Hz, Guyiime,
131.1 (d,2J(*3C—3P) = 10 Hz, Guyiiortng, 140.6 (d,}J(**C—3P) = 200
Hz, Caryiiipsd- 3*P{*H} NMR (101.3 MHz, THF, 23C), 6 (ppm): 4.5.
31p{1H} NMR (101.3 MHz, THF,—40 °C), 6 (ppm): 4.6, 4.3 (2:1).
31P{1H} MAS NMR (solid state, 121.5 MHz)) (ppm): 3.1, 4.4 (1:2).
FT-IR (Nujol), cnT® 606 (s), 631 (s), 778 (vw), 795 (vw), 834 (s),
854 (s), 952 (s), 982 (s), 1005 (vs), 1049 (s), 1090 (s), 1129 (vs), 1160
(s), 1181 (w), 1205 (s), 1298 (vw), 1321 (w), 1328 (w) 2229 (m).

[Ti(OPr)x('BuPO3)]4 (5). Ti(O'Pr) (3.64 g, 12.81 mmol) was added
dropwise to a suspension t#rt-butylphosphonic acid (910 mg, 6.59
mmol) in 60 mL of toluene, giving a clear solution. This solution was
heated at 80C for 2 h, and 45 mL of toluene was distilled off. Colorless
crystals were isolated from this solution after 2 weeks 4C0 The
crystals were dried in vacuo, giving 0.60 g (30% yieldpboMp: >260
°C dec. Anal. Calcd for gHgx020P4Tis: C, 39.77; H, 7.62. Found: C,
39.31; H, 7.57H NMR (200.1 MHz, CRCl,, 23°C), 6 (ppm): 1.30
(d, 12H, Meypy), 1.36 (d,2J(*H—31P) = 17 Hz, 9H, Mes,), 5.35 (sep,
2H, CHopy). *C{*H} NMR (50.3 MHz, CQCl, 23°C), 6 (ppm): 25.8
(Megey), 25.9 (Mesy), 32.3 (d,J(*3C—3P) = 137 Hz, Gy, 83.0
(CHoipy). 3'P{*H} NMR (101.3 MHz, CDQCly, 23°C), 6 (ppm): 40.2.
S1P{1H} NMR (101.3 MHz, THF, 23C), 0 (ppm): 39.33P{*H} MAS
NMR (solid state, 121.5 MHz)) (ppm): 36.9, 37.9, 38.0, 38.7, 39.0,
39.1. FT-IR (Nujol), cnt*: 605 (m), 668 (vw), 834 (w), 854 (w), 1002
(vs), 1010 (s), 1075 (sh), 1096 (m), 1126 (m), 1162 (w), 1204 (vw),
1235 (vw), 1224 (w).

Reaction of 5 with H,O in the Presence of Ti(CPr),. Pure [Ti-
(OPryp('BuPQy)]4 (5) (320 mg, 0.265 mmol) was dissolved in 0.6 mL
of CD,Cly, and Ti(OPr), (115 mg, 0.405 mmol) was added. To this
solution was added water (8., 0.33 mmol) in three steps, leading to
a cloudy solution after the addition of the third portion of water. After
each addition, thé'P and*H NMR spectra were recorded. The initial
signal of5 disappeared, and tféP and'H NMR spectra showed the
formation of [Ti(us-O)(OPrs(u-OPr)('BuPQy)s]-HOPr and 2-pro-
panol, together with minor, unidentified phosphonate products.

Results

SynthesesThe titanium oxide alkoxide phosphonates(&i-
O)(OPr)(u-OPr(RPG)3]-DMSO [R = Ph (1), Me (2), 'Bu
(3), 4-CNPh @)] were each prepared by adding TiF®d)y and
small amounts of water to a DMSO solution of the appropriate

organophosphonic acid (Scheme 1). In the case of the phenyl-
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Scheme 1

3 R-P(O)(OH), + 4 Ti(OiF’r)4 + HO

DMSO
-8'ProH

olpr.
DMSO. _||_ O'Pr
i
o | 0
R. / O \_R
\O l R /P\
/ / \
Pr. O,Tu\o ip
\/'PrO \/
iPro’ \o/ ~olPr
'Pr

R = phenyl (1), methyl (2),
tert-butyl (3), para-CN-phenyl (4)

When THF was used as the solvent instead of DMSO, the
reaction of phenylphosphonic acid, water, and TRiQ) gave a
clear solution. Thé’P NMR and'H NMR data of the crude
reaction mixture indicated the formation of [&i£O)(OPr)k-
(u-O'PrR(PhPQ)s]- THF.

The reaction of Ti(@Pr),; with a DMSO solution oftert-
butylphosphonic acid gave two liquid phases. Upon addition
of THF and water, a yellow solution was obtained and
crystallization began after several hours. When (4-cyanophenyl)-
phosphonic acid, water, and Ti@), were allowed to react in
DMSO, no precipitate was observed, in contrast to what was
observed with phenylphosphonic acid. Compodrmystallized
after several days from a concentrated DMSO solution.

Attempts to isolate a nonhydrolyzed titanium alkoxide
phosphonate from DMSO or THF solutions failed, and the
addition of water was required to prepare the partially hydro-
lyzed compound4d—4 in significant yields. If an insufficient
amount of water was used for the preparatiod,dhe3P NMR
spectrum of the crude reaction mixture was indicative of a
complex mixture containing several products. Further addition
of water gave &P NMR spectrum showing one main signal
for the cluster ab 6.8 ppm (ca. 76:80%) and two signals in
the region o 16 ppm (ca. 36-20%) (unidentified compounds).
When the ratio of Ti(@Pr), to phenylphosphonic acid was varied
between 1.33 and 10, ti& NMR spectra of the crude reaction
mixtures did not vary significantly antl was always obtained
as the main product.

Despite a certain sensitivity to hydrolysis, the arylphospho-
natesl and4 may be handled in air for short periods of time
without notable decomposition: téP MAS NMR spectra of
1 and4 recorded after exposure to atmospheric moisture for 2
h were unchanged compared to the initt® MAS NMR
spectra. This was not the case for the alkylphosphoriasesl
3, which showed much higher sensitivity to hydrolysis.

The titanium alkoxide phosphonate [Tif@)('BUPQ;)]4 (5)
(Scheme 2) was prepared by adding TR, to a suspension
of tert-butylphosphonic acid in toluene, giving a clear solution.
After heating, the3’P NMR spectrum of the crude reaction
mixture showed one main signal @39.4 ppm corresponding

and methylphosphonic acids, an amorphous precipitate wasto 5 and several signals of minor intensity in the regiondof

formed first, which was dissolved by adding small amounts of
THF followed by a slight warming of the reaction mixture.
Crystallization of colorless needles dfand 2 from the light

20—40 ppm.5 was crystallized from this solution on standing
at 0°C for several days.
Single-Crystal X-ray Structures of [Ti4(uz-O)(O'Pr)s(u-

yellow solution was observed after several days, depending onO'Pr)3(MePQ3)3]-DMSO (2) and [Ti(O'Pr),('BuPOs)]4 (5).

the amount of THF added.

The structures o® (Figure 1) ands (Figure 2) are molecular
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Figure 1. ORTEP view of2. Hydrogen atoms have been omitted for have been omitted for clarity. Thermal ellipsoids are drawn at 50%
clarity. Thermal allipsoids are drawn at 50% probability. probability. The geometry of the other molecule is essentially the same.
Scheme 2 Table 4. Selected Bond Lengths (A) and Angles (deg) for
_ [Tia(us-0)(OP1)(u-OPr)(MePQy)s]-DMSO (2)
4 Ti(O'Pr), + 4 'BUP(O)(OH), Bond Lengths
Ti(1)—0(1) 1.962(1) Ti(4)-0O(16) 2.047(1)
toluene, 70°C Ti(1)—0(2) 1.949(1) Ti(4y-0(17) 2.029(1)
8 'PrOH Ti(1)—O(5) 1.968(1) Ti(4»0(18) 1.800(1)
) Ti(1)—0O(6) 2.017(1) Ti(4y-0(19) 1.821(1)
Ti(1)—0O(7) 2.024(1) P(1y0(1) 1.539(2)
) ) Ti(1)—0O(8) 1.778(1) P(3)y0O(9) 1.539(1)
iPro,__O'Pr Ti(4)—0(3) 1.961(1) P(10(17) 1.502(1)
o—7——o tg Ti(4)—0(4) 2.064(1) S(1y0(4) 1.527(1)
‘Bu Vv ) \P/ u
.- Qipg ,/oipr/\ Bond Angles
/,,'\o\\‘ﬁ//o o) O(1)-Ti(1)—0(2) 89.81(6) O(3)Ti(4)—0O(17) 90.41(6)
0 Ot-’jpj\r_o\ /_opr O(1)-Ti(1)—0O(5) 86.40(5) O(3)Ti(4)—0O(18) 94.88(6)
) \/BU o/Tl\ O(1)-Ti(1)—0O(6) 88.84(6) O(3)Ti(4)—0(19) 93.05(6)
'PrO_’.'\-'\ //o o'Pr O(1)-Ti(1)—O(7) 162.70(6) O(4)Ti(4)—0O(16) 84.57(5)
PO O—FR \ O(1)-Ti(1)—0(8) 95.59(6) O(4)yTi(4)—0O(17) 84.17(5)
Bu O(2)-Ti(1)—0O(5) 88.26(5) O(4)Ti(4)—0(18) 87.12(6)

O(2)-Ti(1)-O(6)  164.88(6) O(4yTi(4)—O(19)  92.08(6)
O(2)-Ti(1)-O(7)  87.97(5) O(16}Ti(4)—O(17) 85.58(5)
O(2)-Ti(1)-0(8)  96.63(6) O(16)Ti(4)—O(18) 171.48(6)
with no significant intermolecular contacts in their respective O(5)—Ti(1)—O(6) 76.63(5) O(16)Ti(4)—0O(19) 86.42(5)
crystal lattices. The molecular structure Dfs similar to that O(5)-Ti(1)-O(7) ~ 76.39(5) O(1#Ti(4)—O(18)  91.75(5)

of the phenylphosphonate analogliewith the four Ti atoms 8%:%8;:8&% 1;3'57}5((2)) 883%%:8883 lgé';'i((g))
forming a trigonal pyramid (Scheme 1). Selected bond lengths 0(6)-Ti(1)—0(8) 98:49(6) O(1)P(1)-0(9) 110174(8)
and angles fo are displayed in Table 4. The three titanium  o(7)-Ti(1)-0(8) 101.71(6) O(L)}P(1)-O(17) 113.26(7)
atoms of the base, Ti(1), Ti(2), and Ti(3), have similar O(3)-Ti(4)—0(4) 174.28(6) O(9)P(1)-0O(17) 112.76(8)
coordination geometries, formed by two oxygen atoms of two O(3)-Ti(4)—0(16)  93.23(6)

different phosphonato groups FfD 1.943(1)-1.973(2) AJ, one o g isopropoxy groups [FiO 1.800(1)-1.821(1) A], and
terminal isopropoxy group [FO 1.771(1)-1.781(2) Al two 4, corresponding FiO(P) bonds are slightly shorter [FO
bridging isopropoxy groups [FO 2.017(1)-2.035(2) Al and 5 547(1)/2.029(1) A] than the Ti(4)0(3)(P) bond [T-O 1.961-
th? fz-oxygen atom [T+-O 1'.938(1)—1'968(1) Al The_ T (1) A], which is trans to the coordinated DMSO molecule. The
O(Pr) and the T+O(P) bond distances compare well with those - igiortion of the octahedral coordination geometry of Ti(4) is
reported for titanium oxide alkoxid€sand titanium phospho- shown by the ©Ti—O trans and cis angles in the ranges

nates?%27respectively. The distorted octahedral geometry of Ti- 171.45(6)-174.28(6) and 84.17(5)95.74(6Y, respectively. In

(1)-Ti(3) is demonstrated by the{)Ti—_O trans angles _in the i cluster, the phosphonate groups act as tridentate bridging
range 162.70(6)174.72(6) and the O-Ti—Ocisangles inthe ;oo n4s  Each of the phosphonate units is bonded to three
range 76'26(_5)1_01'71(61 TheﬂS'OX)’ge" atom_symmetrlcally_ different titanium atoms, and the connectivity is noted (13p1).
bridges _the titanium centers T'(l_)’ Ti(2), and Ti(3), and the Ti Nevertheless, two groups of distinct®—0 angles are found.
#zO—Tiangles are almost identical [105.03¢6)05.89]. The Those bridging the titanium atoms of the centrayCTiunit
six-coordinate titanium atom Ti(4) of the apex is bonded to the

TisO(OPr) fragment of the base by three bridging phosphonato (85) Massiot, D.; Drumel, S.; Janvier, P.; Bujoli-Doeuff, M.; Bujoli, B.
groups. Two of the phosphonato oxygen atoms are trans to Chem. Mater1997, 9, 6—7.

5
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Table 5. Selected Bond Lengths (A) and Angles (deg) for
[TiI(O'Pry(BuPQy)]4 (5) (Molecule A)

Bond Distances

Ti(1)—0(1) 2.122(2) Ti(1}0(14) 1.775(2)

Ti(1)—0(4) 2.450(2) P(1HO(1) 1.547(2)

Ti(1)—O(5) 1.972(2) P(10(2) 1.537(2)

Ti(1)—0(7) 1.955(2) P(1)yO(3) 1.531(2)

Ti(1)—0(13) 1.784(2)

Bond Angles

O(1)-Ti(1)—0O(4) 80.96(6) O(4)Ti(1)—0O(14) 90.96(7)
O(1)-Ti(1)—0O(5) 83.89(6) O(5)Ti(1)—0O(7) 149.94(7)
O(1)-Ti(1)-O(7)  82.77(6) O(5)Ti(1)—O(13)  101.62(7)
O(1)-Ti(1)—0(13)  90.65(7) O(5)Ti(1)—0(14) 97.24(7)
O(1)-Ti(1)—0O(14) 170.51(8) O(ATIi(1)—0O(13) 105.35(8)
O(4)—-Ti(1)—0(5) 64.89(6) O(7Ti(1)—0O(14) 91.82(7)
O(4)-Ti(1)—0(7) 86.44(7) O(13)Ti(1)—O(14)  98.31(8)
O(4)-Ti(1)—0(13) 164.65(7)

[O—P—-0O average 110% are slightly smaller than those
connecting Ti(4) to the O unit [O—P—0 average 112%. In
the same way, the-PO bonds that are directed toward Ti(1),
Ti(2), and Ti(3) [P-O average 1.537 A] are slightly longer than
the P-O bonds which are directed toward Ti(4){® average
1.504 A].

The asymmetric unit of [Ti(@r(BuPQ)]4 (5) contains two
independent moleculefA and 5B, which are chemically
identical in composition and do not differ significantly in
structure. The central J0;,P; core of 5 is formed by four
titanium and four phosphorus atoms that occupy the alternate
vertexes of a highly distorted cube (Scheme 2). This three-
dimensional T+O—P core is surrounded by eight terminal
isopropoxy groups and foutert-butyl groups, making the
organic-inorganic cluster compound highly soluble in common
organic solvents. Selected bond lengths and angle$ fae
given in Table 5. The HO bond distances of the terminal
isopropoxy groups [FrO 1.760(2)-1.794(2) A] are comparable
to those reported for titanium (oxide) alkoxidés.

The phosphonato groups fnpresent a (112) connectivify.
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Figure 3. FT-IR spectra of compounds-5.

3). For all of the titanium phosphonatgs5, the FT-IR spectra
showed no absorptions corresponding t6H or P=0 groups,
suggesting RP(8Ti)3 units in all case$%3° The v(Ti—O)
absorption frequencies df—5 are observed in the 662608

Thus, two of the oxygens of the phosphonate units are bondedecm™! range. Furthermore, all compounds show characteristic

to one titanium atom only; the corresponding=0(P) bond
distances [T+O(P) 1.948(2)1.982(2) A] are comparable to
those found fo2 or for other titanium phosphonates where the
phosphonato groups are in a (111) connecti¥t§/. The third
oxygen of the phosphonate units is bonded to two titanium atoms
on the same face of the distorted,Di-Ps cube; the corre-
sponding T+ O(P) bond distances are in the ranges 2.120(2)
2.141(2) and 2.401()2.454(2) A, respectively. Note that the
longest Ti-O(P) bonds are across a face of thgOibP4 cube.
The P-O bond distances (PO(Ti) 1.523(2)-1.552(2) A) are
comparable to those of previously reported molecular titanium

absorptions at 11261137 and 11621164 cn1! assigned to
the iso-branching vibrations of the isopropoxy grotfh&nother
general spectral feature of compountis5 is a strong band
observed in the range 1090104 cnt! which may be ascribed
to a v(P—O) absorption frequency. The IR spectra of the
arylphosphonatesand4 also exhibit strong/(P—0O) absorption
bands at 972 and 982 crh respectively, which are well
separated from the(C—0O) bands at 1010 cm (1) and 1005
cm~1 (4). In the IR spectra 02, 3, and5, these P-O absorption
bands overlap with the(C—0) bands in the range 1062008
cm; the resultingy(P—0O)/(C—0) overlap bands are very

phosphonates and show no particularities. On the other hand,intense, especially fos. The characteristic absorption of the

the O-P—0O angles are significantly larger in the bridging
coordination mode (average 112.4than in the chelating
coordination mode (average 102.6

Owing to the (112) connectivity of the phosphonate groups,

CN group in [Tiy(uz-O)(OPr)s(u-O'Pr)(4-CNPhPQ)3]-DMSO
(4) is observed as a sharp band at 2229tm

(b) Solid-State NMR. 3P MAS NMR experiments for the
cluster compound4¢—5 and13C CP-MAS NMR experiments

the titanium atoms are hexacoordinated: they are bonded toon the arylphosphonatek and 4 were undertaken to obtain

three different phosphonate groups via fourO(P) bonds and
to two terminal alkoxy groups. The resulting coordination
polyhedron is a highly distorted Tg®ctahedron, as shown by
the O-Ti—O cis angle range (64.55(#P5.68(9} and the
O—Ti—0 trans angle range (149.11(7)71.99(7)).
Spectroscopic Characterizations. (a) Infrared Spectros-
copy. The FT-IR spectra of the titanium alkylphosphonaZes
and3 as well as the FT-IR spectra of the arylphosphonates
and4 do not differ significantly in the region 9661300 cnt?,
which is ascribed to their similar HO—P frameworks (Figure

further structural information. The crystal structuresl@nd?2

(36) Jaimez, E.; Bortun, A,; Hix, G. B.; Garcia, J. R.; Rodriguez, J.; Slade,
R. C. T.J. Chem. Soc., Dalton Tran$996 2285-2292.

(37) Palvadeau, P.; Queignec, M.; Venien, J. P.; Bujoli, B.; Villieras, J.
Mater. Res. Bull1988 23, 1561-1573.

(38) Bujoli, B.; Palvadeau, P.; Queignec, Eur. J. Solid State Inorg.
Chem.1992 29, 141-159.

(39) Persson, P.; Laiti, E.; ltam, L.-O.J. Colloid Interface Sci1997,
190, 341—-349.

(40) Lynch, C. T.; Mazdiyasni, K. S.; Smith, J. S.; Crawford, WAdal.
Chem.1964 36, 2332-2337.
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reveal a different chemical environment for each of the three At —40°C, in the3'P{*H} NMR spectrum o#, two signals at
phosphonate groups due to different bond distances and angle® 4.6 and 4.3 ppm (2:1) are observed, wheread#éH} NMR
and to the coordinated DMSO molecule. Indeed, three sharpspectrum of3 at —70 °C shows a broad signal at24.3 ppm
signals are observed in tif#éP MAS NMR spectra of well- with a shoulder centered at 25.0 ppm. Surprisingly, the
crystallized samples of and2, atd 5.8, 6.2, 7.3 ppm and methylphosphonat2 exhibits the expected two signalséal 7.2
14.7,16.7, 17.0 ppm, respectively. For less crystalline powders (broad) andd 19.2 ppm with an integral ratio of 1:2 at room
of 1 and2, the line widths of the signals increase slightly and temperature, indicating a slower exchange process.
the signals ab 5.8 and 6.2 ppm fol and at6 16.7 and 17.0 The3P NMR chemical shift o6 in solution is similar to the
ppm for2 are no longer separated, leading to broader resonancegne observed in the solid state, which shows that the (112)
‘S"i'th double the intensity. The same effect is observed in the connectivity of the phosphonate groups is maintained in solution.
P MAS NMR spectra of3 and 4 two signals with a 1:2 In the pyramidal clustersl—4, three different types of

g‘tgarin?tf 4are r(:]blf.oe;ved at23.6 and 24.5 ppm fdd and at isopropoxo ligands are expected: three bridging and three
o s pp o ) o terminal ones bonded to the three Ti atoms of the base and two

The3P MAS NMR chemlcal.shlfts Qf the molecular titanium  orminal ones bonded to the Ti atom of the apex. In tHe
phosphonates and2 are low-field-shifted compared to those R spectra of phosphonatés-4, the three expected doublets
of layered titanium phenyl- and methylphosphonatis-¢.0 of Megp, can easily be distinguished (see Experimental Section),
and 9.0 ppm, respectivel§).These low-field shifts are probably  5t0ugh for methylphosphonatzthe doublets overlap with
the resu.It. of.dlffereny ©P-0 bond angles, since the RPO o signals of the methyl groups iR In the*C NMR spectra
connectivity is (111) in all cases. of tert-butylphosphonat8 and (4-cyanophenyl)phosphondte

The3!P MAS NMRspectrum ob shows several overlapping  three resonances of Mg, are observed at 25.1, 26.0 (broad),
resonances in the range36.9-39.1 ppm as a result of the  3nd 26.1 ppm3) and atd 23.8, 23.9, and 24.0 ppm) whereas
presence of two independent molecules in its crystal structure only two signals can be distinguished fb(s 24.0, 24.2 ppm)
which both contain slighlty inequivalent phosphonate groups. gnd2 (6 23.7, 24.0 ppm). Th&C NMR signals of Chdipr (1—
The3'P NMR resonance of [Ti(®r)('BuPQy)l4 (5) is signifi- 4) are also found in a narrow range and partially overlap. For
cantly low-field-shifted A0 = 14 ppm) compared to that of  the arylphosphonatelsand4, only two signals are observed at
[Ti4(O)(OPrg('BUPQy)s]-DMSO (3). This is ascribed to the 5776 78.4 ppm and @t 78.3, 79.2 ppm, respectively, whereas
different coordination modes of the phosphonate groups which ¢yree signals are found in th&C NMR spectra of the
are (111) in3 and (112) in5. A similar effect was previously alkylphosphonate® and3 (2 6 76.9, 77.2, 77.8 ppn8 6 77.7,

reported for zinc phosphongté‘*s. 79.8, 80.3 ppm). However, the Gl resonances at 77.2 ppm
13C CP-MAS NMR experiments were performed on a well-  for 2 and ato 79.8 ppm for3 associated with the isopropoxo
crystallized sample ot and an amorphous powder &f The ligands bonded to the apex of the pyramid are broadened, which

spectrum of1 exhibits five well-resolved*C NMR signals  suggests that these ligands are involved in an exchange process.
aroundo 25 ppm for Meyp; whereas the spectrum dfshows This exchange is probably the result of a trace amount of
only one broad signal ab 25.8 ppm. The corresponding iproH jn the NMR solution. Upon the addition of a small
resonances of the G groups are located aroud80 ppm. a6t of PrOH to thelH NMR solution of 1, the signals

In both spectra, the S|gna!s of the aromatic ipso carbons areassigned to the terminal isopropxy ligands (G0 4.26 ppm:

well separated from those in the broad aromatic region around Meger 6 0.33 ppm) bonded to the apex of the pyramid disappear,

0 125-135 ppm. In the spectrum df, two distinct dou_blets whereas the resonances attributed to the isopropoxy groups
are observed at 136.5 and 137.2 ppm, the former being of bonded to the O base (Cldier & 4.03, 4.40 ppm; Megpr O

double intensity. As a result of the lower crystallinity &f 0.71, 0.80 ppm) are unaffected. This behavior showsEaH
overlap_pmg signals are observed in thMQ_lA'S ppmregion exchanges rapidly only with the terminalRD ligands of the
for the ipso carbons. Furthermore, the signals of the aromatic .., .
b | ith the CN S5 HI3.3-115.3 titanium atom of the apex.
para carbons overiap with the resonanc " y For [Ti(OPryp('BuPQ)]4 (5), only one type of isopropoxy
ppm. Interestingly, the methyl groups of the coordinated DMSO | ) ’ X
group is observed in thed NMR spectrum (Mgipr 6 1.30 ppm;

in 1 give rise to two separated resonances &7.6 and 38.9 v i Gl 1
ppm, reflecting the different chemical environment of dyleo CHojpr 0 5.35 ppm) as well as in theC{*H} NMR spectrum
pro 25.8 ppm; Chljpr 6 83.0 ppm). The addition of a small

found in the crystal structure; on the other hand, only one broad (Meg , / Do M @
signal atd 40 ppm is observed in the case &f amount of PrOH does not affect the signals®fwhich indicates

(c) Multinuclear NMR Experiments in Solution. 31P{H}, that no |.S(.)prOX|de ligand exchange occurs, , )
14, and13C{H} NMR studies in solution were performed on Reactivity of the Clusters. (a) Exchange Reaction of 1 with

all compounds. In contrast to the solid stdt® MAS NMR 2. We were intrigued by a possible scrambling reaction between
spectrum, the¥!P{!H} NMR spectrum ofl in THF (room the phen)_/lphosphonateand the_ methylphosphona:tewhich
temperature) displays only one single resonanck@8 ppm, present similar structures. A mixture bfand2 in THF gave a

which we ascribe to a fast exchange of coordinated solvent cloudy solution. Nevertheless, in tfi#> NMR spectrum of the
molecules. A variable-temperatu#é{1H} NMR experiment reaction mixture, six signals at 20.8 (1%), 20.1 (8%), 19.6
showed the single resonance to split into two well-separated (12%), 17.7 (20%), 8.5 (6%), and 7.3 ppm (52%) were observed.
signals at 6.7 and 6.5 ppm as a result of a slower exchange Although no assignment of the NMR signals was made, this
process of coordinated solvent molecules. These chemical shiftseXPeriment suggests that exchange processes involvin@¥P

are comparable to those previously reported for titanium bond cleavage are operative.

phenylphosphonates: [{OMe)(O:PPh}]["BusN]2,2° 6 8.2 (b) Reaction of 5 with Water and Titanium Isopropoxide.
ppm; [(Cp*TiOsPPh)(u-O),],2” 6 7.4 ppm. A similar coordina- ~ We were also interested in the possible conversiob @fto
tion behavior in solution is observed for compourgland 4: cluster3a (having the same structure 8but coordinated by

At room temperature, thef*P{*H} NMR spectra each show 'PrOH instead of DMSO). Indeed, the-TO—P frameworks of
only one sharp resonance@®8.8 and 4.3 ppm, respectively. both clusters are related: the replacement of one tridentate
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phosphonate group iB by oneus-oxygen atom leads to the
framework of3a (Scheme 3).

According to the’*'P and'H NMR spectra, the addition of 1
equiv of water to a solution d gave 2-propanol and several
unidentified hydrolysis products, but the formation of cluster

Mehring et al.

Table 6. Comparison between Bond Lengths Predicted by the Bond
Valence Methoddgy) and Observed Average Bond Lengttlp{g

compd bond ¥ dav,PA obsa A
1 Ti—O(Ti) 0.667 2.00 1.96
Ti—O(P) 0.667 2.00 1.99
P—O(Ti) 1.333 1.53 1.53
2 Ti—O(Ti) 0.667 2.00 1.98
Ti—O(P) 0.667 2.00 1.53
P—O(Ti) 1.333 1.53
5 Ti—O(P)(short) 0.667 2.00 1.97
Ti—O(P)(medium) 0.467 2.13 2.13
Ti—O(P)(long) 0.200 2.45 2.43
P—O(Ti) 1.333 1.53 1.54

aBond order? Bond length calculated by the formutb= do — b
In(v) whereb = 0.37 A, dy = 1.85 A for Ti—O, andd, = 1.64 A for
P-0%
nated titanium atoms was previously described for [(Cp*%FiO
PR)(u-O);] (R = Me, Ph¥’ although two opposite faces of
the cubic core were capped by twe-oxygen atoms. In
compoundb, the sixth coordination to the Ti atoms comes from
the (112) connectivity of the phosphonate groups, unusual for
a titanium phosphonate. This connectivity leads to three sets of
Ti—O(P) bond lengths: the phosphonato oxygens bonded to
one titanium atom give “short” (average 1.97 A}TO(P) bonds,
and the phosphonato oxygen bonded to two titanium atoms gives
one “medium” (average 2.13 A) and one “long” (average 2.43
A) Ti—O(P) bond. These FO(P) bond lengths are in good

3awas not observed. On the other hand, addition of 1 equiv of agreement with the lengths predicted by the bond valence

water to a solution o6 and Ti(O'Pr), gave 2-propanol and
compound3a as the major product (65% based B8R NMR),
as indicated by théH and3!P NMR spectra. Note that after
the addition of 0.66 equiv of water, both the starting matesial
and clustei3a were present.

Discussion and Conclusion

The reactions of Ti(@r), with different organophosphonic
acids RP@H; (R = Ph, 4-CNPh, Me{Bu) gave two novel types

method, assuming apparent bond valences of 6:667 and
of 0.2 for the “medium” and “long” T+O(P) bonds, respectively
(Table 6).

The (112) connectivity of the phosphonate groups5in
accounts for the significant difference between $He NMR
chemical shift of5 and the chemical shifts o8 and other
moleculartert-butylphosphonates of titaniiwhand group 13
metal$? which all present a (111) connectivity.

Interestingly, in the presence of water and TR, com-

of molecular titanium phosphonates which are highly soluble pound5 was converted into the titanium oxide alkoxide phos-
in organic solvents. Interestingly, under the same reaction con-phonate3a, with the same T+O—P framework as that of com-

ditions the same cluster framework, [{iz-O)(OPr)(O'Pr)-
(u-OPr(RPQGy)s], formed regardless of the organic group R
bonded to phosphorus [R Ph (1), Me (2), 'Bu (3), 4-CNPh

pounds1—4. This conversion probably involves ¥D—P/
Ti—O—Ti bond exchanges between the titanium alkoxide
phosphonat® and titanium oxide alkoxide species formed by

(4)]. The main driving forces for the cluster geometry seem to partial hydrolysis-condensation of Ti(®r). The formation of
be the tendency of titanium to be hexacoordinated, the stability clusters1—4 could follow a similar mechanism.

of the Ti(us-O)(u2-OR); fragment which is present in several
titanium oxoalkoxided35and the (111) coordination mode of

The reported titanium phosphonate clusters are major inter-
mediates in the selgel processing of titanium oxide/phospho-

the phosphonato ligands found in most titanium phosphonates.nate hybrid material8® Furthermore, they are promising single-

In contrast, the reactions of Cp*TiM&ith RPG;H; led to two
different structures, depending on the organic group RH(R
Me, Ph; R= 'Bu).?’ As already reported for other titanophos-
phonate clusterd, the average O and P-O bond lengths

source sotgel precursors for the preparation of organic
inorganic hybrids, as they are well-defined compounds, soluble
in common organic solvents, and can be condensed by hydroly-

sis—condensation of the remaining-TO'Pr groups. The isola-

in clusters1 and 2 are in good agreement with the lengths tion of the cyanophenyl derivativ4 illustrates the possibility

predicted by the bond valence methb(Table 6).

A novel type of titanium phosphonate cluster, [TiR®),-
(‘BUuPQGy)]4 (5), was isolated by reactintgrt-butylphosphonic
acid and Ti(CGPr), in toluene under strictly anhydrous conditions.
Single-crystal X-ray analysis revealed thatconsists of an
M4P40;, framework. This fragment is often found for typically

tetracoordinated metals, for instance in group 13 metal phos-

of introducing functional organic groups for hybrid materials

applications and for the design of self-assembled nanostruc-
tured materials.
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