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The first phosphonate anions of aluminum-containing fluorine and an anionic bridged fluoroalkoxy derivative of
titanium have been realized usingBusNHF; as a fluorinating agent in organometallic synthesis. Reactions of
[RPGsAIMe] 4 [R = Ph (1), t-Bu] with n-BusNHF; yield organic-soluble compounds of the typeBusN],[RPOs-

AlF;]2 [R = Ph @), t-Bu (3)], whereas the reaction of Ti(®Pr),; with n-BusNHF; results in the formation of
[n-BugN][(O-i-Pr)sTi(u-F)2(u-O-i-Pr)Ti(O4-Pr)] (4). These compounds have been obtained in high yields and
have been adequately characterized through spectroscopic techniques and X-ray diffraction studies.

Introduction of neutral phosphonate assemblies containing fluorine, which

Zeolites, aluminophosphates, and their transition-metal ana_rese.mble the _structyr_al motifs of zeoIi'Fe fr.ameworks. and
logues have gained significant attention as size- and Shape_eluc[datg the mineralizing and structure-directing properties of
selective catalysts, molecular sieves, ion exchangers, andﬂuor'de in such system¥. In Ehe paft, Weaklyicoordlnatmg
fabricators of reactors of molecular dimensidns\We were  1UOr0 anions such as BF, PRy, Asks~, and Sbg~ have been
interested in developing synthetic routes to microporous materi- studied |n_deta|l for their importance in synthesis and catalysis.
als via nonaqueous routes, and consequently, we used the‘l_’hese anions con_JId be easily replaced t_)y more powerful donor
building block strategy to pursue this goal. To the previously Ilgand_s or reacting substrates. The T'rSt example of weak
known models of single four-ring (4R) and double four-ring Ccoordination behavior was the synthesis of f{gesSi):C).-
(D4R) compounds were added a double six ring (D6R), a single A2} Li] starting from [(MesSi}sCAIF]5, LiCI, and AgF:In
six ring (6R), and a tricyclic unit @&1)5-1° In the recent years, past years, one of the primary objectives for fluoride-based
the areas of organic-soluble phosphonates and fluorides havd€Search in our Ia4boratory had been the development of new
been at the forefront of our diversified facets of reseatatery fluorinating agent3? In the past, we have investigated the effects

recently, we developed new synthetic routes for the production ©f alkali and alkaline earth fluorides (NaF, KF, Gafon
titanium—fluoro complexes resulting in tetranuclear bridged
(1) (a) Thomas, J. MAngew. Cheml994 106, 963; Angew. Chem., Int. fluoro compounds, which effectively demonstrate molecular

EgéaE%gléls%gzl( ?;3'A913d (b? '?/S”gn,EN-:Siaflgethi é’eV-E\difN 'Vlllatef-M recognition through the nucleophilic host molecules formed in
y . (C renas, I. P O = elaon, R. A.; allau, -
Schuchardt, UAngew. Chem1997, 109, 1190: Angew. Chem., Int. a template-controlled mann&Moreover, we have found a new

Ed. Engl.1997 36, 1144, synthetic route for the generation of the anionic difluoro group-
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[M = Al, Ga, In] using the title compound as the fluorinating
agent® Hence, our objective was to extend these principles to
transition metals and also to explore the possibility of the

derivation of the several phosphonate cages that we have

successfully synthesized in recent years.

Results and Discussion

The reaction of [RPE@AIMe] 4 [R = Ph (1), t-Bu] with n-Bus-
NHF; in a 1:4 molar ratio in THF at ©C results in the formation
of organic-soluble aluminophosphonate anions of the type
[n-BugN][RPGsAIF;]2 [R = Ph @), t-Bu (3)] in high yields as
colorless crystalline solids along with the evolution of methane.

THF, 0°C
=
—4MeH

[RPOAIMe],,
(R=Ph (1), t-Bu)

+ 4n-Bu,NHF,

2[n-Bu,N],[RPOAIF,], (1)
(R=Ph @), t-Bu (3))

Compound 1 was synthesized according to the literature
procedure2 The AlbO4P, core formation ir2 and3 via [RPQGs-
AlMe]4 precursors with AfOgP,; core structures could be
attributed to the highly negative charge-e# that would have
resulted if [RPQAIMe] 4 had retained the core structure during
fluorination, bearing eight fluorine atoms.

The H NMR of 2 and 3 in CDsCN revealed the signals

corresponding to the various moieties in the required area ratios.

In 2, the phenyl groups on the phosphorus centers were observe
as two sets of multiplets in the aromatic range (7.32 and 7.73
ppm), whereas in compour®| the t-Bu groups appeared as
doublets centered at 1.03 ppfd_y = 15 Hz). The analysis

of the 3P NMR spectra for the above compounds revealed a
strong dependence of the chemical shift on the adjacent
substituent environment. For compouda sharp signal was
observed at-2.3 ppm, while for3, a broad signal appeared at
15.2 ppm. In the!®F NMR spectra of2 and 3, signals were
observed at-180 and—179.5 ppm, respectively. THéAl NMR

spectra of the compounds revealed the presence of a signal a

47.4 ppm for2 and at 46.8 ppm fo8. In the IR spectra of the
compounds, sharp bands were observed in the range of-1210
1240 cn1l, which is characteristic for metallophosphonate
assemblie§.”

The NMR (H, 3P) and IR data are consistent with the
dimeric structure of [RPEAIF;],%2~.62¢ The preference of Al
to achieve a coordination number of 4 and the absence of
coordinated THF, as indicated b4 NMR spectroscopy,
support a dimeric or tetrameric structure. Compouaa@sd 3
cannot be redissolved completely in the mother liquor or MeCN
after having been isolated in the solid state; as a result, moleculal

weight determination analysis was not possible, and an unam-

biguous structural assignment could not be made. The spectro

scopic conclusions, however, were corroborated through single-

crystal X-ray diffraction studies o8 and 3.

The molecular structures of the anion®2a&nd3 are depicted
in Figures 1 and 2. Suitable crystals for X-ray diffraction studies
were obtained by layering hexane onto saturated solutions o
these compounds in THF at room temperature. Compo@nds
anda3 crystallize in the monoclinic space groBgi/c. The eight-

(15) (a) Roesky, H. W.; Sotoodeh, M.; Noltemeyer,Ahgew. Chenil992
104, 869; Angew. Chem., Int. Ed. Endl992 31, 864. (b) Pevec, A;
Demsar, A.; Gramlich, V.; Petricek, S.; Roesky, H. WChem. Soc.,
Dalton. Trans.1997, 2215.

(16) Roesky, H. W.; Stasch, A.; Hatop, H.; Rennekamp, C.; Hamilton, D.
H.; Noltemeyer, M.; Schmidt, H.-GAngew. Chem200Q 112 177,
Angew. Chem., Int. Ed. Eng200Q 39, 171.
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Figure 1. Molecular structure of [PhPBIF;]>".
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ci:igure 2. Molecular structure oftfBUPQAIF;],2.

membered [RPEAIF;],?~ anion is a dimer possessing distorted
four-coordinate tetrahedral aluminum centers. Th&#®, core
in 2 and 3 assumes a chair conformation, which is consistent
with the 4R-type aluminum phosphonates that have been
structurally characterize$1” However, in compoune, the
eight-membered AP,O, core consists of two PhRridges
between distorted tetrahedral Al centers related by a crystallo-
raphically imposed inversion center. The average intra-ring
I—O bond distance (1.722 A f@and 1.733 A foR) is slightly
shorter than those found for the neutral rings, whereas the
average O-P bond length (1.540 A fo2 and 1.549 A for3) is
slightly longer:1” The P=0 bond distances fa2 and 3 were
found in the range of 1.4741.482 A. The average AIF bond
lengths (1.659 A for2 and 1.666 A for3) are in agreement
with the literature precedent$.The n-BusN* cations are
positioned at an average distance of 4.651 A from the anionic
moiety for2 and 4.720 A for3.

Recently, we have shown the applications of titanium

I,alkoxides as alternative synthons to titanium alkyls in the

preparation of ring systems and aggregates of phosphonates and
silicates, which signifies the importance of metal alkoxides as
an emerging class of compounds in organometallic chenitry.
To test the feasibility oh-Bus;NHF; as a fluorinating agent for
transition metals, we conducted a 2:1 reaction between
Ti(O-i-Pr); and n-BuyNHF, at 0 °C to obtain p-BuyN]-

(L(O-i-Pr)Ti(u-F)o(u-0-i-Pr)Ti(O4-Pr)] (4) in high yield after

(17) Pinkas, J.; Chakraborty, D.; Yang, Y.; Murugavel, R.; Noltemeyer,
M.; Roesky, H. W.Organometallics1999 18, 523.

(18) Schnitter, C.; Klimek, K.; Roesky, H. W.; Albers, T.; Schmidt, H.-G;
Ropken, C.; Parisini, EOrganometallics1998 17, 2249.

(19) (a) Chakraborty, D.; Chandrasekhar, V.; Bhattacharjee, MizKea,
R.; Roesky, H. W.; Noltemeyer, M.; Schmidt, H.-Gorg. Chem.
200Q 39, 23. (b) Voigt, A.; Murugavel, R.; Chandrasekhar, V.;
Winkhofer, N.; Roesky, H. W.; Schmidt, H.-G.; Usol. Organome-
tallics 1996 15, 1610. (c) Bradley, D. C.; Mehrotra, R. C.; Gaur, D.
P. Metal Alkoxides;Academic Press: London, 1978.
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Figure 3. Molecular structure of [(Q-Pr)Ti(u-F)(u-O-i-Pr)Ti(O--
Pry]~.

subsequent workup.

. . hexane, 0C

2Ti(O-i-Pr), + n-Bu,NHF, — "~

[n-Bu,N][(O-i-Pr);Ti(u-F),(u-0-i-Pr) Ti(04-Pr)] (2)
4

A 1:1 reaction between the corresponding starting materials
yielded4 with an excess ofi-BusNHF, indicating tha# is the
most favorable product under the reaction conditions. The
composition of the anion is consistent with the known behavior
of titanium fluorides as dimer¥.

Compound4 was found to have a low melting point (589
°C) and a high degree of solubility in toluene and polar solvents
(THF, MeCN, and CHCI,). In the IH NMR spectrum of4
(benzeneds), two distinct sets of signals for the i©Pr groups
at 1.12 and 4.79 ppm (bridged i€Rr) and at 1.20 and 4.46
ppm (terminal O-Pr) with the appropriate area ratios were
observed in addition to the signals for the cation. T#eNMR

spectrum revealed a broad signal at 65 ppm, which is charac-

teristic for bridged titanium fluoride¥.In the FAB-MS spectrum

of 4, the cationic moietyn-BuyN* was observed (at/z 242)
with 100% intensity, whereas the molecular ion corresponding
to the anion was observed (az 547) with 40% intensity. In
the IR spectrum, the band at 568 cthyprovides additional
evidence for the F+F bond*

Single crystals off were obtained from a saturated solution
of toluene at—30 °C over a period of 3 daysn{BusN][(O-i-
PrsTi(u-F)(u-O-i-Pr)Ti(O4-Pr)g] crystallizes as a dimer (in the
monoclinic space group2,/c) with two titanium centers. Its
anion molecular structure is depicted in Figure 3. The metal
centers are bridged by two fluorine atoms and an-moiety,
resulting in a hexacoordinate environment around each titanium.
The Ti—F bond distance (mean 2.051 A) and the-T bond
lengths (mean 2.063 A) for the bridging i@Rr group are in
accord with the previously observed vali#ésThe terminal
Ti—O bond lengths (mean 1.830 A) were found to be shorter
than the corresponding bridged distance. TiHBu;N™ cation
is located at a distance of 6.406 A from the mean plane of the
anion.

In summary, we have effectively demonstrated the use of
n-Bus;NHF; as a fluorinating agent which possesses the capabil-

(20) (a) Gindl, J.; Liu, F.-Q.; Noltemeyer, M.; Schmidt, H.-G.; Roesky, H.
W. Inorg. Chem1995 34, 5711. (b) Dorn, H.; Shah, S. A. A.; Parisini,
E.; Noltemeyer, M.; Schmidt, H.-G.; Roesky, H. Wiorg. Chem.
1996 35, 7181.
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ity to functionalize D4R-type phosphonates and form fluorinated
metal alkoxides. The facile access to this type of compounds
opens up an attractive field to material science and catalysis.

Experimental Section

General Information. All manipulations were carried out under a
dry, prepurified argon atmosphere, using Schlenk techniques and
rigorously excluding moisture and &r.The samples for spectral
measurements were prepared in a drybox. Solvents were dried over a
Na/K alloy and freshly distilled prior to uséH, 3P, °F, and®’Al NMR
spectra were measured on Bruker MSL-400, AM-250, and AM-200
instruments. The chemical shifts are reported in parts per million with
reference to SiMe(external) for'H, 85% HPQO, (external) for3ip,
CFCk (external) for'F, and AICE (external) forP’Al nuclei. IR spectra
were recorded on a Bio-Rad Digilab FTS 7 spectrometer. Mass spectra
were obtained on a Finnigan MAT 8230 or a Varian MAT CH 5
spectrometer. Elemental analyses were performed at the Analytical
Laboratory of the Institute of Inorganic Chemistry, University of
Gottingen.

Starting Materials. t-BuP(O)(OH) and f-BuPGAIMe]s were
prepared using the literature procedut&PhP(O)(OH) (Aldrich) was
dried in high vacuum prior to use. Trimethylaluminum (Witco), titanium
isopropoxide (Aldrich), and-Bus;NHF; (Fluka) were used as received.

Preparation of [PhPOsAIMe] 4 (1). To a stirred solution of PhP-
(O)(OH), (0.631 g, 4.02 mmol) in THF (50 mL) was added a solution
of AlMes (2.9 mL, 4.02 mmol, 15% hexane) at°C. The reaction
mixture was allowed to warm to ambient conditions and subsequently
heated under reflux for 2 h. The solvent was removed in vacuo to yield
5.43 g (6.85 mmol, 85%) df. Mp: >350°C. Anal. Calcd for GgHa,-
Al4O1 Py C, 42.44; H, 4.07. Found: C, 42.4; H, 431 NMR (200
MHz, THF-dg): 6 7.8, 7.5 (m, broad, 20 H, ¢ls), —0.79 (s, 12 H,
AICH3). MS (El, 70 eV): Wz 777 [Mt — Me]. IR (KBr, Nujol, cmY):

3079 (m), 3046 (s), 1957 (m), 1892 (m), 1816 (m), 1771 (m), 1597
(s), 1464 (vs), 1206 (vs), 1150 (w), 1084 (m), 999 (w), 754 (w).

Preparation of [n-BusN],[PhPOsAIF ], (2). To a stirred solution
of [PhPQAIMe],4 (1.03 g, 1.3 mmol) in THF (40 mL) was added a
solution of n-BusNHF; (2.6 mL, 5.2 mmol, 50% in CkCl,) via a
syringe at 0°C. The reaction mixture was allowed to warm to room
temperature and stirred for 2 h. Subsequently, hexane (40 mL) was
layered onto the reaction mixture. Colorless cubic crystaB(@ft7 g,
62%), which were suitable for X-ray crystal structure analysis, were
obtained at room temperature. Mp: 177 dec. Anal. Calcd for GHs>
AlLFNO6P2: C, 57.01; H, 8.92; N, 3.02; P, 6.68. Found: C, 57.2; H,
8.6; N, 3.1; P, 6.8!H NMR (500 MHz, CQxCN): ¢ 7.73, 7.32 (m,
broad, 10 H, GHs), 3.08 (m, 16 H, NCHk), 1.58 (m, 16 H, CH), 1.32
(m, 16 H, CH), 0.93 (t, 24 H, CH). **F NMR (188 MHz, CQCN):

6 —180 (s).2%P NMR (202 MHz, CRCN): 6 —2.3 (s).27Al NMR (65
MHz, CDsCN): o6 47.4 (s). IR (KBr, Nujol, cm?'): 3077 (s), 1956
(w), 1891 (w), 1815 (m), 1773 (w), 1596 (m), 1492 (vs), 1440 (vs),
1214 (s), 1135 (s), 1054 (vs), 1027 (vs), 885 (s), 788 (m), 763 (m),
737 (w), 696 (vs), 617 (w), 603 (w), 556 (w), 491 (s), 452 (s), 386
(sh), 367 (s).

Preparation of [n-BusN] [t-BuPOsAIF;], (3). The method of
preparation is identical to that used rMp: 206°C dec. Anal. Calcd
for CagHooAlF4N,OsP2: C, 54.16; H, 10.23; N, 3.16; P, 6.98. Found:
C,54.5; H, 9.8; N, 3.2; P, 7.2H NMR (200 MHz, CQxCN): ¢ 3.08
(m, 16 H, NCH), 1.58 (m, 16 H, CH), 1.32 (m, 16 H, CH), 1.03 (d,
3Jp_ = 15 Hz, 9 H,t-Bu), 0.93 (t, 24 H, CH). °F NMR (188 MHz,
CDsCN): 6 —179.5 (s)3P NMR (202 MHz, CRCN): 6 15.2 (br, s).
27A1 NMR (65 MHz, CDsCN): ¢ 46.8. IR (KBr, Nujol, cm%): 2725
(s), 1236 (s), 1197 (sh), 1152 (s), 1110 (vs), 1050 (vs), 976 (sh), 944
(m), 888 (s), 838 (s), 788 (vs), 738 (vs), 685 (m), 610 (m), 580 (m),
508 (sh), 482 (s), 403 (s).

Preparation of [n-BuaN][(O-i-Pr)sTi(u-F)2(u-O-i-Pr)Ti(O-i-Pr)3]

(4). To a stirred solution of Ti(Q-Pr), (1.14 g, 4 mmol) in hexane (20
mL) at 0°C was addeah-Bus;NHF; (1.0 mL, 2.0 mmol, 50% in CH

(21) Shriver, D. F.; Drezdzon, M. AThe Manipulation of Air-Sensite
Compounds2nd ed.; Wiley-Interscience: New York, 1986.
(22) Crofts, P. C.; Kosolapoff, G. Ml. Am. Chem. Sod 953 75, 3379.
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Table 1. Crystal Data and Structure Refinement Details 2pB8 and 4

Chakraborty et al.

2 3 4
empirical C44H82A| 2F4N206P2 C40H90A| 2F4N206P2 C37H85F2NO7Ti 2
formula
fw 927.02 887.04 789.86
cryst syst monoclinic monoclinic monoclinic
space group P2;/c P2:/c P2:/c
a(h) 10.634(11) 15.530(15) 10.210(2)
b (A) 17.081(2) 17.093(2) 18.167(4)
c(A) 14.698(2) 19.721(3) 25.330(5)
o (deg) 90 90 90
S (deg) 92.040(15) 100.210(13) 100.46(3)
y (deg) 90 90 90
V (A3) 2668.1 5152.3 4619.9
T(°C) -73 —-123 —140
2 (R) 0.71073 0.71073 0.71073
Deaica (g €NT3) 1.154 1.144 1.136
w(mm?) 0.171 0.173 0.394
F(000) 1000 1936 1728
cryst size (mm) 1.0 0.80x 0.80 1.00x 0.60x 0.20 0.30x 0.30x 0.30
0 range (deg) 3.5225.03 3.58-25.17 1.98-21.97
index range —12<h=<12 —-18<h=<18 —-10=<h=10
0<k=<20 —20=<k=<20 0<k=<19
—-16<1=<17 —23<1=<23 0=<1=<26
refins colld 4757 13415 56260
indep reflns 4697 9207 5628
R (int) 0.0383 0.0509 0.0622
no. of data 4673 9181 5628
no. of params 275 519 502
no. of restraints 0 0 0
goodness-of-fit 1.057 1.048 1.073
onF?
R1[l > 20(I)]? 0.0592 0.0533 0.0613
wR2 (all data) 0.1761 0.1653 0.1514
largest diff peak 0.473,—0.306 0.340;-0.352 1.061-0.345

and hole (e A3)

*R1=3||Fo| — [Fdll/Z|Fol. WR2 = [YW(|Fo? — [Fe)FZwIFo* Y2

Clp) diluted in CHCI, (5 mL). The reaction mixture was allowed to
attain ambient conditions. All volatiles were removed in vacuo, and
the residue obtained was crystallized from toluene (5 mL)3® °C
over a period of 2 days to yield 1.35 g (85.4%)%fMp: 58-59 °C.
Anal. Calcd for GHssF.NO7Ti2: C, 56.27; H, 10.85; N, 1.77. Found:
C, 56.2; H, 10.8; N, 1.7H NMR (200 MHz, benzenek): 6 0.96 (t,

12 H, NCH), 1.12 (d, 6 H, OCH(CH),), 1.20 (d, 36 H, OCH(CH)>),
1.41 (m, 8 H, CH), 1.62(m, 8 H, CH), 3.31 (m, 8 H, CH), 4.46 (m,

6 H, OCH(CHy),), 4.79 (m, 1 H, OCH(CH),). *F NMR (188 MHz,
benzeneds): 0 65 (s). MS (FAB): mVz (%)* 242(GeHaseN, 100); m/z
(%)7 547 (Q1H49F207Ti2, 40) IR (CS', NUjOl, le): 2617 (m), 1586
(m), 1371 (vs), 1329 (s), 1261 (w), 1161 (vs), 1127 (s), 1005 (w), 980
(s), 880 (m), 845 (s), 737 (m), 614 (s), 568 (vs), 467 (s), 423 (w), 390

(w), 357 (w), 341 (w).

X-ray Structure Determination. Crystal data for2 and 3 were
collected on a Stoe-Siemens-AED four-circle diffractometer using the
learnt-profile method® The data for4 were collected on a Stoe-

CCD area detector using thiescan mode. The structures were solved
by direct methods (SHELXS-90/98)and refined on all data by full-
matrix least-squares oR2.2% All non-hydrogen atoms were refined
anisotropically. Hydrogen atoms were added in idealized positions and
refined using a riding model. The crystal data and structure refinement
details for2, 3, and4 are given in Table 1.
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