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Organotitanium fluorides (C5Me4R)TiF3 (R ) H, Me, Et) sublimate with formation of crystalline dimers. From solution,
we obtained crystals of dimers and tetramers. The tetramer [{(C5Me5)TiF3}4] irreversibly dissociates in the solid
state to dimers (∆H ) 8.33 kcal mol-1). The variable-temperature 1H and 19F NMR spectroscopy measurements
of the toluene-d8 solution of [{(C5Me5)TiF3}2] revealed at 202 K one monomeric, two dimeric (with C2h and Cs

symmetry), two tetrameric (with D2 and C2v symmetry), and two trimeric (both C2 symmetry) molecules. With the
increase in temperature and dilution of the solution, the composition of the solution shifts to the smaller molecules.
The thermodynamic and activation parameters for the reversible dissociation of dimers to monomers in the solution
are ∆H ) 9.2 kcal mol-1, ∆S ) 24.2 cal mol-1 K-1, ∆H‡ ) 12.2 kcal mol-1, ∆S‡ ) 9.7 cal mol-1 K-1. The
dissociation path with a weakly double-bridged transition-state dimer was proposed. The thermodynamic parameters
for the reversible dissociation of the C2v tetramer to the dimers in solution are ∆H ) 7.9 kcal mol-1 and ∆S )
26.8 cal mol-1 K-1. From both tetramers, the D2 molecule is 0.34(5) kcal mol-1 lower in enthalpy and 6.5(5) cal
mol-1 K-1 lower in entropy than the C2v molecule. The structures of both trimers were proposed. The low-temperature
19F NMR spectra of the CDCl3 solution of [{(C5Me5)TiF3}2] are consistent with equilibria of a monomer, two dimers
(with C2h and Cs symmetry), and a trimer. The vapor pressure osmometric molecular mass determination of CDCl3
solution of [{(C5Me5)TiF3}2] at 302 K is consistent with the equilibrium of the dimer and the monomer.

Introduction

The monomer-dimer-oligomer equilibria in solutions of
main group, transition, and lanthanide metal compounds were
observed for molecules having both a Lewis-acidic metal
atom and a Lewis-basic nitrogen, oxygen, or halogen atom
and for organometallic compounds with a metal of pro-
nounced Lewis acidity, such as trimethylaluminum.1 Par-
ticular interest is focused on monomer-dimer-oligomer
equilibria of catalysts with a Lewis-acidic metal center.2 In
comparison with the monomer, the Lewis acidity of the metal
atoms of the double-bridged dimer is lowered, whereas within
the single-bridged dimer, there is a metal atom with increased
and another one with decreased Lewis acidity compared with
the monomer.3 Another catalytic behavior, attributed to the
formation of the catalyst dimer, is chiral amplification.2a,b

Chiral amplification is the positive nonlinear relationship
between enantiomeric excess (ee) of partially resolved chiral

ligand at the metal catalyst and the ee of the reaction product;
it is explained on the basis of catalytically active dimers or
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monomers.2d For catalytically active monomers, the ther-
modynamics of the equilibria of three dimers (R-R, S-S,
R-S) and two monomers (R, S) affect the enantioselectivity
of the reaction (R and S denotes metallic species with the
chiral ligand).2d

Homogeneous catalysts formed from metallic fluoride and
a chiral ligand offer unique catalytic properties due to the
high electronegativity of fluorine4 and bifunctional catalysis
with the interaction of fluorine atom with fluorophilic atoms
of reagents such as silicon and aluminum.5 The chiral
amplification observed for the enantioselective addition of
allyltrimethylsilane and trimethylaluminum to aldehydes was
explained with active catalyst monomer species [(L)TiF2]
(L ) BINOLate, TADDOLate).6 This suggests that a
monomer-dimer equilibrium of fluorometallic species likely
exists in this system. We found that organotitanium trifluo-
rides (C5Me4R)TiF3 (R ) H, Me, Et)7 are suitable for
studying the thermodynamics and kinetics of the dimerization
and oligomerization equilibria that could be relevant for

equilibria of fluorometallic catalyst species and could help
in the understanding and development of homogeneous
fluorometallic catalytic systems. The monomer, two dimers,
two trimers, and two tetramers and their equilibria were
observed in a solution of (C5Me4R)TiF3. The tools used in
the present study are variable-temperature1H and19F NMR
spectroscopy, vapor pressure osmometry, IR spectroscopy
of solutions, and for crystallized substances, DSC and X-ray
structure determination.

Results

Solid State: X-ray Structures and Thermal Analysis.
The structures of the species appearing in this report are
shown in Chart 1. The X-ray structures of crystals obtained
from solutions previously7a,8 and in this work (see the
Supporting Information for structures of tetrameric4a and
4c) revealed dimeric (2) and tetrameric (4) molecules. The
formation of crystalline tetramers is favored by a low
temperature of crystallization and high solubility of (C5-
Me4R)TiF3. This behavior can be explained by the equilib-
rium of the dimers and the tetramers observed in a solution
of (C5Me5)TiF3 by 19F and 1H NMR spectroscopy (see
below). The crystals of the sublimated (C5Me4R)TiF3 are
built from dimeric molecules, according to X-ray structure
determinations (see the Supporting Information for structures
of dimeric 2a and2b).

The curve obtained by dynamic scanning calorimetry
(DSC) of 4a is shown in Figure 1. A broad endothermic
transition occurs between 90 and 130°C during the first
heating to 145°C. The transition is irreversible, because an
exothermic transition was not observed at cooling of the
sample to 25°C. During the second heating cycle to 230
°C, a sharp endothermic transition appeared at 180°C. A
transition at the same temperature was observed in the DSC
curve of2a (not shown) and is in agreement with the melting
point of2a.7a The irreversible transition between 90 and 130
°C could be attributed to the dissociation of tetrameric4a
to dimeric2a in the solid state with∆H ) 8.3 kcal mol-1

(calculated per mol of4a). The enthalpy of melting∆Hfus
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Chart 1. Schematic Representation of [{Cp′TiF3}n] Complexes with
the Fluorine Atom Labeling Used in the Assignment of19F NMR
Spectra

Figure 1. DSC curve of4a.
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Solution Molecular Weight Determination. The average
molecular mass of solute, determined by the vapor pressure
osmometry of 0.026 M2a solution in CHCl3 at 302 K, is
3.4(1)‚102 g mol-1. The 19F NMR spectrum of CDCl3

solution of 2a at 302 K displays only a broad resonance
suggesting equilibrium of1a and 2a. Assuming this equi-
librium, the average molecular mass corresponds to 40(2)%
dimer 2a dissociated to monomer1a in this solution.

Variable-Temperature (VT) 1H and 19F NMR Spec-
troscopy. (i) Solution of 2a in Toluene-d8. The variable-
temperature19F NMR spectra of a 0.19 M toluene solution
of 2a are presented in Figure 2 and Table S6 of the
Supporting Information. The low-temperature (202 K)19F
NMR spectrum of2a is assigned in Table 1. The species
observed by1H and19F NMR in a 0.19 M toluene solution
and in a 0.08 M CDCl3 solution of2a are shown in Chart 1.
Thermodynamic and activation parameters of processes
studied are in Table 2. A single broad19F NMR resonance
of 2a and2b observed at room temperature7 unearths, at a
higher concentration of solution (0.19 M) and variation in
the temperature, a variety of equilibrating species. The low-
temperature (202 K)19F NMR spectrum (Table 1, and Figure
S4 of the Supporting Information) of2a toluene-d8 (0.19
M) solution shows resonances of2a (two, C2h), 3a (five,
C2), 3′a (five, C2), 4a (five, C2V) and 4′a (four, D2) in
concentration ratio 1(2a):0.14(3a):0.08(3′a):0.62(4a):0.092-
(4′a). The assignment of the resonances was done on the
basis of chemical shifts of fluorine resonances observed in
cyclopentadienyltitanium fluorides.9,10 The resonances of

species2a and4a are in agreement with their structures in
the solid state, suggesting that their structures observed in
the solid-state are retained in the solution. The structure of
4′a is proposed on the basis of the structural motif found in
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Figure 2. VT 19F NMR spectra of a 0.19 M toluene-d8 2a solution.

Table 1. Assignment of the Resonances in the19F NMR Spectrum of
2a Solutiona

δ (ppm)b moleculec atomc relative intensity

239.25 m 3′a F5 0.04
212.68 m 4a F1 0.63
190.09 s 4′a F1 0.18
183.81 s 3a F1 0.15
182.20 s 3′a F1 or F2 0.09
180.80 m 2a F1 2.04
179.75 s 3′a F1 or F2 0.07
177.90 m 4a F2 1.22
173.17 s 3a F2 0.14
68.50 m 3a F3 0.14
29.85 m 4′a F2 0.20
16.27 m 4a F3 0.31
-16.78 m 4a F4 0.30
-19.37 m 3a F4 0.13
-22.78 m 4a F5 1.27
-28.27 m 4′a F3 0.10
-29.92 m 3′a F3 0.08
-44.81 m 3′a F4 0.08
-45.86 m 2a F2 1.00
-69.17 m 4′a F4 0.08
-104.65 m 3a F5 0.07

a Toluene-d8 (0.19 M) solution at 202 K.b s singlet, m multiplet.c see
Chart 1.
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the solid-state structures of [{(C5Me5)MF3}4] (M ) Zr, Hf).7b

The dilution of a2a toluene-d8 solution from 0.19 to 0.02
M (at 202 K) changes the concentration ratio to 1(2a):0.06-
(3a):0.04(3′a):0.14(4a):0.03(4′a). However, the equilibrium
constantsK2a-3a, K2a-4a, and K2a-4′a (see eqs 1-5 for
equilibrium constants) are similar for 0.19 and 0.02 M
solutions. This finding supports the proposed nuclearity of
dimers, trimers, and tetramers.

The variable-temperature19F NMR spectra of a 0.19 M
toluene solution of2a (Figure 2 and Table S6 of the
Supporting Information) display changes in the resonances
of the dimer, both trimers, and both tetramers. Two2a
resonances, with an increase in temperature, first lose the
multiplet structure at 212 K and then broaden and disappear
in the baseline at 272 K; a single broad resonance appears
above 302 K. This single resonance sharpens; its chemical
shift increases with the increase in temperature and at dilution
of solution (Figure S5 of the Supporting Information). The
19F NMR resonances of3a and3′a are multiplets at 202 K
that broaden and disappear in the baseline at 242 and 222
K, respectively. The resonances of both tetramers diminish
with the increase in temperature and disappear without the
line broadening at 342 (4′a) and 362 K (4a).

Three mechanisms that can participate in the coalescence
of two 2a resonances to the single resonance have been
considered (Scheme 1): (1) equilibrium of dimeric2a and
monomeric1a, (2) the exchange of terminal and bridging
fluorine atoms by a single-bridged intermediate, and (3) the
exchange of terminal and bridging fluorine atoms by a triple-
bridged intermediate. The observation that the dilution of
the 2a solution causes the shift of the19F and 1H NMR
resonance (Figure S5 of the Supporting Information) suggests
an intermolecular mechanism for the coalescence of the
fluorine resonance. The observed changes in the spectra are
in agreement with the equilibrium of dimer2aand monomer
1aproposed in Scheme 1. This equilibrium should be shifted
to monomeric1a with the increase in temperature and

dilution of the solution. However, simultaneously running
intramolecular mechanisms with single- or triple-bridged
intermediates (Scheme 1) cannot be ruled out.

The structures of trimers3a and 3′a (Chart 1) withC2

symmetry were proposed solely on the basis of their19F
NMR spectra. The formation of3′a from 2a and1a could
be proposed by formation of a (µ-F)2 bridge from two
terminal fluorine atoms and resembles dimerization of1a to
2a. The trimers are likely stable intermediate species in the
formation of tetramers4a and 4′a from the dimers. The
broadening of the19F NMR resonances3a and3′a could be
explained by their dissociation to dimer2a and to the
monomer and also by the interconversion of3aand3′a. The
proposed structures of3′a and3a allow facile wing-moving
interconversion between both trimeric molecules. The bend-
ing of 3′a results in coordination of the central terminal
fluorine atom to another two titanium atoms and the
formation of3a.

The19F NMR resonances of both tetramers in the variable-
temperature spectra show an increase in the ratio4a/4′a with
increasing temperature, from 5.4 at 212 K to 7.5 at 312 K.
The values ofK4′a-4a fit the ln(K4′a-4a) versus 1/T plot (R2 )
0.99) in the temperature range from 262 to 302 K. The
thermodynamic parameters for the equilibrium of tetramers
show that the conversion of4a to 4′a is slightly exothermal
(-0.34(5) kcal mol-1) with a decrease in entropy (-6.5(5)
cal mol-1 K-1). The direct intramolecular conversion of4a
to 4′a seems unlikely. The interconversion between4a and
4′a is probably achieved by the equilibria of dimer, trimers,
and tetramers. The equilibrium of both tetramers4a and4′a
is observed in the solution of titanium compound2a and
only a single tetramer with the structural motif of4′a is found
in the solution of [{Cp*MF3}4] (M ) Zr, Hf).7b

The VT 1H NMR spectra of a2a toluene-d8 (0.19 M)
solution show methyl-ring resonances of4′a (one) and4a
(two) and a single resonance of2a and1a in fast exchange
(Figure S6 of the Supporting Information). The changes in
VT 1H NMR spectra are in agreement with the processes
proposed from the VT19F NMR spectra.

The plots of observed chemical shifts of the2a/1a 19F
NMR resonance in fast exchange versus concentration were
used for calculations of dimerization constants (K1a-2a) in
the temperature range 312-362 K (Figure S7 of the
Supporting Information). The chemical shifts of the reso-

Table 2. Enthalpy and Entropy Changes for Reversible Reactions in a
Toluene-d8 Solution of2a and for DSC Measurements in the Solid
Statea

reaction ∆H ∆S method

2a(solv) T 2 1a(solv) 9.2 24.2 VT19F NMR in fast exchange
2a(solv)T 2 1a(solv) 12.2b 9.7 c VT 19F NMR line shape analysis
2a(s) T 2a(l) 11.8 DSC
4a(solv)T 2 2a(solv) 7.9 26.8 VT1H NMR in slow exchange
4a(s) f 2 2a(s) 8.3 DSC
4a(solv) T 4′a(solv) -0.34(5) -6.5(5) VT19F NMR in slow exchange

a ∆H in kcal mol-1, ∆S in cal mol-1 K-1. b Activation enthalpy (∆H‡).
c Activation entropy (∆S‡)

K1a-2a ) (C2a)/(C1a)
2 (1)

K2a-3a ) (C3a)
2/(C2a)

3 (2)

K2a-4a ) (C4a)/(C2a)
2 (3)

K2a-4′a ) (C4′a)/(C2a)
2 (4)

K4a-4′a ) (C4′a)/(C4a) ) K2a-4′a/K2a-4a (5)

Scheme 1
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nance in the fast-exchange regime of the 21a T 2a
equilibrium depend on the dimerization constant, chemical
shifts of1a (δ1a) and2a (δ2a), and concentration as expressed
by eq 6.11

whereC is titanium concentration in solution in the form of
monomers1a and dimers2a, C ) 2C0 - 4C4a - 4C4′a, and
C0 is the formal concentration of2a calculated from the
amount of2a dissolved. The chemical shift of2a (δ2a) is
the intensity-averaged value of both2a resonances and shows
temperature dependency in the slow-exchange regime. Using
the nonlinear curve-fitting procedure, we calculated the
dimerization constant (K1a-2a) and chemical shift of1a (δ1a)
for each temperature. The lnK1a-2a versus 1/T plot (Figure
S8 of the Supporting Information) resulted in thermodynamic
parameters for the dimerization∆H1a-2a ) -9.2 ( 0.7 kcal
mol-1 and ∆S1a-2a ) -24.2 ( 3 cal mol-1 K-1. The
calculation with the determinated∆H1a-2a and∆S1a-2a at 302
K for a 0.026 M solution of dimer2a results in 47%2a
dissociated to monomer1a. For comparison, 40% dissociated
dimer was obtained for a CHCl3 solution of the same

concentration and temperature with the vapor pressure
osmometric molecular mass determination.

The full line-shape analysis12 of fluorine resonances of
2a was used for the determination of dissociation rate
constants for the equilibrium2a T 21a (Scheme 1a). The
observed and simulated resonances from 202 to 342 K are
shown in Figure 3, the corresponding Eyring plot (Figure
S9 of the Supporting Information) results in dissociation
activation parameters∆H‡ ) 12.2 kcal mol-1 and ∆S‡ )
9.7 cal mol-1 K-1.

(ii) VT 19F NMR Spectroscopy of 2a and 2c in CDCl3.
The 19F NMR spectrum of a 0.08 M CDCl3 solution of2a
at 232 K (Figure S10 of the Supporting Information) shows
resonances of2a, 3a, and four resonances of an additional
minor species in a 2:2:1:1 intensity ratio, tentatively assigned
to dimer 2′a (Chart 1) with CS symmetry. The proposed
structure of dimer2′a has a single-bridging fluorine atom
(F4), whereas the19F NMR resonance of the terminal F3 atom
(103.4 ppm) suggests weak bridging interaction. The mol-
ecule2′a is polar and its presence in CDCl3 solvent could
be due to the stabilization by solvation with the polar CDCl3

solvent. The resonances of tetrameric4a and4′a were not
observed in2a deuteriochloroform solution in contrast to
the 2a toluene-d8 solution. Similarly, as in the toluene-d8

(11) Schmuck, C.; Wienand, W.J. Am. Chem. Soc.2003, 125, 452-459.
(12) Budzelaar, P. H. M.gNMR, version V 5.0; Ivorysoft: Oxford, U.K.,

2002.

Figure 3. Observed (left) and calculated (right)19F NMR resonances of2a (202-252 K) and2a/1a (302-342 K). Rate constants are for the dissociation
of 2a.

δobs) δ1a +
1 + K1a-2aC - x1 + 8K1a-2aC

4K1a-2aC
(δ2a - δ1a)

(6)
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solution, two2a resonances broaden and disappear in the
baseline at 272 K upon an increase in temperature, and a
single broad resonance appears above 302 K. The resonances
of 3a and of 2′a broaden and disappear in the baseline at
262 and 272 K, respectively. Interestingly, the five reso-
nances in a 2:2:2:2:1 intensity ratio, ascribed to trimeric3c,
were observed as a single species below 252 K in a CDCl3

solution of (C5Me4H)TiF3 (see Figure S10 of the Supporting
Information and the Experimental Section). We were unable
to obtain crystals that were suitable for X-ray structure
determination from chloroform solution of (C5Me4H)TiF3 at
low temperature to confirm the proposed structure of3c.

(iii) Discussion of the Mechanisms of the Interconver-
sions.Using the activation and thermodynamic parameters
for dissociation of2a in toluene (Figure 4) the dissociation
mechanism was proposed. Two transition states were con-
sidered: (1) the dimer with a single fluorine bridge and
another weak bridging interaction with the2′a structure
(Chart 1), and (2) a double-bridged dimer with two weak
bridging interactions or weak association of two dimers
(Figure 4). From Figure 4, we can establish the cause of the
activation free energy barrier during the dissociation path.
The formation of the transition state consumes energy (∆H‡),
but most of the entropy gain (-T∆S) is released just on the
path from the transition state to the separated monomers.
The described path is consistent with the proposed mecha-
nism with two weak interactions in the transition state. In
addition, the formation of polar transition state2′a seems
less likely because of the nonpolar toluene-d8 medium. For
the prediction of the dissociation mechanism of2a in a
toluene-d8 solution, we can also use the results of the
theoretical calculations for dimerization-dissociation reactions
between tetrahedral TiF4 and Ti2F8 (C2h, asymmetric (µ-F)2

bridge).13 The dissociation of Ti2F8 is endothermic with an
energy of 10.5 kcal mol-1 at the MP2/TZVP(g) level. The
energies of Ti2F8 (C2h) species with increasing Ti‚‚‚Ti
distance (gradual elongation of two Ti-F bridging bonds
with a weakly bonded dimeric transition state and transfor-
mation to tetrahedral TiF4) were calculated to simulate the
dissociation; they revealed a barrierless dimerization process
in the gas phase.13 The activation enthalpy for dissociation
of 2a is 12.2 kcal mol-1 (Figure 4), and the enthalpy barrier
for the dimerization of1a is 3.0 kcal mol-1. We can suppose
that the enthalpy barrier for dimerization is mainly due to
desolvation of monomers1a and that the dimerization of
two isolated1a molecules would be a process with a small
enthalpy barrier or without the barrier.

IR Solid State and Solution Spectra.The solid-state IR
spectra (Nujol mull) in the 900-400 cm-1 range of dimer
2a and tetramer4a show Ti-F stretching of terminal
fluorines (2a: 638 and 613 cm-1; 4a: 635, 620, and 583
cm-1) and bridging fluorines (2a: 476 cm-1; 4a: 483 cm-1

(Figure S11 of the Supporting Information). The bands of
sublimated C5Me5HTiF3 at 609 and 640 cm-1 also indicate
its dimeric structure. The IR spectrum of a benzene solution
of 2a (0.1 M) shows weak 613 and 476 cm-1 bands of2a
and an additional strong band at 806 cm-1. For the piano-
stool monomer1a, two stretching and three deformation IR
active vibrations of TiF3 moiety are expected.14 Two stretch-
ing vibrations should appear at frequencies similar toν1 and
ν3 vibration modes of tetrahedral TiF4 (712 and 793 cm-1).15

The 806 cm-1 band of benzene2a solution is therefore
assigned to the one of both Ti-F stretching modes of
monomeric [(C5Me5)TiF3] 1a. A higher concentration of
solution was achieved using more-soluble2b (1.0 M). The
IR spectrum of this benzene solution shows strong absorption
bands of2b (640 and 612 cm-1) and1b (803 cm-1), whereas
the band with 580 cm-1 suggests the presence of4b (Figure
S11d of the Supporting Information). The solution IR spectra
are consistent with the equilibrium of dimer and monomer
in a 0.1 M solution, whereas in a 1.0 M solution, the dimer/
monomer concentration ratio increases, and tetramer is also
observed.

Conclusion

The1H and19F NMR spectra revealed equilibria of seven
different species in the solutions of (C5Me4R)TiF3 (R ) H,
Me, Et) ranging from monomer to tetramer. The thermody-
namics and kinetics of dimerization and dissociation involv-
ing monomers and dimers allowed for the prediction of the
mechanisms of these processes. It is obvious that the relative
stabilities of dimers and monomers of species with a Ti-F
bond depend on the other groups bonded to titanium.
However, the equilibrium of1a and2a suggests that both
monomer and Ti-(µ-F)2-Ti dimer can be expected for

(13) Webb, S. P.; Gordon, M. S.J. Am. Chem. Soc.1999, 121, 2552-
2560.

(14) Bencze, EÄ .; Mink, J.; Németh, C.; Herrmann, W. A.; Lokshin, B. V.;
Kühn, F. E.J. Organomet. Chem.2002, 642, 246-258.

(15) Nakamoto, K.Infrared and Raman Spectra of Inorganic and Coor-
dination Compounds: Theory and Applications in Inorganic Chem-
istry, 5th ed.; Wiley-Interscience: New York, 1997; Vol. A, p 189.

Figure 4. Thermodynamic and activation parameters (kcal mol-1) for the
dissociation of2a at 298.15 K in toluene-d8.
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compounds with a Ti-F bond. The equilibrium constant
K1a-2a for dimerization of1a to 2a is 29 M-1 at 298 K,
resulting in comparable concentrations of both species; for
example, one-half of the dissolved dimer is dissociated to
monomers in a 0.017 M toluene-d8 solution at 298 K. This
equilibrium could help in understanding the behavior of the
homogeneous fluorotitanium catalysts5,6 and suggests ca-
talysis with the more-active monomers, as already proposed.5a

The catalytic system with a dimerization constant comparable
to K1a-2aand with partially resolved chiral ligands on titanium
could achieve the chiral amplification on the basis of the
catalytically active monomers.2d The additional requirements
for the chiral amplification in such a system are different
stabilities of the homochiral and heterochiral dimer.

Experimental Section

General Considerations.All experimental manipulations were
carried out under a nitrogen or argon atmosphere using standard
Schlenk techniques or a drybox. Solvents were dried over a Na/K
alloy and distilled prior to use. Deuterated NMR solvents were
treated with CaH2, distilled, and stored under argon. DSC measure-
ments were performed on a Mettler Toledo DSC 822e cell. The
sample was weighed in a 40µL aluminum pan and then hermeti-
cally sealed. The empty pan served as a reference. For measure-
ments, the following temperature program was used: from 25 to
145°C, the furnace was heated at 5 K min-1, cooled with the same
rate, and then heated again to 210°C at 5 K min-1. Vapor-pressure
measurements were made with a Knauer vapor-pressure osmometer
standardized with a chloroform solution of benzyl alcohol.

NMR spectra were recorded on a Bruker DPX 300 spectrometer
operating at 300 (1H) and 282 MHz (19F). The spectra are referenced
to Me4Si and CFCl3 (external standard). Infrared spectra (Nujol
mull or benzene solution) were recorded on a Perkin-Elmer FT-
1720X spectrometer. (C5Me4R)TiF3 (R ) Me, Et), Me3SnF, and
(C5Me4H)TiCl3 were prepared according to the literature.7b,16,17

Synthesis of (C5Me4H)TiF 3. In a Schlenk flask, (C5Me4H)TiCl3
(551 mg, 2 mmol), Me3SnF (551 mg, 6 mmol), and toluene (50
mL) were stirred for 24 h at room temperature. The resulting
solution was filtered to remove the traces of unreacted Me3SnF,
and the filtrate was evaporated to dryness. The solid residual was
sublimated at 120°C, resulting in an orange-red sublimate (260
mg, 58%). Mp: 173°C. Anal. Calcd for C9H13F3Ti: C, 47.82; H,
5.80. Found: C, 47.02; H, 6.36. IR (Nujol mull): 1026, 862, 801,
640, 609, 480 cm-1. 1H NMR (CDCl3): δ 2.11 (s, 6 H, 2× CH3),
2.19 (s, 6 H, 2× CH3), 6.07 (s, 1 H, C5Me4H). 19F NMR (CDCl3,
302 K): δ 124 (w1/2 ) 11000 Hz).19F NMR (CDCl3, 222 K): δ
160.6 (s, 2 F), 148.6 (s, 2 F), 55.3 (s, 2 F),-23.9 (s, 2 F),-103.0
(s, 1 F).

Variable-Temperature NMR Analysis. The solutions for
variable-temperature1H and19F NMR studies were prepared in a

dinitrogen-filled drybox. The samples were kept for 12 min at the
selected temperature before we recorded the spectra. The recorded
spectra were processed with 1D WIN NMR and imported into
gNMR1.12 The19F NMR spectrum of a2a toluene solution at 202
K was used for simulation of both resonances of2a (see Figure
S12 of the Supporting Information for observed and calculated
resonances and coupling constants). The dissociation rate constant
30 s-1 was included in this simulation. The temperature dependency
of the averaged19F NMR chemical shift was observed for4a and
4′a. The averaged chemical shifts of4a and 4′a satisfactorily fit
the quadratic equation in the temperature range 222-332 K (Figure
S13 of the Supporting Information). On this basis, the averaged
chemical shift (used for calculation ofK1a-2a) of both resonances
of 2a (δ2a) in the fast-exchange temperature range 312-362 K were
extrapolated from the chemical shifts of2a in the slow-exchange
regime18 (Figure S13 of the Supporting Information). Both fluorine
resonances of2a in the temperature range 202-252 K and the single
resonance between 302 and 362 K were used for the determination
of dissociation rate constants for the equilibrium2a T 21a using
full line-shape analysis.12 The concentrations of1a and2a used in
the simulation were calculated from the correspondingK1a-2avalues.
The dissociation first-order rate constants were precalculated with
a simplified exchange system of two terminal and one bridging
fluorine atom of2a and three fluorine atoms of1a. An iterative
full line-shape analysis of the exchange of the full system of six
fluorine atoms of2a and six fluorine atoms of1a was then
performed. Two19F NMR resonances of2a were observed below
272 K in slow exchange, whereas the resonance of1a was not
observed. The simulation of the resonance of1a with the deter-
minated thermodynamic and activation parameters in the slow-
exchange regime revealed a short lifetime and low concentration
of 1a that results in an unobservable broad and low-intensity
resonance. The equilibria involving tetramers (eqs 3-5) were
evaluated above 262 K because below this temperature, the lnK
vs 1/T plots show a declination from linearity. Below 262 K, the
equilibrium reactions involving tetramers are likely too slow to fully
reach the equilibrium concentrations during the 12 min temperature
adjustment.
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