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Highly Efficient One-Step Direct Synthesis of
Monocyclopentadienyltitanium Complexes
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This report describes a highly efficient one-step synthetic strategy for monocyclopentadienyltitanium
complexes by the direct reaction of TiGkith substituted cyclopentadienes, without adding any other
reagents. This new synthetic method is particularly efficient for cyclopentadienes with a pendant group
that can bond or coordinate to the Ti atom.

Introduction alkane eliminatiort2 and MgSiCl,}3 Me,SnCb,14 and AbMey-
Group 4 metallocene complexes have been used as catalyst “NMe),'® elimination reactions, as well as the oxidative
P P YSBddition reaction of cyclopentadiene with lower halidésave

o mary o and obmerialon eacione, Suh 2 I been developed for the Syniess of metalocene complees.
reaction? and Diels-Alder reactior? as well as the hydrogena- However, d_ue to mgl_t|step syntheses, expensive _reagents, ar_ld
tion 4 hyarosilation5 hydroaminatic:;rf‘ and coupling reactions harsh reaction conditions, present synthetic t(_echnlqu_es are still
of u,nsaturated orgz’;mic compouridst ’which the olefin polym- too complicated and expensive f.or.commermal appllgatlon of
erization reaction is probably the mbst important one for human mef[allocen'e.catalysts n ponoIefm industry. We herein report
a highly efficient one-step synthesis of monocyclopentadienylti-

tsr?eCIiﬁgugtr: &tgﬁ 222 dbeerzr?ig sgﬁgixﬁilgsﬁg?clid Zynfgt'zl?g's;:tanium complexes by the direct reaction of Ti®ith substituted
' b cyclopentadienes under mild conditions without adding any
based catalysts can produce a number of high-performance

; . T . . ““other reagents. To the best of our knowledge, this is the first
polyolefin products, including isotactic polypropylene, syndio- time that metallocene complexes have been synthesized in high
tactic polypropylene, atactic polypropylene, linear high-density

. i ; . -7 yields by such an easy synthetic approach. Similar reactions of
polyethylene, linear low-density polyethylene, syndiotactic TiCl4 with cyclopentadiene and sB5(CH2)N(R)H in the

ggﬁigi:rgefhinlirgﬁlf S:J(Tlfjl?nec C;F;/cr)]%rgﬁ(r:. rﬁztg\rlglznl?své’dpiﬂl%he presence of BN were rep_orted beforE,_but_ the introduction

world and have been applied in almost every aspect of our daily of EtSN makes the isolation and purification of the products

lives. The global polyethylene demand is expected to increasecompllca'[ed, and therefore, the cost of the produgts mgreased.
) It has been known that some monocyclopentadienyltitanium

I:)?g ?r‘]bgg;gSz;?]I(j”Igglyperggyfgrqz Igezr:])gr? dt?SSZer(Ie"(l?endegfow c_om_plexesl,8 especially the so-called constrained-geometry
from about 3,5 million metric tons to nearly 60 million metric titanium c_omplexeé? are excelle_nt catalysts for _producmg_
tons in the same peridiThe growing demand for high- syndiotactic polystyrene and high-molecular-weight atactic
performance polyolefin products in recent years has further gy 4y coates, G. W.; Waymouth, R. Mcience1995 267, 217-219.
inspired industrial and academic interest in developing efficient (b) Service, R. FSciencel997 278 33—34. (c) Roscoe, S. B.; Fehet, J.
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Am. Chem. Sod972 94, 1219-1238.
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Figure 1. Stack plot of the aromatic region 8 NMR spectra
recorded from the NMR tube reaction of TiGkith (TCDBP)H,

at 15 min and 40 min.
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polypropylene, as well as copolymers of ethylene with propy-
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Figure 2. 'H NMR spectra recorded from the free ligand
((TCDBP)H,) to the (TCDBP)TiC} complex at 3C°C. The initial

8 7 6 5 4

lene,a-olefins, styrene, and norbornene. Some of the constrained-concentration of (TCDBP)is 0.054 mol/L. Time: (a) 3 min; (b)
geometry titanium complexes have been applied as catalysts in” m'n;O(C) 15 min; (d) 20 min; (e) 30 min; (f) 40 min; (g) 80 min;

the industrial production of polyolefir®d. Our new synthetic
technique is undoubtedly a breakthrough in the methodology

and concept of preparing metallocene complexes and might be

helpful in promoting the application of metallocene catalysts.

Results and Discussion

Synthesis of Constrained-Geometry Titanium Dichloride
Complexes 4. We reported recently a series of constrained-
geometry cyclopentadienylphenoxytitanium(IV) dichloride com-
plexes synthesized by a template lithium salt elimination
approact! These complexes show catalytic performance similar
to that of the constrained-geometry titanium catalysts used
currently in industry?® To understand the reaction mechanism,
the interaction of 2-(tetramethylcyclopentadienyl)-4,Geadt-
butylphenol (TCDBPH) with TiCl, in CDCl; was followed by
IH NMR. It was a great surprise to us that the signals of the
final products, (2-(tetramethylcyclopentadienyl)-4,6telit-bu-
tylphenoxy)titanium dichlorides (TCDBPTIg)| were observed
before the addition of'BuLi. This result promoted us to
investigate the reaction in detail on the NMR tube and flask

scales, and a highly efficient one-step synthetic method for the

monocyclopentadienyltitanium complexes was finally devel-
oped. The important feature of this new method is that the
monocyclopentadienyltitanium complexes can be easily syn-
thesized in high yields by the direct reaction of cyclopentadiene
derivatives with TiC) in a 1:1 molar ratio without using any
other reagents. The new method was first tested for the reaction
of TiCls with 2-(tetramethylcyclopentadienyl)-4,6-tét-but-
ylphenol ((TCDBP)H), 2-(tetramethylcyclopentadienyl) &+t
butylphenol ((TCBP)H), 2-(tetramethylcyclopentadienyl)-6-
phenylphenol ((TCPP)h), and 2-(tetramethylcyclopentadienyl)-
6-methylphenol ((TCMP)b) in toluene at room temperature,
and the corresponding complexes (TCDBP)%i(), (TCBP)-
TiCl, (2), (TCPP)TIC} (3), and (TCMP)TIiC} (4) were obtained

in high yields of 92.4, 89.3, 75.3, and 64.7%, respectively.
During the reactions of TiGlwith free ligands in NMR tubes,

a small amount of an intermediate was observedHhyNMR

for these systems. Figure 1 shows the aromatic region'sff a
NMR spectrum recorded from the NMR tube reaction of FiCl
with (TCDBP)H,. Peaks A and B are the signals of the Ph
protons of the free (TCDBP)and C and D are the signals of
the Ph protons of the (TCDBP)TigCtomplex, while E and F

(20) (a) Stevens, J. C.; Timmers, F. J.; Wilson, D. R.; Schmidt, G. F.;
Nickas, P. N.; Rosen, R. K.; Knight, G. W.; Lai, S. Y. Eur. Pat. Appl. EP
416 815 A2, 1991 (Dow). (b) Canich, J. A. M. U.S. Patent 5,055, 438,
1991 (Exxon).

(21) Zhang, Y.; Mu, Y.; LuC.; Li, G.; Xu, J.; Zhang, Y.; Zhu, D.; Feng,
S. Organometallic2004 23, 540-546.
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Scheme 1. Possible Mechanism for the One-Step Synthetic
Reaction
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are the signals of the Ph protons of the intermediate. During
the course of the reaction, the amount of the intermediate
changed very little, as can be seen by viewing the spectra
obtained at different times (Figure 2). On the basis of our
observations on these reaction systems, the intermediates in these
reactions are presumably the reaction products of 4Ti@ih
the phenol group of the free ligands. It has been reported that
the reaction of TiGJ with a phenol can take place easiiThe
fact that the intermediate does not accumulate during the reaction
implies that the following intramolecular reaction between the
—TiCl; and —Me,CpH moieties is relatively fast, which is
understandable, since the two moieties are very close to each
other and the probability for reaction to take place is increased
greatly. The yields for complexds-4 under similar conditions
is1> 2> 3> 4, which could be attributed to the steric effects
of the R group at the ortho position of the phenolate in these
complexes. The smallest R group, methyl, results in the lowest
yield of 4, while the bulky'Bu group leads to higher yields of
1 and2. The more bulky the R group, the longer the distance
between the R ane-TiClz moieties. In contrast, the-TiCls
and —Me,CpH moieties are closer and the reaction between
them is faster. On the basis of the above discussions, a possible
reaction mechanism for the one-step synthetic reaction, as shown
in Scheme 1, could be proposed.

Synthesis of Monocyclopentadienyltitanium Trichloride
Complexes 5-7. To validate the universality of the one-step
synthetic reaction, reactions of TiClith cyclopentadiene

(22) (a) Nielson, A. J.; Schwerdtfeger, P.; Waters, J.DMIton Trans.
200Q 529-537. (b) Thorn, M. G.; Vilardo, J. S.; Lee, J.; Hanna, B.;
Fanwick, P. E.; Rothwell, I. POrganometallic®200Q 19, 5636-5642.
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Figure 3. Plot of the concentration of components vs time of the 0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
reaction of TiC} with (TCDBP)H, at 30°C: (M) (TCDBP)H;; (2) Time (S)

(TCDBP)TICk; (O) intermediate. ) ] )
Figure 4. Second-order plots of rate data of the reaction of FiCl

(CpH), methylcyclopentadiene (Gi), pentamethylcyclopen- with (TCDBP)H.

tadiene (Cp*H), 1-butyl-2,3,4,5-tetramethylcyclopentadiene 3.0-
(Cp™H), and tetramethylcyclopentadiene (&) were also

studied. Experimental results indicated that both CpH ar#éiCp -3.54
were polymerized to produce a black tar under different

conditions, which is consistent with the results previously 4.0
reported by Wilkinson et &f2 The complexes Cp*TiGI(5), Ea=96.7+ 4.9 kJ/mol
Cp'TiClz (6), and CpPTIiClz (7) were obtained from the . 4.5
corresponding reactions at 8C in yields of 58.2, 53.1, and -
49.0%, respectively. NMR tube reactions indicated that the = 504
reactions could not go to completion at room temperature. From

the synthetic reaction of Cp*Tigla small amount of tetra- -5.51
methylfulvene, identified by'H and13C NMR spectroscopy,

was obtained as a byproduct. Freshly preparetTT; was a 6.04

viscous red oil that crystallized slowly when the crude product 355 380 385 340 345 350
was allowed to stand at room temperature for several weeks.

The above results could cause us to draw the conclusion that 1000/T

the one-step synthetic reaction is a versatile method for the Figure 5. Arrhenius plot of the reaction of Tigwith (TCDBP)-
synthesis of monocyclopentadienyltitanium complexes and canH.

be applied to all multiply substituted cyclopentadienes only if Table 1. Rate Constants and Activation Parameters for the

polymerization does not take place in the presence of,TiE| Reaction of TiCl, with (TCDBP)H »
side chain on the Cp ring, which can bond or coordinate to the . "
Ti atom, might accelerate the reaction between-@pH and T() 10k(L(molS)) Ea(kd/mol) AH'(kifmol) AS (imolK))
—TiCl, moieties and hence increase the yield of product. 288  262+2.3
Kinetic Studies on the Reaction of TiC}, with (TCDBP)- 293 45224

. : o 298 1123+9.0 96.7+£4.9 94.3+4.9 33.0+16.5
H>. By following the reaction of TiCGj with (TCDBP)H, (1:1) 303 1789+ 22.8

with 'H NMR, it was found that the signals for the free ligand 308 3496+ 27.4

(TCDBP)H,, the product,, and the intermediate in the aromatic

region of the'H NMR spectrum of the reaction mixture can be

identified clearly (Figure 1) and the concentrations of these The kinetic results are consistent with #€NMR observations
species can be calculated, which is suitable for kinetic studies.and support the proposed mechanism shown in Scheme 1. The
We therefore studied the kinetics of the reaction at different bimolecular reaction of TiGlwith the phenol group of the free
temperatures. Figure 2 shows ¢ NMR spectra obtained at  ligand should be the rate-controlling step of the whole reaction.
different times at 30C. After the resulting integrals were scaled The apparent activation energi,(= 96.7 kd/mol) is in a

by the initial concentration, a plot of the concentration of reasonable range for a reaction that can go to completion at
components vs time (Figure 3) was obtained, which shows thatroom temperaturé® The activation enthalpyAH* = 94.3 kJ/

the concentration of the intermediate is very low during the mol) and entropyAS" = 33.0 J/(mol K)) for the reaction were
whole reaction, indicating the following reaction is relatively also calculated according to the transition-state theory expression
fast. Since the concentration of (TCDBR)i$ equivalent to for the rate constant. A plot of lhk/ksT) vs 1/T gives a straight
that of TiCl and the plot of 1/(concentration of the free ligand, line. The activation enthalpy is obtained from the slope and the
mol/L) vs time gives a good straight line, the reaction should activation entropy from the intercept (see the Supporting
be a second-order reaction and the slope of the line is the ratelnformation). The rate constants and activation parameters are
constantK). The experiment was repeated for several temper- given in Table 1.

atures (15, 20, 25, 30, and 36), each leading to similar linear

plots (Figure 4), and the resulting rate constants (Table 1) were (23 sjibey, R. J.; Alberty, R. APhysical Chemistry3rd ed.; Wiley:
used to construct the Arrhenius plot that is shown in Figure 5. New York, 2001.




634 Organometallics, Vol. 25, No. 3, 2006 Zhang and Mu

Conclusions same way as described above for the synthesis 8ure3 (0.92

. L . g, 75%) was obtained as a red crystalline solid. Mp: 2891 °C.
We have developed a highly efficient synthetic method for ana| Caled for GiH.ClL,OTi (407.16): C, 61.95: H, 4.95.

the monocyclopentadienyltitanium complexes by the direct poyng: C, 61.89; H, 4.92H NMR (CDCls, 300 MHz; 298 K)
reaction of TiC} with substituted cyclopentadienes that do not § 7.24-7.64 (m, 8H, Ph), 2.44 (s, 6H,sBey), 2.11 (s, 6H, &
polymerize under the reaction conditions. This new method is Me,). 3C NMR (CDCk, 75.4 MHz; 298 K):6 171.97, 145.85,
versatile and especially efficient for cyclopentadienes with a 142.68, 136.44, 130.76, 130.24, 129.26, 129.01, 128.36, 127.81,
side chain containing a group that can bond or coordinate to 127.38, 126.61, 124.23, 13.60, 13.12 ppm.

the Ti atom. At present, further investigations exploring One-Step Synthesis of (TCMP)TIC} (4). The reaction of
possibilities of applying this method to synthesizing cyclopen- (TCMP)H, (3.0 mmol) and TiCJ (3.0 mmol) was carried out in

tadienyl complexes of other metals are under way. the same way as described above for the synthesis Blure4
(0.67 g, 65%) was obtained as a red crystalline solid. Mp: 155
Experimental Section 157°C. Anal. Calcd for GgH1gCl,OTi (345.09): C, 55.69, H; 5.26.

) ) Found: C, 55.60; H, 5.26H NMR (CDCls, 300 MHz; 298 K): 0
All operations were performed under an inert atmosphere of 7.19-7.23 (m, 1H, Ph), 7.047.12 (m, 2H, Ph), 2.43 (s, 6H,sC
nitrogen using standard Schlenk-line or glovebox techniques. \g,), 2.18 (s, 3H, PAMe), 2.06 (s, 6H, EMe,). 13C NMR (CDCE,
Solvents were dried and distilled prior to use. LQCp'H, and 75.4 MHz; 298 K): 0 173.65, 145.95, 143.16, 131.22, 130.55,
Cp*H were purchased from Aldrich. (TCDBP)H(TCBP)H, 128.01, 126.20, 123.67, 123.55, 15.31, 13.53, 13.12 ppm.
(TCPP)H, a;rlwd (TCMP)H were prepared acco_rdlng to_Ilterature One-Step Synthesis of Cp*TiC} (5). A solution of Cp*H (1.0
procedures?t All NM'R experiments were carried out in segleq g, 7.3 mmol) in CHCI, (20 mL) was added dropwise to a solution
NMR tubes on a Varian Mercury-300 NMR spectrometer. Kinetic ¢ TiCl, (7.3 mmol) in CHCI, at room temperature. The mixture

experiments were performed with a delay time (d1) of 12's, & a5 heated with stirring at 88C overnight. The precipitate was
number of data points (np) of 32 k, an acquisition time (at) of 2.666 fiered off, and the solvent was removed in vacuo. Then the red

s, and a pulse width (pw) of S0 _ residue was dried in vacuo at 10C to leave a red crystalline
Synthesis of 1-Butyl-2,3,4,5-tetramethylcyclopentadiene ;g (1.23 g, 58%). Mp: 223225 °C. Anal. Calcd for GoHis

(Cp*H). A solution of 2,3,4,5-tetramethyl-2-cyclopentenone (2.64 ClsTi (289.45): C, 41.49: H, 5.22. Found: C, 41.45; H, 5.3.

mL, 17.5 mmol) in EO (60 mL) was added dropwise to a solution  \ R (CDCly 300 MHz: 298 K):6 2.38 (s 15H CpéH;). 13

of "BuLi (17.5 mmol) in EtO (40 mL) at—15 °C. The mixture NMR (CDCl, 75.4 MHz; 298 K):6 138.18 (Cp), 14.70 (CPCHs)
was slowly warmed to room temperature and stirred overnight. The ppm

reaction mixture was hydrolyzed with 20 mL of saturated,SH o . . .

(ag). The organic layer was separated and treated three times withmr(n)(;]l()3 V\S/ittipT?C):llnt?Se ?)Ismor;gl?-\lfvczss E:E;’a)r.r-il;ah deéﬁ’??r?ct)k?eoggm (\f’a? as
20 mL of concentrated HCI and then washed three times with water . 41 . y
(50 mL), dried over MgSQ filtered, and evaporated to dryness described above for the synthesistofPure6 (0.88 g, 53%) was
affording a brown oil. Pure product (2.1 g, 67%) was obtained by obtained as a red crystalline solid. Mp: 0808°C. Anal. Calcd

column chromatography over silica (hexanesiCh, 5:1) as a for C13H2:Cl3Ti (331.53): C, 47.10; H, 6.38. Found: C, 47.06; H,
ellow oil. *H andgcpl)\ll\);IR spectroscopic analysis indicates that 6.35.°H NMR (CDCl, 300 MHz; 298 K):0 2.85 (1, 2H,"Bu CH),

y : . pectroscop y 2.38 (s, 12H, CpMe), 1.38 (m, 4H"Bu CH), 0.94 (t, 3H,"Bu

the samples are mixtures of three isomers.

1 . .
One-Step Synthesis of (TCDBP)TIGl (1). A solution of Me). *C NMR (CDCl, 75.4 MHz; 298 K):0 142.48, 138.36,

(TCDBP)H, (1.0 g, 3.1 mmol) in toluene (20 mL) was added 15/ 66: 3234, 21'41_' 2?'03’.1‘:'64’ 1‘:1'15 ppm. .
dropwise to a solution of TiGI(3.1 mmol) in toluene (40 mL) at One-Step Synthesis of CBTICl s (7). The reaction of CfH (6.0

room temperature. The mixture was heated with stirring at@0 (TmO',)ngh 'bI'iCI4 (f6'0 rr]nmol) vr\]/as. carfged out in the same way as
overnight. The precipitate was filtered off, and the solvent was escribed above ort elﬁynt el;f,lsfo .ure7 (0'081 9, 49| /) vlvas
removed to leave a red crystalline solid (1.28 g, 93%). Mp: 238 ?btalned als ared crystalline solid. Mp: 14547 CaAna. Calcd
240°C. Anal. Calcd for GHCl,OTi (443.27): C, 62.32; H, 7.28. 107 CoticClaTi (275.43): C, 39.25; H, 4.76. Found: C, 39.19; H,
Found: C, 62.23; H, 7.24H NMR (400 MHz, CDCh, 208 K):0 473 "H NMR (CDCl;, 300 MHz; 298 K):0 6.65 (s, 1H, Cp H),
7.33 (s, 1H, Ph), 7.11 (s, 1H, Ph), 2.42 (s, 6HM8), 2.04 (s,  2:41 (S, 6H, Cp-Me), 2.36 (s, 6H, CpMe). 1*C NMR (CDC,
61, GMle). 1.353 (5. OHIBL), 1.347 (5, OHIBL). 1'C NMR (100.5 754 MHz; 208 K):0 139.30, 138.11, 124.54, 16.61, 14.26 ppm.
MHz, CDCl, 298 K): 6 171.60, 146.86, 145.72, 143.59, 134.82,  Kinetic Experiment on the Reaction of TiCl, with (TCDBP)-
130.14, 128.88, 123.40, 123.11, 35.02, 34.76, 31.72, 29.52, 13.49 H2. A solution of TiCL, (0.03 mmol) in CDC4 (0.25 mL) was added
13.00 ppm. to a solution of (TCDBP)K (10 mg, 0.03 mmol) in CDGI(0.25
One-Step Synthesis of (TCBP)TiG (2). The reaction of mL) in a NMR tube. Thfa reaction was followed immediately by
(TCBP)H, (3.5 mmol) and TiQJ (3.5 mmol) was carried out in ~ *H NMR at the appropriate temperature (15, 20, 25, 30, and 35

the same way as described above for the synthesis Blure2 °C, respectively).
(1.21 g, 89%) was obtained as a red crystalline solid. Mp: 138
140°C. Anal. Calcd for GH24ClOTi (387.17): C, 58.94; H, 6.25. Acknowledgment. This work was supported by the National

Found: C, 58.89; H, 6.20H NMR (CDCl;, 300 MHz; 298 K) Natural Science Foundation of China (No. 20374023).

0 7.33-7.36 (m, 1H, Cp), 7.147.13 (m, 2H, Ph), 2.43 (s, 6H,

CsMey), 2.04 (s, 6H, @Mey), 1.35 (s, 9HBU). 3C NMR (CDCl,

75.4 MHz; 298 K):6 174.18, 146.05, 143.43, 136.53, 130.62,

129.47, 126.93, 126.79, 123.97, 35.14, 29.68, 13.73, 13.31 ppm.
One-Step Synthesis of (TCPP)TiGl (3). The reaction of

(TCPP)H (3.0 mmol) and TiCJ (3.0 mmol) was carried outinthe ~ OM0508738

Supporting Information Available: Figures giving'H and3C
NMR spectra for the complexes in this article. This material is
available free of charge via the Internet at http://pubs.acs.org.



