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A series of novel titanium(IV) complexes bearing monoanionicN&] (X = O, S, Se) ligands is
designed by sidearm approach. These complexes were synthesized, characterized, and employed as catalysts
in ethylene homo- and copolymerization. X-ray diffraction studies on these new compounds reveal a
distorted octahedral coordination of the central metal with the three chlorine liganaseéndisposition.
In the presence of modified methylaluminoxane (MMAO), they exhibit moderate to high activity and
afford highly linear polyethylene. Variation of the sidearm, including different heteroatom and substituents,
proves to modulate both the catalytic activity and the molecular weight of the resulting polyethylene.
The complexes also show excellent capability in copolymerization of ethylene with 1-hexene.

Introduction

During the last two decades, single-site catalytic systems

based on the metallocene complexes of group 1V metals have

been extensively studié¢dRecently, there has been a growing
interest in developing new nonmetallocene catalysts, and in
expanding beyond the first half of the transition metal series
and various ligand backbonés! as well as allowing access to
previously inaccessible polymetsOf the successful non-
metallocene catalysts developed,the metal complexes pos-
sessing phenoxyimine ligands are one of the promising ex-
amples® Nickel complexes bearing salicylaldiminato ligands
exhibited good tolerance to functional group and even remained
active for olefin polymerization in the presence of polar or
protonic solvent$.” Fujita’s group and Coates’ group described
a family of highly active group IV catalysts bearing bis-
(salicylaldiminato) ligands13 (Scheme 1). They found that
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titanium complexed were excellent precatalysts for living
ethylene polymerizatioh! living propylene polymerization
with excellent stereoselectiviy,and living copolymerization

of ethylene witha-olefins1?2 The synthesis of functional and
block copolymers of propylene can also be realized using such
catalytic system&2 Gibson et al. reported that salicylaldiminato
ligands could also be employed to stabilize Cr(lll) cataly$ts.
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Sidearm approach has proven to be an efficient strategy for such complexes in ethylene polymerization and copolymeriza-

the design of organometallic catalysts in organic synthesis.

Recently, Kol et al. showed that group IV complexes bearing
bis(phenolate) [ONO~] and [O"NNO~] type ligands are good
olefin polymerization catalysts, in particular for the polymeri-
zation of 1-hexené&>2° They found that the pendant amino
group of the ligand influenced strongly the activity in polym-
erization of 1-hexené& Gibson et al. reported that the activities
of Cr(lll) catalysts, containing salicylaldininato ligands with
pendant donors, were higher than those of the correspondin
catalysts without sidearm dond¥sNickel complexes bearing

salicylaldiminato ligands with a carbene as a pendant donor have

also been reportett. In a previous study on ylide chemistry

and asymmetric catalysis, we also found strong sidearm effects

on selectivity and catalytic activity in some reactihRecently,
we reported that catalysts bearing a [@] ligand (I ) (Scheme

1) were robust and highly active for ethylene homopolymeri-
zation and copolymerization with 1-hexene and with nor-
bornene?? We also communicated that {@S] titanium com-
plexeg* were good catalysts for olefin polymerizati&hTo

further understand the sidearm effects of the extra donor andderivatives3a—

the structure-reactivity relationship of the catalysts, we herein

report the synthesis and characterization of a series of titanium

complexes bearing phenoxyimines with Gaf-5d), S- Ge—
51), or Se-donorsgm) as sidearms, as well as the behaviors of
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Results and Discussion

1. Design and Synthesis of Ligands and Complexeés
described by Fujithand Coates!? bis(salicylaldiminato) tita-
nium complexesl showed high performance in ethylene
polymerization. We proposed that the introduction of a sidearm

ggroup Z containing a donor atom would lead to the formation

of mono(salicylaldiminato) titanium complexd$ , as shown
in Scheme 2. ComplexdH are open for the coordination and
insertion ofo-olefin, beneficial to ethylene copolymerization
with ano-olefin or a bulky olefin. Therefore, different sidearms
(O, S, Se) with various electronic and sterically hindered
substituents were selected for study.

Ligand Synthesis. The synthetic route for the ligands is
shown in Scheme 3. Treatment of pherzds-2d, benzenethiols
2e—2l, and benzeneselen@m with 1 equiv of KOH and
1-chloro-2-nitrobenzene at € for 5 h afforded nitrobenzene
3m. Nitrobenzene8a—3m were reduced by Zn/
HOACc, and productgla—4m were collected, which could be
used directly for the next step without further purification.
Condensation of salicyldla or 108226 with anilines4 afforded
tridentate ligandd.1—L14 in 60—90% yields. The procedure
for preparation of imine&1—L14 is very simple and environ-
mental friendly: a mixture of the aniline and aldehyti or
1b was refluxed for several hours and cooled to room temper-
ature after the reaction was complete, and the solid was collected
as the pure imines. In addition, the mother liquor could be
recycled.

Synthesis of ComplexesThe ligands were deprotonated by
1.0 equiv of KH, followed by treating with 1.0 equiv of Tigl
in toluene at room temperature, to afford the desired titanium
complexesba—5n in good to high yields. The purification of
the complexes was performed by recrystallization from toluene
upon cooling to—30 °C except for compleXdn, which was
recrystallized from a mixture of dichloromethane and hexane.
It is worthy to note that only the monoligated complexes were
isolated even if 1.0 equiv of excess ligand was added in the
reaction.

2. Characterization of ComplexesComplexeba—5n were
characterized by NMR, IR, and elemental analysis. Crystals of
5a, 5¢ 5g, and5i suitable for X-ray structure determination
were developed from toluene, and a crystabofvas obtained
from dichloromethane/hexane solution. As shown in Figures
1-5, complexesb5a, 5e 5g, 5i, and 5n feature a distorted
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ligands in amer disposition, which is a good orientation for
olefin insertion and thus favorable for polymerization. The
selected bond lengths and angles are listed in Table 1. As shown
in Figure 1, the bond angle sum of T01-C22 (125.2), Ti—
01-C5 (117.4), and C5-01-C22 (117.0) in 5ais nearly
36C. The torsion angle of FO1-C22-C27 is 89.7, and C22,

(26) Larrow, J. F.; Jacobsen, E. N.; Gao, Y.; Hong, Y. P.; Nie, X. Y.;
Zepp, C. M.J. Org. Chem1994 59, 1939-1942.
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Scheme 3
XH R NO, R NH,
1 1 X X
R R 1. koH, DMsSO, 50°C /@: \© Zn, H*
2. 1-Chloro-2-nitrob ethanol
RZ DMS(())ro nitrobenzene R3 R1 0~25 OC R3 R1
R3 90°C R2 R2
3a-3d X=0 4a-4d X =0
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2m X=Se
OH
CHO R4 ~
. . M N R! L1-14 X=OR*='Bu
4a-4m i anol X R2 L5-L12 X=S,R*=Bu
. reflux OH L13 X =Se, R*=1Bu
R R Re L14  X=SRizH
1a R*=1Bu
1b R=H
THF
KH ‘-78~25°C
X R" R? R® R*
L1, 5a o H H H Bu Ticl, | toluene
L2, 5b O C H H IBu 4| 40°C
L3, 5c O Me H H Bu
L4, 5d O Pr H H IBu
L5, 5e S H H H Bu
L6, 5f S H H CF; Bu
L7, 5g S H CI H Bu "
L8, 5h S H H OMe®B R XN .
L9, 5i S H OMeH Bu c\ & R! 5a-5d X =0, R=Bu
L10, 5j S ¢ H H Bu N = , 565l X=S,R*=Bu
L11, 5k S Me H H Bu L R 6m  Xx=se R*=Bu
L12, 51 S Pr H H Bu a R 5n  X=S,R4=H
L13, 5m Se H H H IBu 3
L14, 5n S H H H H R

Ti, C5, and O1 are coplanar. These facts revealed that O1 atomand 103.3, respectively, and the sum is 317,.8uggesting that
is siF hybridization and the phenyl group is nearly perpendicular the S atom irbeis sp-hybridized. As a result, the phenyl group
to the NETi—O1 plane in5a The molecular structures of in 5edeviated from the [ONS] plane. The T+Cl bond lengths

sulfur-containing complexeSe, 5g, 5i, and5n (Figures 2-4) in complexesbe 5g, 5i, and5n are shorter than those of the
are similar, but they are different from that of the oxygen- corresponding F-CI bond in5a, suggesting that the electron
containing compleXsa. For example, the bond angles of-Ti donation is reduced by using sulfur ligands instead of oxygen

S—C22, T—S—C1, and C+S—C22 in5e are 115.4, 98.9,

Figure 2. Molecular structure of compleke Figure 4. Molecular structure of compleXi.
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Table 1. Selected Bond Lengths (&) and Angles (deg) of Complexes 5a, 5e, 5g, 5i, and 5n

5a 5e 5g 5i 5n
Ti—0(2) 1.806(4)
Ti—0(1) 2.249(5) 1.7910(19) 1.791(4) 1.8030(18) 1.798(8)
Ti—N(1) 2.219(5) 2.198(2) 2.181(5) 2.164(2) 2.177(8)
Ti—S(1) 2.5908 2.622(2) 2.6044(9) 2.591(3)
Ti—CI(1) 2.296(2) 2.2509(10) 2.2889(19) 2.3088(9) 2.334(4)
Ti—CI(2) 2.385(2) 2.2887(10) 2.273(2) 2.2901(9) 2.256(4)
Ti—CI(3) 2.348(2) 2.3430(10) 2.321(2) 2.2952(9) 2.285(4)
O(1)-Ti—N(1) 72.83(17) 86.44(8) 84.49(18) 84.40(8) 85.9(3)
O(1)-Ti—CI(1) 97.21(12) 106.21(7) 92.03(14) 98.43(7) 96.3(3)
N(1)-Ti—Cl(1) 169.85(15) 167.35(7) 85.70(13) 86.75(6) 84.5(3)
O(1)-Ti—ClI(2) 83.88(14) 92.76(7) 105.98(14) 108.12(7) 106.5(2)
N(1)-Ti—Cl(2) 83.91(14) 83.81(7) 169.52(15) 167.47(6) 167.5(3)
CIl(1)-Ti—CI(2) 93.26(8) 95.79(4) 94.36(8) 91.82(3) 95.0(2)
O(1)-Ti—CI(3) 83.40(14) 96.48(7) 100.40(14) 91.73(7) 94.0(3)
N(1)—Ti—CI(3) 86.33(14) 83.01(6) 84.32(13) 86.39(6) 83.7(3)
CI(1)-Ti—CI(3) 94.58(8) 94.84(4) 163.22(8) 167.12(4) 163.8(1)
Cl(2)-Ti—CI(3) 165.80(9) 163.38(4) 93.02(7) 92.52(3) 94.00(2)
O(2)-Ti—N(1) 85.69(18)
O(2)-Ti—0(1) 158.32(17)
O(2)-Ti—CI(1) 104.35(15)
O(2)-Ti—CI(3) 92.56(16)
O(2)-Ti—CI(2) 96.95(16)
O(1)-Ti—S(1) 164.04(7) 161.51(14) 161.15(7) 163.9(2)
N(L)-Ti—S(1) 77.79(6) 77.02(14) 76.77(6) 78.3(2)
CI(1)-Ti—S(1) 89.55(4) 86.31(6) 79.94(3) 79.38(1)
Cl(2)-Ti—S(1) 87.99(4) 92.51(7) 90.72(3) 89.4(1)
CI(3)-Ti—S(1) 79.36(3) 78.32(7) 87.88(3) 87.3(1)

ligands. These results showed that the sidearm could readilyand electronic effects were probably the factors that influenced
modulate the spatial and the electronic properties of the active the behaviors of the complexes in ethylene polymerization. As
site for polymerization and thus tune the activity of catalyst as shown in Figures 45, the molecular structures of S-containing
well as the capability for copolymerization as shown later. complexesse, 5g, 5i, and5n are very different from that of

3. Ethylene Homopolymerization. The performance of  O-sidearmed complesa. The deviation of the aryl group in
complexessa—5n on ethylene polymerization is summarized the sidearms of compounds, 5g, 5i, and5n resulted in less
in Table 2. These complexes showed moderate to high activity steric hindrance than compléa (Figures £5), beneficial to
for ethylene polymerization in the presence of MMAO (modified chain growth and reduction of chain transfer in ethylene
methylaluminoxane), depending on the pendant groups. Thepolymerization and thus increased the activities of catalysts and
results indicated that both the property of the donor atom and the molecular weights of polymers. These steric effects were
the substituents on the sidearm significantly affected their also consistent with the following experimental results: increas-
behaviors in ethylene polymerization. ing the steric hindrance by replacing H at thr¢ho position of

(i) Effects of Sidearms.As shown in Table 2, the donor  the phenyl group in the sidearm with CI, Me, iePr decreased
atoms affect the catalytic behavior significantly in ethylene the catalytic activity greatly and increased the molecular weights
polymerization, in both activity and molecular weight of iy the order R = H, CI, Me, 'Pr (entries 48 and 13-15).
polyethylene. For example, complexes—5d, with a pendant  strong electronic effects of substitutes on the sidearmed aryl
group containing an oxygen donor, gave only moderate activity groyp were not observed. For example, the complexes both with
(entries 1, 47). However, complexeSe-5m, with a pendant 5 glectron-deficient grougst, 5g) and with an electron-rich
group containing sulfur and selenium donors, respectively, group 6h, 5i) on the sidearm showed high and similar activity

showed much higher activity than the corresponding O- o ethylene polymerization (entries-22). During the polym-
sidearmed complexes under the same polymerization conditionsg i, ation. we observed that the color%g and5m in toluene

(entries 2-3, 8, and 13-15). In Qddltlon, the molecular weight ¢\ ition changed from red to green (Ti(lIB)while the color
(MW).Of _the poly_ethylene o_btalned by complexgs, 59"_ and of solution 5a changed from red to yello?® upon activation

om significantly increased in the order of donor atom: <CS with MMAO under the same conditions. These results suggested
< Se. These results suggested that both the steric hlndrancethat different active species might be formed in the olefin
polymerization using O-sidearmed and S-sidearmed complexes
as precatalysts. This is also a possible reason for the different
olefin polymerization behaviors of the complexes with O- and
S-pendant groups. A clear mechanism awaits further investiga-
tion.

Noticeably, complexon showed much lower activity than
5e, probably due to its poor solubility in toluene. In addition,
molecular weight distribution of the polyethylene obtained by
complexesse—5I containing sulfur donors ranged from 1.7 to

(27) Eisch, J. J.; Pombrik, S. I.; Zheng, G. ®rganometallics1993
12, 3856-3863.

(28) Mahanthappa, M. K.; Cole, A. P.; Waymouth, R. Krgano-
Figure 5. Molecular structure of comple&n. metallics2004 23, 836—845.
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Table 2. Results of the Ethylene Polymerization Assays

side-arm time  yield

en activity > M,¢ M,° M, /M,
"~ (complex) (min) (g v
1 )0 s 50026 0032 0434 147 339
2 ()s s 5 L1644 398 107 296 275
3 (Jrsem 5 0642 238 167 500 3.00
4 )0 sa) 15 0045 0020 0614 250 407
o
5 C|©CI IS 0077 0023 103 396 384
(sb)
0
6! Me@""e 15 0008 0002 178 489 331
)
OI
7 P"\@Pf 15 0014 0003 0777 115 149
)
8 )-S50 IS 1560 173 208 502 204
9  FRC{ )Sen 15 0920  L17 373 732 195
Cl
10 @_S 15 0610 074 415 127 3.07
(59)
11 MO )S(sn 15 1053 126 259 555 2.4
MeQ
12 0847 102 L78 445 249
Ors e
s
13 C'\(jc' 15 0953 122 439 765 174
(5i)
S
14 MeGMe 15 0171 020 101 184 187
(5k)
S,
15 P'“\(jpf 15 0048 006 929 252 271
)
16 )S@En 15 0200 013 202 420 210

a Polymerization conditions: 3.,6mol of catalyst in 50 mL of toluene;
[AIJ/[Ti] = 500; ethylene pressure, 0.1 MPa at"&(oil bath temperature).
b10° g PE mot1 Ti~th~latnr L. ¢ Determined by GPCx 1074 9 10 umol
of catalyst was used.

Table 3. Effects of Ethylene Polymerization Condition3

entry T(C) [AI[T] yield(g) activity © M My  Mu/MC
1 50 100 0550 188 225 402 178
2 50 500 1097 373 0992 234 236
3 50 1000 1149 393 0859 203 236
4 50 1500 1182 404 0699 180 258
5 50 2000 1042 356 0541 132 244
6 -5 500 0526 180 322 598 186
7 30 500 1072 367 161 427 266
8 80 500 0420 144 0552 136 247

a Polymerization conditions: 3.5 umol of catalg&in 50 mL of toluene;
ethylene pressure, 0.1 MPa; reaction time, 5 milfiemperature of the bath.
¢10° g PE mol! Ti—1 h~t atm 2. 9 Determined by GPCx 1074

Organometallics, Vol. 25, No. 13, 203263

Table 4. Results of Ethylene Copolymerization with
1-Hexene Assays

side- arm l-hexene T” yield . , , ¢
entry activity M," M," MM,
(complex) mL) (C) (g (mol% )
1 )0 ¢a) 5 25 0062 023 9.8 229 250 141
2 ) e 1 25 0575 656 537 115 214 145
3 s se 1 10 0757 864 112 237 211 810
4 s s 525 0680 387 616 146 236  30.0
5 S se 10 25 0534 305 492 184 375 292
6 FCX S sp) 5 25 0684 438 599 196 326 282
7 MeO{ )Ssm 5 25 0627 370 708 174 246 259
s
8 MeOMe 5 25  trace
(k)
9 {)rse 5m) 5 25 0742 611 285 106 371 146

a Polymerization conditions: #Zmol of catalyst in 50 mL of toluene;
MMAOI/Ti = 500; ethylene pressure, 0.1 MPa; reaction time, 15 min.
b Temperature of the bath1C° g polymer mot? Ti~1 h-1 atnr 2. d Deter-
mined by GPCx 1074 ¢ 1-Hexene incoporation in copolymer, determined
by 13C NMR. f3.5 umol of catalyst; toluene, 50 mL.

atnr1, entry 1). The molecular weight of the polyethylene
proved to be sensitive to the Al/Ti ratio and increased with the
decrease of the Al/Ti ratio (entries=b), suggesting that there
existed chain transfers to aluminum compounds in the olefin
polymerization.

The effect of the polymerization temperature on the behavior
of catalystcewas also studied. Similar to the titanium complex
bearing the [NOP] ligand?® complex 5e proved thermally
stable from—5 to 80°C (entries 2, 6-8). The maximum activity
of complex5e was achieved at 3050 °C (entries 2, 7), and
the catalytic activity was maintained at a high level even when
the temperature was lowered b °C (entry 6) or elevated to
80 °C (entry 8). GPC studies of the polyethylene showed that
the My, of the polymer was temperature-dependent. With the
increase of the temperature, thg, of the polymer decreased
sharply from 59.8x 10* g/mol at—5 °C to 1.36x 10* g/mol
at 80°C, indicating that the high polymerization temperature
promoted the chain transfer reaction. In our screened conditions,
the highest molecular weight was obtained-& °C (entry 6).

The melting point i) of the polymers obtained by complex
5eis higher than 133C, which is the classical, for HDPE
(high-density polyethylene). This was in full accordance with
the 13C NMR studies of the polyethylene, which showed no
branches on the polymer backbone.

4. Ethylene Copolymerization with 1-HexeneThe perfor-
mance of titanium complexésfor copolymerization of ethylene
with 1-hexene is summarized in Table 4. Both the donor atoms
and substituents on the pendant group influenced the copolym-

3.1, indicating that they were single-site catalysts. Compound erization activity as well as the molar percentage of the
5d gave a broad molecular weight distribution, and the reason comonomer incorporation. The titanium complesesand5m

is unclear.

(ii) Effects of Polymerization Conditions. It was found that
the cocatalyst/catalyst molar ratio (Al/Ti ratio) did not influence
strongly the catalytic activity of comple&e, unlike in other
single-site catalysts:* As shown in Table 3, the activity of
complex5ewas 4.04x 10° g PE moft Ti~t h~t atmr! at the
Al/Ti ratio of 1500 (entry 4). The activity decreased slightly
(3.73 x 10° g PE mof! Ti~1 h™! atmrl, entry 2) when the
Al/Ti ratio was reduced to 500. Even when an extremely low
amount of MMAO (Al/Ti ratio= 100) was used, compound
5e still showed high activity (1.88< 10° g PE moft Ti—1 h™?1

with S and Se in the sidearm Z, respectively, were highly active
for copolymerization (entries 4 and 9). However, com@ax
with an O-donor as the sidearm, gave only low activity (entry
1). As shown in Table 4, the molecular weight of the copolymer
decreased in the order of donor atom>Cs > Se. Compound
5eproved more favorable for the insertion of 1-hexene than
and 5m. For example, the molar percentage of 1-hexene
incorporation in the copolymer obtained by bdih and 5m
was much lower than that obtained bg (entries 1 and 9 vs
entry 4). Substituent Ron the sidearm also influenced strongly
the catalytic behavior of the complexes. For instance, compound
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5k, bearing methyl groups at thartho positions, was almost  solution was added a solution of titanium tetrachlorides (0.285 g,
inactive for copolymerization, which was in sharp contrast to 1.5 mmol) in toluene (20 mL) dropwise over a period of 20 min at
the high activities of complexese, 5f, and5h (entries 4, 6-8). room temperature. The resulting mixture was stirred overnight and
Compoundsf, 5h, and5e gave similar catalytic activities and  filtered, and the solid was washed with &, (30 mL x 3). The
molecular weights of polymer as well as 1-hexene incorporations combined organic filtrates were concentrated under reduced pressure
(entries 4, 6, 7), indicating that the electronic properties df R to ca. 30 mL and then were cooled+30 °C overnight. The reddish
hardly affected the copolymerization behaviors. crystal was collected and dried in vacuo to give complex

The catalytic behaviors of these complexes for copolymeri- Yield: 0.402 g (57%).*H NMR (300 MHz, CDC}): 6 8.80
zation also depended on the polymerization conditions. As (S, 1H, CH=N), 7.78 (dd,J = 1.2, 7.5 Hz, 2H, Ar-H), 7.68 (d,J
shown in Table 4, lowering the temperature increasedpe = 2:1 Hz, 1H, Ar-H), 7.64-7.46 (m, 4H, Ar-H), 7.26-7.17 (m,
of copolymer but decreased the 1-hexene incorporations (entriessH’ Ar—H), 6.61 (dd,J = 2.1, 7.8 Hz, 1H, ArH), 1.54 (s, 9H,
2, 3), probably because the ethylene solubility increased in t-Bu), 1.33 (s, 9H{-Bu). #*C NMR (75 MHz, CDCY): 6 160.7,
toluene at low temperature. The increased feed of 1-hexenel98.2,154.2,153.3,148.4,136.4, 133.4, 132.7,130.9, 130.6, 130.4,

significantly improved the incorporation but slightly decreased 128.9,128.4,128.2, 127"?” 125.2,125.1,123.8, 116.7, 115.2, 354,
the copolymerization activity (entries 2, 4). Thus, the molar 34.8,31.1, 29.8. IR (KBry: 1591, 1491’ 1457, 1360, 1173, 1022,
. . . I. Calcd for gH30NO,ClsTi: C, 58.64; H, 5.45; N, 2.52.
percentage of 1-hexene incorporation could be tuned by Eginﬁr‘% 60.03: H é;g N2 2309 ' h o
employing catalysts with different pendant Z groups as well as LT T A e T e )
the change of polymerization conditions. [I_\l-(3,5-_D|-tert—butylsal|cyI|dene)-2-(2,6-d|ch|orophenoxyl)-
anilinato]Ti(IV)CI 3 (5b). The same procedure as that for the
) preparation obawas used. KH (0.069 g, 1.7 mmol)2 (0.800 g,
Conclusion 1.7 mmol), and TiCj (0.323 g, 1.7 mmol) were used. Yield: 0.636
L _ g (61%).1H NMR (300 MHz, CDC}): 6 8.84 (s, 1H, CHN),

In summary, phenoxyimine ligands with pendant donor 7 ;3 (d,J= 1.8 Hz, 1H, Ar-H): 7.58-7.45 (m, 4H, Ar-H), 7.31—
groups and their monoligand titanium complexes have beenz 19 (m, 3H, ArH); 6.66 (d,J = 7.5 Hz, 1H, ArH), 1.54
synthesized and characterized. The pendant group proved tqg g t-Bu), 1.36 (s, 9H,t-Bu).2*C NMR (75 MHz, CDCH):
strongly influence the structure of the corresponding titanium g 162.0, 150.4, 148.0, 146.6, 137.8, 136.6, 136.3, 132.6, 130.7,
complexes as well as their behaviors in olefin polymerization. 1305, 129.9, 128.9, 128.6, 128.2, 126.7, 125.2, 125.0, 114.4, 109.7,
Combined with MMAO, these complexes have exhibited 354, 34.7,31.1, 29.7. IR (KBn): 1594, 1558, 1548, 1489, 1453,
moderate to high activity for ethylene polymerization and 1427, 1224, 1026, 885, 861, 774, 744. Anal. Calcd feiHaCls-
afforded highly linear polyethylene, even at extremely low Al/  NO,Ti: C, 52.00; H, 4.53; N, 2.25. Found: C, 51.76; H, 4.77; N,
Ti ratio and high temperature. In addition, they have also shown 1.77.
excellent capability for ethylene copolymerization with 1-hex- [N-(3,5-Ditert-butylsalicylidene)-2-(2,6-dimethylphenoxyl)-
ene. Investigation of ethylene copolymerization with long chain anilinato]Ti(IV)Cl 5 (5¢). The same procedure as that for the
a-olefin and bulky olefins promoted by these complexes is in preparation ofsa was used. KH (0.28 g, 7 mmol).3 (3.0 g, 7
progress. mmol), and TiC} (1.77 g, 7 mmol) were used. Yield: 2.10 g (49%).

IH NMR (300 MHz, CDC}): ¢ 8.79 (s, 1H, CH=N), 7.72 (dJ =
(m, 5H, Ar—H), 6.60 (d,J = 6.3 Hz, 1H, Ar-H), 2.51 (s, 6H,

All manipulations of air- and/or moisture-sensitive compounds Ar—CHs), 1.53 (s, 9H,t-Bu), 1.36 (s, 9H-Bu). 3C NMR (75
were performed under argon atmosphere using standard SchlenkMHz, CDCL): 6 164.2, 158.6, 151.5, 150.7, 140.2, 137.1, 137.0,
techniques!H NMR and 13C NMR spectra were recorded on a 131.4,128.9,127.8,127.2,126.6, 125.1,121.7,120.8, 118.5, 113.7,
Varian XL-300 MHz spectrometer with TMS as the internal 35.1, 34.2, 31.5, 29.4, 16.4. IR (KBr) 2961, 1605, 1586, 1557,
standard. Mass spectra were obtained using a HP5959A spectrom1545, 1494, 1461, 1376, 1245, 988, 867, 750. Anal. Calcd for
eter. IR spectra were recorded using a Nicolet AV-360 spectrometer. C2oH34CIsNO,Ti: C, 59.74; H, 5.83; N, 2.40. Found: C, 58.40; H,
Elemental analysis was performed by the Analytical Laboratory of 6.10; N, 2.06.

Shanghai Institute of Organic Chemistry (CA®)s, Mw, andMu/ [N-(3,5-Di-tert-butylsalicylidene)-2-(2,6-di-isoproylphenoxyl)-

M values of polymers were determined using a Waters Alliance anilinato]Ti(IV)Cl 5 (5d). The same procedure as that for the
GPC 2000 Series at 151 (Using polystyrene Calibration, 1,2,4- preparation obawas used. KH (080 g’ 2 mmolD_A (0960 g, 2
trichlorobenzene as the solvent at a flow rate of 1.0 mL/nih{ mmol), and TiC} (0.38 g, 2 mmol) were used. Yield: 0.932 g
NMR data for polymers were obtained usinglichlorobenzene- (71%).'H NMR (300 MHz, CDCH): 6 8.79 (s, 1H, CHEN), 7.72

d, as the solvent at 11TC. Toluene, THF, and hexane were distilled (d,J= 2.4 Hz, 1H, Ar-H), 7.57-7.54 (m, 2H Ar-H), 7.38-7.19

over sodium/benzophenone ketyl prior to use. Dichloromethane was(m 5H, Ar—H), 6.61 (dd,J = 1.5, 7.8 Hz, 1H, Ar-H), 3.81 (hapta,
distilled over CaH. Compoundd a, 1b, 2a—2m, 3a—3m, and4a— 2H,J = 6.6 Hz, CH(CH),), 1.53 (s, 9H-Bu), 1.36 (s, 9H-Bu),

4m were prepared according to the known proced@idodified 1.33 (d,J = 7.2 Hz, 6H, CH(CH)), 0.95 (d,J = 6.6 Hz, 6H,
methylaluminoxane (MMAO) was purchased from Akzo Chemical CH(CHs),). 3C NMR (75 MHz, CDCh): 6 162.3, 153.5, 149.9,

as a 1.6 M toluene solution. Polymerization-grade ethylene was 148.0, 142.8, 136.3, 134.6, 132.8, 130.7, 130.0, 129.0, 128.6, 128.2,
purified by passing through gl before use. 127.2,126.1,125.2, 124.6, 116.5, 35.5, 34.8, 31.2, 29.8, 27.3, 24.9,

[N-(3,5-Ditert-butylsalicylidene)-2-phenoxylanilinato] Ti(IV)- 23.9. IR (KBr)v: 1598, 1560, 1549, 1462, 1434, 1362, 1271, 1253,
Cl; (5a). To a stirred suspension of KH (0.050 g, 1.25 mmol) in 1179, 875, 837, 728. Anal. Calcd forEl,ClNO,Ti: C, 62.03:

THF (10 mL) at—78 °C was added dropwise a solution bt H 6 62. N 2 1é Found: C. 61.64: H. 677: N. 1.79 ' '

(0.501 g, 1.25 mmol) in THF (30 mL) in 10 min. The resulting o T Lo T e T T
mixture was allowed to warm to room temperature and stirred for
2 h. The solvent was removed under reduced pressure, and th
residue was dissolved in toluene (80 mL). To this yellow, clear

[N-(3,5-Di-tert-butylsalicylidene)-2-phenysulfanylanilinato]-
&l(IV)CI 5 (5e). The same procedure as that for the preparation of
5awas used. KH (0.160 g, 4 mmol5 (1.670 g), and TiGI(0.800
g, 4.2 mmol) were used. Yield: 1.81 g (77%) NMR (300 MHz,

(29) Moors, G. G. |.; Harrington, J. KI. Med. Chem1975 18, 386— CDCly): 6 8.87 (s, 1H, CH:N); 7.74 (d,J = 1.5 Hz, 1H, Ar-H);
391, 7.73-7.19 (m, 10H, Ar-H), 1.51 (s, 9H{-Bu); 1.36 (s, 9H-Bu).
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13C NMR (75 MHz, CDC}): 6 163.9 (CH=N), 151.6, 147.4, 136.3, [N-(3,5-Ditert-butylsalicylidene)-2-(2,6-dimethylphenysulfanyl)-
135.6, 135.0, 133.2, 132.2, 131.1, 130.4, 129.1, 129.0, 128.9, 128.8anilinato] Ti(IV)CI 3 (5k). The same procedure as that for the
127.3,125.4,119.7, 35.4,34.7,31.2, 29.7. IR (KBr)L581, 1479, preparation obawas used. KH (0.065 g, 1.6 mmol11 (0.72 3

1442, 1236, 1202, 1175, 865. Anal. Calcd foskNOSCETi: g, 1.6 mmol), and TiGI(0.31 g, 1.6 mmol) were used. Yield: 0.62
C, 56.81; H, 5.30; N, 2.45. Found: C, 57.67; H, 5.73; N, 2.05. g (64%).'H NMR (300 MHz, CDCly): ¢ 8.91 (s, 1H, CH=N);
[N-(3,5-Di-tert-butylsalicylidene)-2-(4-trifluoromethyl- 7.83 (d,J=2.4 Hz, 1H, Ar-H), 7.68-7.44 (m, 4H, Ar-H), 7.26—

phenylsulfanyl)anilinato]Ti(IV)CI 3 (5f). The same procedure as  7.09 (m, 4H, Ar-H), 2.29 (s, 6H, CH); 1.53 (s, 9Ht-Bu); 1.41

that for the preparation dfawas used. KH (0.040 g, 1 mmol)6 (s, 9H, t-Bu). 13C NMR (75 MHz, CDQCl,): 6 163.8 (CH=N),
(0.485 g, 1 mmol), and TiG0.23 g, 1.2 mmol) were used. Yield:  161.4, 154.3, 154.1, 150.4, 137.7, 136.6, 135.0, 134.6, 132.9, 132.8,
0.510 g (78%).'H NMR (300 MHz, CDC}): o6 8.90 (s, 1H, 132.1, 129.8, 129.1, 127.1, 119.4, 116.9, 37.2, 36.6, 32.7, 31.4,
CH=N); 7.77 (d,J = 2.1 Hz, 1H, Ar-H), 7.69-7.54 (m, 6H, Ar- 20.6. IR (KBr)v: 1582, 1536, 1472, 1374, 1276, 1246, 1179, 872.

H), 7.40 (d,J = 5.1 Hz, 2H, Ar-H), 7.23 (m, 1H, Ar-H), 1.52 (s, Anal. Calcd for GgH3NOSCETi: C, 58.14; H, 5.68; N, 2.33.
9H, t-Bu); 1.34 (s, 9H-Bu). °F NMR (282.3 MHz, CDGJ): ¢ Found: C, 57.84: H, 5.43: N, 2.09.
63.2. IR (KBr)v: 1607, 1556, 1327, 1246, 1169, 1062, 1012, 876.

énal.d?a(l:cdsl‘zoggg:zg?gggiqugoC, 52.64; H, 4.58; N, 2.19. fanyl)anilinato] Ti(IV)CI , (5l). The same procedure as that for the
ound: % RN preparation obawas used. KH (0.161 g, 4 mmol)12 (2.00 g,
[I_\l-(3,5-I_D|-tert-butylsal|cyI|dene)-2-(3-chIorophenysuIfanyl)- 4 mmol), and TiCJ (0.76 g, 4 mmol) were used. Yield: 1.83 g
anlllnato]Tl(IV)CI 3 (5g). The same procedure as that for the (70%).2H NMR (300 MHz, CDC}): 6 8.54 (s, 1H, CHEN); 7.74
preparation oﬁawas used. KH (0.140 g, 3.5 mmobl7 (1..581 g, (d, J = 1.8 Hz, 1H, Ar-H), 7.70 (d,J = 7.5 Hz, 1H, ArH),
3.5 mmol), and TiCJ (0.67 g, 3.5 mmol) were used. Yield: 1.60 7.49-7.03 (M, 6H, Ar-H), 6.47 (d,J = 8.1 Hz, 1H, Ar-H)), 3.57
g (76%)."H NMR (300 MHz, CDCH): 0 8.89 (s, IH, CHN), (o 51 3 = 6.9 Hz, CH(CH),): 1.62 (s, 9H,t-Bu); 1.35 (s,
7.75-7.53 (m, 6H, Ar-H), 7.29-7.15 (m, 4H, A~H), 1.52 (s, 9H, t-Bu): 1.15 (d,J = 14.7 Hz, 12H, CH(CH),). °C NMR (75
OH, LBU); 1.37 (5, 9HL-Bu). “C NMR (75 MHz, CDCY): 0 164.1 MHz, CDCl): 6 170.4 (CH=N), 160.3, 154.0, 147.2, 137.5, 132.2
(1%;';'\]1)'33561'173’01‘217'1%91561';’910361':22 12351298 13’?207 ;31:;12125463 130.7,130.1, 129.0, 128.2, 127.6, 126.8, 126.5, 125.9, 125.5, 125.2,
O AR A AR A1 s 0T 1o (kR 1EAE AEAD AATm Aanas | 124.4,35.4,34.7,31.9, 31.2, 29.8, 25.4, 24.1. IR (KBr)1598,

119.9, 35.4, 34.8, 31.2, 29.7. IR (KBr) 1585, 1542, 1473, 1364,
1245, 1184, 870. Anal. Calcd for,@,gNOSCLTi: C, 53.58; H, 1560, 1549, 1462, 1362, 1271, 1179, 1002, 875. Anal. Calcd for

4.83: N, 2.33. Found: C, 54.36; H, 5.22: N, 2.11. Cs3HoNOSCETi: C, 60.51; H, 6.46; N, 2.14. Found: C, 59.38;

[N-(3,5-Ditertbutylsalicylidene)-2-(4-methoxylphenysultanyl)- ' /0% N, 1.58. o -
anilinato]Ti(IV)Cl 5 (5h). The same procedure as that for the _ [N-(3,5-Ditertbutylsalicylidene)-2-phenylselanylanilinato]-

[N-(3,5-Ditert-butylsalicylidene)-2-(2,6-di-isopropylphenysul-

preparation obawas used. KH (0.140 g, 3.5 mmob8 (1.56 g, Ti(IV)CI 5 (5m). The same procedure as that for the preparation of
3.5 mmol), and TiCJ (0.67 g, 3.5 mmol) were used. Yield: 1.53 5awas used. KH (0.100 g, 2.5 mmol)13 (1.15 g, 2.5 mmol),

g (71%)."H NMR (300 MHz, CDC}): 6 8.90 (s, 1H, CH=N); and TiClL (0.475 g, 2.5 mmol) were used. Yield: 1.01 g (65%).
7.74 (s, 1H, ArH), 7.60-7.54 (m, 4H, Ar-H), 7.46-7.33 (m, 'H NMR (300 MHz, CDC}): 6 8.79 (s, 1H, CHN); 7.74-7.26
3H, Ar—H), 6.88(d,J = 5.7 Hz, 2H, Ar-H), 3.79 (s, 3H, OCH); (m, 11H, Ar—H), 1.51 (s, 9H}-Bu); 1.35 (s, 9H{-Bu). 1°C NMR
1.52 (s, 9H1-Bu); 1.36 (s, 9H1-Bu). 13C NMR (75 MHz, CDCh): (75 MHz, CDCly): 6 167.2 (CH=N), 163.0, 155.1, 149.6, 138.4,

0 163.9 (CH=N), 161.3, 160.4, 151.1, 147.4, 136.4, 134.7, 133.1, 137.8,135.0, 134.9, 134.0, 133.1, 132.2, 132.0, 131.3, 130.9, 129.4,

131.7,131.3, 131.1, 130.3, 127.3, 125.4, 119.5, 114.7, 55.4, 35.4,126.1, 122.8, 37.1. 36.6, 32.8, 31.3. IR (KBr) 1645, 1606, 1557,

34.8,31.2,29.7. IR (KBry: 1614, 1593, 1494, 1463, 1388, 1250, 1472, 1249, 853. Anal. Calcd for,@130NOSeCiTi: C, 52.50; H,

1180, 1026, 878. Anal. Calcd for,@H,9NO,S CkTi: C, 55.95; H, 4.90; N, 2.27. Found: C, 53.21; H, 5.37; N, 2.01.

5.33; N, 2.33. Found: C, 56.45; H, 5.41; N, 2.24. [N-(3-tert-Butylsalicylidene)-2-phenylsulfanylanilinato] Ti(IV)-
[N-(3,5-Ditert-butylsalicylidene)-2-(3-methoxylphenysulfanyl)- Cls (5n). The same procedure as that for the preparatidGaafas

anilinato]Ti(IV)Cl 3 (5i). The same procedure as that for the used. KH (0.100 g, 3 mmol),14 (1.083 g, 3 mmol), and TiGl

preparation oba was used. KH (1.56 g, 3.5 mmol).9 (1.56 g, (0.57 g, 3 mmol) were used. Yield: 1.1 g (71%j NMR (300

3.5 mmol), and TiCJ (0.67 g, 3.5 mmol) were used. Yield: 1.78  pMHz, CD.Clp): 0 8.91 (s, 1H, CH:=N); 7.76-7.64 (m, 6H, A

g (85%).'™H NMR (300 MHz, CDC}): 6 8.85 (s, 1H, CH=N); H), 7.40-7.24 (m, 6H, AH), 1.50 (s, 9Ht-Bu). 13C NMR (75

7.73 (s, 1H, Ar-H), 7.64-7.54 (m, 5H, Ar-H), 7.26-7.22 (m, MHz, CD,Cly): ¢ 165.7 (CH=N), 164.9, 153.5, 138.6, 137.5, 137.4,

1H, Ar—H), 6.90-6.83 (m, 3H, AF-H), 3.73 (s, 3H, OCH); 1.52 1370, 136.6, 134.3, 132.6, 130.9, 130.8, 129.5, 127.1, 126.6, 121.7,

(s, 9H,t-Bu); 1.35 (s, 9H{-Bu). 1C NMR (75 MHz, CDCY): o 37.0,31.2. IR (KBry: 1582, 1545, 1468, 1376, 1254. Anal. Calcd
163.9 (CH=N), 1615, 159.7, 151.5, 147.4, 136.1, 136.0, 1357, for C,H,,NOSCLT: C,53.67; H, 4.31; N, 2.72. Found: C, 54.19;
133.1,132.3,131.3,130.3, 120.9, 127.3, 125.4, 1212, 119.7, 114.6,; 4 37- N 237

55.4, 35.3, 34.7, 31.2, 29.7. IR (KBr) 1591, 1541, 1476, 1362,

1286, 1246, 1185, 1043, 858. Anal. Calcd fouNO,SCETi: Polymerization Procedure. To a 100 mL flame-dried flask
C 5595 H 533 N 233 Found: C. 5652 H 5.44- N 224 Was added 50 mL of freshly distilled toluene (and the re-

. . . quired amount of 1-hexene in the case of copolymerization) at the
[N-(3,5-Ditert-butylsalicylidene)-2-(2,6-dichlorophenysulfanyl)- . o .
anilinato]Ti(V)Cl 5 (5)). The same procedure as that for the desired polymerization temperature. After 10 min, MMAO was

preparation obawas used. KH (0.075 g, 1.9 mmol10 (0.911 added. The resulting mixture was stirred for a further 5 min, and
g, 1.9 mmol), and TiGI(0 3'89 Zrﬁmol) v;/er.e used Yield'.0887 the precursor catalyst solution in toluene was injected via a

g (73%).*H NMR (300 MHz, CDCl,): 6 8.85 (s, 1H, CHN): syringe. The polymerization was carried out for the desired
7.83(d J=24Hz 1H Ar—l—‘|) 7 66-7.27 ('m 8H Ar—’H) 154 time and then quenched with concentrated HCl in ethanol (100 mL,
(s, 9H E-Bu)' 1.40 ,(s 9,Ht-Bu),. 13C NMR (75’MH’z CDCfg): ) HCl/ethanol, 1:20, v/v). The precipitated polymer was collected,

163.9 (CH=N), 158.3, 145.9, 141.9, 140.5, 137.0, 131.4, 130.6 washed with ethanol, and then dried overnight in a vacuum oven
128.9,128.3, 127.0, 126.9, 126.4, 126.0, 124.3, 118.3, 118.1, 35.1,a 50°C.

34.1,31.4,29.4. IR (KBry: 1645, 1597, 1540, 1473, 1423, 1270, X-ray Structure Determination. Data collections for com-
1183, 852. Anal. Calcd for £H,gNOSCETi: C, 52.80; H, 4.47; plexesba, 5e 5g, 5i, and5n were performed at 20C on a Bruker

N, 2.24. Found: C, 52.26; H, 4.93; N, 1.70. SMART diffractometer with graphite-monochromated Max K
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Table 5. Crystallographic Data and Refinement for Complexes 5a, 5e, 5g, 5i, and 5n

5a 5e 5g 5i 5n
empirical formula G7_5d'|42N02C|3Ti C27H30NOSC|3Ti ngHgoNOCnSTi C29H33N02C|68Ti C23H22NOSCbTi
fw 692.97 570.83 724.64 720.2 514.73
temperature (K) 293(2) 293(2) 293(2) 293(2) 293(2)
A(Mo Ka) (A) 0.71073 0.71073 0.71073 0.71073 0.71073
cryst syst triclinic monoclinic monoclinic monoclinic monoclinic
space group P1 P2(1)lc P2(1)h P2(1)lc P2(1)
a(A) 11.748(7) 12.663(2) 12.846(5) 14.8394(12) 8.758(4)
b (A) 13.365(8) 17.026(3) 14.395(5) 13.6848(11) 11.801(6)
c(A) 13.646(8) 13.131(2) 19.068(6) 17.5778(14) 11.899(6)
o (deg) 91.911(10) 90 90 90 90
B (deg) 91.691(10) 98.186(3). 102.623(8) 111.990(2) 105.016(8)
y (deg) 112.739(10) 90 90 90 90
V (A3) 1973(2) 2802.4(7) 3441(2) 3309.9(5) 1187.8(10)
z 2 4 4 4 2
Dcalca (9/Cn®) 1.167 1.353 1.399 1.445 1.439
absorp coeff (mm?) 0.450 0.686 0.875 0.834 0.801
F(000) 726 1184 1480 1480 528
cryst size (mm) 0.68% 0.521x 0.505 0.945x 0.459x 0.176 0.283x 0.207x 0.125 0.345x 0.3175x 0.127 0.499« 0.424x 0.287
20max (deg) 50 56.6 54 54 55.9
no. of reflens collected 9333 16 260 19948 19232 2539
no. of indep reflens 674@ = 0.1545) 6408Rn= 0.1188) 6408Rn = 0.1417) 6408Rnt= 0.0662) 2227Rnt = 0.0978)
goodness-of-fit orfF2 1.057 0.904 0.748 0.938 1.023
final Rindexes 0.0959 0.0530 0.0688 0.0493 0.0763

(1> 20(1)]

radiation ¢ = 0.71073 A). The SADABS absorption correction Acknowledgment. We are grateful for the financial support
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thermal parameters for non-hydrogen atoms. Hydrogen atoms were . . ) .
placed at the calculated positions and were included in the structure_ SUPPOrting Information Available: X-ray crystallogrgehlc data
calculation without further refinement of the parameters. All (1)31‘65a, 56, 5g, 5i, and5n; synthesis of ligandé1-L14; Hand
calculations were carried out using the SHELXS-97 program. .NMR spectra of cor_nplexe§a—5n. Thesg materials are
- available free of charge via the Internet at http://pubs.acs.org.
Crystal data and processing parameters for complBagSe, 5g,
5i, and5n are summarized in Table 5. OM060062J



